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Abstract

We consider the classical Merton problem of lifetime consumption-portfolio optimiza-
tion problem with small proportional transaction costs. The first order term in the asymptotic
expansion is explicitly calculated through a singular ergodic control problem which can be
solved in closed form in the one-dimensional case. Unlike the existing literature, we consider
a general utility function and general dynamics for the underlying assets. Our arguments are
based on ideas from the homogenization theory and use the convergence tools from the the-
ory of viscosity solutions. The multidimensional case is studied in our accompanying paper
[31] using the same approach.
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1 Introduction

The problem of investment and consumption in a market with transaction costs was first studied
by Magill & Constantinides [26] and later by Constantinides [10]. Since then, starting with
the classical paper of Davis & Norman [11] an impressive understanding of this problem has
been achieved. In these papers and in [12, 36] the dynamic programming approach in one space
dimension has been developed. The problem of proportional transaction costs is a special case
of a singular stochastic control problem in which the state process can have controlled discon-
tinuities. The related partial differential equation for this class of optimal control problems
is a quasi-variational inequality which contains a gradient constraint. Technically, the multi-
dimensional setting presents intriguing free boundary problems and the only regularity result to
date are [34] and [35]. For the financial problem, we refer to the recent book by Kabanov &
Safarian [22]. It provides an excellent exposition to the later developments and the solutions in
multi-dimensions.

It is well known that in practice the proportional transaction costs are small and in the
limiting case of zero costs, one recovers the classical problem of Merton [28]. Then, a natural
approach to simplify the problem is to obtain an asymptotic expansion in terms of the small
transaction costs. This was initiated in the pioneering paper of Constantinides [10]. The first
proof in this direction was obtained in the appendix of [36]. Later several rigorous results
[5, 18, 20, 32] and formal asymptotic results [1, 19, 38] have been obtained. The rigorous
results have been restricted to one space dimensions with the exception of the recent manuscript
by Bichuch and Shreve [6].

In this and its accompanying paper [31], we consider this classical problem of small propor-
tional transaction costs and develop a unified approach to the problem of asymptotic analysis.
We also relate the first order asymptotic expansion in € to an ergodic singular control problem.

Although our formal derivation in Section 3 and the analysis of [31] are multi-dimensional,
to simplify the presentation, in this introduction we restrict ourselves to a single risky asset
with a price process {S;,# > 0}. We assume S; is given by a time homogeneous stochastic
differential equation together with Sp = s and volatility function o(-). For an initial capital
z, the value function of the Merton infinite horizon optimal consumption-portfolio problem
(with zero-transaction costs) is denoted by v(s,z). On the other hand, the value function for
the problem with transaction costs is a function of s and the pair (x,y) representing the wealth
in the saving accounts and in the stock. Then, the total wealth is simply given by z = x+y.
For a small proportional transaction cost €3 > 0, we let v¢(s,x,y) be the maximum expected
discounted utility from consumption. It is clear that v (s, x,y) converges to v(s,x+y) as € tends
to zero. Our main analytical objective is to obtain an expansion for v¢ in the small parameter €.

To achieve such an expansion, we assume that v is smooth and let

~ vus,2)
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n(s,z) (1.1)

be the corresponding risk tolerance. The solution of the Merton problem also provides us an op-
timal feedback portfolio strategy 6(s,z) and an optimal feedback consumption function ¢(s,z).
Then, the first term in the asymptotic expansion is given through an ergodic singular control
problem defined for every fixed point (s,z) by

a = inf M
arls,z) 11{/11 J(s,2,M),

where M is a control process of bounded variation with variation norm |||,
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and the controlled process & satisfies the dynamics driven by a Brownian motion B, and param-
eterized by the fixed data (s,z):

d& =[0(s,2)(1—6,(s,z))|dB; +dM,.

The above problem is defined more generally in Remark 3.3 and solved explicitly in the sub-
section 4.1 below in terms of the zero-transaction cost value function v.

Let {Z*,t > 0} be the optimal wealth process using the feedback strategies 6, c, and starting
from the initial conditions Sy = s and Zg’z = z. Our main result is on the convergence of the
function
V(Sax+y) — VS(S7xay)

e2

i (x,y) :=

Main Theorem. Let a be as above and set a := nv,a. Then, as € tends to zero,

oo

it (x,y) = u(s,z) :=E [/ e Pla(S,,2:%)dt | , locally uniformly. (1.2)
Jo

Naturally, the above result requires assumptions and we refer the reader to Theorem 6.1 for

a precise statement. Moreover, the definition and the convergence of u® is equivalent to the
expansion

VE(s,x,y) = v(z) — €2u(z) + o(€?), (1.3)

where as before z = x+y and o(&¥) is any function such that o(&¥) /e* converges to zero locally
uniformly.

A formal multi-dimensional derivation of this result is provided in Section 3. Our approach
is similar to all formal studies starting from the initial paper by Whalley & Willmont [38].
These formal calculations also provide the connection with another important class of asymp-
totic problems, namely homogenization. Indeed, the dynamic programming equation of the
ergodic problem described above is the corrector equation in the homogenization terminology.
This identification allows us to construct a rigorous proof similar to the ones in homogenization.
These assertions are formulated into a formal theorem at the end of Section 3. The analysis of
Section 3 is very general and can easily extend to other similar problems. Moreover, the above
ergodic problem is a singular one and we show in [31] that its continuation region also describes
the asymptotic shape of the no-trade region in the transaction cost problem.

The connection between homogenization and asymptotic problems in finance has already
played an important role in several other problems. Fouque, Papanicolaou & Sircar [24] use
this approach for stochastic volatility models. We refer to the recent book [25] for information
on this problem and also extensions to multi dimensions. In the stochastic volatility context the
homogenizing (or the so-called fast variable) is the volatility and is given exogenously. Indeed,
for homogenization problems, the fast variable is almost always given. In the transaction cost
problem, however, this is not the case and the main difficulty is to identify the “fast” variable.
A similar difficulty is also apparent in a problem with an illiquid model which becomes asymp-
totically liquid. The expansions for that problem was obtained in [30]. We use their techniques
in an essential way.

The later sections of the paper are concerned with the rigorous proof. The main technique is
the viscosity approach of Evans to homogenization [13, 14]. This powerful method combined
with the relaxed limits of Barles & Perthame [2] provides the necessary tools. As well known,
this approach has the advantage of using only a simple L™ bound which is described in Section
5. In addition to [2, 13, 14], the rigorous proof utilizes several other techniques from the theory
of viscosity solutions developed in the papers [2, 15, 17, 23, 33, 37] for asymptotic analysis.



For the rigorous proof, we concentrate on the simpler one dimensional setting. This simpler
setting allows us to highlight the technique with the least possible technicalities. The more
general multi-dimensional problem is considered in [31].

The paper is organized as follows. The problem is introduced in the next section and the
approach is formally introduced in Section 3. In one dimension, the corrector equation is solved
in the next section. We state the general assumptions in Section 5 and prove the convergence
result in Section 6. In Section 7 we discuss the assumptions. Finally a short summary for the
power utility is given in the final Section.

2 The general setting

The structure we assume is the one developed and studied in the recent book by Kabanov &
Safarian [22]. We briefly recall it here.

We assume a financial market consisting of a non-risky asset S” and d risky assets with price
process {S; = (S!,...,5%),t > 0} given by the stochastic differential equation,

das?

T? = V(St)d[7

dsi . 4. ;

Tf = W(S)dt+Y o™ (S)aw/, 1<i<d,
t j=1

where r: R? — R is the instantaneous interest rate function, and
pw:RY—RY and o:RY .4, (R),

are the coefficients of instantaneous mean return and volatility. We use the notation .#,;(R)
to denote d x d matrices with real entries. Under the standard Lipschitz and linear growth
conditions (which we assume without stating) the above stochastic differential equation has a
unique strong solution.

