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ASYMPTOTIC ANALYSIS OF LONG-TERM INVESTMENT
WITH TWO ILLIQUID AND CORRELATED ASSETS

XINFU CHEN* MIN DAI° WEI JIANG! CONG QIN*

ABSTRACT. We consider a long-term portfolio choice problem with two illiquid and correlated
assets, which is associated with an eigenvalue problem in the form of a variational inequality.
The eigenvalue and the free boundaries implied by the variational inequality correspond to
the portfolio’s optimal long-term growth rate and the optimal trading strategy, respectively.
After proving the existence and uniqueness of viscosity solutions for the eigenvalue problem,
we perform an asymptotic expansion in terms of small correlations and obtain semi-analytical
approximations of the free boundaries and the optimal growth rate. Our leading order
expansion implies that the free boundaries are orthogonal to each other at four corners and
have C* regularity. We propose an efficient numerical algorithm based on the expansion, which
proves to be accurate even for large correlations and transaction costs. Moreover, following
the approximate trading strategy, the resulting growth rate is very close to the optimal one.
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1. Introduction

Merton (1969, 1971) pioneers in continuous time portfolio selection problems. Magill and
Constantinides (1976) introduce transaction costs to Merton’s model and show that a no-
transaction region exists. In this paper, we consider a long-term investment problem for a
constant absolute risk aversion (CARA) investor who faces proportional transaction costs and
has access to two correlated risky assets as well as a riskfree asset. If the risky assets are
uncorrelated, Liu (2004) shows that the problem can be reduced, by virtue of the separability
of the CARA utility function, to the single risky asset case, which leads to the separability of
the optimal investment strategy, i.e., keeping the dollar amount invested in each risky asset
between two constant levels. Graphically, the no-transaction region is a rectangle in the two
risky assets plane for the uncorrelated case; see the blue dashed lines in Figure 1. However, the
separability loses effect when risky assets are correlated. We aim to employ asymptotic analysis
to investigate how the correlation of two risky assets affects the optimal trading strategy and
the portfolio’s long-term growth rate.

In the presence of proportional transaction costs, the long-term investment problem is
associated with an eigenvalue problem in the form of a variational inequality with gradient
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Figure 1. No-Transaction Regions with Different Correlations (Left: p = 0.1, Right:
p = 0.3). In each plot, the thick black (resp. blue) dot is the Merton’s strategy in the absence
of transaction costs but with a non-zero (resp. zero) correlation; The blue dashed rectangle
is the uncorrelated case (i.e., p = 0) but with transaction costs; The red dotted lines are
numerical solution in the presence of both correlation and transaction costs; The black solid
lines are the asymptotic expansion solution in the presence of both correlation and transaction
costs. Other parameters are summarized in Table 2.

constraints, where the eigenvalue represents the long-term excess growth rate (i.e., the long-
term growth rate minus the riskfree rate), and the free boundaries implied by the variational
inequality correspond to the optimal trading strategy. Due to the lack of analytical solutions, we
provide theoretical proof for the existence and uniqueness of viscosity solutions to the variational
inequality and study the resulting free boundaries using asymptotic analysis." To characterize
the optimal trading strategy, one needs to locate the free boundaries. Despite numerical
methods (e.g., the finite difference method) can be used, a large amount of computation is
required to accurately identify the free boundaries as they are associated with the gradient of
the corresponding value function. Besides, when transaction costs are tiny, one needs to develop
special numerical methods to obtain stable solutions. For example, using asymptotic analysis,
Possamal et al. (2015) rescale their portfolio optimization problem with small transaction costs
and numerically solve the limiting equation obtained. In contrast, our asymptotic expansion
relies on a limiting equation that permits a semi-analytical solution, efficiently approximating the
optimal trading strategy. The asymptotic expansion also allows us to quickly obtain a reference of
the long-term excess growth rate. Numerical experiments reveal that following the approximate
trading strategy, the resulting growth rate is very close to the optimal one. Moreover, our
asymptotic analysis may be extended to more advanced models, such as stochastic volatility
and stochastic return models, for which a joint expansion in correlations and transaction costs
is needed due to the absence of analytical solutions even with a single risky asset. An extension
to more than two risky assets is possible, but one needs to select appropriate small parameters
for expansions since a correlation matrix is involved. Furthermore, our expansion provides
theoretical support for some interesting numerical observations. For example, our leading order
expansion suggests that even in the correlated case, the free boundaries are orthogonal to each
other at four corners, consistent with our numerical results (see Figure 1). This orthogonality

1 Tt remains open to prove the regularity of the free boundaries, which is indispensable to construct an optimal
strategy through a Skoroklod problem (see, e.g., the proof of Proposition 5.2 in Dai et al. (2010)).



implies that the optimal trading boundaries should have C' regularity, which sheds light on
the future study on the regularity of the trading boundaries.

Related Literature. This paper adds to a large body of literature on portfolio selection
with transaction costs. Since the seminal work of Magill and Constantinides (1976), Merton’s
model with transaction costs has been extensively studied along different lines, e.g., theoretical
characterization of the no-transaction region (Davis and Norman (1990), Shreve and Soner
(1994), Liu and Loewenstein (2002), Dai and Yi (2009), Dai et al. (2009), Chen and Dai (2013)),
the effect of transaction costs on liquidity premium (Constantinides (1986), Jang et al. (2007)),
utility indifference pricing (Davis et al. (1993), Constantinides and Zariphopoulou (2001)),
martingale approach (Cvitanic and Karatzas (1996)), shadow prices (Kallsen and Muhle-Karbe
(2010)), numerical solutions (Gennotte and Jung (1994), Muthuraman (2006), Muthuraman and
Kumar (2006), Dai and Zhong (2010)), risk-sensitive asset management (Bielecki and Pliska
(2000), Bielecki et al. (2004)), and asymptotic analysis.

