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ABSTRACT. We consider the problem of optimal portfolio selection under forward investment per-
formance criteria in an incomplete market. The dynamics of the prices of the traded assets depend
on a pair of stochastic factors, namely, a slow factor (e.g. a macroeconomic indicator) and a fast fac-
tor (e.g. stochastic volatility). We analyze the associated forward performance SPDE and provide
explicit formulae for the leading order and first order correction terms for the forward investment
process and the optimal feedback portfolios. They both depend on the investor’s initial preferences
and the dynamically changing investment opportunities. The leading order terms resemble their
time-monotone counterparts, but with the appropriate stochastic time changes resulting from av-
eraging phenomena. The first-order terms compile the reaction of the investor to both the changes
in the market input and his recent performance. Our analysis is based on an expansion of the
underlying ill-posed HJB equation, and it is supplemented by an appropriate convergence result.

1. INTRODUCTION

This paper analyzes the optimal portfolio selection problem under forward investment criteria in
incomplete markets. Incompleteness stems from the presence of imperfectly correlated stochastic
factors that affect the dynamics of the traded assets. Such factors have been widely used in the
literature and model an array of market inputs, like, among others, stochastic volatility, stochastic
interest rates, predictability of asset returns, and various macroeconomic indicators. Herein, we
consider a pair of such factors, which are taken, however, to move on different time scales.

The mathematical formulation of the problem of optimal investment in continuous time was
pioneered by Merton in [Mell], [Me2] and is usually referred to as the Merton problem. In the
classical Merton problem the investor faces a complete market and seeks an investment portfolio
that optimizes her expected utility from wealth acquired in the investment process. Therein, the
investor’s utility function (or, equivalently, her preferences) is determined ex ante and does not
change over time. The Merton problem has been studied in a variety of frameworks and we refer to
the books [Du], [KS| for excellent accounts of the classical results. However, the setup of the Merton
problem has two inherent drawbacks: 1) the investor has to decide about her utility function ex
ante and cannot adapt it to market observations; 2) the investments over different time horizons are
typically inconsistent with each other: for example, for 0 < T} < T5 the solution to the investment
problem for the time period [0,77] is in general not the restriction to [0,73] of the solution to
the investment problem for the time period [0,75] with the 7} utility function also imposed at
Ts. In particular, it is not clear how to invest in a time-consistent fashion over rolling horizons
(deterministic or random).

Forward investment performance criteria were introduced and developed in [MZI1] and [MZ2],
and provide a complementary setting to the traditional expected utility framework. They allow
for dynamic adaptation of the investor’s risk preferences given how the market conditions change
and, also, take into account the updated performance of the implemented strategies. The forward
performance process U(t,-), t > 0 is a stochastic process adapted to the filtration of the investor
with the properties that with probability one all functions x — U(t, z) are increasing and concave
(and, thus, can serve as utility functions); for every self-financing strategy = and the corresponding
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portfolio value process X™ the process U(t, X™(t)), t > 0 is a supermartingale in the filtration of
the investor; and there exists a self-financing strategy 7* such that the process U(t, X™ (t)), t > 0
is a martingale in the filtration of the investor. The pair (U,n*) encodes how the preferences of
the investor and her optimal investment decisions jointly evolve in time from the given U(0, ).
For a more detailed description of these criteria, further motivation and construction of concrete
examples, we refer the reader, among others, to [EIM], [KOZ], [MZ5], [MZ6], [NT], and [NZ1].

The specification of the initial datum U(0,-) is a central issue and a topic of current research in
the forward portfolio selection approach. From the theoretical point of view, the main question is
the characterization of the set of admissible initial data that give a well-defined solution. This was
addressed in [MZ4] for the case of time-monotone forward processes and we refer to these results
repeatedly herein.

From the practical point of view, the question is how to use and translate investor’s targets
- for example, desired upcoming investment performance or personal market views, etc. - to a
mathematical input. Questions of this nature were studied in [MZ4] (section 5.2) where it is
shown how an investment target on the upcoming average return can be used to infer the initial
utility input. For example, one can think of a client presenting a fund manager with the desired
investment target (e.g. 5% above the S&P 500 performance) and a band around the investment
target (e.g. 4-6% above the S&P 500 performance), which give an indication about the client’s
initial utility function U(0, ). Then, the fund manager’s problem is to find a pair (U, 7*) with the
given U(0,-). Therefore, the question of finding large classes of forward performance processes U
and the corresponding optimal portfolios 7* is of great importance.

Assuming the filtration of the investor to be generated by a Brownian motion and her forward
performance process U(t, z) to be an Itd process in ¢ and twice continuously differentiable in z, one
can show (see [MZ5] and [NT] for more details) that U is a solution of the fully nonlinear stochastic
partial differential equation (SPDE)

[Ua(t, ) A(t) + o(t) o~ (1) a3 (t, ) |

1 2
2 Uza(t, )

dt + a(t,z)T dW(t).

(1.1) dU(t,z) =

Here W = (W, B) is a standard Brownian motion that generates the filtration of the investor;
W is a Brownian motion to whose filtration the asset prices are adapted; o is the corresponding
volatility matrix of the asset prices and o~ ! is its Moore-Penrose pseudoinverse; A is the market
price of risk; a = (aw, a® ) is a suitable stochastic process adapted to the filtration of the investor;
and the superscript T" denotes transpose.

The forward SPDE provides the analogue of the Hamilton-Jacobi-Bellman (HJB) equation
that is associated with the classical optimization problems of expected utility from terminal wealth.
As in the traditional setting, it is fully nonlinear and possibly degenerate. There are, however,
fundamental differences between and its classical counterpart. Firstly, is posed forward
in time, which makes the problem ill-posed. Secondly, the forward volatility process a(t,z) is up
to the investor to choose, in contrast to the classical case, where it is the mere outcome of the
1t6 decomposition of the value function process. The specification of the correct class of forward
volatility processes is a very challenging problem, which remains open.

So far three classes of forward performance processes have been exhibited in the literature: 1)
time-monotone forward performance processes, that is: forward performance processes which are of
finite variation in the time variable (see [MZ4] for more details); 2) homothetic forward performance
processes, that is: forward performance processes whose dependence on the investor’s wealth x is
of power form (see [NZ1] and [NT] for more details); 3) forward performance processes of factor
form in complete markets (see [NT] for more details). These three types of forward performance
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processes result from significant simplifications of the SPDE in certain special cases: time-
monotone forward performance processes are obtained by setting a = 0 and solving the resulting
partial differential equation (PDE); homothetic forward performance processes result from choosing
U to be of product form with power function dependence on x; and forward performance processes
of factor form in complete markets are derived using a reduction of the SPDE to a Hamilton-
Jacobi-Bellman (HJB) equation that can be linearized in the complete market framework using the
Fenchel-Legendre transform.

As in [MZ5] and [NT] we consider forward performance processes of factor form (see Subsection
for the exact details), so that can be reduced to an (ill-posed) HJB equation. However, we
consider the incomplete market case in which the HJB equation cannot be linearized by a simple
transformation. Nonetheless, we are able to find explicit formulas for the leading order and first-
order correction terms of the solution to such an HJB equation. These yield the leading order
and first-order correction terms of the corresponding pair (U, 7*). In addition, we provide further
qualitative understanding of the associated error term via an appropriate convergence result.

Asymptotic methods have been used extensively over a number of years for analyzing, typically,
option pricing problems in incomplete markets. For instance, the multiscale stochastic factor mod-
els employed here have been utilized for derivatives valuation, as described in the book [FPSS].
There the problems are linear and well-posed. In the context of partial hedging in incomplete
markets and utility indifference pricing, multiscale perturbation methods were extended to these
nonlinear problems in [JS] and [SZ]. More recently, multiscale asymptotics for the classical well-
posed portfolio optimization problem were developed in [FSZ]. For an overview of these and other
perturbation analyses (in different regimes) for both option pricing and portfolio selection, we refer
to the survey [LS]. Additionally, asymptotic methods have been used for many years for prob-
lems involving (small) transaction costs, including portfolio selection and indifference pricing, as
surveyed in [GM-K].

