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Non-Technical Summary

Decision making of agents is described by utility functionals. For instance, in the representative
agent model, that has dominated macroeconomics for the last three decades, there is one
individual, the representative agent, whose preferences have to be described. In the classical
version, the agent is assumed to have a time-separable von Neumann-Morgenstern utility
function and to have access to a financial market that is complete. Both these specifications are
potential sources of why the classical framework is not able to explain several empirical facts
about asset prices. Economists have responded to these challenges by assuming that agents
have more general preferences (e.g. recursive preferences) and/or by postulating more involved
asset or endowment processes (e.g. jumps, disasters, unspanned diffusion) that lead to
incomplete financial markets.

To calculate the values of cash flows in such a representative agent economy, the stochastic
discount factor is the key ingredient. A stochastic discount factor induces a pricing rule that
determines all asset prices in an economy. It is thus of crucial importance that the agent's
utility can be described in a tractable way. In every continuous-time model, this utility satisfies
a certain partial differential equation that can be derived by applying a stochastic
representation theorem for expectations. For recursive preferences, this can be reduced to an
equation belonging to a particular class of semi-linear partial differential equations. Such
equations are inherently difficult to solve and, in general, it is not even clear whether they
admit (unique smooth) solutions. So far, researchers have usually resorted to approximation
techniques of unclear precision (e.g. Campbell-Shiller approximation for non-unit elasticity of
intertemporal substitution) and considered affine frameworks.

In this context, our paper makes a significant contribution: For possibly non-affine models, we
prove the existence of a solution and develop a fast and accurate numerical method to
compute this solution. Our scheme solves the nonlinear partial differential equation by
iteratively solving certain linear partial differential equations. We also derive worst-case
bounds for the accuracy of our methodology. Therefore, our results provide a solid basis for
future research in asset pricing with recursive preferences.

Furthermore, we also contribute to the extensive literature on dynamic incomplete-market
portfolio theory. This area is concerned with an agent's consumption-portfolio choice problem
where returns are not necessarily independent and identically distributed. We study an
incomplete-market consumption-portfolio problem that nests several classical frameworks. In
contrast to the existing literature, we do not restrict our analysis to affine models but allow for
recursive preferences. We reduce the Bellman equation to a partial differential equation that
belongs to the same class as the above-mentioned equation in asset pricing. Researchers have
so far relied on approximative methods in this context as well, although in general not even the
issue of existence has been resolved. Therefore, as an additional contribution of this article, we
provide a verification theorem demonstrating that a suitable smooth solution of the reduced
Bellman equation is also the solution to the consumption-portfolio problem. Following the



same agenda as outlined above, we then establish existence of a solution and construct this
solution by fixed point arguments. Again, our numerical method provides a fast and accurate
way of calculating the investor's indirect utility and optimal strategies. Our results thus also
establish a tractable approach to incomplete-market consumption-portfolio choice problems
with recursive preferences.
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1 Introduction

This article contributes to the extensive literature on dynamic incomplete-
market portfolio theory, a research area that according to Cochrane [14] is at
the same time “important” and “hard”. We study a class of incomplete-mar-
ket consumption-portfolio problem that nests (suitably truncated! versions of)
classical frameworks such as Kim and Omberg [24], Campbell and Viceira [8],
Barberis [2], Wachter [41], Chacko and Viceira [12] and Liu [30], among oth-
ers. With the exception of [12], these authors assume time-additive CRRA
preferences. We consider Epstein-Zin recursive utility, which contains time-
additive CRRA utility as a special case. The Hamilton-Jacobi-Bellman (short:
Bellman or HJB) equation of the associated consumption-portfolio problem
can be transformed into a semilinear partial differential equation. Nonlinear
equations of this class are challenging and, in general, it is not even clear
whether they admit unique smooth solutions. Moreover, in the absence of
affine dynamics, closed-form solutions of the HJB equation are not available.
Thus researchers so far have been forced to resort to linearization techniques of
unclear precision such as, e.g., the Campbell-Shiller approximation in models
with affine dynamics. In an extension of the framework of [26], this paper pro-
vides — for possibly non-affine models and assuming only suitable boundedness
conditions — existence and uniqueness of solutions to such equations. More-
over, we develop a fast and accurate numerical method for the computation
of both indirect utility and, even more importantly, optimal strategies. Our
results thus establish a tractable and constructive approach to incomplete-
market consumption-portfolio problems with Epstein-Zin recursive utility in
continuous time.

From a mathematical perspective, our contributions can be summarized as
follows: First, we establish a verification theorem which demonstrates that a
suitable C12 solution of the reduced HJB equation is the value function of
the consumption-portfolio problem. The proof is based on a combination of
dynamic programming arguments and utility gradient inequalities for recur-
sive utility. Second, we provide an explicit construction of such a C12 solution
based on fixed point arguments for the associated system of forward-backward
stochastic differential equations. We study the Feynman-Kac representation
mapping @ that is associated with a power transform of the HJB equation
and obtain a fixed point in the space of continuous functions as a limit of
iterations of @. Using the probabilistic representation of this solution we are
able to improve this to convergence in C%!. This not only yields a theoret-
ical convergence result, but also leads directly to a numerical method with
superexponential speed of convergence that allows us to determine optimal
strategies efficiently via iteratively solving linear partial differential equations.

1 Qur analysis imposes no structural conditions on the underlying model coefficients, but
requires them to be bounded; see (A1) and (A2) in Section 4 and (A1’) in Section 7.
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The remainder of the paper is structured as follows: Section 2 discusses
the related literature. Section 3 introduces the agent’s utility functional for
continuous-time recursive preferences. In Section 4 we formulate the consump-
tion-portfolio problem, establish existence of a solution of the associated HJB
equation, and derive candidate optimal strategies. Section 5 provides a ver-
ification result which demonstrates that the candidate solutions are indeed
optimal. Section 6 provides the proof of our main existence and uniqueness
result (Theorem 4.6). Building on this, Section 7 sets the basis for our numer-
ical method, which is illustrated in Section 8. Section 8 also offers an informal
user’s guide on how to apply our theoretical results to concrete problems. The
Appendix contains proofs and auxiliary results.

2 Links to the Literature

This article is related to several strands of research. First, we contribute to
the literature on dynamic incomplete-market portfolio theory. Liu [30] con-
siders portfolio problems with unspanned risk and time-additive utility. The
framework of Liu [30] already nests a number of popular models, including
those of Kim and Omberg [24], Campbell and Viceira [8], Barberis [2], and
Wachter [41], as special cases. Given appropriate boundedness conditions on
the underlying coefficients, our approach can be used to generalize several of
his solutions to settings where asset price dynamics are non-affine or non-
quadratic and where the agent has recursive utility. Recursive utility has been
developed by Kreps and Porteus [27,28], Epstein and Zin [22] and Duffie and
Epstein [17]. Chacko and Viceira [12] study a consumption-portfolio problem
with affine stochastic volatility and recursive preferences. They find an explicit
solution for unit elasticity of intertemporal substitution (EIS) and approximate
the solution for non-unit EIS using the Campbell-Shiller technique. Our ap-
proach makes it possible to extend their analysis to problems with non-affine
specifications of stochastic volatility, without having to rely on a priori approx-
imations. Finally, our results are also related to Schroder and Skiadas [36], who
focus on complete markets, and to Schroder and Skiadas [37], who provide nec-
essary and sufficient optimality conditions in a general homothetic setting by
duality methods and obtain explicit solutions for unit EIS.

Second, the mathematical analysis of this article has ties to a number of arti-
cles. The verification argument used to solve the consumption-portfolio prob-
lem builds on the so-called utility gradient approach that has been developed
in a series of papers by Duffie, Schroder, and Skiadas including [19], [36], [37],
[38] and [39]; see also Seiferling and Seifried [40]. We generalize the verification
results in Duffie and Epstein [17], who derive a verification result for aggre-
gators satisfying a Lipschitz condition, and of [26], who consider Epstein-Zin
preferences under parameter restrictions. Our results are also related to the
findings of Duffie and Lions [18], who study the existence of stochastic dif-
ferential utility using PDE methods, and to Marinacci and Montrucchio [34],
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who establish existence and uniqueness of recursive utility in discrete time.
The analysis of Berdjane and Pergamenshchikov [3] is based on a fixed point
argument related to the one we use in this paper, but is focused on the spe-
cial case where the agent has time-additive utility with risk aversion below
unity and where the state process has constant volatility. In a recent paper
that appeared after this article had been finished, Xing [42] addresses a closely
related class of portfolio optimization problems using BSDE techniques. [42]
complements the analysis of this paper: It requires weaker boundedness (rsp.,
integrability) conditions,? but does not provide information on how to deter-
mine optimal strategies. In addition, the analysis of [42] is restricted to the
case when both relative risk aversion and EIS are greater than one. This article
provides a constructive, fast and accurate numerical methodology (substan-
tiated by a rigorous convergence analysis) to find both indirect utility and,
more importantly, optimal strategies.

Finally, our analysis of existence and uniqueness also contributes to the liter-
ature on semilinear partial differential equations (PDEs) and backward and
forward-backward stochastic differential equations (BSDEs and FBSDEs, re-
spectively). We demonstrate that the FBSDE associated with the semilinear
PDE that is relevant for our applications in consumption-portfolio choice ad-
mits a unique bounded solution. Importantly, the driver of this FBSDE is not
Lipschitz, so standard results do not apply. We thus contribute to the grow-
ing literature on non-Lipschitz BSDEs and FBSDEs, including, among others,
Kobylanski [25], Briand and Carmona [5], Briand and Hu [6], and Delbaen, Hu
and Richou [16]. In addition, by deriving an associated Feynman-Kac represen-
tation, this paper adds to the literature that connects FBSDEs to semilinear
Cauchy problems; see, e.g., Pardoux and Peng [35], Delarue [15] and Ma, Yin
and Zhang [33] and the references therein.

3 Consumption Plans and Epstein-Zin Preferences

We fix a probability space ({2, F, P) with a complete right-continuous filtra-
tion (Ft)sefo,r) that is generated by a Wiener process (W, W). We denote the

consumption space by € £ (0,00). In the following, we are interested in an
agent’s preferences on the space of dynamic consumption plans.