The portfolio of an investor is represented by the dollar value X invested in the non-risky
asset and the vector process ¥ = (Y!,...,¥%) of the value of the positions in each risky asset.
The portfolio position is allowed to change in continuous-time by transfers from any asset to
any other one. However, such transfers are subject to proportional transaction costs.

We continue by describing the portfolio rebalancing in the present setting. For all i,j =
0,...,d, let Ly’ be the total amount of transfers (in dollars) from the i-th to the j-th asset cumu-
lated up to time ¢. Naturally, the processes {L;”, > 0} are defined as cad-lag, nondecreasing,
adapted processes with Ly~ = 0 and L' = 0. The proportional transaction cost induced by a
transfer from the i-th to the j-th stock is given by £31%/ where € > 0 is a small parameter, and

A >0, A =0, i,j=0,....d.

The scaling €° is chosen to state the expansion results simpler. We refer the reader to the recent
book of Kabanov & Safarian [22] for a thorough discussion of the model.

The solvency region K is defined as the set of all portfolio positions which can be trans-
ferred into portfolio positions with nonnegative entries through an appropriate portfolio rebal-
ancing. We use the notation (¢/) i.j=0,..d € Mq4+1(R4) to denote this appropriate instantaneous
transfers of size ¢"/. Then, K¢ is given by,

Ke = {(x,y) eRxRY: (x,) +lzoe,-(izo (e — (1 +s3w>ew)) e R

for some (€"/)o<; j<q € Mas1 (RQ},



where (e, ...,e4) denotes the canonical basis of R4+1 Tt is clear that for any i, j, it would not
be optimal to have both ¢/ > 0 and ¢/*' > 0. For later use, we also define

Aig,j :=e,~—e,~—|—£31”-’e,~, i,j=0,...,d.

In addition to the trading activity, the investor consumes at a rate determined by a nonnega-
tive progressively measurable process {c;,t > 0}. Here ¢, represents the rate of consumption in
terms of the non-risky asset S°. Such a pair v := (c, L) is called a consumption-investment strat-
egy. For any initial position (X,-,Y)-) = (x,y) € R x R?, the portfolio position of the investor
are given by the following state equation,

d . ) )
dX, = (r(S0%—a)di+ Y (dif® = (14 £209)dL}).
=1
. 48 4 y 3P i
av! = v LY () - (1)L, i=1,.d
t =0

The above solution depends on the initial condition (x,y), the control v and also on the initial
condition of the stock process s. Let (X,Y)"**Y be the solution of the above equation. Then, a
consumption-investment strategy Vv is said to be admissible for the initial position (s,x,y), if

X, Y)Y eKe, Vt>0, P—as.

The set of admissible strategies is denoted by ®¢ (s, x, y). For given initial positions So = s € R%,
Xy~ =x€R, Y, =yc R4 the investment-consumption problem is the following maximization
problem,
vE(s,x,y):=  sup E [/ e P U(c,)dt] ,
(c,L)€®F (s5,x,y) 0
where U : (0,e) — R is a utility function. We assume that U is Cc?, increasing, strictly concave,
and we denote its convex conjugate by,

U(&):=sup{U(c)—cc}, E€R.
>0
Then U is a C? convex function. It is well known that the value function is a viscosity solution
of the corresponding dynamic programming equation. In one dimension, this is first proved in
[36]. In the above generality, we refer to [22]. To state the equation, we first need to introduce
some more notations. We define the second order linear partial differential operator,

1
% = p-(Dy+Dy)+rD,+ 5 Tr [o0T (Dyy + Dy +2Dy)] (2.1)
where T denotes the transpose and fori,j = 1,...,d,
o 9 9

P [ AR | L. 0
Dx.—XE, DS ._Sﬁ’ Dy =Yy aiyi7
2 2 2
i ij._ J

bJ . i) iy iy
DSS . §8 asiasj7 Dyy‘ yy aylay]7 Dsy : Sy asiayj7

D, = (D})i<i<4, Dy = (D;)lgigd» Dy, := (D) 1<i j<d» Dss := (D5 ) 1<i j<a» Dsy = (D?}[)lgi,jgw
Moreover, for a smooth scalar function (s,x,y) € R x R x R? — ¢(x,y), we denote:
_9¢ _Jde

. 29 d
Oy = B eR, oy Iy e R



Theorem 2.1 Assume that the value function V¢ is locally bounded. Then V¢ is a viscosity
solution of the dynamic programming equation in Rfﬁ X K,
. £ t 7 £ € E € _
oi?b‘%d{ﬁv — 2 =0(), Af;-(vi5) } =0. (2.2)
Moreover, v¢ is concave in (x,y) and converges to the Merton value function v :=1°, as € >0
tends to zero.

Under further conditions the uniqueness in the above statement is proved in [22]. However,
this is not needed in our subsequent analysis.

2.1 Merton Problem

The limiting case of € = 0 corresponds to the classical Merton portfolio-investment problem in
a frictionless financial market. In this limit, since the transfers from one asset to the other are
costless, the value of the portfolio can be measured in terms of the nonrisky asset S°. We then
denote by Z := X +Y! 4...+ Y the total wealth obtained by the aggregation of the positions on
all assets. In the present setting, we denote by 8/ := Y’ and 6 := (0!,..., Gd) the vector process
representing the positions on the risky assets. The wealth equation for the Merton problem is
then given by
14

d
dz, = (r($)Z —ci)di +)., ] (dSSi’ —r(S,)dr ). 23)
i=1 1

An admissible consumption-investment strategy is now defined as a pair (c, ) of progressively
measurable processes with values in R and R?, respectively, and such that the corresponding
wealth process is well-defined and almost surely non-negative for all times. The set of all
admissible consumption-investment strategies is denoted by O(s, z).

The Merton optimal consumption-investment problem is defined by

v(s,z):== sup E {/ e P U(ct)dt] , sERL z>0.
(c,0)€0(s,2) 0

Throughout this paper, we assume that the Merton value function v is strictly concave in z and
is a classical solution of the dynamic programming equation,

- 1
Bv—rzv. — 2% —U(v.) — sup {9 ((m—=r1g)v,+ GGTDSZV) + §|GT9|2VZZ} =0,
6<Rd

where 1, := (1,...,1) € RY, Dy, := %DS, and

2 = Dt Tros"D,). (2.4)

The optimal controls are smooth functions ¢(s,z) and 6(s,z) obtained by the maximization of
the Hamiltonian. Hence,

0 = Bv—2%-0U(v,) (2.5)
1
—rzv.—0- (W —rly)v. — 6670 -Dyv— 5|ch(9|2vzz,
the optimal consumption rate is given by,

c(s,z) = —U'(vi(s,2)) = (U’)_l(vz(s,z)) fors € RY,z>0, (2.6)



and the optimal investment strategy 6 is obtained by solving the finite-dimensional maximiza-
tion problem,

1
max {7|GT9|2VZZ +6- ((IJ —rjv,+ GGTDSZV) }
gerd L2

Since v is strictly concave, the Merton optimal investment strategy 0 (s,z) satisfies

—v..(5,2) (s)0 T (5)0(s,2) = (L — rlg) (s)v.(s,2) + G (s)0 DV (s,z). 2.7)

3 Formal Asymptotics

In this section, we provide the formal derivation of the expansion in any space dimensions.
In the subsequent sections we prove this expansion rigorously for the one dimensional case.
Convergence proof in higher dimensions is carried out in a forthcoming paper [31]. In the
sequel we use the standard notation O(&¥) to denote any function which is less than a locally
bounded function times €X and o(&*) is a function such that o(&¥) /¥ converges to zero locally
uniformly.