Our expansion here is related to the one developed in [FSZ] for the classical well-posed Merton
problem in an incomplete market. In contrast to the Merton problem setup in [FSZ], we face the
additional difficulty of the HJB equation being ill-posed. In addition, no general estimates of the
remainder were given in [FSZ], so that our approach provides new insights in the Merton problem
setting as well (cf. the comments following Assumption 1.1 below).

The following subsection describes our framework.

1.1. Setting. We consider n tradeable securities whose prices follow the stochastic differential
equations

(1.2) dSi(8) = Si(t) s (Y1), YE(2)) dt + Si() i (YO (1), V(1)) dW (1), i=1,2,...,m

and where Y?, Y€ are two observable real-valued stochastic factors. The factors are modelled by
one-dimensional diffusion processes

dY?(t) = db(Y° () dt + Vo k(Y (1)) dBi (),

1 1
(1.3) dY(t) = = (Y () dt + —= a(Y(t)) dBa(t).

€ Ve
We think of 6, € as being small positive numbers, so that Y should be thought of as a slow factor
(e.g. a macroeconomic indicator) and Y€ as a fast factor (e.g. a fast mean-reverting stochastic
volatility). Hereby, the noise W = (W, By, Bs) is jointly a (d 4+ 2)-dimensional Brownian motion,
W is a d-dimensional standard Brownian motion, By, By are one-dimensional standard Brownian
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motions, and the covariance structure is given by
pit:=W;,B)t), j=1,2,...,4d,
piti=(W;,Ba)(t), j=1,2 ..., 4,

p>it = (By, Bo)(t).

Since we allow for non-perfect correlation between the asset price processes and the stochastic
factors, the market is in general incomplete.

This class of multiscale stochastic volatility (and stochastic return) models has been used in the
literature outlined in the introduction. Its empirical foundations, and how the fast and slow factors
relate to the short and long end of the implied volatility surface (from options prices) is detailed
in [FPSS|]. However, usually only the single stock case (n = 1) is considered, which is natural for
the option pricing problem, but also in the Merton problem analysis of [FSZ]. Here, we carry out
the analysis with multiple stocks.

In our setting the forward performance SPDE (1.1)) reads

Ut 2) MY (1), Y5(1)) + 0 (YO (0), Y<(8)) o (Y(2), Y (1) "al¥ (2, 2)|

1 2
2 Ugz(t, x)

dt

(1.4) dU(t,x) =

+a(t,z)T dWV(®).
Here o(YO(t),Y<(t)) = (o1 (Y2(t),Y(t)),...,0n(Y°(£),Y(2))) is the volatility matrix of the stock
price processes ((1.2)), and
€ € T\— €
AY(1), Y1) = (o (Y° (1), V(1)) (YO (1), Y¥(1))
is the market price of risk. The superscripts 7" and —1 denote transpose and Moore-Penrose

pseudoinverse as before; and W is the standard Brownian motion obtained from the Brownian
motion W by left-multiplication with a suitable constant matrix.

In this paper we focus on solutions of ([1.4]) of factor form, namely on processes represented as
(1.5) Ult,z) =V (tzY°(t),Y(),

for some deterministic function V' = V' (¢, z,y1,y2). As discussed in the introduction of [N'T], such
solutions are particularly natural from the economic point of view. Indeed, thinking of the forward
performance process U as encoding the preferences of the investor on a set of trading strategies
given the state of the world she observes and assuming that there are only finitely many quantities
the investor keeps track of, it is natural to assume that the state enters her preferences through
the corresponding finite number of factor processes.

Assuming V € €222 applying It6’s formula to V(t, z,Y(t),Y(t)), equating first the resulting
martingale part with the martingale part on the right-hand side of ((1.4)), and then the two bounded
variation parts, one concludes that the function V' (t,x,y1,y2) is a classical solution of the HJB
equation

_ 2
1[Ve A+ 007 (Vay, V6 £ p° + Vi, ﬁapf)H
2 Viw
Here Ag’e is the generator of the diffusion process (Y‘5, YE).

We also note that the initial condition U(0,-) for the SPDE translates into an initial
condition V' (0, x,y1,y2) for the HIB equation , so that the latter is posed in the “wrong” time
direction and, in particular, one does not expect solutions to exist for all initial conditions or to
depend continuously on them. In general, this ill-posedness is the main mathematical difficulty
in dealing with forward performance processes. In the classical Merton with stochastic factors

d,€ —
(1.6) Vi + A2V - 0.
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problem studied in [FSZ], only the single risky asset case is considered, so p%, pf,o and X are all
scalar. Then the PDE is the same as ((1.6)), but with a terminal rather than initial condition, making
that problem well-posed, in contrast to the ill-posed problem considered here.

The main results of the paper (Proposition Theorem identify explicitly the leading
order and first order correction terms of the solution V' of in the limit regime § | 0, € | 0.
This allows to identify the leading order and first order correction terms of the corresponding pair
(U, *) explicitly as well (see Proposition . All our results are obtained under the following two
assumptions.

Assumption 1.1. (i) The range of left-multiplication by the matrix ¢ is all of R, so that oo !

is the d x d identity matrix. Further, A is smooth in (y1, y2).

(ii) The initial condition does not depend on the factors, and we will write it as V(0,x). Further
V(0,x) is increasing and strictly concave in x.

(iii) The function (V;)=1Y(0,e~*) admits the representation

0. = [

et —1

> 140] (dz) + Co,
for some non-negative finite Borel measure 1y on R and constant Cy € R, where (V,)(=1(0, )
is the inverse of the function V,(0, ).

Condition (i) implies n > d, and so the incompleteness in the model stems from the imperfectly
correlated factors. In particular, Assumption 1.1 (i) is satisfied in the setting of [FSZ] where
n = d =1 and the coefficients of the market model are smooth. Condition (iii) is related to the ill-
posedness of the initial value problem for the HJB equation , and will turn out to be necessary
for the leading order term of V' to be well-defined. A class of possible initial conditions is given by
V(0,2) = c1 2, ¢1 >0, cp € (0,1).

Assumption 1.2. The process Y€ is positive recurrent with a unique invariant distribution . Clearly,
the latter does not depend on the value of € (since a change in € corresponds to a multiplication of
the generator of Y¢ by a constant).

Assumption guarantees that there is a well-defined limiting dynamics of the process Y€ in
the limit € | 0 (given by a constant trajectory started according to p), which leads to a meaningful
first-order correction term associated with Y¢ in the expansion of V.

1.2. Outline. To ensure that the main ideas are not obscured by cumbersome notation we first
consider the cases where only the slow factor Y is present (“slow factor case”, Section [2)) or only
the fast factor Y© is present (“fast factor case”, Section [3).

In the slow factor case we provide explicit formulas for the leading order and first order correction
terms of V in Propositions [2.1] and and provide insight into the associated error term in
Theorem The corresponding results in the fast factor case can be found in Propositions
and and Theorem In Section [4 we consider the general case and give explicit formulas
for the leading order and first order correction terms of V in Proposition The corresponding
convergence result can be found in Theorem [£.4] Finally, in Section [ we give explicit formulas for
the portfolios associated with our approximation (Definition and explain in which sense they
are approximately optimal (Proposition .

2. FORWARD INVESTMENT PROBLEM WITH A SLOW FACTOR

The first situation we consider is the slow factor case, that is when u; and o; in (1.2)) depend
only on Y?, and so V (t,z, 41, y2) in (L.5]) does not depend on y. Moreover, to simplify the notation
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we write p for p® and y for y; throughout the present section. In view of Assumption and with
these notations, the HJB equation (|1.6)) becomes

1 1|V My) + Viy VO 6(y) p||?
(2.1) %+§5H(y)2vyy+5b(y) y_2H ) Vy W)l = 0.
Here we aim to find an expansion of V' of the form
(2.2) V=vO4+Vsv®+0(),

in the limit regime 6 | 0. To this end, we will first derive expressions for V(© and V() informally
and then justify the resulting expansion in Theorem [2.6] below.

2.1. Asymptotic Analysis. To obtain the leading order term V(© we set § = 0 in (2.1)):

o
v

(2.3) VO~ Liame

5 =0.

In addition, we endow the latter equation with the initial condition V()(0,z,y) = V(0,z). The
resulting problem corresponds to taking the volatility coefficient in the forward performance SPDE
to be zero. This is precisely the case of time-monotone forward performance processes studied
in [MZ4]. The formula for the solution V() of can be therefore recovered directly from [MZ4],
Theorems 4 and 8§].