Definition 3.1 (Consumption Plans) A progressively measurable process
c with values in € is a consumption plan if

cecé{ceD+ : E[fOchdt—l—C;;] <oof0rallpER}.
Here we denote the set of square-integrable progressive processes by
Di {X = (Xt)te[o,) progressively measurable : E [fOTXt2 dt+ X%] < oo}

and write D¥ £ {X € D : X; > 0 for t € [0, T]} for its strictly positive cone.

2 Tn particular, [42] covers specifications with (untruncated) affine dynamics as in Kim
and Omberg [24] and Heston [23].
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The agent’s preferences on C are described by a utility index v : C — R. Thus
¢ € C is weakly preferred to ¢ € C if and only if v(c) > v(¢),
see [17], [22] and [40]. To construct the Epstein-Zin utility index, let
0>0, v>0, ¥>0 with~,¢ #1.
be given and put ¢ £ . If 7 < 1set 4 £ (0, 00) and for v > 1 set £l £ (—00,0).

Then the continuous-time Epstein-Zin aggregator is given by f: € x 4 — R,

1—1
f(e,v) é(SHUK((IC))l) " 1} where 0 £ it eR, #0.
— 7)) T

Here « represents the agent’s relative risk aversion, v is his elasticity of in-
tertemporal substitution (EIS) and ¢ is his rate of time preference. Moreover
we define U : € — R, U(z) £ 51’7ﬁx1*7 as a CRRA utility function for
bequest where € € (0,00) is a weight factor. For Epstein-Zin utility to be
well-defined, throughout this article we impose the following assumptions:

(E1) For every ¢ € C there exists a unique semimartingale V¢ such that
E[sup,e(o,|Vif[P] < oo for all p € R and

Ve =E, [ftTf(cs,Vsc) ds+ U(cT)} for all ¢t € [0, 7).
(E2) For every ¢ € C we have the utility gradient inequality
Ve <V§+ (m(e),c—¢) forallceC

where the inner product on D is given by (X,Y) = E[fOTXth dt+ XrYr|
and the utility gradient at ¢ is defined via

ma(@) 2 exp ([ fu(00, VE) ds) V(@)
with V(¢) £ fu(¢, V) for t € [0,T) and Vr(¢) = U'(cr).
It is shown in [40] that (E1) and (E2) are both satisfied if either

~vip,p > 1 or alternatively i, < 1,3 (3.1)

but we wish to stress that the analysis of this article applies to all parametriza-
tions of Epstein-Zin utility for which (E1) and (E2) can be verified. This leads
to the following definition:

Definition 3.2 (Utility Index) The Epstein-Zin utility index v : C — L is
given by v(c) £ V§ where V¢ is the unique process given by (E1).

3 Condition (3.1) holds if and only if one of conditions (a), (b), (c) and (d) in Proposi-
tion 3.2 of [26] is satisfied; see also (2) in [40]. We are not aware of rigorous results that
ensure (E1) and (E2) for parametrizations not subsumed by (3.1).
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The classical time-additive utility specification

vie)=E UOTef‘SSu(cS) ds+ eﬂSTU(cT)]
where u : ¢ — R, u(z) £ ﬁxlfﬂ is subsumed as the special case of the
Epstein-Zin parametrization where v = ¢. Note that (3.1) covers all addi-
tive utility specifications. Hence the analysis of this article applies in par-
ticular to consumption-portfolio optimization with additive CRRA preferences
and arbitrary risk aversion parameter v # 1. In addition, (3.1) subsumes all
parametrizations with v, > 1.

Remark. The specifications v = 1 or ©» = 1 correspond to unit relative risk
aversion or unit EIS, respectively; v = b = 1 represents time-additive loga-
rithmic utility. The case of unit EIS, ¥ = 1, is well-understood and has been
studied extensively in the literature; see, e.g., Schroder and Skiadas [37] and
Chacko and Viceira [12]. The analysis of this article applies mutatis mutandis
to these special cases. o

4 Consumption-Portfolio Selection with Epstein-Zin Preferences
4.1 Financial Market Model

Two securities are traded. The first is a locally risk-free asset (e.g., a money
market account) M with dynamics

th = ’]"(}Q)Mt dt,
while the second asset (e.g., a stock or stock index) S is risky and satisfies
dS; = S [(r + A(Y2))dt + o (Yy) dWy].

The interest rate » : R — R and the stock’s excess return and volatility
A0 : R — R are assumed to be measurable functions of a state process Y
with dynamics

dY; = a(Y,) dt + 5(Y) (pd Wy + V1= p2d 1), Yo=y.

Here «, 8 : R — R are measurable functions and p € [—1, 1] denotes the cor-
relation between stock returns and the state process. Throughout this article,
we assume:

(A1) The coefficients r, A, o, @ are bounded and Lipschitz continuous; the co-
efficient 8 is bounded and has a bounded Lipschitz continuous derivative.

(A2) Ellipticity condition: inf,er o(y) > 0 and inf,er 5(y) > 0.
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The investor’s wealth dynamics are given by
dX]7 =X [(r(YVy) + mA(Y2))dt + mo (V) dWy] — ¢ dt, Xo=x (4.1)

where 7; denotes the fraction of wealth invested in the risky asset at time ¢,
the constant x > 0 is the investor’s initial wealth and ¢ his consumption plan.

Definition 4.1 (Admissible Strategies) The pair of strategies (7, ¢) is ad-
missible for initial wealth o > 0 if it belongs to the set

A(z) £ {(m,c) eDxC : X[ >0forallt € [0,T] and cp = X} .

Since the investor’s preferences are described by a recursive utility functional
of Epstein-Zin type, an admissible pair (,¢) € A(z) yields utility

v(c) 2 Ve, where V£ E, Tf cs, VYds +U(XT)| for t €[0,T].
0 t t s T

Definition 4.2 (Consumption-Portfolio Problem) Given initial wealth
x > 0, the investor’s consumption-portfolio problem is to maximize utility over
the class of admissible strategies A(z),

find (7*,¢*) € A(x) suchthat v(c¢*)= sup v(c). (P)
(m,c)eA(x)

Remark. Problem (P) has been widely studied in the literature: Schroder
and Skiadas [36] investigate the case of complete markets. Schroder and Ski-
adas [37-39] provide necessary and sufficient optimality conditions for gen-
eral homothetic and translation-invariant preferences. Moreover, [37] solve the
consumption-portfolio problem for an investor with unit EIS in closed form.
Chacko and Viceira [12] obtain closed-form solutions for an investor with unit
EIS in an inverse Heston stochastic volatility model, and Kraft, Seifried and
Steffensen [26] derive explicit solutions for a non-unit EIS investor whose pref-
erence parameters satisfy the condition

_ 2
Y =2—q+ 82 (H)

Berdjane and Pergamenshchikov [3] study the above-described consumption-
portfolio problem in the special case where the investor has additive prefer-
ences with relative risk aversion v € (0, 1). Figure 4.1 depicts the parametriza-
tions for which solutions are known in the literature. Xing [42] focuses on the
quadrant northeast of vy =1, ¢ = 1. o
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6 —
= Unit EIS
= Condition (H) for p = /0.5
A = Power utility with v € (0,1)
2
=5}
2 -
0 | |
0 0.5 1 1.5 2 2.5 3

Risk aversion

Fig. 4.1 Known Solutions. This figure depicts combinations of risk aversion v and elas-
ticity of intertemporal substitution v for which solutions to consumption-portfolio problems
with unspanned risk are known.

4.2 The HJB Equation

We consider the dynamic programming equation associated with problem (P),

0= sup { wy + x(r + T )w, — cw, + %902#20211)359J + aw,
TER, c€(0,00)

+18%wyy + amoBpwey + flc, w)} (4.2)

subject to the boundary condition w(T,z,y) = e'~7L-2'7. Following Za-

riphopoulou [43] we conjecture a solution of the form
w(t,z,y) = ' bt y)", (G 2,y) €[0,T) x (0,00) x R (4.3)

where k is a constant and h € C12([0, T] x R) is strictly positive with A(T, ) =

gL Choosing k £ ’H-(l’yf’y)p? and solving the first-order conditions leads

to the following definition:

Definition 4.3 The candidate optimal strategies are given by

A k Bph
e+ kBphy  nd o2 gvpi1y (4.4)
Yo vy o h
where ¢ € R, ¢ # 1 is given by
k
21 ﬂ}i
1 0

and where h is a strictly positive solution of the semilinear partial differential
equation (PDE)

0= hy — Fh 4 ahy + 182y, + £=h?, W(T, ) =¢ (4.5)

q
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with 7 2~ [r(1 =) + 315227 = 56] and & 2 a+ 152222, T the following

k
we refer to (4.5) as the reduced HJB equation.

Remark. The function h in (4.3) is closely related to the candidate for the
agent’s optimal consumption- wealth ratio as used in, e.g., [7], [9], and [12].

More precisely, by (4.4) we have £ = = §¥h="% so we can represent the candidate

o
for the value function equlvalently as w(t, z,y) = iv a1=80 (L) . o

Lemma 4.4 Ifh € CY2([0,T] xR) is a strictly posztwe solution of (4.5), then
the function given by w(t,z,y) = % 1=vh(t,y)* solves the HJIB equation
(4.2).

Lemma 4.5 The functions 7 and & are bounded and Lipschitz continuous.

Remark. Note that for all p € [—1, 1] we have

qzl—QC where C 2 vy

1—~ (1= p?) +p?

Thus g < 1 if and only if =2 1 > 0 and ¢ > 1 if and only 1f — < 0; see Table
4.1 and Figure 4.2. o

Table 4.1 Ranges of g. This table reports the range of the exponent ¢ in (4.5) depending
on the risk aversion v and the reciprocal of the elasticity of intertemporal substitution ¢.

We now state a general existence result for the semilinear PDE (4.5):

Theorem 4.6 For all v,1,§ > 0 with v, # 1 there exist a solution h €
C2([0,T] x R) to the reduced HIB equation (4.5) and positive constants 0 <
h < h such that

h<h<h and |hyle < oco. (4.6)

Moreover, h is the unique solution of (4.5) that is bounded above and away
from 0.