Based on previous results [38, 1, 19, 20, 32, 36], we postulate the following expansion,

Vg(S,x,y) = V(S,Z) - 82”(‘93Z) - 84W(S7Z7 é) + 0(82)7 (3.1
where (z,&) = (z,&;) is a linear transformation of (x,y) € K¢ given by

4 A I —0i(s,z )
z=x+y .y ilzzﬁé(x,y):%, i=1,...,d,
6=(6",...,69) is the Merton optimal investment strategy of (2.7). In the postulated expansion

(3.1), we have also introduced two functions
w:RLxR+—R, and w:RLxR. xR R.

Notice that the above expansion is assumed to hold up to €2, i.e. the 0(82) term. Therefore,
the reason for having an higher term like £*w(z, &) explicitly in the expansion may not be clear.
However, this term contains the fast variable & and its second derivative is of order £2. This
follows the intuition introduced in the pioneering work of Papanicolaou and Varadhan [29] in
the theory of homogenization.

The main goal of this section is to formally derive equations for these two functions. A
rigorous proof will be also provided in the subsequent sections and the precise statement for
this expansion is stated in Section 6.

Since (x,y) € Ke — (z,E) € R, x R? is a one-to-one change of variables, in the sequel for
any function f of (s,x,y) we use the convention,

f(S,Z,é)::f(S,Z—gg—G(S,Z),Eé—FO(S,Z)). (32)

The new variable € is the “fast” variable and in the limit it homogenizes to yield the convergence
of 7¢(s,z,&) to the Merton function v(s,z) which depends only on the (s,z)-variables. This is
the main formal connection of this problem to the theory of homogenization. This variable
was also used centrally by Goodman & Ostrov [19]. Indeed, their asymptotic results use the
properties of the stochastic equation satisfied by €£¢(X;, ;).

We continue by formally deriving the equations satisfied by u# and w. First we directly
differentiate the expansion (3.1) and compute the terms appearing in (2.2) in term of u and w.
The directional derivatives are given by,

ALy 55) = —et(ei—e)) - (wals5,2,8) wy(5,2,§)) + €Ay, + O(e*).



We directly calculate that,

1 1
(WX(S7Z7<§)7W}’(S7Z7<§)) = (WZ - EGZ 'Wé)ld—H + E (07W§) . (33)

To simplify the notation, we introduce

Dew(s,2,€) := (0,Dgw(s,2,E)) € RTFL. (3.4)
Then,
AE ;- (VEVE) =€ (A v, + (e — e;) - Dw) + O(eY). (3.5)

The elliptic equation in (2.2) requires a longer calculation and we will later use the Merton
identities (2.5), (2.6) and (2.7). Firstly, by (2.5),

IF = B - -0
= (0—y) [(u—rly)v;+ 00 Dyv] + % (o0 —[oTy[*)vz
+(0(2) =0 (v, + &2+ 0(eY))
—¢? (Bu —.Zu) + %Tr[coTDyyw] +0(e%).

We use a Taylor expansion on the terms involving U. and (2.6)-(2.7) in the first line. The result
is,

= (— cT(0—y)- 670 +%(|<:Te\2 - |6Ty\2)>vzz
—¢? (ﬁu — Lu+ éuz> + 8;Tr[cyoTDyyw] +0(&%
- —%|GT(9 )P, — €2 (Bu —Zu—l—éuz) + i;Tr[caTDyyw] +0(ed)
= ¢ ( — %\ng vy, — Bu+ Lu— 6‘uz) + %Tr[GGTDyyW} +0(e%). (3.6)
Finally, from (3.3), we see that
dw=w.14+ % (Is — 1467 )we.
Therefore,
Ayyw = w115 — ée}m 1,17 + é (Is — 1407 )w e + é (Is — 140 )wee (I, — 6:17).
We substitute this in (3.6) and use the fact that y = 6 + O(¢€). This yields,
If = ¢? ( - %|GT§ v, + %Tr[aocTw&] - &%u) +0(%), (3.7)
where a(s,z) is given by

o(s,z) = (I — 6(s,2)1} ) diag[6(s,2)] o (s), (3.8)



diag[6] denotes the diagonal matrix with i-th diagonal entry 6, and
0 1 1512 T
Au=PBu—L%— (rz+60-(L—rlg)—c)u,— E\G 0|°u,;, — 00" 6-Dyu. (3.9

Observe that the above operator is the infinitesimal generator of the pair process (S, Z) where Z
is the optimal wealth process in the Merton zero-transaction cost problem corresponding to the
optimal feedback controls (¢, 0). In particular, the dynamic programming equation (2.5) for the
Merton problem may be expressed as,

Av(s,z) =U(c(s,2)). (3.10)

We have now obtained expressions for all the terms in the dynamic programming equation (2.2).
We substitute (3.5) and (3.7) into (2.2). The result is the following equation for w and u,

1 2 1
Ogll,jléd max {EIGT(S)§| VZZ(S,Z)7§TI'[QOCT(S,Z)W§§(S,Z,§)]+a(S,Z),

N

~Av(s,2)+ (e —e) - Dew(z,€)} = 0.
where ﬁg = (0,Dgw) is as in (3.4) and a is simply defined by,
a(s,z) := u(s,z), seRL, z>0.

In the first equation above, the pair (s,z) is simply a parameter and the independent variable is
&. Also the value of the function w(s,z,0) is irrelevant in (3.1) as it only contributes to the &*
term. Therefore, to obtain a unique w, we set its value at the origin to zero. We continue by
presenting these equations in a form that is compatible with the power case. So we first divide
the above equation by v, and then introduce the new variable p = & /1 (s,z) where 7 is the risk
tolerance coefficient defined by (1.1). We also set

w(s,z,n(s,2)p) a(s.2) = a(s,z) o(s,2)

n(s,2)ve(s,2) a(s,z) ==

w(s,z,p) = (s, z)vi(s,2)’ n(s,z)

Then, the corrector equations in this context is the following pair of equations.

Definition 3.1 (Corrector Equations) For a given point (s,z) € Ri X R, the first corrector
equation is for the unknown pair (a(s,z), w(s,z,-)) € R x C>(R9),

lcT(s)p* 1 p _
02’3§dmax { B ETr[a(x (s,z)wpp(s,z,p)] +af(s,z), (3.11)

71"’f+(ei*€j)‘DpW(sz,P)} =0, VpeR,

together with the normalization w(s,z,0) = 0.
The second corrector equation uses the constant term a(s, z) from the first corrector equation
and it is a simple linear equation for the function u : Ri xRt — R,

Fu(s,z) = a(s,z) =v,(s,2)n(s,z)a(s,z), VseRe, zeRT. (3.12)

We say that the pair (u,w) is the solution of the corrector equations for a given utility function
or equivalently for a given Merton value function. m



We summarize our formal calculations in the following.

Formal Expansion Theorem. The value function has the expansion (3.1) where (u,w) is the
unique solution of the corrector equations.

Remark 3.1 The function u introduced in (1.2) is a solution of the second corrector equation
(3.12), provided that it is finite. Then, assuming that uniqueness holds for the linear PDE (3.12)
in a convenient class, it follows that u is given by the stochastic representation (1.2).

Remark 3.2 Usually a second order equation like (3.12) in (0, ) needs to be completed by a
boundary condition at the origin. However, as we have already remarked, the operator o7 is the
infinitesimal generator of the optimal wealth process in the Merton problem. Then, under the
Inada conditions satisfied by the utility function U, we expect that this process does not reach
the origin. Hence, we only need appropriate growth condition to ensure uniqueness. m

Remark 3.3 The first corrector equation has the following stochastic representation as the dy-
namic programming equation of an ergodic control problem. For this representation we fix (s, z)
and let {M;”,t > 0} be non-decreasing control processes, for each i, j = 0,...,d. Let p be the
controlled process defined by,

d o d N .
b= ph+ Y (5B + Y (M) M),
j=1 Jj=0
for some arbitrary initial condition py and a d dimensional standard Brownian motion B. Then,

the ergodic control problem is
as,z) = iAr/llf J(s,2,M),

where

. 1 1 /T 2 o
J(s,z2,M) := ll;njgp T ]Eb/o |GT(5)pl’ dt—|—ijz;ok vJM;"J].
In the scalar case, this problem is closely related to the classical finite fuel problem introduced
by Benes, Shepp & Withenhaussen [4]. We refer to the paper by Menaldi, Robin and Taksar
[27] for the present multidimensional setting.