Proposition 2.1 (Leading order term, slow factor). The solution V9 of the HJB equation (2.3)
with the inatial condition V9 (0,z,y) = V(0,x) admits the following representation in terms of vy

and Cy in Assumption [1.1)(ii1):

(2.4) VO(t,2,y) = (M)t 2)

where u s given by

t
(2.5) u(t,z) = —% / e~h TV (s,h"V(s,2)) ds + V(0,2),
0

ezwf§z2t -1
h(t,z) = / ——1p(dz) + Co,
R z

and K=Y denotes the inverse of h in the variable x.

This follows from a transformation of to the ill-posed heat equation and Widder’s Represen-
tation Theorem of positive solutions to this equation ([Wi, Theorem 8.1]). Both this transformation
and Widder’s Theorem will be used to construct higher order terms of the expansion. The interpre-
tation of is that, at principal order, the forward performance measure is the complete market
solution, but with the Sharpe ratio frozen to A(y).

Next, we turn to the correction term V) in (2.2). To obtain an equation for VD we plug
VO +/6vV® into (2.1) and collect the terms of order V6. To this end, we note the expansions

I(VO+VsvD) A+ (VO + VsV Virpl?

= (VIO IR + VB (2V O VO AP + 2v0 VD kAT ) + 0()

1 L (1) )
= — Vi —=_ 4+ 0(95).
vO 4 ovd ~ vO (Vad))?
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The resulting equation for V(1) reads
0) 1,(0
o VOV

LID@I2 (V) DIV gy
2Ry T e T

and it is endowed with the initial condition V(l)((), x,y) = 0, since the zeroth order term V) has
already satisfied the initial condition for V.

(2.6) A

Proposition 2.2 (Correction term, slow factor). The solution V) of the PDE ([2.6) endowed with
the initial condition VV(0,z,y) = 0 is given by

(0) (0)
(2.7) VO (t,2,y) = t k(y) Ay)Tp Ve (¢, fU(;)iJ) Vay (t,2,y)
2 V$$ (tamvy)

Proof. We start by introducing the change of variables

2
2.8 t — (£, —1og v - IPWIT,
(2.8) (t.6y) = (t—log V¥ — =2 1,y),

and set wO (¢,&,y) = VO (t, 2, ), wD(t, &, y) = VID(t,z,9). The latter functions are well-defined,
since V(© is strictly increasing and strictly concave in z, so that £ is a strictly increasing function
of x.

By viewing the equation ([2.3) as the “linear” equation

2 0)
DI (V7N o 2 (VN o
(2.9) v+ | V- hwl VO =0
Cr e v
with coefficients depending on V() computing the derivatives
(0)
© _ 0 MI* o Ve
(2.10) 0 -+ BOEL0 (- (5) ).
o_, o _ Vir
(2.11) Ve = we (_ (0))’
(0) (0)\ 2 (0)
(2.12) Ve = 66( (0)) +wg (V(O)) ( © )
Trxr x

and plugging ([2.10) - and (| into , we obtain

2
w0 PO (VY (o L(g) @ (Z0) Y- (B ) u (<22 <o
) e Gp) o8 (), ) )

This readily simplifies to

(2.13) HA(Q) ° w =0

in the coordinates (t,£,y).
A similar computation for w") shows that (2.6 transforms into

2
(2.14) wp + ”(2)” wig = m) AW pt M) N () wigy

in the new variables. Hereby, to obtain the right-hand side of (2.14]) we have relied on the following
two considerations:
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(a) Note from (2.5 that u is differentiable in ¢ and that u, is differentiable in x, which, with the
assumed smoothness of ), implies the differentiability of w(®) in y. Then, by differentiating
(2.13]) in y and rearranging one obtains

IX(w)]1? (0)
(), + PO (0f0),, = Aw)" X(g)u?

Moreover, the latter equation, endowed with the initial condition wz(,o)(O,f ,y) = 0, has the

(0)

unique solution wéo) = —tAy)T N(y) wge' (note that the uniqueness of the solution is a conse-
quence of Widder’s Theorem). In the original coordinates this solution reads

(VQC(O))Z VI(O)
A >x v

(2.15) VO = —tA(m)" N (y) (
(b) In addition, by using (2.11)), (2.12)) one finds
0)y2
o0 — Ve <<<Vé ) ) éo))
VRNV R vl
A combination of (a) and (b) gives the right-hand side of (2.14)). At this point, one can check that
the unique solution of (2.14)), endowed with the initial condition w(l)(O, &,y) =0 is given by

t2
(1) _ “ T T \/ (0)
w = 5 K(y) A)T pAY)" XN(y) weee-

Hereby, the uniqueness part of the statement follows by applying again the Widder’s Theorem. To
obtain the proposition, it remains to change the coordinates back to (¢,z,y) and use that

(0))2 (0)
Va')\ Vi
v =0 e ((Ugh) Y5)
! Vi Je v/,
which can be obtained from ([2.15)) by a differentiation in x. O

Remark 2.3. This result can be considered as the forward performance analog of [FSZ, Proposition
3.3] for the (backwards in time) Merton problem, but here the transformation is crucial to
reduce to the ill-posed heat equation for which Widder’s Theorem can be applied. In the traditional
utility maximization problem, the correction term can be computed directly using commutation of
certain operators and Black’s (fast diffusion) equation for the risk tolerance function, which is the
approach used in [FSZ], and the transformation is only used for a uniqueness argument in
that paper. Moreover in [F'SZ], only the case of a single stock is considered, and here the analysis
is done with multiple assets to obtain the correct coefficients in the approximations, which could
not be obtained from just the one asset case with simple parameter replacements.

We see from that V(1) depends on the slow factor through the parameters x and A frozen
to the values k(y) and A(y), as well as N (y). It is easily computed in terms of derivatives of the
complete market forward performance measure V(. We now give an additional representation
of the correction term V() which has a natural interpretation in terms of the original forward
performance problem.

Proposition 2.4 (Natural parametrization of correction term, slow factor). The solution V1) of
the PDE ([2.6) endowed with the initial condition V)(0,z,y) = 0, written as wV(t,£,y) in the
coordinates (t,&,y) defined in (2.8), admits the representation

(2.16) w69 = [0 E ) as
0
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where each w5 is the solution of the initial value problem

W, NI s _
(2.17) wy " wig”® =0,

t>s

with initial condition

(2.18) w3 (s,6,) = w(y) Ay)T ps AT N (y) wig(s, 1)
In particular, each wM)* can be represented as

(2.19) wih*(t,€,y) = / (D
R

with v%Y being a signed finite Borel measure on R.
In the original coordinates, the same representation reads
t
(2.20) VOt = [ VO ) s
0

where each VWS is the solution of the initial value problem

(0) (0 )
sy @I (V=) ) ) Vx Ve
with initial condition

VO /O
VI (s5,2,9) = nly) Ay)Tp L s ;y) = (5 0,9)
T (vaay)

Remark 2.5. We remark that each of the processes V(1) (or, equivalently, w(l)’s) can be viewed
as an “auxiliary” forward performance process. These should be interpreted as the first order
corrections that the investor makes at any given time s in reaction to the market conditions she
observes. Furthermore, when making a projection of her future preferences from a time ¢ onwards,
the investor corrects her leading order forward performance criterion V() (or, equivalently, w(o))
by aggregating all her previous first order corrections V(D s € [0,¢] (or, equivalently, w(1)*).
We refer to V(15 as auxiliary to stress that it is neither a complete market forward performance
measure, nor a solution of the full incomplete market problem.

Proof of Proposition . We first recall that w(® is a classical solution of the forward heat equation
. Hence, the same is true for w At this point, an application of Widder’s Theorem shows
that the initial value problem ([2.17)), (2.18]) has a solution that exists for all ¢ > s. In other Words
each function w* s > 0 is Well deﬁned Since the forward heat equation with source
has a unique classical solution starting from the zero initial condition by Widder’s Theorem, the
representat?o‘n:@ will follow once we establish that the right-hand side of is a classical
solution of ([2.14)). This is the result of the following computation:

t t
) ( / w“)vS(t,s,y)ds) = wWA(L & y) + / wiS (8,6, y) ds
0 0

— tr(y) A1) P AP 0 (k. €, y)

!M

(1€, y) ds

= tr(y) AT PN 2wt 6, y) - ”“2)” Dee ( /0 wum@,g,y)ds).