Theorem 4.6 is one of the main results of this article. A large part of Section 6
below is dedicated to its proof. Before that, we demonstrate in Section 5 how
Theorem 4.6 is fundamental for the solutions of consumption-portfolio choice
problems.
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6
g <1
Cg>1
4F —— Power utility
" — Unit EIS
A — Condition (H) from KSS
2F p =05
0 U\ 1 T =
0 1 2 3 4 5 6

Risk aversion

Fig. 4.2 Range of g. This figure depicts the range of the exponent g in (4.5) depending
on the risk aversion v and the elasticity of intertemporal substitution . Condition (H) is
calculated for p = +/0.5.

5 Verification

In this section we establish the following verification result:

Theorem 5.1 (Solution of the Consumption-Portfolio Problem (P))
Let h be a solution to the reduced HIB equation (4.5) as in Theorem 4.6. Then
the corresponding candidate strategies (7, ¢),

YD) |k B(Yp hy(t. V)

= . e =0"h(t, )T X forte]0,T
oM Ty o) hyy) 0 T O REY)TXTT fort € (0.T)

(5.1)

Ur

and ép 2 X;c are optimal for the consumption-portfolio problem (P).

Here we slightly abuse notation by setting #; = #(t,Y;) and & 2 &(t, X[ %, Y;)
for t € [0,T"). This will not give rise to confusion in the following.

5.1 Abstract Utility Gradient Approach

Let (7,¢) € A(zx) be a given fixed consumption-portfolio strategy (below we
take the candidate solution in (5.1), but the general argument here does not
rely on that specific choice), and let m = m(é) denote the utility gradient at ¢,
see condition (E2). For every strategy (m,c) € A(z) define the deflated wealth
process Z¢ via

Z5¢ & X+ fotfnscs ds fortel0,T].

Then we have the following general verification theorem:
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Theorem 5.2 (Abstract Verification) Suppose that for every admissible
strategy (m,c) € A(x) the deflated wealth process Z™¢ is a local martingale,
and that Z™¢ is a true martingale. Then (7, ¢) is optimal for the consumption-
portfolio problem (P).

Proof The utility gradient inequality (E2) evaluated at ¢ implies

Ve <VE+ (myc—¢) =Vi+E {fOTms(cs —¢g)ds +mp(X7¢ — X9
where . - o
Jo ms(cs —Es)ds+mp(X7° — X77°) = Z7° — Z7°.

Here the process Z7¢ is a positive local martingale, hence a supermartingale,
while Z™¢ is a martingale by assumption. Since X“ = X = x, we obtain

EB[Zy° = Z7°) < BlZy° = Z5°] = felo, Vi) (X5 * = X5°) = 0. O

5.2 Admissibility of the Candidate Solution (7, ¢)

In the proof of Theorem 5.1 below, we apply the abstract verification result
in Theorem 5.2 to the candidate (7, ¢) in (5.1). Therefore in the following we
verify that the conditions of Theorem 5.2 are satisfied for that strategy.

We first establish admissibility of (7, ¢). Thus suppose that h is the solution
of the reduced HJB equation (4.5) provided by Theorem 4.6, and let (7, ¢) be
given by (5.1). For simplicity of notation we write

VaeVE XEAXT mLme)

for the utility process, the wealth process and the utility gradient associated
with (7, ¢). The proofs of the following results are deferred to Appendix A.

Lemma 5.3 The candidate optimal wealth process has all moments, i.e.
E[supte[O’T]Xﬂ < oo forallpeR.
In particular X, > 0 for all t € [0,T] a.s.

As a consequence we can show that ¢ € C and V, = w(t,XhYt), where by
Lemma 4.4 the function w(t, z,y) = ﬁxl_"yh(u y)* solves the HJB equation
(4.2):

Lemma 5.4 (Admissibility of ¢) Let V; £ w(t,X,,Y;), t € [0,T]. Then
V=V and w,(t,Xs,Y:) = fe(é:, V2). Moreover we have

E[Supte[oyT]|ét|p] <oo forallpeR

and in particular ¢ € C.

Combining Lemmas 5.3 and 5.4 it follows in particular that (7,¢) € A(x).
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5.3 Optimality of the Candidate Solution

Next we show that the deflated wealth process Z7¢ is a local martingale for
every admissible consumption-portfolio strategy (m, ¢) € A(z). The proofs can
again be found in Appendix A.

Lemma 5.5 (Dynamics of Z™¢) For all (7,c) € A(x) the deflated wealth
process Z™¢ is a local martingale with dynamics

dZ7¢ = i, X [(mo(yt) E i) AW, + k/1 = p2B(Y) (tt ;/:t)) th} .

For the candidate optimal process (r,¢) this implies

477 =ik (52258 + Lav)p s ) am

k1= p2B(Y, "y(fg”th]

Lemma 5.6 The process Z™¢ is a martingale.

Combining the preceding results, we can complete the

Proof (of Theorem 5.1) By Lemmas 5.5 and 5.6 the conditions of Theorem 5.2
are fulfilled. Thus Theorem 5.2 implies that (7, ¢) is optimal for the consump-
tion-portfolio problem (P). O

6 Feynman-Kac Fixed Point Approach to the HJB Equation

The goal of this section is to prove Theorem 4.6. We present a constructive
method to obtain a classical solution of the reduced HJB equation (4.5),

1—v

0= hy = 7h+ Ghy + 282y, + 2-h?, AT, )= 7 =é.

To this end, we study the following forward-backward stochastic differential
equation (FBSDE) that is associated with the reduced HIB equation:

A = G(n"") dt+ By ") AWy, 0™ = yo

(6.1)
X = = [ (XY — (o) X[ dt+ 20w AW, X =
(6.2)

where ty € [0,T] and yo € R. We will demonstrate that there exists a unique

family (X t’y)fee[ﬂé 77 of bounded positive solutions to this FBSDE system, and
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that this yields a solution to the reduced HJB equation via the generalized
Feynman-Kac formula

h(t,y) = XY = E, [ftTe* JortEmdr 80 (xtuyid s + e S “ni’”)df} :

Remark. In this context, a natural way to think of the function h is as the
fixed point of the Feynman-Kac operator @ : Cy([0,T] x R) — C([0,T] x R),

(Ph)(t,y) £ B, [ffe— Jer)ar 8 (s, )1 d s + ée” ffﬂn?y)dﬂ .

In Section 7 we elaborate this perspective in detail. o

The connection between semilinear PDEs and (F)BSDEs is well-established
in the mathematical literature. While classical results, including Pardoux and
Peng [35], Ma, Protter and Young [32] and Ma, Yin and Zhang [33], impose a
Lipschitz condition on the generator, recent research has focused on relaxing
that assumption. Starting from Kobylanski [25], existence and uniqueness re-
sults for BSDEs with quadratic and convex drivers have been obtained. Thus
Briand and Carmona [5], Delarue [15], Briand and Hu [6] and Delbaen, Hu
and Richou [16] replace the Lipschitz assumption by a so-called monotonicity
condition, while retaining a polynomial growth condition. In general, however,
the driver in the FBSDE system (6.1), (6.2) is neither Lipschitz, nor does it
satisfy monotonicity or polynomial growth conditions. Hence, results from this
literature cannot be applied to that equation. By establishing suitable a priori
estimates for (6.1), (6.2) and (4.5), we prove the relevant existence, uniqueness
and representation results in the following.

6.1 Solving the FBSDE System: A Fixed Point Approach

Until further notice, we fix o € [0,7] and yo € R and let n = n'o-¥0 be given
by (6.1). For a progressively measurable process (X ):e[t,,7] We write

[ X[[oo = ess SUPq @ P | X4

and denote by D., the collection of all progressively measurable processes
(Xt)tefto,r) With [ X[|eec < 00. Clearly (Do, |- [loo) forms a Banach space.
In the following we construct a fixed point of the operator ¥ : Dy, — Dy,
X — ¥X defined via

X)), 2 E, {ft e JTOAT S (v X, )T d s+ ée I fW)dT} (6.3)

where D, = {X € Dy, : (0V X)? is well-defined and bounded}.

Remark. For every X € D, the process WX is continuous and thus has a
progressive modification. Indeed, setting

M, £ E, [fOTf Is f(nr)df%(o VX,)7ds+ée” Iy f(nr)dr}
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we have that M is a bounded continuous martingale and
(WX), = elo T AT 0, — [lem [E T AT O (g y X )1 d s,
In the following we always work with that version of ¥.X. o
Lemma 6.1 Let X € Dy with X = X. Then X solves the BSDE*
dX, = — [;qu(o V X,) — f(nt)Xt} dt+ Z,dW,, Xp =& (6.4)

In particular, if X is positive then it is a solution of (6.2).

Proof Let X € Dy with X = X and set
Ve Ji 7012 X, =B [ftTe_ Jig 7:(m)deSqu(O VXs)ds+ée Jio F(nT)dT]

and
s T ~
Z\/jt é Et |:ftfei fto T(WT)dT 15:: (O Vi Xs)q dS _|_ éei fto T("'lv)d‘rj| )

Then M is a bounded martingale and we have
Y, = M, — fttoe*ftf) f(m)dr%(ovxs)qu_

With integration by parts it follows that X solves (6.4). If X is positive then
X =0V X and thus X also solves (6.2). O

Our construction of a fixed point of ¥ is based on the following ramification
of the classical Banach fixed point argument for the space Dyo:

Proposition 6.2 (Fixed Point Iteration in D) Let S : A — A be an
operator on a closed, non-empty subset A of Do and assume that there are
constants ¢ > 0, o > 0 such that for all XY € A we have a Lipschitz condition
of the form

(SX); — (SY )| < cf)” By [e<5*t>@|Xs - YS@ ds as. for allt € [to, T).

Then S has a unique fived point. Moreover, the iterative sequence Xy =
SX(n—1y (n=1,2,...) with an arbitrarily chosen X5y € A satisfies

1X(n) = Xlloo < T¢I X0l + 1 X[loc) (<55)"  for all n > cT.

n

Proof The proof is provided in Appendix A. O

The following general convergence theorem is the main result of Section 6.