The function w is the so-called potential function in ergodic control. We refer the reader
to the book and the manuscript of Borkar [7, 8] for information on the dynamic programming
approach for the ergodic control problems. m

Remark 3.4 The calculation leading to (3.7) is used several times in the paper. Therefore, for
future reference, we summarize it once again. Let v, 6, z and & be as above. For any smooth
functions

¢:RIXR, =R, @:RLxR, xR =R,
and € € (0,1] set

W (s, x,) = v(5,2) — €29 (5,2) — '@ (5,2,§).

In the above calculations, we obtained an expansion for the second order nonlinear operator
J(¥°) = BY - 29 -U(¥))
1
- 82(7%|GT§|2+5Tr[aaTa7§§] — 9 +%£), (3.13)

where a, o/ are as before and %% (s,x,y) is the remainder term. Moreover, %Z* is locally
bounded by a € times a constant depending only on the values of the Merton function v, ¢ and
. Indeed, a more detailed description and an estimate will be proved in one space dimension
in Section 6. m

10



4 Corrector Equation in one dimension

In this section, we solve the first corrector equation explicitly in the one-dimensional case.
Then, we provide some estimates for the remainder introduced in Remark 3.4.

4.1 Closed-form solution of the first corrector equation

Recall that w = nv,w, a = nv.a, and the solution of the corrector equations is a pair (w,a)
satisfying,

1 1
max{ - Ec;zp2 - Eazwpp +a, A0 4w, A0 — wp} =0, w(s,z,0) =0, (4.1)

where & = a /1 and a(s,z) is given in (3.8). We also recall that the variables (s,z) are fixed
parameters in this equation. Therefore, throughout this section, we suppress the dependences
of o, o and w on these variables.

In order to compute the solution explicitely in terms of 17, we postulate a solution of the
form

kap* +kop*+kip;  pr<p<po
wp) = & wip) =A% (p—p1); p<pi (4.2)
w(po) +A"0(p—po); P = po.
We first determine k4 and kp by imposing that the fourth order polynomial solves the second
order equation in (pg, p1). A direct calculation yields,
p)
T 12a2
We now impose the smooth pasting condition, namely assume that v is C? at the points py and
p1. Then, the continuity of the second derivatives yield,

a
k4 _72

d k=
an 20{

2_ 2 _2a

2a\1/2
02> . 4.3)

implying that @ >0 and py = —p; = (

The continuity of the first derivatives of w at the points py and p; yield,

4/(4([)())3 +2kopo+ki = —lo’l,
4k4(p1)3 +2kop1+ki = A0,
Since pp = —p1, we determine the value of k; by summing the two equations,
)‘1,0 _ )‘O,l
kk = ———.
2

Finally, we obtain the value of a by further substituting the values of k4, k; and pg = —p;. The
result is

1/3

2 =2
-9 2 _ (3% 210, 401
a=p} and po= ( (042 )) 4.4)

All coefficients of our candidate are now uniquely determined. Moreover, we verify that the
gradient constraint
10 ~ - 0,1
AT <wp <AP 4.5)

holds true for all p € R. Hence, w constructed above is a solution of the corrector equation. One
may also prove that it is the unique solution. However, in the subsequent analysis we simply
use the function w defined in (4.2) with the constants determined above. Therefore, we do not
study the question of uniqueness of the corrector equation.
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Remark 4.1 In the homothetic case with constant coefficients r, i, and o, one can explicitly
calculate all the functions, see Section 8. Here we only report that, in that case, all functions are
independent of the s—variable and py,d(z) are constants. Therefore, a(z) is a positive constant
times the Merton value function. m

Remark 4.2 Pointwise estimates on the derivatives of w will be used in the subsequent sections.
So we record them here for future references. Indeed, by (4.5) and the fact that w(-,0) =0,

W(s,2,E)| < Av,(5,2)[E], |we(s,2,E)| < Avi(s,z), where A :=2A%TvA0. (4.6)
Moreover, under the smoothness assumption on v, we obtain the following pointwise estimates

(Il Pl + [wss| 4wz ] + [wzz]) (2,€) < Cls,2) (1 +[E]), 4.7)
(Iwel+wee |+ wel) (5,2) < C(s,2) and Jwee | < (Clig, ¢,) (5,2), (4.8)
where C is an appropriate continuous function in R%L, depending on the Merton value function

and its derivatives. M

4.2 Remainder Estimate

In this subsection, we estimate the remainder term in Remark 3.4. So, let ¥¢ be as in Remark
3.4. We have seen in (3.13) that

j(lpg)(svxvy) = (ﬁ\Pg—g\Pe—U(\Pﬁ))(s’x7y)
= ¢ {—;vzz(s,z)éz-i-;az(s,z)wgéz(s,z,é)—ﬂq)(s,z)-i—%s(s,z,ﬁ)} :

where o, o7 are defined in (3.8)-(3.9), and Z? is the remainder. By a direct (tedious) calcula-
tion, the remainder term can be obtained explicitly. In view of our previous bounds (4.7)-(4.8)
on the derivatives of w, we obtain the estimate,

| % (5,2,8)] < *8{§(N*V)|¢z|+%Gz(8§2+259)|¢a|}(&z)
+&C(s,2) (1 +€|&|+ €2 |E* + € EP),
+e 2 U(WE) = U (ve) = (W8 —v)T' ()|

for some continuous function C(s,z). Since U is C' and convex,

#28)| < (B0 + 0% (e8> +280)[0) (5.2
+eC(s.2) (1 +2l&| + %] + %I ),
+(|9| +82|¢z| +891‘w§|)‘[7/(vz—|—82|¢z| +84‘wz‘ +g361‘w§|) - 0/("2)‘

Suppose that @ satisfies the same estimates (4.7)-(4.8) as w. Then,
1
[#5(5,2.8)| = —e[Eu—r)lod +50(e€? +266) [0z (5.2)

+eC(s,2) (1+€|&|+ €°E)> + €]EP),
+€2(19.] + eC(s,2) (1 + €|E)))°T" (v, + €39.| + £3C(5,2) (1 + ] &)
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S Assumptions
The main objective of this paper is to characterize the limit of the following sequence,

82 9 S207 (x7y)€K£-

i (s,x,y) ==

Our proof follows the general methodology developed by Barles & Perthame in the context
of viscosity solutions. Hence, we first define relaxed semi-limits by,

u (€)= limsup &€(¢), u.(€):= liminf &&(¢’
(9] (&C’)H((EC) (&) (9] (o minf ¢

Then, we show under appropriate conditions that they are viscosity sub-solution and super-
solution, respectively, of the second corrector equation (3.12).
We shall now formulate some conditions which guarantee that

1. the relaxed semi-limits are finite,
ii. the second corrector equation (3.12) verifies comparison for viscosity solutions.

We may then conclude that u* < u,. Since the opposite inequality is obvious, this shows that
u = u* = u, is the unique solution of the second corrector equation (3.12).

In this short subsection, for the convenience of the reader, we collect all the assumptions
needed for the convergence proof, including the ones that were already used.

We first focus on the finiteness of the relaxed semi-limits u, and u*. A local lower bound
is easy to obtain in view of the obvious inequality v&(s,x,y) < v(s,x+y) which implies that
i > 0. Our first assumption complements this with a local upper bound.