Finally, (2.19) follows applying again Widder’s Theorem [Wi, Theorem 8.1], and the representation
(2.20)) is the result of writing (2.16|) in the original coordinates (t,x,y). O
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The next theorem shows that, under appropriate assumptions, the error in the approximation of
the true value function V by V(© +/§ V(1) is indeed of order §, as one would expect. To this end,
we define the non-linear functional

(2.21)
A2 Vo VA2 kXTp (VaVe VAOUDN 1 V2 o1
o= My (Ve AL (Tele T T} D2 L, - b,
26 () 75 \ Vo 0 2 Vie 2
recall the change of coordinates (¢, z,y) — (t,&,y) of (2.8 ., and set
(2.22) (& y) =1 (t,z,y).

The bound on the approximation error can be then stated as follows.

Theorem 2.6 (Convergence result, slow factor). Suppose that there exist 59 > 0 and T < oo such
that for all § € (0,600) the HIB equation has a solution V € C*22([0,T) x (0,00) x R) which
1s increasing and strictly concave in the second argument. Then,
(i) the quantity
oo

__ 2% (_l)kZQk 2k iy
2.2 2[A2t 2|M2
o /Re Z;@k)!?'fuxu%tk(df) // (B8=xy)s e dxdsdz,

k=

with 7° as in ([2.22)), is well-defined and finite for all 6 € (0,0y), and
(ii) for every (t,z,y) € [0,T) x (0,00) x R for which the limit superior

(2.24)
lim /e_2§72z i (—1)k 22k 2k/ / (5.6 —y) s -1/2 = 2||Au2 dydsdz
510 | Jr — (2k)!1 2k || \||2k th d¢ Y

is finite, the error bound
(2.25) @%&4W@%w—v<@xw Vv (t,z,y)| < 0o

applies. If the limit superior in (2.24) is bounded above uniformly on a subset of [0,T) X
(0,00) x R, then the limit superior in (2.25)) is bounded above uniformly on the same subset
of [0,T) x (0,00) x R.

Remark 2.7. The meaning of condition can be understood as follows. As explained in the
proof of Theorem below, the nonlinearity 7° arising in the expansion of the HJB equation (2.1))
is fed into an initial value problem for a backward heat equation through a source term in the
new coordinates (¢,&,y). The latter problem is severely ill-posed, with its solution operator rapidly
magnifying the inverse Laplace modes (i.e. the analogues of Fourier modes for the inverse Laplace
transform operator) of the source term. Therefore, in order to control the solutions uniformly for
all small positive §, one needs an a priori estimate on the inverse Laplace transform of the source
term that is uniform for all small positive §. The latter is precisely the content of condition (2.24)).
In fact, the proof of Theorem reveals that condition is sharp in the sense of being
equivalent to ([2.25)).

Proof of Theorem . We start by expressing the HJB equation ([2.1)) as
AP V2 v VaVay _0 5 0Vay 0 o
2.26 Vi — L —VORN p— = — — — —k“V,, —46bV,.
(2.26) TR VoA p V. o rdl v, 2" Vw y
Next, we write V = VO 4+ Vo v 4 N @, insert the latter expression into the left-hand side of
(2-26)), and expand in v/§ using the elementary identity

1 1 b a
- = a<0, b< ———.
a++Vob a a2+ /5 ab V6
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Recalling that the functions V() and V(1) were constructed in such a way that all terms in (2.26))
on the orders of 1 and /9 cancel out, and collecting the remaining terms we obtain after a lengthy
but straightforward computation that

(2.27) V- VBN o @, 4 V3 ”A”Q( ) Qe = 517,
() (Vaz )

with initial condition Q(0,z,y) = 0.
Next, we let Q := v/8 Q, recall the change of coordinates

AW |12
(& y) = (t,—logV;O)(t,x,y) I (2)|| t,y)

of ([2.8), and define ¢(t,¢,y) == Q(t, z, y) By the same computation as in the proof of Proposition
the partial differential equation (2 can be rewritten as

2
(2.28) gt + H 2” gee =67, q(0,£,y) =0,

where 7°(t, £, y) = n°(t, x, ) as before. Then, Duhamel’s principle for the backward equation (2.28)
with zero initial condition implies that
t

(2.29) — / _

Vart|[Al Jr 0 V2ms Al
It follows that the right-hand side of the latter equation is in the domain of the inverse Weierstrass
transform in the sense of [Wi2) equations (5), (6)]. This, in turn, implies that the quantity in
is well-defined and finite for all § € (0,dp). Moreover, applying the inverse Weierstrass transform
to both sides of , we see that, up to a multiplicative constant, the function & — 6! q(t,&,y)
is given by the quantity inside the absolute value in . The statement of the theorem is now
immediate. 0

2 2
t,€E—x, 672“);“2’5 dy =26 0(s,& — X, 672‘&”25 dy ds.
q(t, & —x,y) X XY X

2.2. Example: Forward Performance Process of Power Type. We illustrate the results with
the family of power utility forward performance processes. For a constant risk aversion coefficient
~v > 1, we impose the initial condition for the HJB equation (|L.6]) to be

a7

1—7~

V(0,2) =~

This corresponds to Examples 16 and 18 in [MZ4].

We focus on an example where there is an exact solution to the problem with one factor volatility.
Namely, we take a market model

dS;i(t) = Si(t) s (YO(1)) dt + S;(t) o (YO (£)) "aW (1), i=1,2,...,n
AYO(t) = 6(m — Y°(t)) dt + V6 B /Y (t) ABy (t)
where 0;(y) and p;(y) are chosen such that
AMy) = Ay, for some A € RY,
and the Brownian motions W; are correlated with the Brownian motion B; according to

(W;,B1)(t) = pjt. We further suppose that [|p||* # % This class of model was used, for

instance, for a classical infinite horizon consumption problem in [CV].

We insert the ansatz

Vt,z,y) =~
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into the HJB equation (2.1)) to end up with

1 r 9;
9+ 5 08% gy + (3(m —y) = TVBy BATp) g, + 5 (IAIPy g+ 6% | gy) =0,

where I" = 1_77 and the initial condition is g(0,y) = 1. Next, we make the transformation g = ¥?

with the choice ¢ = EE which after a short computation leads to the linear equation

1
7]
1 r
Wy + 5087y Wy, + (8(m —y) + TVoy BATp) Uy + 5 IAIPy ¥ =0

with initial condition ¥(0,y) = 1. Looking for a solution of the form exp(A;(t)y + Aa(t)) we find
that A;, As need to solve the ODEs

. r
Aj = 535243 + (5 - VT BATp) Ay — % IAIF,
A/2 = —5mA1

with zero initial conditions. Let a4 be the roots of the quadratic corresponding to the right-hand
side of the Riccati equation for Ay:
§ 52 L [A?
—£a2+ (5— \/SFﬁATp)a— IA] =0
2 2q
We assume that the model parameters are such that both roots are real and a; > 0. This is the
case when ATp >0, ¢ < 0and I'qg(ATp)? > ||A||?, or when ¢ > 0. In any of the two cases, we then
obtain the solution

1 — A 2 1— G-
Al(t) = a- m and AQ(t) =dém (— a_t— 552 log < >>,

a—
]._a

where A is the square root of the discriminant of the quadratic above. We, in turn, deduce that
since a4 > 0, the solution
z=

(2.30) Vt,z,y) =77 l

exp (q (A1(t) y + Ax(t)))

is well-defined for all ¢ > 0.
We can now check condition (2.24)) of Theorem to show the convergence of our approximation

1— 1=
o g Yo g arae D T g
1—7 4 Y Y

VO z,y) + VoV (t,2,y) =5 -

1

where the expression for V(0 follows from Proposition with vy being a Dirac mass at v~ and

Cy = 7, and the expression for V() is a consequence of Proposition

In , the term in the parentheses in the first summand turns out to be zero, because both
V and VO are multiples of 2'~7, and the term in parentheses in the second summand is of order
V4, because V(© can be obtained from V by setting § = 0, and V is smooth in 6. Therefore
7 is a product of 177 and a function of (¢,y) depending smoothly on § (which follows from the
smoothness of Ay, As), and hence, 7% in is a product of eI and another function of (t,)
depending smoothly on §. An explicit computation of the inverse Weierstrass transform in
reduces the expression there to

lim

b YV
im /65 TUmITR F(s,y50) ds|

0

for some function F' depending smoothly on §. In particular, the latter limit superior is finite and
so the conditions of Theorem [2.6] are satisfied in this example.
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At this point, we remark that the latter argument relies only on the smooth dependence of the
function ¥ on §, but not on the specifics of the market model. In general, one expects the function
U (being the solution of a backward linear parabolic equation posed in the forward time direction)
to be given in terms of the eigenfunctions of the associated linear elliptic operator in accordance
with the generalized Widder’s Theorem of [NT) Theorem 3.12]. Moreover, it is known (cf. [Jo|
Section 6]) that in wide generality such eigenfunctions depend smoothly on the coefficients of the
underlying elliptic operator, so that we expect a similar argument to apply for a variety of market
models.