4 Typically, the pair (X, Z) would be referred to as the solution of the BSDE (6.4). For
simplicity of notation, and since Z is not required for our further analysis, here and in the
following we also refer to X alone as the solution of (6.4).



Optimal Consumption and Investment with Epstein-Zin Utility 15

Theorem 6.3 (Fixed Point and Convergence) Letty € [0,T] and yo € R.
Then there is a unique progressively measurable process Xto% ¢ D, that
solves (6.2). Moreover there are constants 0 < h < h such that h < Xto¥o < b
for all (to,yo) € [0,T] x R. The sequence defined by X'¢¥ £ & and X0V £

(0) (n)

u'/ngf‘i) (n=1,2,...) satisfies
Xy = X' ||og < C(£)" foralln > ¢

where the constants C,c > 0 are explicitly given by C = eT”r““(é +h) and

c2 eTq|%\ﬁq_l forq<1, c% eTq|fqu|Eq_l forq>1. (6.5)

In order to prove Theorem 6.3 we distinguish the cases ¢ < 1 and ¢ > 1.
Proof of Theorem 6.3 for ¢ < 1. Throughout this paragraph we assume that
g < 1. We consider the operator ¥ defined in (6.3) on the closed subset

AV 2 (X €Dy : X; > h, dt ® P-ae.}, where h 2 e T~ > 0, (6.6)
of the Banach space D,. Note that A<! C Dy.

Lemma 6.4 The operator ¥ : A<' — A<! is well-defined, and with ¢ =
|1‘waq|qﬁq_1 we have

(FX), — (FX),| < cf e~ B[ X, — X,[]ds for all X,X € A<
Proof For X € A<! we obviously have 0V X = X and thus
_ T — [f#(n.)dr 8% a— [T F(ne)dT
(X)), =E, Ut e JiTnr) £ Xds+ e Ji 7(ne) }
> B, [ee i aT] > b,

Moreover, (¥ X); < TeTHFHw%(hq + |1 X)|%,) + eIl and it follows that

¥ A<! 5 A<! is well-defined. For the second part of the claim, note that the
mapping [h,c0) — R,z — a7 is Lipschitz continuous with Lipschitz constant
L2 gh? ' Thus we have

|(FX)e = (FX)| < £5LJ 7= By [1X, - X} ds. 0

Theorem 6.5 (Fixed Point and Convergence: ¢ < 1) Suppose that ¢ < 1.
There exists a progressively measurable process X € Do, with

X, =WX) =E UtTe* IZ f(nT)dT%ngs + e T f(nT)dT} .

Starting from X(©) = & the iterative sequence h < X £ wX=1 (n =
1,2,...) converges to X in De. In addition we have h < X < h where both
h, given by (6.6), and h > 0 are independent of (to,yo). Finally, the process
X is the unique fized point of ¥ that is bounded below by h.
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Proof Tt is clear that h < & = X(© and thus X(® € A<!. Lemma 6.4 implies
that X(") e A<! for each member of the sequence X (") = wX (=1 Applying
Proposition 6.2 to the mapping ¥ : A<! — A<! it follows that this sequence
converges in norm to the unique fixed point X = ¥X. In particular we have
0<h<X and

Xy = (UX), = Byl [ e F0m A7 80 X0 a5 4 gem J T dr),
To establish the upper bound, observe that by Lemma 6.1, X satisfies
AX; = = [ £ X7 = #(tn) X[ dt+d M, Xy =é
where M is an L?-martingale. Hence for every stopping time 7 we have

1{T>t}Xt = Et |:1{T>t}j:- (%Xg — f(S,’I]S)XS) ds+ 1{T>t}X7—
< E; I:]'{T>t}j:— (a’Xs + b) ds+ 1{T>t}X7‘]

where a = % + |Fllo > 0 and b = 154(1 + h7). Thus we can apply a variant
of the stochastic Gronwall-Bellman inequality, see Proposition B.1, to obtain

Xy < By [[er b d s + T 0] < Te'Th 4 eoTe 27,
where h is a constant depending only on 4,1, q, 7, ¢ and T. g

Proof (of Theorem 6.3 for ¢ < 1) Theorem 6.5 yields a unique process X?0:%0
that satisfies X% % = wXto¥ and 0 < h < X% < h < oo, where the
constants h, h are independent of (tg, o). By Lemma 6.1 the process X ‘%o
is a solution of (6.2). Proposition 6.2 shows that the convergence rate of the
iterative sequence ng)’yo =&, Xffl’)y" = Q/Xf;f‘i) (n=1,2,...) is given by

X" = X' oo < eTE(IXGY N+ X 0 o) (55F)"

n

where ¢ £ |70 and ¢ = |1‘%pq|qhq_1 by Lemma 6.4. In view of the fact that
|\X€8)’y° oo = € and || X% ||, < h, this completes the proof. O

Proof of Theorem 6.8 for ¢ > 1. In the following we suppose that ¢ > 1. In
contrast to the previous paragraph, we now consider the operator ¥ on

APVE (X eDy : Xy <h, dt® P-ae.}, where h 2 eI7l=_ (6.7)

Note that A>! C Dy is closed and satisfies A>! C Dy.

Lemma 6.6 The operator ¥ : A”' — A>' is well-defined, and with ¢ =
|1‘waq|qﬁq71 we have

((FX), — (BX),| < ef e~ B[ X, — X,[]ds for all X,X € A™.



Optimal Consumption and Investment with Epstein-Zin Utility 17

Proof For any X € D, we have
(WX)tht |:f e ft F(ne)dT 8% 5#} (O\/X)qu+€€ ft "77)d7':|
S Et |:éef ft F(nr)dr S E
In addition we have (¥X); > —TeT“F”oc|% | X2, so that & : A>L — A>1

is well-defined. Since the function [0,h] — R,z — (0 V z)? is Lipschitz with
Lipschitz constant L £ qE(Fl we obtain

(X — W X)(t, y)|<|1—|Lf (=0Tl B, [| X, — X,[]d s. i

Theorem 6.7 (Fixed Point and Convergence: g > 1) Let ¢ > 1. There
is a progressively measurable process X € Do, with

Xy = (WX); = B[ [, e 7m0 x5 4 gem i T ]

and the iterative sequence h > X 2w X (=1 (n = 1,2 ...) with X £ ¢
converges to X in Doo. Besides we have h < X < h where h > 0 and h in
(6.7) are independent of (to,yo), and X is the unique positive fized point of ¥
that is bounded above by h.

Proof We have X(© = ¢ < h and thus X(© € A>!. By Lemma 6.6 each
member of the iterative sequence satisfies X(”) = vX D ¢ A>1 and in
particular X (") < . Proposition 6.2 applies to ¥ : A>1 — A>! to show that
there is a unique X € A>! with X = X and || X — X||o. — 0. In particular
X satisfies X < h.

To demonstrate that X > 0, recall from Lemma 6.1 that
dX, = — [%(o V X,)7 - f(t,nt)Xt} dt+dM, Xp=¢
with an L2-martingale M. Thus for all stopping times 7 we have

Lo Xy = B [1{T>t}ft( 0V X,)1 f(s,ns)XS)ds+1{T>t}XT].

With L & qﬁq_l denoting the Lipschitz constant of (—oo, ) — R, z + (0Vx)9,
we obtain

1{T>t}Xt > Et |:1{T>t}ft ( Ll{X >0}X — 7‘(8 7’]5) S) dS + 1{T>t}X-,—:|
= E; [1{T>t}ft a;Xsds+ 1{T>t}X'r]

where the process a; £ %Ll{){po} — 7(s,ms) is bounded and progressively
measurable. Now Proposition B.1 yields

Xt ZEt |:eftTa5d55{| 2 T( L (I Hm)ééh>0
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where h is a constant that depends only on §,, ¢, 7, € and T'. In particular X
is positive and we have

X = (0X); = Byl [,/ e I 00 0T 2o X8 d s 4 e 00T g

Proof (of Theorem 6.3 for ¢ > 1) The proof is the same as in the case ¢ < 1,
with Theorem 6.5 replaced by Theorem 6.7 and Lemma 6.4 replaced by Lemma
6.6. O

6.2 Differentiability of the Fixed Point

In this section we demonstrate that the solutions X% of (6.2) provided by
Theorem 6.3 yield a solution h to the reduced HJB equation (4.5)

he — Fh + Ghy + 162y, + %hg =0, (T, )=¢é

For that purpose we cut off the nonlinearity using the a priori estimates pro-
vided by Theorem 6.3, which leads us to a PDE that is known to have a clas-
sical solution g € 02’2([0,T] x R). We then conclude by proving that g = h,
where h(tg, yo) = ng’yo. Here and in the following C; % ([0, T] x R) denotes the
Banach space of all functions u : [0, T] x R, (¢,y) — u(t,y) that are once con-
tinuously differentiable with respect to t and twice continuously differentiable
with respect to y and have norm ||u||c1.2 < co. The norm is given by

1,2
lullcrz £ flulloo + luelloo + luylloo + lugylloo  for u € Cy=([0,T] x R).

Theorem 6.8 (Differentiability, Probabilistic Representation)
Let X% denote the solutions to the FBSDEs (6.2) given by Theorem 6.3 and
define

h(to,yo) = X;2%  for (to,y0) € [0,T] x R.

Then h € C';’Q([O,T] x R) and h satisfies the reduced HJB equation (4.5).
Moreover, h is the unique solution of (4.5) that is bounded from above and
away from 0. In addition, h admits the probabilistic representation

ht.y) = Ex | [ (=R h(s,nt?) + £5h(s, b)) ds +€] . (6.8)

Proof We take h and h as in Theorem 6.3 and choose a smooth cut-off function
¢ € C}H(R) with

~—

h, @) =wvforvelhh], p0)=h+1forv>h+1.