Assumption 5.1 (Uniform Local Bound) The family of functions i® is locally uniformly bounded
from above.

The above assumption states that for any vy := (so,x0,y0) € Ry X R? with xg+ yo > 0, there
exist ro = ro(vo) > 0 and & = &(vp) > 0 so that

b(vo) 1= sup{ u®(s,x,y) : (s,x,y) € By,(vo), € € (0,&] } < eo. (5.1)

This assumption is verified in Section 7 under some conditions on v and its derivatives by
constructing an appropriate sub-solution to the dynamic programming equation (2.2). However,
the sub-solution does not need to have the exact €2 behavior as needed in other approaches to
this problem starting from [36, 20]. Indeed, in these earlier approaches, both the sub and the
super-solution must be sharp enough to have the exact limiting behavior in the leading £ term.
For the above estimate, however, this term needs to be only locally bounded.

The next assumption is a regularity condition on the Merton problem.

Assumption 5.2 (Smoothness) The Merton value function v and the Merton optimal invest-
ment strategy 0 are twice continuously differentiable in the open domain (0,0)? and v,(s,z) >0
for all s,z > 0. Moreover, there exists co > 0 such that

co < 0,(s,z) < 1—cy, Vs,zeR,. (5.2)
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In particular, the above assumption implies that the diffusion coefficient o(s,z) in the first
corrector equation is non-degenerate away from the origin. For later use we record that there
exist two constants 0 < o, < a* so that

o(s,z)
z

0<a < <a, Vs,zeR,. (5.3)
We will not attempt to verify the above hypothesis. However, in the power utility case, the
value function is always smooth and the condition (5.2) can be directly checked as the optimal
investment policy 6 is explicitly available.

We next formulate a natural assumption which was verified in [36] in the context of CRRA
type utilities. This assumption will be used for the proof of the sub-solution property. To state
this assumption, we first introduce the no-transaction region defined by,

NE={(s,x,y) €Ke : AG;-DV¥(s,x,y) >0, and Af 5 - Dv¥(s,x,y) > 0}. (5.4)
By the dynamic programming equation (2.2), the value function v¢ is a viscosity solution of
BV — A —U()=0 on A&

Assumption 5.3 (No transaction region) The no-transaction region A€ contains the Merton
line A = {(s,2—0(2),0(z)) : s,z€ R} }.

Finally we assume that the second corrector equation (3.12) has comparison. Recall the
function u introduced in (1.2), let b be as in (5.1), and set

B(s,z) :==b(s,z2— 6(2),0(z2)), s,z € R4, (5.5)

Assumption 5.4 (Comparison) For any upper-semicontinuous (resp. lower-semicontinuous)
viscosity sub-solution (resp. super-solution) uy (resp. us) of (3.12) in (0,00)? satisfying the
growth condition |u;| < B on (0,0)%, i = 1,2, we have u; < u < uy in (0,0)2.

In the above comparison, we do not make assumptions on the value of these functions at
the origin. As discussed earlier, the operator <7 is the infinitesimal generator of the optimal
wealth process in the limiting Merton problem. So we implicitly assume that this process does
not reach the origin with probability one.

6 Convergence in one dimension

For the convergence proof, we introduce the following “corrected” version of i,
ut (s,x,y) := it (s,x,y) — €*w(s,z,&), >0, (x,y) € Ke.

Notice that both families i€ and u€ have the same relaxed semi-limits u* and u,.

Theorem 6.1 Under Assumptions 5.1, 5.2, 5.3 and 5.4, the sequence {u}¢~o converges locally
uniformly to the function u defined in (1.2).

Proof. In the next subsections, we will show that, the semi-limits u, and u* are viscosity
super-solution and sub-solution, respectively, of (3.12). Then, by the comparison Assumption
5.4, we conclude that u* < u < u,. Since the opposite inequality is obvious, this implies that
u* = u, = u. The local uniform convergence follows immediately from this and the definitions.

m
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6.1 First properties

In this subsection, we only use the assumptions on the smoothness of the limiting Merton prob-
lem and the local boundedness of {u®}¢. We first recall that

A= 2A%valo

Lemma 6.1 (i) For all €,5 > 0, (x,y) € Ke, u®(s,x,y) > —€Av,(s,2)|y — 0(s,2)|. In particular,
u*>0.
(i1) If in addition Assumption 5.1 holds true, then

0 <uy(s,x,y) <u'(s,x,y) <o forall s,x,y>0.

Proof. Since (ii) is a direct consequence, we focus on (i). From the obvious inequality v (s, x,y) <
v(s,x+y), it follows that uf (s, x,y) > —&?w(s,z,&), so that the required result follows from the
bound (4.5) on we together with w(-,0) = 0. m

We next show that the relaxed semi-limits «* and u, depend on the pair (x,y) only through
the aggregate variable z = x+y.

Lemma 6.2 Let Assumptions 5.1 and 5.2 hold true. Then, u* and u, are functions of (s,z) only.
Moreover, for all s,z > 0,

uo(s,z) = liminf u®(s',2 = 6(),0(<)),

(&,5',2)—(0,5,2)

and
u*(s,z) = limsup u®(s,2' —6(<),0(7)).
(e.5',2")—(0,s,2)

Proof. This result is a consequence of the gradient constraints in the dynamic programming
equation (2.2),

Afo-(V5,vy) >0 and AG ;- (vi,v}) >0 in the viscosity sense.
1. We change variables and use the above inequalities to obtain

(14+2AM0e3(1-0.))08 > —2"0e™0f,  (142%7e%6,) 0 <A%'e*t, (6.1)
in the viscosity sense. Since v¢ is concave in (x,y), the partial gradients v{ and v§ exist almost
everywhere. By the smoothness of the Merton optimal investment strategy 0, this implies that
the partial gradient v¢ also exists almost everywhere. Then, by the definition of u®, we conclude
that the partial gradients i{ and 122 exist almost everywhere. In view of Condition (5.2) in

Assumption 5.2, we conclude from (6.1) and the fact that ¥ > 0 that

e < Aeht. (6.2)
We now claim that
2(5,2.86) < ¥sxy)
=v,(s,z— &)+ &(u’(s,x—&,y) +u’(s,x,y— €)) (6.3)
Tl (141605, + g+ 28D = 0228y
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We postpone the poof of this claim to the next step and continue with the proof. Then, it follows
from (6.2), (6.3) together with Assumption 5.2 and (4.5),

85(5,2.8)] < €24 (vo(s,2) +95(5,2,€))
e (v:(5,2) +¥°(5,2,6)). (6.4)

IN

IN

Hence, .
(61 —6‘0) : (ui,uf) = _Eﬁz < Sﬁ, (Vz(saz) +VE(S>Z7§)) :

By the local boundedness of {u? }¢, for any (s, x,y), there is an open neighborhood .#” of (s, x,y)
and a constant K, both independent of €, such that the maps

t—uf(s,x—t,y+t)+€eKt and ¢+ —uf(s,x—t,y+1)+ €Kt

are nondecreasing for all € > 0. Then, it follows from the definition of the relaxed semi-limits
that 2* and i, are independent of the &-variable.

2. We now prove (6.3). For € >0 and (x,y), (x—¢€), (x,y — €) € K¢, we denote as usual z=x+y
and § = (y—0(s,z)) /€. By the concavity of v¢ in the pair (x,y) and the concavity of the Merton
function v in z that:

vi(s,x,y) < é(vs(s,x,y)—ve(s,x—s,y))
< %(v(s,z) —v(s,z— 8)) + é (v(s,zf €) —vE(s,x— S,y))
< vz(s,z—s)—&—é(v(s,z—s)—vg(s,x—s,y)).