3. FORWARD INVESTMENT PROBLEM WITH A FAST FACTOR

The second situation we consider is the fast factor case, that is when p; and o; in depend
only on Y€ and so V (¢, z,y1,y2) in does not depend on y;. To simplify the notation, we write
p for pf and y for 3, throughout this section. With these notations and in view of Assumption
the HJB equation becomes

1 2
a(y)? v(y) 1 1Va A(y) + Vay /e a(y) pll
1 1Y)y 1 o
(3.1) Vit ==V + V5 i 0
Our goal here is to find an explicit expansion of the solution V' to (3.1 of the form
(32) V=vO 4 /vl £ 0()

in the limit regime ¢ | 0. As in the previous section, we will first derive formulas for V(@ and
V@ informally, and then provide qualitative insights into the associated error term by means of a
suitable convergence result.

To find V) we plug (3.2)) into (3.1)) and collect the leading order terms (namely, those on the
order of e~1) to get

2

a(y 1
(3.3) Wy 0 4 4() V0 — S aw)lol?

(Vay)’
vy
Note that we can satisfy (3.3)) by choosing V() as a function of ¢ and x only. As we explain below,

the exact choice of V(9 will be pinned down by the lower order terms in the expansion of (3.1)).

To proceed, we plug (3.2)) into (3.1]), and collect the terms of order e 1/2. We obtain

=0.

VOV o ViV a@?lell? (Vi) Ve aw)?
_ Jr Ty Ty Tz r L (1) 1) —
a(y) Ay)" p 0 a(y)” el =0 5 (VO 5 Vi W) VY =0
Choosing V() to be independent of y as we noted earlier, the latter equation simplifies to
a(y)? v 4 ( )V(l) -0
2 yy' TAY)Vy T =1

Clearly, the above equation can be satisfied by choosing V(! to be a function of (t,z) only. As
with V(© the exact choice of V(1) will result from considering lower order terms in the expansion

of .
Next, we insert the extended expansion
V=V 4 Jevl) 4 v 4 S270) L o2
into in order to find the terms of order 1. This results in the equation

(0)y2 2
)2 (Ve a(y
© | (2)H ( (0)) " (2) V2 £y V® =o.

(3.4) v,
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Hereby, we have used the fact that V(© and V) do not depend on 1. The next proposition shows
that there is a unique choice of V() such that V(0 (0, z,y) = V(0, z) and the equation (3.4)), viewed
as an elliptic partial differential equation for V(2| has a solution.

Proposition 3.1 (Leading order term, fast factor). There is a unique function V) such that
V©0(0,2,9) = V(0,z) and the equation (3.4) possesses a solution V). With

=(/ umwu?mdy))m,

such a function VO admits the representation
(3.5) VOt z,y) = VO(t,2) = u(A?t,2)

where u is given by

I L s
u(t,r) = —3 /0 PR (s,h(_l)(s,w)) ds + V(0,x),

ezzf%z% -1
h(t,z) = / ——  1p(dz) + Cb.
R z

Here b1 s the inverse of h in the variable x, and vo and Cy were introduced in Assumption
[2.4iii).

Proof. We start by integrating (3.4)) with respect to the invariant distribution u of Assumption
Since V(@ does not depend on y and

aly)?
/R ( (3) Vi +7() Vy(2)> 1(dy) = 0

(due to the invariance of 1), we obtain

o 3 ()
2 10

g

We easily conclude using [MZ4, Theorems 4 and 8]. O

=0.

(3.6) Vi

From ($3.5)) we observe that V() gives the complete market forward performance measure with
constant Sharpe ratio A, where the appropriate averaging has been identified by the asymptotic
analysis.

To obtain V) we will expand the HIB equation (3.1) up to order €!/2 which however requires
further information on V(). As a first step, we subtract from the equation (3.4)) its averaged version

(B6) to get

57) oW ) e _ NI =X 027)°

y RO

We introduce the notation
(38) o) = [ B0 ) = 52 s

where Y'! denotes the fast factor process, solution of the SDE (1.3)), but with ¢ = 1. Then (see, for
example, [FPSS| Section 3.2, p. 94]), the solution V@ of (3.7) admits the stochastic representation

1 (v, 0)?
2 v O, )

where C(t,x) is a function that does not depend on .

(3.9) VO(t,2,y) = o(y) + C(t,x),
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1/2

We can now expand (3.1) up to order €'/ to obtain

(0) 2 (0) (0))2
(1) H/\( )P (Ve 1 Ve T (1) / (Vx )
Vi 5 0 Var VO Ay)" (Vo My) + ' (y) V0 xa(y)p

2
(6]
2y v~ o

Averaging this equation with respect to the invariant distribution g of Assumption we obtain
further
(3.10)

_ 2
)\2 3:(0) Vx( ) 2:(0) V(O)
Vt(”+2< o v 32 ()V(l) v(°>< 1 ) (/¢ )Tu(dy)>p=0,

Txr

which is the desired partial differential equation for V(1. Since V(9 satisfies the initial condition
for V, we endow ([3.10)) with the initial condition V1 (0,z,y) = 0.

Proposition 3.2 (Correction term, fast factor). The unique classical solution of the partial differ-
ential equation (3.10)) with the initial condition V(0,z,y) = 0 is given by

| ! 0 (i) T
a1 V0L =V =1 (S ) ([ uaw ),
with ¢ as in .

Proof. We introduce a new space variable
N2
(3.12) € :=—1log V0 — St

Since V(O is strictly increasing and strictly concave in z for any given ¢, £ is a strictly increasing
function of z and we may define

O, &) :=vO(t,2) and w(t,&) :=VV(t,2).
Following the calculations in the proof of Proposition gives

w® 4+ 132,00
(3.13) +3 L 3w weg = 0.

A similar computation starting from (3.10)) shows that the transformed correction term w®) satisfies
the forward heat equation

1.
(3.14) wi + 2220l = (| &) aly) \»)T ndy) ) p

g N e = Wee | |
with the initial condition w(?)(0,&) = 0. At this point, it is easy to check (using (3.13)) that
(3.15) w® = tufy ([ $w)am A ula) ) o

satisfies (3.14)) with the desired initial condition. Changing back to the original coordinates we
easily obtain (3.11)).

The uniqueness part of the proposition follows from the uniqueness of the solution of the Cauchy
problem for the forward heat equation (see [Wi, Theorem 8.1]). O

Remark 3.3. This result can be considered as the forward performance analog of [FSZ, Proposition
2.7] for the (backwards in time) Merton problem, but here the transformation is crucial to
reduce to the ill-posed heat equation for which Widder’s Theorem can be applied. The differences
highlighted in Remark apply here too.
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Next, we give an additional representation for the correction term V(1) which has a natural
interpretation in terms of the original portfolio optimization problem.

Proposition 3.4 (Natural parametrization of correction term, fast factor). Let w(®, w®) be the
functions VO V) from Propositions written in the coordinates

)2
(t,€) := (t, —log V) — % t>.