IA
N

¢(v) = $h for v
We set f(v) = %(p(v)q and consider the semilinear Cauchy problem

gt — g+ agy + 3879y, + f(9) =0, ¢(T,-) =& (6.9)
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The function f is clearly continuously differentiable and bounded with a
bounded derivative. Hence by a classical result on semilinear PDEs, see Corol-
lary C.4, there exists a unique classical solution g € 05’2([0, T] x R) to (6.9).

To show that g = h we fix (to,70) € [0,7] x R and set X;°¥° £ X, £ g(t,n,),
t € [to, T], where n £ n'o¥% is given by (6.1). By Ito’s formula and (6.9)

dX; = —[f(X)) —F(n) X, ) dt + Z,dW,, Xp =&, (6.10)

where Z; £ g, (t,m:)B(n;"?) is bounded. On the other hand, Theorem 6.3 yields
a unique solution X = X*0:%0 of (6.2), i.e.

dx, = - [ 22 X7~ f(nt)Xt} dt+ Z,dW,, Xy =&

Since h < X < h we have f(X;) = %th and therefore X also satisfies
dXt = —[f(Xt) —’F(’l’}t)Xt]dt—FthWt, XT :e’-f
Thus we conclude that X solves (6.10), too. Since (6.10) is a BSDE with a Lip-

schitz driver, it follows from Theorem 2.1 in El Karoui, Peng and Quenez [20]
that X = X. In particular we have h(tg,yo) = Xtt(‘;’y” = Xttg’yo = g(to, o)

To show uniqueness, let 0 < u < u < u satisfy (4.5). Replacing h and h by
h Aw and h V@ in the first part of the proof, it follows that both u and h
coincide with the unique solution of (6.9). O

Proof (of Theorem 4.6) This follows from Theorem 6.3 and Theorem 6.8. O

7 PDE Iteration Approach

In this section we develop an explicit constructive method to obtain the so-
lution of the reduced HJB equation. Existence and uniqueness of the solu-

tion are guaranteed by Theorem 4.6 above. More precisely, we will show that
hy, & &7 "ZX hin €%, where the operator @ is given by

@: D(®) C Cp*([0,T] x R) — C*([0,T] xR), frs &f
and g £ &f is the unique classical solution of the linear Cauchy problem
. - W . .
0= g, —7g+agy + 5579y, + £5(0V )7 with ¢(T,-)=¢&

Thus h can be determined by iteratively solving linear PDEs.
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7.1 PDE Iteration

Our first step is to show that the iteration of PDEs as above is feasible. Thus
we verify that the operator @ is well-defined on its domain D(®) where

D(®) 2 {fecCl*([0,T) xR) : f>h} forg<1, and
D(®) 2 {feCY*([0,T] xR) : f <h} forq>1.

Here h, h are the constants specified in Theorem 6.3.
Lemma 7.1 If u € D(®) then there exists a unique g € CH2([0,T] x R) with

N - ¥ .
Ozgt_rg+agy+%6293;1/'1'16?(1(0\/“)‘1, g(T, ) =¢. (7.1)

Proof If ¢ < 1 ind u>h >0, then f = %(O\/u)q e CH2([0,T] x R). If
q > 1 with u < h < 00, then f is Lipschitz continuous since

[F(ty) = £ )] < [ 1ah™ fult,y) — u(t' )],

In either case Corollary C.2 yields a unique g € C*2([0,T] x R) satisfying
(7.1). |

To establish the link between the iterated solutions h,, of the Cauchy prob-

lem and the stochastic processes X (tfb)yo of Section 6, we first record a simple

uniqueness result:

Lemma 7.2 For every n € N the process X(™) £ X(tfl’)yo defined in Theorem
6.3 is the unique solution of the linear BSDE

ax{ == [0V X" <)X a2 aw, xM =z
(7.2)

Proof With ¢ £ %(0 v X(=1)4 by definition of X (™) we have

By Proposition 2.2 in [20], X (™ is the unique solution of the linear backward
equation d Xt(") = —[ps — F(nﬁ“’yO)Xt(")] dt+ Zt(") dW;. O

The connection between h,, and X (t%)y" is now given as follows:

Theorem 7.3 For each n € N we have h,, = $"é € D(P) and

B (£, m107Y0) = (Xf;;v)%)t for all t € [to,T], (to,y0) € [0,T] x R.



Optimal Consumption and Investment with Epstein-Zin Utility 21

Proof The assertion is clearly true for n = 0 since hy = #%¢ = £ and ng)’y" =Eé.
Assume by induction that h,_1 = #"~ 1 € D(®) with

B (8 °0) = (X(0%), forall t € [t0,T], (to,y0) € [0,T] x R. (7.3)

By Lemma 7.1 g £ h,, = ®h,,_; € 03’2([0, T] x R) is well-defined and satisfies
L v .

0=g —rg+ agy + %529yy+ fSTq(O\/hn—l)qv g(T, ) =E&. (7'4)

Let (to,90) € [0,T] x R and n = n'o-¥0 be given by (6.1) and set X; = g(t,n;)-
By (7.3), (7.4) and Ito’s formula we have

ax, =[5 (ov (x™),)" - Fn)X.] dt+ Z,dw,

where Z; £ g,(t,n:)3(n;) is bounded. Consequently X is a solution of (7.2),
so by Lemma 7.2 we must have X = X fg)y" Hence it follows that

B (£, m107Y°) = (Xf;;’)%)t for all t € [to, T, (to,y0) € [0,T] x R.

t

For ¢ < 1 Theorem 6.5 implies h < ng’)y", whereas for ¢ > 1 we have X Yo <

0
n)

h by Theorem 6.7. Thus h,, € D(®), and the induction is complete. O

The convergence h,, — h is now a corollary of the analysis in Section 6.
Corollary 7.4 Let h € C;’Q([O,T] x R) be the unique solution to the reduced

HJB equation (4.5). Moreover let h, = "¢ ¢ C;’Q([O,T] x R) be defined
recursively as the unique bounded solution of the Cauchy problem

~ ~ P ~
0= (hn)t = hn + @(hn)y + 36°(hn)yy + 2= 0V Bp1)?, ho(T, -) = &.
Then, with the constants C,c > 0 given by (6.5), we have

[ — hlloo < C(£)"  foralln > <.

Proof By Theorem 7.3 we have h, (t,7/°?°) = (X(tfl’)yo)t for all ¢ € [to,T] and
all (to,yo) € [0,T] x R. Thus Theorem 6.3 yields

[P (to, yo) — R(to, yo)| = |(X(tf,’)y0)t0 - Xfﬁj’y"l < ||X(t,0,’)y0 — XoW| o <C (ﬁ)n

for all n. > £ uniformly in (to,yo) € [0,7] x R. |
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7.2 Convergence Rate of the PDE Iteration in C?!

In this section we use the probabilistic representation (6.8) of h established in
Theorem 6.8 to demonstrate that both h, and (h,), converge uniformly to
h and h,. We also identify the relevant convergence rate. We replace (A1) by
the slightly stronger regularity condition

(A1’) The coefficients r, A, 0, o, 8 are bounded with bounded, Lipschitz con-
tinuous derivatives.

Similarly as in Lemma 4.5 this assumption guarantees that & and 8 have a
bounded Lipschitz continuous derivative. This implies the following estimate
for the derivative of the semigroup (Ps)sepo,r] generated by no

Proposition 7.5 (Derivative of the Semigroup) Assume that (A1’) and
(A2) are satisfied and let (Ps)scpo,r) be the semigroup associated with the pro-
cess n°>° given by (6.1). Then there exists a constant M > 0 such that for all
f € Cy(R) we have

ID(P,f)]|oo < Mt 2| £l for all t € [0, T).

Proof See Theorem 1.5.2 in Cerrai [11] or Theorem 3.3 in Bertoldi and
Lorenzi [4]. O

Remark. We refer to Elworthy and Li [21] and Cerrai [10] for related results.
For Holder-continuous f € C,(R), results like Proposition 7.5 are well-known
in the literature on parabolic PDEs; see, e.g., [29]. o

We are now in a position to establish the convergence of our fixed point itera-
tion in C%1([0, T]xR) endowed with the norm ||k o = ||h||oo+||5%h||oc~ This
provides the rigorous basis for the numerical method we develop in Section 8.

Theorem 7.6 (Convergence in C*') The functions h, (n =1,2,...) are
uniformly bounded in C%1([0,T] x R) and we have

n—1
A — hllcoa < 2eMVT (||r]|o + L) ( c ) foralln > € +1,

n—1

where C,c > 0 are given by (6.5) and M > 0 is given in Proposition 7.5.

Proof First, for each n € N Theorem 7.3 implies that h,, (¢, /%) = (XfZ’)yO)t

so by Lemma 7.2

T s

hn(f,ﬂzo’yo) = Et[ t 1—q

OV 1 (s,n2¥0)T = () hn (5, 1%0) d s + €]

for all ¢ € [to, T]. Hence with f, £ %(0 V h,)? we can represent h,, via

ha(to, y0) = fy " (Pha(to,s, -))(yo) ds + &
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where (P;);seo0,) denotes the semigroup corresponding to 7% and hy(t,s,y) 2
foo1(s+t,y) — 7(y)hn(s + t,y). Analogously, by Theorem 6.8 we obtain

h<t07y0) = fOTit(PsiL(tm S, ))(y) ds+é,

with A(t, s, ) £ fquh(s+t, )4 —7h(s+t,-). Setting v, £ h,, — h, we thus have

hn(to, ) —h(to, ) = fOT_tOPSvn(to, s, -)ds. With C, ¢ > 0 given by (6.5) and
Corollary 7.4 it therefore follows that

P
loallso < Ml it — Alloo + Ll £ 11 = hlloc
Y _
< Clrflao ()" + Ll £ (2",

n—1

where L, £ 1{q<1}q|%\ﬁq71 + 1{q>1}q|%\ﬁqil. Proposition 7.5 implies
Tt
I 5hn(tos =) = 2h(to, Moo < Mvalloofy Tz ds < 2VTM|[vg oo

Since Lq|1‘squ| = % and (£)"! < (5%5)"! this completes the proof. |

8 Numerical Results
8.1 User’s Guide

Before we study specific applications, we provide a general outline that ex-
plains how to apply our theoretical results to concrete consumption-portfolio
problems. By Theorem 5.1, the solution to the consumption-portfolio prob-
lem (P) is given by the optimal policies (#,¢) in (5.1). These depend on the
solution of the reduced HJB equation

0= hy — 7h+ Ghy + 18%hyy + L0, (T, ) =, (4.5)

see also Definition 4.3. Theorem 4.6 implies that this PDE admits a unique
bounded classical solution. Algorithm 8.1 below provides a step-by-step method
for the construction of solutions to PDEs of the form (4.5). This algorithm
is easy to implement and relies solely on an efficient method for solving lin-
ear PDEs as a prerequisite. Consistency of this approach is guaranteed by
Theorem 7.6, which demonstrates that the sequence of solutions provided by
Algorithm 8.1 converges to the solution of (4.5). Theorem 7.6 also implies
that the same is true for the associated derivatives. Additionally, Theorem 7.6
ensures a superexponential speed of convergence.