By the definition of u?,
Vﬁ(‘g?xay) < VZ(SaZ_ 8) +8(u£(s7x— £7y) +£2W(S,Z— gaéé‘))

where & == (y—0(s,z2—¢€))/e =&+ (0(s,2) — O(s,z— €)) /€. We use the bound (4.6) on w,
to arrive at,

|6(s,z) — 0(s,z—£)|).

VE(5,5,3) < ve(s,2— ) + eu (s, x— £,y) + £ Av.(5.2) (1+ €] + ;

By exactly the same argument, we also conclude that

- —€+06(s,7)—0(s,z—¢
VE(5.0.3) S vulo 2 €) 4 e sy — ) + £ ve(o.) (14 8] SO0y
Then, using the bounds on 6, from Assumption 5.2,

P5(s,2,8) = Bzve(s,z—sé—G(S,z),sé—i-e(s,z))
(1 - GZ(S>Z))V§(S7xay) + Gz(s,z)vi(s,x,y)
VZ(szfg)+8(M8(va78ay)+u£(svx7y7£))

|6(s,2) — G(S,Z—S)\)
€

IN

+£3Ivz(s,z)(1 +10:(s,2)| +1E] +

3. The final statement in the lemma follows from (6.4), the expression of ¥¢ in (6.3), and
Assumption 5.1. m
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6.2 Viscosity sub-solution property

In this section, we prove

Proposition 6.1 Under Assumptions 5.1 and 5.2, the function u* is a viscosity sub-solution of
the second corrector equation (3.12).

Proof. Let (s0,20,9) € (0,00)% x C*(R?.) be such that
(u* — ¢)(s0,20) > (u* — @)(s,z) forall s,z>0, (s5,2) # (50,20)- (6.5)
Our objective in the following steps is to prove that
A (s0,20) —a(s0,20) < 0. (6.6)
1. By the definition of #* and Lemma 6.2, there exists a sequence (s%,z%) so that
(s¢,25) — (s0,20) and 4°(s®,25,0) — u*(s0,20), as € \,0,
where we used the notation (3.2). Then, it is clear that
05 = 0%(s%,25,0) — o(s%,2°) — 0 (6.7)

and
(x%,)%) = (z* = 6(s°,2°),0(s°,2°)) —  (x0,50) := (20— 6(s0,20),6(50,20))-

Since (u?) is locally bounded from above (Assumption 5.1), there are ro := ry(so,x0,y0) > 0
and & := &y(s0,x0,y0) > 0 so that

by :=sup{u®(s,x,y) : (s,x,y) € Bo,€ € (0,&)} <o, where By := By (s0,%0,y0) (6.8)

is the open ball centered at (sg,xo,yo) with radius ro. We may choose ry < zo/2 so that By does
not intersect the line z = 0. For €,8 € (0, 1], set

P(5,2,8) = v(s,2) — € —€79(s,2) — € (1 +8)w(s,2,8) — €76%(5,2,8),
where, following our standard notation (3.2), (135 is determined from the function,
9°(s,xy) = Clls—s) +xty=2) +(r—0(s,x+y)*,
and C > 0 is a large constant that is chosen so that for all sufficiently small € > 0,
0 >1+4+b.—@, on By\B; with Bj:= B, /2(50,X0,0)- (6.9)

The constant C chosen above may depend on many things including the test function ¢, s, zg, 0,
but not on €. The convergence of (s%,z%) to (s0,z0) determines how small € should be for (6.9)
to hold.

2. We first show that, for all sufficiently small £ > 0, § > 0, the difference (v¢ — y&9%), or
equivalently,

vg(s,x,y) - V,S)ﬁ(s?xvy)
82
= —uf(5,%,5) + 0(5,2) + 65 + 9% (s,x,y) + €28w(s,2,£),

1%9(s,x,y) =
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has a local minimizer in By. Indeed, by the definition of u?, 1//8’5 and /%, (6.9), (6.8), and the
fact that w > 0 that, for any (s,x,y) € dBy,

POs,xy) > —uf(s,0,)) +E+ 14D, +28w(s,2,E) > 1+ > 0,

for sufficiently small € in view of (6.7). Since IE’S(Sf,xE,yS) 0, we conclude that /%% has a
local minimizer (5%,%¢,5%) in By with 28 := %¢ + 3¢, £ := (3¢ — 0(5%,2)) /€ satisfying,

( “Eifég (9 — §&0) = (05 — PF0) (3¢, &) <0, |55 —so| + |25 —20] < ro, |Ee| < ri/E,
8,2, 1

for some constant r;. Since V¢ is a viscosity super-solution of the dynamic programming equa-
tion (2.2), we conclude that

(Bve — 2y~ O (ys®) ) (.55 = 0, (6.10)

and

v
=

Afor (W2 ye0) (3,555 = (v = (1= 2103y ?) (7,2 5°)
A8,1'(‘I/ 7Wy )( 7~£a.)78) = (II/)?’(S ( A«Ol 3)1[’;? >( 7~€ Ne) > 0.

By direct calculation using the boundedness of (5¢,7%,€£¢), we rewrite the last gradient in-
equalities into the following

—4g?(e€8)% + &3, (55, 75) [AM0 — (14 8)W, (55,25, p%)] +o(e¥) > 0, (6.11)
462 (e85 + &%, (55, 2) A% + (1 + 8)w, (5,25, p%) +0(e%) > 0,  (6.12)
where p€ 1= &€ /n(5¢,26).
3. Let po(s,z) be as in (4.3). In this step, we show that
1P| < po(5%,2%) for all sufficiently small € € (0,1]. (6.13)

Indeed, assume that p& < —pg (5%, 75 ) = p; (§%,7%) for some sequence g, € (0, 1] with &, — 0.
Then, Wy (5,25, pe) = —A%!, and it follows from inequality (6.12), together with the fact
pE < py(§8,25) <0, that

0 < 4e2(e,E5)3 — &30, (55,7800 +o(e3) < —£,7v.(55,25)6A%! 4 0(e,?).

Since & > 0, this can not happen for large n. Similarly, if §& > po (58,7 ) for some sequence
& — 0, we have W, (5, 76, pn) = 210, and it follows from inequality (6.11), together with the
fact that p& > po(§&,z%) > 0, that

0< —4€2(,E5) + )v. (5, 27) (~5219) + o(6,%) < —£]v.(5%,2)8110 + o(e]),

which leads again to a contradiction for large n, completing the proof of (6.13).
4. Since (5¢,z°) is bounded and (s,z) — po(s,z) is continuous, we conclude from (6.13) that
the sequence (5 )¢ is bounded. Hence, there exists a sequence &, — 0 so that

(Sn,Zm‘Sn) = (genazenvgsn) — (§’27£) = (S0>Z07$)

for some & € R. The fact that the limit of (s,,z,) is equal to (so,zo) follows from standard
arguments using the strict minimum property of (so,zo) in (6.5). We now take the limit in (6.10)

18



along the sequence (&,). Since the function w9 has the form as in Remark 3.4, we do not
repeat the computations given in Section 3 and, given the remainder estimate of section 4.2, we
directly conclude that

0 < 'Slrliglogrfz(ﬁve"—fl[/e"’a—0(Wf"’6)>(snazn7€n)

1 2 1 A
5(7102)(807@)52 + 5(1 +8) o (s0,20)wee (50,20,6) —  9(s0,20)  (6.14)

In the above, we also used the fact that all derivatives of ¢¢ vanish at the origin as € tends to
Zero.