Then:
(i) wY) admits the representation
¢
(3.16) w(t,6) = [t s
0

where each w()s s the solution of the initial value problem

wD* )

(3.17) +— 5 Wee = 0, t>s,

with initial condition

(3.18) 95 (s,€) = w (s ( [ #watmrw)” mdy)) o
It can be therefore represented as

(3.19) ws(t, ) = /R e (1=9) () (),

with v®) being a suitable signed finite Borel measure on R.

(ii) In the original coordinates, the same representation reads

t
VO (1, 2) = / VOS¢, ) ds
0

where each V5 is the solution of the initial value problem

2 (0 0
+A—( )V<1>S Ve viDs =0, t>s,

(1),s
Vi 2 ( (0)) (0)

with initial condition

(0) (0) 2
ooy Vs,2) (V0 (s,2) ,
VOG0 = iy (S8 ([ owrawaw wan ) s

5,7) \ Vig (s, 2)

Remark 3.5. The quantities V(1% (or, equivalently, w(1)*) of Proposition should be interpreted
in the same way as “auxiliary” forward performance processes as their analogues in the slow factor
case. We refer to Remark [2.5] above for more details, but point out that the asymptotic analy-
sis identifies the constant vector ([ ¢'(y) a(y) A(y)” u(dy)) p as the principal correcting effect of
stochastic Sharpe ratio, in the case of nonzero correlations p.

Proof of Proposition . We first recall from the proof of Proposition that w(©® is a classical
solution of the forward heat equation (3.13]). Hence, wég) is a solution of the same equation and,
therefore, the solutions w)*, s > 0 of - are well-defined and given by

wMs(t,2) = wég)(t,é) </R ¢'(y) aly) A(y>Tu(dy>) p
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Therefore the right-hand side of the representation (3.16)) is equal to the right-hand side of (3.15)),
and, thus, (3.16)) immediately follows. Moreover, the representation (3.19) is a direct consequence
of Widder’s Theorem. Finally, part (i) of the proposition can be either established in the same

way as part (i), or by changing to the original coordinates (¢, z) in (3.16)), (3.17) and (3.18]). O

We conclude this section with the appropriate convergence result providing quahtatlve 1n51ght
into the error term associated with the approximation of the true value function V by V© —i—f v
To this end, we introduce the non-linear functional
(3.20)

2 (V2 1 (0)

Trr

0\ 2
1 2 (V2 1 ©0) _ 1/2 (1) (0)
+ 52 AWl (V(O)> . (Viw = VO — 2V (V,, — VO)

xrx

1
+ A"V (@) VI + aly) p Vi) (v - (0)>

Txr

~ L@V (v - v - 2y (1 _ 1>
€

Via V(O)
! T v (2) 1 0) , —1/2 2
L ((y, _ LIV Vey W@W (yo _ DI (i)
€2 t 9 Vi t 9 Vég)

2 /1,0 2 (0) (0))2
e+ P () v (o (000 0 () o))

Here V® is defined through (3.9), and we note that the value of n° does not depend on the
choice of the constant C(¢,z) in (3.9). We also set (¢,&,y) := (¢, —log A ”’\( IE ,y), and let
n°(t, & y) = n°(t, @, y).

Theorem 3.6 (Convergence result, fast factor). Suppose that there exist eg > 0 and T < oo such

that for all € € (0,€) the HIB equation (3.1)) has a solution V € C**2([0,T) x (0,00) x R) which
1s increasing and strictly concave in the second argument. Then,

(i) the quantity

D* 2% " “1/2 =% dydsd
62t22k"2ktk d{ $,&— X,y e 2 dydsdz

(defined via (3.20) and the paragraph following it) is well-defined and finite for all e € (0, €p),
and
(ii) for every (t,z,y) € [0,T) x (0,00) X R for which the limit superior

k 52k 2k 12
/e 2t Z 2k‘2ktk <d§> // (s, £ =X,y e~ 2sdxdsdz

is finite, the error bound

3.21 im
(3.21) i

(3.22) % et ‘V(t,x,y) VOt 2) - VeV (t,2)| < o0
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applies. If the limit superior (3.21)) is bounded above uniformly on a subset of [0,T)x(0,00) xR,
3.22)

then the convergence in (3.22)) is uniform on the same subset of [0,T) x (0,00) x R.

Remark 3.7. Condition (3.21)) is of the same form as condition ([2.24)), and the detailed interpretation
of the latter given in Remark applies here as well.

Proof of Theorem We proceed as 1n the proof of Theorem [2.6] Spemﬁcally, we insert the ansatz
V=v0O0 42y 2) 4+ €32V 0) 4 €2 Q into the HIB equation (3.1]) and expand the resulting
equation in the powers of 61/ 2 The terms V@, VU, V@ and VO were chosen in such a way that
all terms on the orders of 1, 11/2, 1 and €'/2 cancel out. At this point, a tedious but straightforward
computation relying on the elementary identity

1 1 1/2 b —-1/2
== _ , <0, b< -V

a+e/2b  a ¢ a2+ €/2ab “ ‘ “
allows to compute the terms of order ¢ and leads to

: 2 (Vi)
(3.23) Qs 1Ay ()‘L(}E)()‘)/2 )

where Q := ¢! (V — VO _l/2 V(l)) =V@ 4270 4 eQ and 7 is defined according to (3.20)).
One can then conclude the argument by repeating the steps in the proof of Theorem [2.6] making
the change of coordinates

REYOOIRR

Qs=¢€n",  Q0,z,y) =0,

(s _ o _ IMWIP?
(t, & y) (t, log V; — t,y)

in (3.23), and combining Duhamel’s principle for the resulting equation with the formula for the
inverse Weierstrass transform given in [Wi2]. O

Remark 3.8. Consider the example of Section[2.2)with the explicit solution reparametrized according
to 6 = ¢!, and take the corresponding approximation for a fast volatility factor as considered in

this section. Then, by direct computation ¢(y) = ||A||>(y — m) and, therefore, our approximation
is
0) (1) e iy 2 T a4 T ipsy
+VeV —’Wl e 2 +VellAlF Bm A p, T ’y"*l te 21 AL
- -7

The corresponding remainder n° has a complicated dependence on €. However, an explicit Taylor
expansion in € of the functions A1, As in the formula for V' of (with § replaced by ¢~1) shows
that 7€ is given by a product of 2!~ and an order one in € function of ¢, y. Consequently, 7€ is a
product of eI and a function of (¢,y) that is of order 1 in e. The argument of Section yields
that the conditions of Theorem [3.6 are satisfied in this example and its fast factor approximation.

4. MULTISCALE FORWARD INVESTMENT PROBLEM

We combine our approaches to the forward investment problems with slow and fast factors
to analyze the multiscale forward investment problem described in Section We consider an
expansion for V(¢,z,y1,y2) in equation (|1.6) of the form

V=V 4 VvaO 4 fevOD 1 06 +e)

in the limit regime § | 0, € | 0. We first give the general results and, in turn, explicit formulas for
the case of power utilities in Section



FORWARD PERFORMANCE PROCESSES 19

4.1. First Order Approximations. It is convenient to define:

1/2
(4.1) X<y1>=(/R HA(yl,w)H?u(dyz)) ,
(4.2) Crolm) = (°)" ( [ 2 u(dy2)> w(o1),
(43) Cos(n) = ()" ( [ M52) 0.0 a(yz)u(dw)) ,
where
(14) o) = | B[\ Y @) = R20n) | Y1(0) = o] s

and Y denotes the fast factor process, solution of the SDE (1.3)), but with e = 1.
The following proposition gives explicit formulas for the leading order term V(9 and the first
order correction terms V19 and V(0.