Algorithm 8.1
(1) Set hg £ & and n £ 1.
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(2) Compute h,, as the solution g of the linear inhomogeneous PDE
o Y .
0=g: —7g+agy + 5829y + 750V hu—r)?, g(T,-) =& (%)

(3) If h, is not sufficiently close to h,_1, increase n by 1 and return to (2).

To solve the linear PDE (%) in Step (2), we use a semi-implicit Crank-Nicolson
scheme. Notice that the relevant finite-difference matrices depend on the linear
part of the PDE (%) only. Therefore, the construction and LU decomposition of
these matrices must be carried out only once in a precomputation step. This is
one important feature that contributes to the excellent numerical performance
of our method.

Remark. Our results require the coefficients of the state process to satisfy as-
sumptions (A1) and (A2). These are standard regularity conditions, but they
may not be satisfied for specific models such as the Heston model below. In
this case, we apply our analysis to suitably truncated versions of these models
(e.g., stochastic volatility is truncated below 0.0001% and above 10000%). No-
tice that truncations of this kind are implicit in any numerical implementation
of a possibly unbounded model on a finite grid. o

8.2 Generalized Square-Root and GARCH Diffusions

We first illustrate our approach for the model specification
dS; = Si[(r+ AY;)dt + /Y, d W] (8.1)

with constant interest rate r and constant \, i.e. we consider a stochastic
volatility model with stochastic excess return. The state process satisfies

dY, = (0 — kY;) dt + BYP(pd Wy + /1 — p2dW)) (8.2)

with mean reversion level ¥/k, mean reversion speed s, and p € [0.5,1]. For
p = 0.5 we obtain the Heston [23] model and for p = 1 a GARCH diffusion
model. Christoffersen, Jacobs and Mimouni [13] test the empirical performance
of stochastic volatility models and find that models with p = 1 outperform
the Heston model. Note that closed-form solutions for consumption-portfolio
problems with such dynamics are only available in the special case p = 0.5, but
solely with specific parameter choices. Further note that for p > 0.5 the model
is not affine, i.e. explicit solutions cannot be expected. The model coefficients
are chosen as follows:

r=0.02 k=5 2=0.15% A=3.11, p=—-0.5, and 5 =0.25 (8.3)

K

so that for p = 0.5 the calibration is similar to that of Liu and Pan [31].
Furthermore, we assume that the agent’s rate of time preference is § = 0.05
and that the bequest motive is € = 1. The time horizon is set to T' = 10 years,
and we truncate the state space of the process Y to ensure (Al’) and (A2). We
begin with numerical examples for the Heston model (i.e., p = 0.5 in (8.2)).
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Computational Efficiency. The theoretical convergence rate identified in The-
orem 7.6 materializes quickly in practice. Typical running times for the solu-
tions reported below are well under 5 seconds.? To quantify the convergence
speed, Figure 8.1 depicts the logarithmic relative deviations

o) 9
[hn — hnl”OO) H(‘Tl/h" — Fyhnleoo
lo _— and lo : 8.4

B10 ( th—lnoo B10 1+ ||g%hn71||00 ( )

as a function of the number of iterations n. Figure 8.1 clearly illustrates the
superlinear convergence of our method. Figure 8.2 shows the convergence of

=} -
g 0
.3
=
]
.3
5
2
~ — | -
= g S
:
= S .~
— ~,
Cb% —10} .. . . S
3 = Deviation from previous solution A
.. . . . ~,
Deviation from previous derivative
l l l

0 2 4 6 8 10 12 14 16

Number of iterations

Fig. 8.1 Logarithmic Deviation from Previous Solution. This figure depicts the
convergence speed (8.4) of the value function. This figure is based on a Heston model with
parameters (8.3).

Algorithm 8.1. We plot the intermediate solutions after n = 1,2,...,5,10,15
steps of the iteration. It is apparent that the algorithm converges quickly: After
n = 5 steps the solution is visually indiscernible from subsequent iterations;
the solutions for n > 15 are even numerically indistinguishable.

Optimal Strategies. Figure 8.3 illustrates the optimal consumption-wealth ra-
tio (¢/x)* at time ¢t = 0 as a function of initial volatility o for a risk aversion
of v = 5 and an EIS of ¢ € {0.5,1,1.5}. For reasonable risk aversions, the
optimal stock allocations as a function of og are almost flat. For instance, for
v € {3,4,5,6,10} and ¢ = 0.5 the demands vary between about 110% and
30%.

Comparison with Known Solutions. Figure 8.4 shows a range of solutions of
(4.5) as the EIS ¢ varies. Here we have chosen v = 2 so that for ¢ = 0.125
(the lowest graph in Figure 8.4) an explicit solution is available (see [26]). For
1 = 1 we use the finite-horizon analog of the explicit solution in [12]. The
solutions for the other values of the EIS are computed by applying Algorithm

5 Machine: Intel® Core™ i3-540 Processor (4M Cache, 3.06 GHz), 4 GB RAM.
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Fig. 8.2 Approximation after n Iteration Steps. The functions h, described in Algo-
rithm 8.1 converge to the solution A of the reduced HJB equation. This figure is based on a
Heston model with parameters (8.3).
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Fig. 8.3 Optimal Consumption-Wealth Ratio. This figure depicts the optimal
consumption-wealth ratio (¢/x)* at time ¢ = 0 as a function of initial volatility oo for a
risk aversion of v = 5. This figure is based on a Heston model with parameters (8.3).
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Fig. 8.4 Value Function for Different EIS. This figure compares the function h1-7 at
time ¢t = 0 for a risk aversion of v = 2 and an EIS of ¢ € {0.125,0.25,0.5,0.9,1,1.1,1.5,2}.
It is based on a Heston model with parameters (8.3).
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8.1. Note that Figure 8.4 depicts g = AT so that the value function can be
represented as w(t, x,y) = ﬁxl_"yh(t,y)k = ﬁ (9(t,y)z)"' " where in this
context g can be interpreted as a cash multiplier.

Finally, we present comparative statics for the model (8.1) where we vary the
power p. Figure 8.5 shows the value of the stock demand 7* at time t = 0 as
a function of the initial volatility og and the power p. Here v = 5 and the EIS
is ¢ = 1.5.

0.643 _

0.642 |

Optimal portfolio

Power

Volatility

Fig. 8.5 Optimal Stock Demand and Power. This figure depicts the optimal stock
demand 7* at time ¢ = 0 as a function of initial volatility o9 and the power p. The model
is (8.1) so p = 0.5 corresponds to the Heston model. The calibration is given by parameters
(8.3), the agent’s risk aversion is v = 5 and his EIS is ¢ = 1.5.

8.3 Exponential Vasicek Model

As another application, we consider a stochastic volatility model where the
volatility is lognormally distributed. The asset price dynamics are

d Sy = Si[(r+ Ae?)dt 4 ¥ d W]

with interest rate » = 0.05 and A = 3.11. The state process has Vasicek
dynamics dY; = (9 — kY;)dt+ B(pd Wy + /1 — p2d W;) with mean reversion
speed k = 5 and mean reversion level ¢¥/x = —1.933. The correlation is set to
p = —0.5 and we put § = 0.57. These parameters are chosen in such a way that
the long-term mean and variance of the squared-volatility process o, = €2+
coincide with those of the squared volatility process in the Heston model (8.2)
calibrated according to (8.3). We continue to use the time preference rate
d = 0.05 and bequest € = 1. The state space of Y is truncated to ensure (A1’)
and (A2).
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Fig. 8.6 Optimal Consumption-Wealth Ratio. This figure depicts the optimal
consumption-wealth ratio (¢/z)* at time ¢ = 0 as a function of initial volatility oo for
~v = 5. This figure is based on an exponential Vasicek model with x = 5, ¥/k = —1.933,
p=—0.5, and B = 0.57.
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Fig. 8.7 Optimal Stock Demand and Risk Aversion. This figure shows the optimal
stock allocation 7* at time ¢ = 0 as a function of initial volatility og. The risk aversion
varies and the EIS is ¢ = 0.5. This figure is based on an exponential Vasicek model with
k=5,9/k=-1.933, p= —0.5, and § = 0.57.

Optimal Strategies. Figure 8.6 depicts the optimal consumption-wealth ratio
at time ¢ = 0 as a function of initial volatility for a risk aversion of v =5 and
an EIS of ¢ € {0.5,1,1.5}. Figure 8.7 shows optimal stock allocations as a
function of initial volatility for v € {3,4,5, 6,10} and ¢ = 0.5.
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A Proofs Omitted from the Main Text

Proof (of Lemma 4.4) Since h solves the reduced HIB equation (4.5) we have

H(z,7,¢8) 2wy +x(r + 7\ wy — éw, + 1x27r202wm + aw,
Jr%Bway + zitoBpwey + f(é,w) =0
where z £ (t,2,y, Wy, wy, Wy, Wae, Wyy). Separating H(z,m,c) 2 wu(z,7m) +

s(z,¢) + q(z), it is easy to see that the candidate solutions 7 and ¢é defined in
(4.4) are the unique solutions of the associated first-order conditions

0= SC(Z C) = —wz + fc(c7 ’U)),

0=ur(z,7) = xIw, + m20 Wy, + TOLPWyy. (A1)

Concavity of u and s implies that H(z, 7, ¢) = SUP,er, ce(0,00)H (2, T,¢). O

Proof (of Lemma 4.5) By (A1) and (A2), & and 7 are bounded. Moreover

G — 3@ < 15210 (12818) - 80)] + 2B 1AW) - )]

HB@AD) DTS + aly) — a(p)]

so & is Lipschitz continuous. Finally,

Kl (y) = 7(@)] < L= lr(y) = r@)] + 5 IMse (inf o(2))7*Ay) = A@)]
HEZHIE o lloe (inf o (2)*|o(7) = o(y)]- O

Proof (of Lemma 5.3) The candidate optimal wealth process X has dynamics

dXt Xt |:(rt+ 1)\ +k)\foph 5whq 1)dt+(1 At—'—kﬂtphi:)dwt}'

Put a; £ r; —|— ff‘tﬂ”’ My §¥Ra1 and by 2 %ﬁ—i + %ﬁtp%’. Our assump-
tions on the coePﬁments and on h, and h imply that both a and b are bounded.