5. In the Step 3, we have proved that |pe| < po(z¢ ). Hence,
a = nv,d, the first corrector equation (3.11) implies that

€| < (npo)(s0.20). Since w=nv,w,

A

1 2 1
a(s0,20) = 5(071)(50,20)&> + *OCZ(SO,ZO)W& (50,20,6)-
2 2

We use the above identity in (6.14). The result is

~

1 s 1
A P(s0,20) < E(Gzn)(so,zo)éz-FE(l+5)a2(507Zo)W55(50,2075)

A

1
= a(So,Zo)+§5a2(50,20)wé;§(50,20,5)~

Finally, we let 8 go to zero. However, E = 56 depends on 6 and care must be taken. But since
Ea] < (MP0) (Sn,20)s it follows that &9 is uniformly bounded in §. Hence the second term in the
above equation goes to zero with 8, and we obtain the desired inequality (6.6). m

6.3 Viscosity super-solution property

In this section, we prove

Proposition 6.2 Let Assumptions 5.1, 5.2, and 5.3 hold true. Then, the function u, is a viscosity
super-solution of the second corrector equation (3.12).

We first need the following consequence of Assumption 5.3 and the convexity of v¢. Similar
arguments are also used in [36].

Lemma 6.3 Assume the hypothesis of Proposition 6.2. Let (x,y) be an arbitrary element of K.
Then,

() fory > 6(s,z) (or equivalently, & > 0), we have A§ | - (V& (s,x,y),vf,(s,x,y)) >0,

(ii) for y < 0(s,z) (or equivalently, § < 0), we have A{ - (vi(s,x,y),v5(s,x,y)) > 0.

Proof. For z € R set
0% (s,2) == sup{y: (z—,y) € Ke, and Af)’l '(vf,vi)(s,z—y,y) :0}.

In view of the form of K¢, we have y > —z/(e>A%!) and by convention the above supremum is
equal to this lower bound if the set is empty. By the concavity of v¢, we conclude that

=0 forall y < 6%(s,z),

£ (€ E
AO,I (VX,V},)(S,x,y){ >Of0rally> ei(S,Z).
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Let .4¢ be as in (5.4). Therefore it is included in the set {(s,x,y) : y> 6%(s,z)}. Since As-
sumption 5.3 states that the Merton line {(s,x,y) : y = 6(s,z)} is included in .4"¢, we conclude
that 6(s,z) > 6% (s,z). This proves the statement (i). The other assertion is proved similarly. MU

Proof of Proposition 6.2. Let (so,z0, ¢) € (0,00)> x C?(R.) be such that

(s« — @) (50,20) < (s — @)(s5,2) forall s,2>0, (5,2)# (50,20)- (6.15)
Our objective in the following steps is to prove that

A (s0,20) —a(s0,20) > 0. (6.16)

1. By the definition of u, and Lemma 6.2, there exists a sequence (s%,z%) so that

(s%,2%) — (s0,20) and 2°(s%,2%,0) — u.(s0,20), as € \,0,
where we used the notation (3.2). Then, it is clear that

05 = 0°(s%,25,0) — @(s5,2°) — 0

and
(x%,5%) = (£ — 0(s%,2%),0(s%,2°)) — (x0,¥0) := (20 — 0(s0,20), 6 (50,20)) -

Since uf(s,x,y) > —&2w(s,z,&) > —&C(s,z)|y — 0(s,z)|, for some continuous function C, there
are ro := ro(S(),xO,yo) >0and g := 80(S07x07y0) > ( so that

b*:= inf u(s,x,y) > —co, where Bg:= By(s0,%0,0)-
(s.x,y)€Bo

We also choose ry sufficiently small so that By does not intersect the line z = 0. For € € (0, 1]
and 8 > 0, define

V0 (s5,2,€) = v(s,2) — €205 — €2@(s5,2) — e* (1 — 8)w(s,2,E) + €265 (5,2, &),

where, following our notation convention (3.2), the function ¢38 is obtained from the function
¢¢ defined by,

0% (s,x,y) :=C[(s— S (x+y =)+ (y— 9(S,X+y))4]]

and, similar to the proof of the super-solution property, C > 0 is a constant chosen so that,

—b" + 0+ (@ —¢%)(s,x,y) <O on dBy. (6.17)
2. Set
19(s,2,8) = &2 — %) (s,x)
= —u(5,%,9) + @(s,2) + £z — 9°(5,x,y) — £78w(s,2,8).

Since w(s,z,0) = 0, we have 189 (s€,z%,0) = 0. On the other hand, it follows from (6.17) that

199(5,2,€) < —b* + L+ (@ — 0°) (5,x,y) < —€8w(s,2,E) <O on  IBy.

Then, the difference v¢ — y&? has an interior maximizer (5¢,z¢, %) in By,

max (vs _ wl,s) _ (Ve _ wl,e

P )(fevf&f’g)a and ‘58_50‘+|Zs—20|+|8‘§e| <ri, (6.18)
0
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for some constant ;. By the sub-solution property of v¢, at (5%, X, e),

min {BvE — Ly — U (yE?),Af | - (WE2 WE2)AS o (wEP, yEd)} <. (6.19)

3. In this step, we show that for all sufficiently small € > 0,
AGr (W0 yy0) (5 0, ve) >0 and Ao (W0, ¥y 0) (5% 5. 5e) > 0. (6:20)

By Lemma 6.3, it suffices to prove that

D= A, -(t/ff’i, wf’i)(ff,fg,y;) >0 for £<0, 621)
Dll’O :ATO(W)‘? alll}% )(§€7f8ay~£)>o for g > 0.
We directly compute that
6
Ve = v,— ezgoz — 84(1 —9) (wz — zzwé) +482C((z—z£)3 —-0.(y— 6)3),
1-6
Yy = Vz— 82(Pz - 54(1 —6) (Wz + P ZW&) +482C((Z_Z£)3 +(1-6)(y— 9)3)~
Then, it follows from the estimates (6.18) that
D™ = & (+(1—8)we +A%1v.) (55,25, E5) —4Ce? (EF)* +o(e?)
DY = & (—(1- 8)we +/11’0vz) (55,25, E8) + 4Ce?(e€8)% +o(&7).

DM > 28w (5¢,25, EF) — 4Ce2(eEF)® + o(€?)
> —836W§(§€,Z~8,E€)+0(83) for SSO,
and
Do =

5w (5,2, 88) +-4Ce> (85)% 1o (&),
S e (2, 80) ofe) for €20,

Hence, (6.21) holds for all sufficiently small € > 0.
4. In this step, we prove that & is bounded in € € (0, 1]. Indeed, in view of (6.19) and (6.20),
we conclude that

0

Y

(ﬁvs *‘iﬂ‘l/g’s *UOV;’S))(fgafafe)

) €z 1-6 g
_ 32[Mﬁdz—kTaz(fevZS)Wéé(Z&gf)

— U5 Ze) + B e e (6.22)

where we used the fact that the function l//sﬁ is exactly as in the form assumed in Remark 3.4.
Then, by the remainder estimate of section 4.2, we deduce that,

|8 (5° %o, 9 )| < C(5°, ) e+ el + €2 &2 (6:23)

In Section 4, the function w is explicitly constructed. Since w is linear in £ for large values of
&, there is a continuous function C(s,z) so that

0 <wee(s,2,8) < C(s,z), forall (s,z,&) € R2 xR
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Then, since (§¢, Z¢) is uniformly bounded in & € (0, 1], there are constants C,C > 0 so that:
0> 2C[E - (1+ell+eEL)).