Proposition 4.1 (Explicit formulas, general case). (i) The leading order term V) admits the
representation

V(O) (t> z, Y1, y2) = V(O) (tv xz, Z/l) =u (5\2(1/1)@ iL‘)
where u is given by

I L s
u(t,xr) = —3 / e~h TV (s2)+3 hx(s,h(_l)(s,x)) ds + V (0, z),

0

ezz—§z2t -1
ht,z)= | —————uy(dz). + Co.
R z

Here h=Y) is the inverse of h in the variable z, and vy and Cy were introduced in Assumption
(1),

(ii) The slow scale correction term V(10)

s given by
(0) 1(0)
t V:v T
(4.5) VOO (¢, 2, y) = 5 Cl,O(?/l)y:lW
VLUCE
and admits the natural parametrization
t

(4.6) VA (¢ 2 yp) = / VORS¢ 2 y) ds,
0

where each VD)%% is q solution of the initial value problem

_ 2
pds X(y) (Vi VD8 _ X2(y) v viDoes —o, t>s
> ) v v ) -

with initial condition

0 0
V(l)’é’s(S,l‘,yl) o) 0(y1) Vz(yl)(sax’yl) ZL"( )(5,$,y1) '
7 Vi (s, )

(ii) The fast scale correction term VO is given by

(0,1) :1:(0) (Vw(o))Z
(47) Ve (taJ:?yl):tCO,l(yl) (Va:(a(:))>< Vx(g) >x
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The function VOV admits the natural parametrization
t
V(O,l) (t7 x, yl) - / V(l)vﬁ,S(t7 z, yl) ds,
0

where each V5% s a solution of the initial value problem

_ 2
(Des | M(y1) v ()65 32 v (1),
‘/;g +T ) me” —)\(yl) ) Vx [ :O, tZS,

xrx

with initial condition

0 0
V(l)uens(s T yl) — 001(?/1) ‘/m( )(37%1/1) <V$( )(573572/1)2) )

‘/jx(g)(saxvyl) Vm(g)(57xvy1)

Remark 4.2. The quantities V(1):05 17 (1):65 of Proposition should be interpreted in the same
way as their analogues in the single factor cases. We refer to Remark [2.5] for more details. However,
we highlight that the analysis identifies the following reduced parameters: A(y;) in , the Sharpe
ratio root mean square-averaged with respect to the fast factor and frozen at the value y; of the
slow factor; C1(y1) in , which has the effect of the correlation p® between the slow factor and
equity returns; and Cp1(y1) in , which has the effect of the correlation pf between the fast
factor and equity returns.

Proof of Proposition . We start with the proofs of parts (i) and (iii). To this end, we insert
0 = 0 into the HJB equation , employ Assumption and then proceed as in the proofs of
Propositions and The arguments from therein can be repeated directly by replacing
Ay) by AMy1,y2). In particular, V() and V(%) are determined via an averaging of the equations

A2 (V)7

(4.8) A e L VP =0
and
2 2
A2 (v V.0 v
(4.9) v+ H 2” ( O VoD _ 5 A (V;Ovl) A+ by, ((V(O)) ) a,o) + L, VO =90

with respect to p(dys). Here € 1L, is the generator of the fast factor Y, that is

1
£y2 = 504(3/2)283/2?42 + 7(y2)8y27

and the terms V(O v(O1 1(0.2) y(0.3) are the ones appearing in the expansion of the solution to
(1.6) with 6 = 0. In particular, subtracting from (4.8]) its averaged version, we obtain the expression

(0)y2
1 Va
V(072) (t7 z, Y1, y2> = _7¢(y17 92)(‘/(0)) + C(t7 Z yl)

2
rr

where C(t,z,y1) is a function that does not depend on y2, and ¢ was defined in (4.4]).

It remains to prove part (ii). To this end, we again employ Assumption and insert the ansatz
VO + 6V into the HIB equation (L.6). Collecting the terms of order v/d in the resulting
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equation we get

(4.10)
0 T 0 o 1012 1,(1)
v - (Y ) @ Ve (s po oy ot Vo 1PV 2 Ve i
t 0 ve v oo Ve Vx(x) 2 0)
1 1
VD + L avil + Lrar i o

We can now write V1) = y(1,0) 4 ﬁV(l’l) + e V12 and expand equation (4.10) in powers of € as
in the proof of Proposition By doing so, we conclude that V(10 and V(1D can be chosen as
functions independent of y,.

Moreover, V19 can be determined by averaging the equation

(0) 2 (0)
(411) vV 4 W( I>) VO — A2 g VIO — AT
v v

$IIJ

ARRTAL
1A%

+ L, VD =0

with respect to pu(dyz). The averaged equation is endowed with the initial condition
V190, 2,y1) = 0 and can be solved explicitly by means of a transformation to an ill-posed
backward heat equation as in the proofs of Propositions 2.2 and [2.4] This gives the explicit formula
for V(1:0) and its natural parametrization. [l

Remark 4.3. Formulas (4.6) and (4.7)) can be considered as the forward performance analogs of
those appearing in [FSZl Section 4.1] for the (backwards in time) Merton problem. The differences
highlighted in Remark [2.3] apply here too.

We now complement the explicit formulas for the leading order terms V(0 V(1.0 y(0.1) 1y 5
convergence theorem justifying the approximation of the true value function V' by the function
0 4oV 4 /e V(0D We will need the non-linear functional n%¢, whose lengthy formula we

give in Appendix [Al We also set (,&,y1,y2) := (t, —log VI(O) — % t, 1, yg), and let

(412) ﬁdye(tagaylayQ) = 776’6(t71‘7y15y2)~

Theorem 4.4 (Convergence result, general case). Suppose that there are 69 > 0, ¢¢ > 0, and
T < oo such that, for all (0,€) € (0,00) X (0,€), the HIB equation (1.6)) has a solution V €
222 ([0, T) % (0,00) X ]RQ) which is increasing and strictly concave in the second argument. Then,

(i) the quantity

k22 \* ot e
(0+¢€)" / Z Qk thk (d{) /O/RU’(Saf—X,ybyz)s e 2 dydsdgz,

with 7%¢ defined in [£12)), is well-defined and finite for all (6,¢) € (0,80) x (0,¢0), and
(i3) for every (t,z,y1,y2) € [0,T) x (0,00) x R? for which the limit superior

(4.13)
k 2/€ d 2k t 5 » 2
2]{7 'thk <d£> /0 /RT/’E(S7£_X7ylay2) s / e 2s dXdeZ
is finite, the error bound

(414) 53(1)72’10 (6+€ ‘V t €, Y1, ?/2) V(O)(taxayl) _\/SV(LO)(tvxayl) _ﬁv(o’l)(taxayl)‘ < o0

applies. If the limit superior (4.13) is bounded above uniformly on a subset of [0,T) x (0, 00) X
R?, then the convergence in (4.14)) is uniform on the same subset of [0,T) x (0,00) x R2.

lim (6 +e€)
w),ew
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Remark 4.5. Condition (4.13)) is of the same form as condition ([2.24)), and the detailed interpretation
of the latter given in Remark [2.7] applies here as well.

Proof of Theorem [4.4. We proceed as in the proof of Theorem More specifically, we plug
V=vO0 4 /svao  /evOD L Q into the HIB equation and apply a Taylor’s expansion
to the resulting equation in /¢ and Ve. Hereby, we use the elementary identity
11 b
a+b a a?+ab
and the definitions of V(©, v(1.0) O y@) yG) yLD and V12 to eliminate the terms of
orders 1, V6, and /e. The remaining equation then reads

HAHQ A o (VA
(415) Qt + V wa - ||)\H V(O) QCE = ) Q(O7§7y17y2) = 07

xac

where 7%¢ is defined prior to the statement of the theorem. One can now conclude by repeating

the steps in the proof of Theorem namely by making the change of coordinates

(416) (t7£7y17y2) = <t7_logvx(0) || H t Y1, Y2 )
in (4.15]), and combining Duhamel’s principle for the resulting equation with the formula for the
inverse Weierstrass transform given in [Wi2]. O

4.2. Power utility example. We illustrate the results with the family of power utility forward
performance processes. For a constant risk aversion coefficient v € (0,00)\{1}, we impose the
initial condition of the HJB equation (1.6 to be

=

V(0,2) ="
(0,2) =~ T

Similar to Section we have the following explicit solution for the constant parameter value
function V(O (¢, z, ;) in part (i) of Proposition

1—v 1—
< 67%”, and I' = 77,
L=~ v

1

(4.17) VOt 2,91) =u (N(y1)t,z) where wu(t,z)=1~"

which can be verified by taking the measure 1 to be a Dirac delta centered at vy~ and the constant

Co=1r.
From (4.5) in Proposition we compute

1 -
VO (L 2, 41) = itQCi,o(yi)FzA(yi)X(yi)V(O)(t,m,yi),
and from (4.7]) we obtain

VO 2, y1) =t Coq(y1) T2V O (2, 2, 1)

Then, the three-term approximation to the forward performance value function is given by
(4.18)

1 I
V(t,z,y1,92) = (1 + 5\/5t201,0(yl)r2>\(yl))‘/(y1) + et CO,l(yl)F2> VOt z,91) + O +e),

where V() is given explicitly in ([4.17).
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5. APPROXIMATELY OPTIMAL PORTFOLIO

In this last section we define the portfolio associated with our approximation and establish its
approximate optimality.