By Ito’s formula
X7 = exp (pfy (a5 + 30— 102 ds) & (pf, b, AW,)
where &:(-) denotes the stochastic exponential. Choose M > 0 such that

lpa;| + [p(p — 1)b3], \pbt| < M for all t € [0,T]. By Novikov’s condition
& (p fo bs d W ) is an L?-martingale, so using Doob’s L2-inequality we get

E[sup,¢/o, T]X ] < 22PeMT E[Er (pfy bs dWy) ]% < 0. O



30 Kraft, Seiferling, Seifried

Proof (of Lemma 5.4) Lemma 5.3 and the boundedness of 6¥h(t,Y;)?~! imply
that E[sup,cjo r[¢t|?] < oo for all p € R. In particular ¢ € C. By Ito’s formula

o . X 1$2+2 2 102
AV = [wy + Xy (re + Fed)wy — Gwy + §Xt Ty 0 Waz + Wy + 507 wy,y

+Xtﬁ-t0'tﬁtpwxy] dt+dM;

where M is a local martingale. Hence d V; = —f(é;, V;) dt +d M; by Lemma
4.4. Moreover, exploiting the special form of w we get

th:v{l L1y okph }th—l—Vtk\/l— by 4 W,

Here V; can be rewritten as V; = w(t, X, Y;) = ﬁf(tlfﬁfh(t, Y;)k. By (4.6) the
function h is bounded and bounded away from zero. Thus E[sup,cpo 71|Vi[F] <
oo for all p € R, by Lemma 5.3. Hence V is a utility process associated with
¢ by (E1) it follows that V = V¢. Finally, the first-order condition (A.1) for
optimal consumption implies wm(t,f(t, Yy = fe(t, w(t,Xt, Y:)) = fe(éy, ‘A/t)

O

Proof (of Lemma 5.5) For simplicity of notation we set 7; = 7(Y;), At = A(Y})
and o} £ 0'(}/,5) We have d ZZT’C = Mmyce dt+my der,c+er,c dmt+d[mt, Xf’c],
by the product rule. Inserting the dynamics of X™¢ from (4.1) we get

dZtﬂ-’C = mtXf’c[(rt + Wt)\t)dt + WtUtth] +er’cdmt + d[mt,Xtﬂ-’C].

By Lemma 5.4, V, = w(t,Xt,Yt) and my; = elo f“(é;—“’vs)dswm(t,Xt,Yt). From
here on we abbreviate f, = f,(é:, V4), we = w,(t, X¢,Y:) ete. Clearly drn, =
me[fodt + %] Since fy,(c,v) = 5%01_‘7)[(1 — ’y)v]% — 66, we obtain that
folér,w(t, Xy, Y1) = $=26¥h9~ — §6. By Ito’s formula

dw, = wy, {w” dt + o= dXt + 5 1 T d[Xt] 3 Louy d[ 3]+ —wl‘;’:” d[X,, Y]

w
Substituting for w we find

due = bedp— yefi gy de+”(1+”)d£f;]

3 (= D3+ ) i) — 3 ik i)

Plugging in the candidate # from (5.1) and the dynamics of X and Y yields

dwe — Aldt+ A?dt— L20dW, + /1 p2B 2 AW,  where

kwg,

14 h 7y 11 AL I MBiphy | v sYpg—1 E1+v22u
At_ krt+2k t2+ = h+k5h +2 6

h
A7 2 5 (o = £52) + g (55207 — kB0") + 52
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h2
For the sum of the +¥-terms we have

R R g h2
SRR + g (5507 — kBEP) = Bt (507120 4 551 — %) =0
by our choice of k. Combining the above we obtain

i, = ki [L +1 (i —59) e+ G vt

[—7det+\/1— th]
and it follows that d[ry, X; ] = —\ymm, X, d t. Since h solves (4.5) we get
dZ;T’C = mtXZT’C[(T't + 7Tt)\t) dt + To¢ th] + XZT’C dmt + d[ﬁlt,XZT’C]

where d M; £ 1, X ¢[(mi00 — 2£)d Wy + ky/1 — ﬁt d W;] defines a local
martingale M. A direct calculatlon using the deﬁmtlon of 7 yields the state-
ment for Z7¢. O

Proof (of Lemma 5.6) Recall that h < h < h so
Fulls, Vi) = 42267 h(s, V,)14 = 86 < |92216% (h7 + ") +166] £ my
and we get 0 < exp(pfOqu,(éf,f/s)ds) < eTP™1 On the other hand, Lemma
5.4 implies E[sup;c(o, 11 fe(ét, Vi)P] < oo for all p € R. It follows that
E[sup;c(o 7y ] < oo forall p > 1.

To show that Z™¢ is a martingale, note that 1_775;—: + %ﬁtphﬁ is uniformly
bounded by some ¢ > 0. Hence by Lemma 5.3 we have

[TE [mg)&f(liﬁ + %ﬁtp%')?} dt < A1 \/Em EX{]dt < oo.

0 Y Ot

Analogously we obtain fOT (M2 X2(k\/1— p2f3; e #£)?]dt < oo. From this and
Lemma 5.5, we conclude that Z™¢ is an L?- martmgale. |

Proof (of Proposition 6.2) For any fixed k > c+ p, define a metric d equivalent
t0 || - [loo by d(X,Y) £ esssupgup e "7 7Y| X, —Y;|. Then (A, d) is a complete
metric space. By definition | X, — Y| < e"T=9)d(X,Y) dt ® P-a.e., so

efn(Tft)KSX)ti(Sy) | <e —k(T— tcf (s—t)o H(T S)d(X,Y)dS
;X Y)

and we conclude that d(SX,SY) < £d(X,Y), where = < 1. Hence S
is a contraction on (A, d). Thus by Banach’s Fixed Point Theorem there is
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a unique X € A with SX = X, and for all n € N we have d(X(,),X) <
)"d(X gy, X). Hence it follows that

k—o
[(Xmy)e = Xo| < T d(X(ny, X) < (555)" e d(X (0, X)
< T ([ X0 lloo + 1 X lloo) (55)"

K—p

and thus [ X () — X [leo < €™T([| X(0)[loc + [ X [lo0) ()™, for every n € N and

K—0
every choice of k > ¢+ p. Setting x = %TQ for n > ¢T" we obtain the asserted
error bound. a

B Stochastic Gronwall Inequality

This appendix provides the ramification of the stochastic Gronwall-Bellman
inequality required for the proofs in this article. Related results can be found
in [17], [1], and [36]. We work on a general probability space (2, F, P) that is
endowed with a filtration (F;);>0 that is right-continuous and complete.

Proposition B.1 (Stochastic Gronwall-Bellman Inequality) Let A =
(A¢)tcio,m) be bounded and progressively measurable, Z € LP(P) and let
B = (Bt)ieo,1) be a progressively measurable process in LP(dt ® P) for some
p > 1. Moreover let X = (Xt)iepo,r) be right-continuous and adapted with
E[sup;e(o 7 | X¢l] < oo. If

1{‘r>t}Xt > Ey [1{T>t}j:- (ASXS + Bs) ds+ 1{T>t}X‘r] a.s. fO?” te [OvT]
(B.1)
for every stopping time T and X1 > Z, then

X, > E, [ftTeff Avdup g el As dsz} for allt € [0,T] a.s.

Proof We set

M £ E, [foTefos Avdup ds 4 elo AsdsZ} .

Since A is bounded above, Z € LP(P) and B € LP(dt ® P), it follows from
Doob’s LP-inequality that E[sup;c(o 7 |M:|P] < oo. In particular M is well-
defined as a uniformly integrable martingale. Now set

Vi 2 e fidds (M, - [eli Aedup ds).

Since A is bounded below we have E[sup,¢jo 77 [Y2|F] < 00, and integration by
parts yields

t

AY, = ¢~ Jo Asds (th e A“d“Btdt) Y, A,dt
= _[AY, + B]dt +dN,



Optimal Consumption and Investment with Epstein-Zin Utility 33

where N; £ fg e Jo Avdug £ is a uniformly integrable martingale. For an
arbitrary stopping time 7 we obtain

1{‘r>lt}(Yt -Y;) = Lirsny (_f(f(AsYs + Bs)ds+ N + IOT(ASYS + Bs)ds — NT)

&)
sy Ye = Lirsay [y (AsYe 4+ Bo)ds + 1o (Ny — Np) + 1oy Yo
Since (117543 (Nt — N7))sepe,7) is @ martingale, it follows that
Loty Ve =By [Lrsn [/ (AYs + B ds + Loy Ye (B.2)

We set A; £ X; —Y; and obtain Ay = X7 —Z > 0 and E[sup,c(o 7 |A¢[] < 0.
Moreover (B.1) and (B.2) imply that, for any stopping time T,

1{7—>t}At > Et [1{T>t}LTASAS ds+ 1{T>t}AT] a.s. for all ¢t € [O,T]

Thus Proposition C.2 in [40] applies to yield A; > 0 for all ¢ € [0,7] a.s., i.e.