Hence (&) is also uniformly bounded in & € (0, 1] by a constant depending only on & and the
test functions.
5. Since (ze, e )ec(0,1) is bounded, there exists a sequence (&, ), such that

&\ 0 and (z,,&) = (26, &) — (2.€) = (20,€) € (0,) xR,

where Z = z follows from the strict maximum property in (6.15) by a classical argument in the
theory of viscosity solutions. We finally conclude from (6.22) and (6.23) that

0 > *%(62\’&)(80,20)52*W(P(S()?Zo)*ﬂf(P(O)Jr%(l*5)‘12(50710)W56(50v10"§)
= Dls0,20) — 5(07v)s0,20) €2+ 5 (1~ 8)02 (30, 20w (0, 20,€),

since &7 ¢ (0) = 0. Now, from the first corrector equation (3.11), this implies that:

~

1
0 > —ao(s0,20) +als0,20) + 55052(S0,Z0)W§§ (50,20,8)-

Finally, we conclude that ./ ¢(so,z0) — a(s0,20) > 0, by sending § to zero. m

7 Verifying Assumption 5.1

In this section, we verify Assumption (5.1). This is done by constructing an appropriate sub-
solution of the dynamic programming equation (2.2). Clearly, this construction requires as-
sumptions and here we present only one possible set of assumptions. To simplify the presenta-
tion, we first suppose that the coefficients are independent of the s-variable. Next, we assume
that there exist constants 0 < k, < k* so that the limit Merton value function satisfies

0<kiz<m(z) <k™z (7.1)
Let ¢ be the optimal Merton consumption policy given as in (2.6). We assume that
U(e(z)) > kizv'(2), (7.2)

for some constant k., > 0. Notice that all the above assumptions hold in the power utility case.
First, using (5.3) and the explicit representation of a, one may directly verify that there is a
constant a* > 0 so that

a(z) < a*zv/(2).

Then, the definition of .« and the above assumptions imply that
, k. k.
Gv(z) =U(e(z)) > kezv'(z) > a—*a(z) = a—*,;z%u(z). (7.3)

In view of the comparison assumption, we conclude that

*

0<u(z) < o v(z). (7.4)

IS
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Moreover, since we assume that coefficients are independent of the s variable, (2.7) is equivalent
to 8(z) = n(z)(u —r)/o?. Hence, (5.3) implies that

—"(z) <n(z) V" < =2"(2). (7.5)

We now use these observations to construct a sub-solution of the dynamic programming
equation of the form
VE(x,y) :=v(z) — Ke>v(z) + &*W(z, &), (7.6)

with a sufficiently large constant K > a* /k, and a slightly modified corrector,
W(z,8) =2/ ()W (& /2),
where the function w(z) and the constant @ > 0 are the unique solution of w(0) = 0 and

k*0'2 ) ((X*k*)z
max{— 2 p-— 2

Wop +a; =240+, 5 =22 —wp}. (7.7)

The solution of the above equation is explicitly available through the general solution obtained
earlier in Section 4.1.

The fact that V¢ is a sub-solution of (2.2) follows from a tedious but otherwise direct calcu-
lation. To streamline these calculations, we first state an estimate that follows from the explicit
form of W.

Lemma 7.1 There is a constant k* > 0 so that
z|Wee (2, 6)] <k*V(2),
W2 6)] < kv() (1+ ),
2|0 (2,8)| +2[aW (2.8)] < ka'() (L + ),

. o)) .
ZZPWW(ZH?)_ ngg(Z,g)‘ <k*z2/(z) (é+@)

€2 z

Proof. These estimates follow directly from straightforward differentiation and the estimates
(7.1), (7.5). m

Lemma 7.2 (Lower Bound) Assume (7.1), (5.2) and (2.6). Then, for sufficiently large K > 0,
V€ defined in (7.6) is a sub-solution of (2.2) in Ri. Moreover,

@ (x,y) < Kv(z) +€W(z,€)
on Ri and Assumption 5.1 holds.

Proof. We need to show that at any point (x,y) € R2 one of the three terms in (2.2) is non-
positive. Since (x,y) € R%, by assumption (5.2), we have

&1
== €2 [—1,1].

€

<

x]

Z
=, =
€

Let pp > 0 be the threshold in the equation (7.7). We analyze several cases separately.
Casel. pp<E<l1/e.
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In this case, Wg (z,&) =2419/(z). We use the previous Lemma and (5.2), to arrive at,

]A ) A
Lo (Ve W) = JVE+eAM0(1-0)Vg +e'21007

= [1-A"01-0"))W: +(1-Ce*)V — 2 W,]
< EAYN (-1+k€) <o,
provided that € is sufficiently small.

Case2. —1/e <E < —py.
A similar calculation, shows that Ag | - (V, Vys) < 0, for all sufficiently small €.

Case 3. |E| < pp. We now use Remark 3.4 to conclude that

(72 ”(Z) 2 Z)

ey_ 2| OV 2, o

Fvo=e -2,

We first use (7.1), (5.2), (7.7), (7.3) and set p := £ /z. The result is
PR

Wee(2,8) —Ka/v(z) +.%’£(z,<§)} .

2 *7,%\2
< V@ |5+ (o) - k(2| + 286, 8)

= e (n(2) [a—K(k)*] + % (z,8).

If K is sufficiently large then K (k,)? is larger than d and by (7.1), the above estimate implies

that
I < -2 (2) + %5(2,8).

We now estimate #¢ by recalling the results of subsection 4.2. We split this in three terms
coming from the value function v, the corrector W and from the utility function,

| % | == RS + R, + Ky

We estimate each one using Lemma 7.1. Then,
o2
# < K [EE(u -2V (2) + >

< €Kk (z).

Also
R < € |BW - rz((1-(0/2))+€8) Wi — uz (2 + (6/2)) W,
2
— 22 (624 (8/2))” (Wyy — Wee (1-6)/€%)
%22%5 (1_872@)2 (€282 +26E(6/z))
< K2/ (2).

Finally

#G = U6)-0)

< OW)-U0OW[1—eK+ke*]) <0



Hence, there is k* so that.
|%¢| < ek*zv/(2).

Hence if K is sufficiently large, V¢ is a sub-solution for all small €.
Boundary y = 0.
Then, again by (5.2), for all sufficiently small € > 0,

y—6() _ ~6()
€ €

—
o —
—

< —pPo.
Hence, by the second case, and Lemma 6.3
Af o (VEVE)(x,0) <0=Af - (v,v5)(x,0), Vx>0.

Boundary x = 0.
By a similar analysis, we can show that

AS1 - (VEV9)(0,) SO=AG ;- (vi,15)(0,y), Yy >0.

Then, on Ri, V¢ is a sub-solution of (2.2) while v¢ is a solution. Also on the boundary of Ri
again V¢ is a sub-solution of an oblique Neumann condition and ¢ is a super-solution. Then,
by comparison, we conclude that v¢ > ¢ on Rﬁ. This proves the lower bound on u® on the
positive orthtant. m

8 Homothetic case

In this short section, we consider the classical CRRA utility function

7
U(e) := =

for some y > 0 with y = 1 corresponding to the logarithmic utility. Then,

c>0,

1 =7

with the Merton constant

B-r(l—y) 1(u—rp
Y 2 }’262

(1=7).

VM =

Hence the risk tolerance function and the optimal strategies are given by

n(z) = ;/7 0(z) = ;;/;Zr 7= Tyz, c(z) = vyz.

Since the diffusion coefficient a(z) = 60(z)(1 —6;),

o= o) =yomy(l —my).

n(z)

The constants in the solution of the corrector equation are given by,

3_2 1/3
po = (4Z2 (MOMOJ)) 7
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Since

—_—

(v2) 7 = (),

the unique solution u(z) of the second corrector equation
cX(1—y
u@) =) = T0 D i v(a
14
is given by
o (1— _ _
u(z) = (2y D it () = o',

where |
ug = (M (1— my)) v, 0.

Finally, we summarize the expansion result in the following.
Lemma 8.1 For a power utility function U,
VE(x,y) = v(z) — €2upz' T+ O(€?).

The width of the transaction region for the first correction equation 2&y = 21(z)po is given by

1/3
28y = (f/(/lo,l_i_/ll,o)) (ﬂM(l—ﬂM))2/3-

The above formulae with A%/ =1 are exactly the same as equation (3.13) in [20] .
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