Definition 5.1. Let the feedback portfolio function % be given by
(0) (0) 1/(1,0) (0) 1/(1,0) (0) 1/(0,1) (0) 1/(0,1)
V, — V, -V
(g A7 )
V(O) P ( (0))2
T zy1 Lyf o Puz x
(o) e e (Bl )

where VO, V@) gnd VO gre s in Propositz'on and ¢ is given in (4.4)). The formula (5.1)) is
obtained by recalling that the nonlinearity in the HJB equation (1.6) results from the optimization
problem

(5.1)

1 1
SUP (()‘V:”c + \/g’ips Vay, + 7 ap! nyz)T(Uﬂ') + ) Via (UW)T(Uﬂ))v

replacmg V by its exzpansion VO + /5 V10 4 \fV(O D in the formula for the corresponding opti-
mizer T, and applying Taylor’s expansion in §, € to the result. We refer to 7™ as the approximately
optimal portfolio which is justified by the next proposition.

Remark 5.2. One can use formula (4.18) for the value function in the case of the power forward
performance to compute the approximately optimal portfolio. We omit the lengthy expression here.

Proposition 5.3. Suppose that there are 69 > 0, ¢¢ > 0, and T < oo such that, for all
(6,€) € (0,00) x (0,¢€9), the HIB equation has a solution V%€ € CH222([0,T) x (0,00) x R?)
which is increasing and strictly concave in the second argument. Then, the wvalue process
VOe(t, X™ (1), YO(t),Y(t)) satisfies a SDE of the form

1 ~
(5.2) AV = V2 Vo kdBi(t) + Vo 7 dBy(t) + Vo oTn™dW (t) + %€ dt
with drift coefficient ©%¢ = @%¢(t, X™ (1), YO(t),Y(t)). If, in addition, the limits superior resulting
o be e Sde s sbe =, -
from [A13) by replacing 7% with any of 7]56, 77556} 776565’ ngyel, 775;2 are finite, then

(5.3) Nlil)mw (6+€)t ‘@56 t,x,y1,y2)| < oo.

In other words, the performance of the portfolio % fails to fulfill the martingale criterion of opti-
mality only by a bounded variation term of order 6 + €.

Proof. The SDE (5.2)) is obtained by combining

AXT(t) = p(YO(), V@) 7=(t) dt + o (YO(1), YE(£)) T w™(t) AW (),
the definition of 7™ (Definition , and It6’s formula. Writing Vo€ = VO /5 V(L0 /e v (01 4
Qo and recalling the HJB equation (1.6)) we see that the drift coefficient ©%€ is a linear combination

of Q szp %2, and Qm, with the coefficients being uniformly bounded in §, € wherever the

d,€e d,€ 1
limits superior hm Vo, lim |V lim |V, im — —=
P 10,cl0 © 7 50, w‘ i 510, w‘ my?‘ 510,el0  Vix

Next, recall the change of variables ({.16)), write ¢%(t,&,y1,y2) for Q¥(t, z,y1,%2), and recall
from the proof of Theorem that ¢%¢ satisfies the backward equation

are finite.
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with zero initial condition. Differentiation of this equation in £, Duhamel’s principle for the resulting
equation, and the formula for the inverse Weierstrass transform given in [Wi2) y1eld that qg ‘ (and

therefore also Qx ) admits a control of the form at a point if condition ) holds for ﬁg’e
at that point. Repeated differentiation in & gives the same result for qg’g (and therefore also Qg’;)
and ﬁg’;, as well as for qg’é and ﬁg’;&.

Lastly, differentiate the equation ([5.4]) in &, y1 to get

|| [& e T
(g, ) + 5 Qg ee = Tley, — My Meke:
By linearity qg; —tAL X qgg§7 where §%¢ solves
A(Se ||>‘H A5e _ =
T 5 dee T Mgy,

Hence, ¢>¢ admits a control of the form (5.3)) wherever condition (4.13)) is satisfied by ﬁg;l, whereas
qg’;g has already been controlled before. The desired bound on Qg},jl then follows from the bounds
on q‘g;, qg’g, and qg’e. To finish the proof it remains to estimate Qg’y; in a similar manner and to

combine the estimates on QJ°, i’yi, Zyo, and Qo O

Remark 5.4. In the case that only a slow factor is present (that is, in the setting of Section [2) a
statement analogous to that of Proposition holds for the portfolio function

(0) ©) () 170) () v
ﬂ_z — —(O’T)_ ( x + \/’ zxr Vx o T > _ \/5/{ (UT)_l 0
er ( Tx ) V

where V(© and V(1) are as in Propositions and respectively.

We easily deduce that a similar result holds for the case that only a fast factor is present (that
is, in the setting of Section |3|) for the portfolio function

(0) (0) y,(1) _ 1,(0) y,(1)

- ron 8y (VD)
iy (VA2 vO\ v /.

where V(© and V(1) are as in Propositions and respectively, and ¢(y) is given in ({3.8]).

6. CONCLUSION

We have provided a convergent approximation for forward performance processes in a multifactor
incomplete markets model, as well as for the corresponding optimal portfolio. Our approach is
based on a perturbation analysis of the corresponding ill-posed HJB equation. The principal term
in the approximation results from the appropriately averaged problem, whose solution is known
from Widder’s Theorem. The correction terms for fast and slow volatility factors can be computed
explicitly in terms of this leading order term.

We have also given explicit calculations in the case of power utility. The ease of the formulas
provided in more general cases, as well as conditions for convergence, should allow future work
to develop the financial implications of forward performance processes in realistic market environ-
ments.
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APPENDIX A. EXPRESSION FOR 7% IN SECTION

A2

1
névs;:_v ( A7 (V, 10))2+§||AH2(V D) (Ve — VoV — ey Oy
Trx

52 < ] 2
HP 16 (Vi)? e (VGO + 5 e 1% (VISD)* + - 2 a? [|p 1% (Vay, )

2
Ve s
2 Hp H ( Ty :J:yl \fvleo) Vz(gll)) + 5 K AT V(O) ‘/;6(5110)
+ I{)\Tps \/7‘/ 17(511 + \/7||)\H2 (O 1) + H/\Tps5‘/v$(yl) Vz(l,O)

TY1

0
+ 53/2 /{)\Tps Vg;(LO) Vw(yll,()) Ny \/E/{)\T,Os V(l 0) V(O 1) \\/[7 a )\Tpf VZ(I,O) nyQ

+Voer N P VO VL0 4 5 /e k /\Tps VOO L) /5 e AT ps V(0D 1 (0.1)

Y1 :ry1 zy1
@ N VD Vo, + 03262 )P VY VIS 0 /e 1717 Vi) Vi
+ ﬁm( ) o V) Vi + 82 Ver? | 072 VGD VD + } £ (07) o VD Vi,
+VEar (p) pF VI Vi, + 5. 0° (Vi — Vi) = VOV — eV D)

x (VEAVI) + VEAVIED 455k p8 VD) 4 632k o5 VIO 4 6 Jew p° VIO +\‘/[§apfvmy2)

+ A (Ve = VO — sy 0 — ey on)

1
< (VEAVED 4 /eAVOD Vo kg VO + 5k p° VD + Vi erp v$;10)+zapfvm)

+VERAT S (Ve = VIO = VIO — eV OV (Vyy, — VIO — VoV L0 - fV£511)>

1
- <v_ [ ) <||)\H Vo VO VL L N2 Ve VO VO 4 Vi AT ps v O VD)
1
v A fE VOV + NPV (v, - VO - Vv ﬁVx(O’l))>
2 (102 _ /(02 ;
CAIE Ve (Vaw = Va')™ PR ‘Ayz(v eV L 32p6) 5302 V(M)).
2 Vx(g) Vi u €

Here Aj, V@, ALV V) and AV V(12) are defined through - and -, respectively.
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