X, >V, = e JoAudug, [ftTefos Avdup ds+ elo Asds 7] O

C Some Facts on Parabolic Partial Differential Equations

This appendix collects the relevant results on linear and semilinear parabolic
partial differential equations that are used in this article. Following [29] we first
introduce the Holder spaces H'/27([0,T] x R%) for r € R*. For a continuous
function u : [0,7] x RY — R, (t,2) + u(t,x) and ¢ € (0,1) we define the
Holder coefficient (u)? in space via

t —u(t,z’
. . jult, ) — ult, o)

/
te[0,T], z,2’'€R?, |z—a’|<1 |Jj - |q

(w)g

and the Holder coefficient (u){ in time via

<u>g A sup |u(t,x) — u(twrl)‘

!
£4/€[0,T], zeRY, [t—t/|<1 |t — 2]

The space H™/?7([0,T] x R?) consists of all functions u : [0,T] x R* — R that

are continuous along with all derivatives D& D8u with “order” 2|a| + |B] < r
r/2,r
H

)

and that satisfy |lul| < 00. Here the norm ||u||fq2 " of u is given by

r/2, 2, a
a3 & @+ > 1D Dl
2|al+|B|< ]
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where the mixed space-time Hélder coefficient (u)./>" of u is given by
r—2lal-18]
(o> & N (DpDFw e YT (DPDRu),

2|al+|B|=|7] r—2<2|a|+|B|<r

Thus Hu||;{/2r sums up the L*-norms of all relevant derivatives, plus the
Holder coefficients of the highest-order derivatives. Analogously, for r € RT
the space H"(R?) is defined as the collection of all |r]|-times continuously
differentiable functions u : R? — R with ||ul|}; < oo where®

lull 2 (s + Y IDPullee and (u)s 2 > (DPw) L)
8] 18I=r]

Linear Cauchy Problem. Consider a linear second-order differential operator
A b d 92 d 2]
Lu = S — Zw:laij(t, x)wg‘% — > i bi(t, x)dTQ:i —c(t,x)u

where the coefficients a, b, ¢ are defined on [0,7] x R? and (a; ;(t,x));; is a
symmetric matrix for all (¢, x) € [0, 7] xR?. The main existence and uniqueness
result for linear Cauchy problems in R?, Theorem C.1 below, relies on the
following conditions:

(P1) The operator L is uniformly parabolic, i.e. there exist 0 < ¢; < ¢2 < 00
such that for every (¢,z) € [0,T] x R? we have

cily)® < szzlaij(t,z)yiyj < coly)?  for all y € RY.

(P2)" The coefficients satisfy a;j,b;,c € H"/?7([0,T] x RY) for all i,j =
1,...,d.

Theorem C.1 (Linear Cauchy Problems) Suppose (P1) and (P2)" are
satisfied withr € RT, r ¢ N, and let p € H'2(R?) and f € H™/?7([0, T]xR%).
Then there exists a unique w € HT+2/27+2([0, T] x RY) such that

Lu=f, U(O,):Qﬁ
Moreover u satisfies

241,742 2,
a2 < e (el + 115

where ¢ > 0 is a global constant that is independent of ¢ and f.

Proof See Theorem 5.1 in [29], p. 320. O

6 Here we slightly abuse notation since (u)Z has only been defined for functions on

[0,7] x R?. Of course, for u : R? — R and ¢ € (0,1) we understand that (u)% 2

o Jue) —u(a’)|
Pz a/eRd, |o—a’|<1 le—z’|2 -
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As a special case we obtain the result we have used in the proof of Lemma 7.1:

Corollary C.2 Suppose that

(C1) a,b,c: R— R are bounded and Lipschitz continuous,

(C2) the function a has a bounded Lipschitz continuous derivative and
satisfies inf,er a(y) > 0,

(C3) € € H*2(R) for some r € (0,1).

Then for each bounded and Lipschitz continuous function f :[0,T] x R — R
there exists a unique g € Cp*([0,T] x R) that solves

0=g:+agyy +bgy +cg+ f, g(T,-)=E.

Proof Consider the second-order differential operator

_du . 9%*u  10u
Lu= % e bay cu.

By assumption (C1) and (C2), the differential operator L satisfies (P1) and
(P2)" for r € (0,1). Moreover, f € H"/?7([0,T] x R), since f is Lipschitz
continuous. Hence Theorem C.1 yields u € H("+2/27+2([0, T] x R) such that

Lu=f(T—t-), u(0,-)=¢ and |jufcre < [uliT?/2"? < co.
Thus defining g € 02’2([0,T] x R) by g(t,y) = uw(T — t,y) we obtain

0=g:+agy, +bg, +cg+f, g(T,-)=E. 0

Quasilinear Cauchy Problem. Next consider the nonlinear differential operator
Lu £y, — 2?21 (%ai(t, a:,muz)) +a(t,z,u,uy)

with principal part in divergence form. We set

it p) & PHELEIL g ()
J

d . .
A(t,z,u,p) = alt, z,u,p) — Y5y (%ﬂpi + gii) :

We now state the conditions required for the main result in [29].
(Q1) For all t € (0,T], x,p € R? and u € R we have
Z?,j:ﬂij (t,z,u,p)ysy; >0 for all y € RY.

(Q2) There exist by, by > 0 such that for all t € (0,7], x € R? and u € R
we have
A(t,z,u,0) > —bju? — by.
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(Q3) The functions a and a; are continuous, and a; is differentiable with
respect to x, u, and p. Moreover there exist c¢y,co > 0 such that for all
v=(t,z,u,p) € [0,T] x R? x R x R? we have

ailyl? <307y ai(0)yiy; < ey forall y € R¢
and, with a,; given by (C.1),
d da; (v) d
a()] + S, (Jai()] + 12582 (14 Ipl) + 3¢, las; (0)
< (1 + Jul) (1 + [p))*.

(Q4)’8 There exists 3 € (0,1) such that for all compact sets K C R, K C R?
the functions

ai,a,aiyj,%,g‘;: : [O,T] XRd xKxK-—=R

are Holder continuous in ¢, z,u and p with exponents g, B, 8 and 3, re-
spectively.

Here we say that f: [0,7] x RE x K x K — R,z = (2%,22,2%,2%) — f(2) is
B-Hoélder continuous in z* if

e o (z) — £(2)

sup

7 1B < 00.
z,z€Dom(f), zi=z7, j#i, |zt—z!|<1 |Z -z |

Theorem C.3 (Quasilinear Cauchy Problems) Suppose 1y € H>T5(R?)
and that (Q1), (Q2), (Q3) and (Q4)? are satisfied for some B € (0,1). Then
there exists a solution u € HZ+P)/22+8((0, T] x R?) of the Cauchy problem

Lu =0, U(O, ) = wO-
Proof See Theorem 8.1 in [29], p. 495. O

In the proof of Theorem 6.8 we require the following ramification of this result:
Corollary C.4 Suppose that

(C1) a,b,c: R — R are bounded and Lipschitz continuous,

(C2) the function a has a bounded Lipschitz continuous derivative and
satisfies infycr a(y) > 0,

(C3") € € H™2(R) for some r € (0,1),

and let f € C}(R). Then the semilinear PDE
0=gt+agy, +bgy +cg+flg), 9(T,)=¢

has a solution g € C*([0,T] x R).
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Proof After setting ay(t,z,u,p) = pa(z) and
El(tx,u,p) £ —b(ﬂ?)p - C(Q?)’LL - f(u) —|—pa/(x)

we can represent the relevant differential operator as

Lu = Ut — %al(tvwvuaux) + C_L(t,fE, u7um)

=y — 2 (upa()) = ba)u, — c(a)u— f(u) +upd ()

= us — a(x)Uzy — b(x)uy — c(z)u — f(u).

Hence if u € C}?([0, T]xR) solves Lu = 0, u(0,-) = &, then g(t, z) 2 u(T—t,z)
defines member of C’;’z([O, T] x R) that satisfies

0 =g+ agyy +bgy +cg+ flg), 9(T,-) =&
We now verify the assumptions of Theorem C.3 for L. Note that

all(taxauﬂp) = %f;’u@ - a(x)

so (Q1) holds since
a11(t,x,u,p)y2 = a(x)y2 >0 by (02)
Next observe that

A(t7$7u7p) = a(t7xauap) - aal(227U7p)p - aal(g§7U7p)

= —b(x)p — c(z)u — f(u)

Thus (Q2) is satisfied since

At 2,0,0) = —c(@)u — f(u) > =lclloolul = [ floc > ~bru® — b

with b1 = ||c/|se and by = ||¢||oe + || f]loo- To check (Q3) note that by (C1) and
(C2) the functions a; and a are continuous, and a; is differentiable; moreover

zilfelﬁa(ﬂc)\yl2 <an(t,z,u,p)y® < [|Bllslyl®

for all t € [0,T], and x,u,p,y € R. In addition for v = (¢,z,u,p) € [0,T] x
RxRxR

_ day (v

@)l + (Jar ()] + [Z522) (1 + [pl) + an (0)]
< Blloclp] + lllloc el + [1flloc + lla'lloolpl + [plllalloo(1 + [p]) + lallo
< (lalloe + Blloc + llelloo + 1 flloe + llalloo) (1 + u) (1 + [p])?

since a,b, ¢, f, and o’ are bounded. Thus (Q3) holds with

c2 £ [lalloo + [1Blloc + llelloo + I flloe + lla’lloo
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and ¢; 2 inf,eg a(z) > 0. Finally, by assumptions (C1), (C2) for any compact
set K C R the functions

a1(v) = pa(z), a(v) = —=b(x)p — c(x)u — f(u) + pa'(x),

an(v) = a@), 28w)=0, %(0)=d(x)

restricted to [0, 7] x R x K x K are Lipschitz continuous in z, u and p, because
a,a’ b, cand f are bounded and Lipschitz by (C1), (C2) and since f € C}(R).
Hence (Q4)% holds as well. Thus by Theorem C.3 the Cauchy problem

Lu=0, u0,)=¢

has a solution u € H**%/2([0, T] xR*) ¢ C}%([0, T] x R%). Uniqueness follows
from standard BSDE arguments; see, e.g., Proposition 4.3 in [20]. O
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