This paper is closely related to the extensive literature on asymptotic analysis with small
transaction costs that has gained a lot of attention since the early important contributions by
Shreve and Soner (1994), Atkinson and Wilmott (1995), Whalley and Wilmott (1997), and
Janecek and Shreve (2004). Recently, in a general market setting, Kallsen and Muhle-Karbe
(2017) formally derive leading-order optimal trading policies. Melnyk et al. (2020) show that
the leading order for small transaction costs is the same for agents with additive utilities and
agents with recursive utilities. For a general utility, Soner and Touzi (2013), Possamai et al.
(2015), and Altarovici et al. (2015) apply homogenization and the viscosity solution technique
to get rigorous expansions in multi-asset case with either proportional transaction costs or fixed
transaction costs; see the recent survey in Muhle-Karbe et al. (2017) and the references therein.
Melnyk and Seifried (2018) consider a long-term investment problem in an incomplete market
for both proportional transaction costs and Morton-Pliska costs. In contrast to this strand of
literature, we conduct asymptotic analysis with small correlations instead of small transaction
costs.

There is very little literature on asymptotic analysis with small correlations. To the best of our
knowledge, Atkinson and Ingpochai (2006) may be the only one in which a perturbation method
is used to examine a multiple-asset portfolio optimization problem with small correlations and
small proportional transaction costs. The differences between theirs and our paper lie in two
aspects: (a) They consider a life-time investment and consumption problem for a constant
relative risk aversion (CRRA) investor. In contrast, we consider a long-term investment for
a CARA investor and need to solve an eigenvalue problem as a result. (b) Their expansion
relies on small correlations and small transaction costs, while our expansion relies on small
correlations only. Thus, our expansion works even with large transaction costs; see Figure 3.

The rest of the paper is organized as follows. In the next section, we set up our model as an
ergodic control problem and provide a heuristic derivation of its associated HJB equation as an
eigenvalue problem. Section 3 presents our main theoretical results, including the existence and
uniqueness of viscosity solutions to the eigenvalue problem and an asymptotic expansion with
small correlations. In Section 4, we conduct an extensive numerical analysis to demonstrate
our expansion and investigate the impact of correlation and transaction costs on the optimal
trading strategy. The proofs of Theorem 1 and Theorem 2 are presented in Section 5 and
Section 6, respectively. Some basic properties in the one risky-asset case and a joint expansion
in small correlations and transaction costs are relegated to Appendix.
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2. Problem Formulation

2.1. Model Setup

We consider a financial market consisting of a risk-free asset with a constant interest rate r > 0
and two correlated risky assets. The price dynamics of the i-th risky asset (i = 1,2) is assumed

to follow a geometric Brownian motion, i.e.,
dP} P} = a;dt + o;dW},

where «; € R and o; > 0 are the constant expected return rate and volatility of the i-th
risky asset, respectively, and W' and W? are two standard Brownian motions with a constant
correlation coefficient p € (—1,1). We further assume that trading in the risk-free asset incurs
no transaction costs, while there are proportional transaction costs for trading the risky assets.
To be more precise, let Li and M; be respectively the cumulative purchase and sales (in dollars)
of the i-th risky asset. Then, during a time period [t,t + dt), a transfer of money from the
bank account to the i-th risky asset incurs purchasing costs A\;dLi. Similarly, there are selling
costs p;dM} during the time period [t,t + dt). Here \; > 0 and y; € [0,1) are the constant
proportions of transaction costs for purchasing and selling the i-th risky asset, respectively.
Therefore, given an initial allocation (z,y) = (z,y1,%2) € R? in risk-free and risky assets and a
trading strategy (L, M) = ({L', L?},{M*, M?}), the dollar amounts in the risk-free asset and
the two risky assets, denoted by Xy, Y;!, and Y;2, respectively, evolve according to
2 2
dX; = rXydt = (L+X)dL; + Y (1 — w)dM;, Xo- ==,
i=1 i=1 (2.1)
aY; =Y (oudt + o:dW) + dLi — dM{, g~ =y fori=1,2,

—Vvz

Following Guasoni and Muhle-Karbe (2015), we consider a CARA utility investor (i.e., —e
for z € R with the absolute risk aversion v > 0), who maximizes the long-term certainty
equivalent annuity?

sup  liminf 1 In E*Y {exp ( - V{XT +0Yr)—(x+y- 1)6TT})] (2.2)
(Lanecy) Tooo T
subject to (2.1), where 1 = (1, 1), ¢(y) is the liquidated wealth, namely,

& {(1 — i)y ify; >0,

Uy) = Z&'(%’)a biy:) = (14 Ay ifyi <0 (2.3)
=1 1) 91 i >

and C(z,y) is the set of all admissible controls such that the above system of stochastic
differential equations (2.1) has a unique strong solution with the initial state (Xy-, Yy-) = (x,y)
and that EfOT |Yie~™(XetY0)|24t < oo for all T > 0 to rule out doubling strategies. This is an
ergodic control problem.

Unless otherwise claimed, we always consider the transaction cost case, i.e., u’ + A\* > 0, and
assume a; > .3
2 The formulation is similar to that given in Definition 2.2 of Guasoni and Muhle-Karbe (2015). As noted
in Guasoni and Muhle-Karbe (2015), for » > 0, the risky investment part grows linearly with the horizon T,
while the risk-free part grows exponentially at the risk-free rate. Hence, the long-term certainty equivalent
annuity defined in (2.2) can be interpreted as the linear growth part contributed by the risky investment; see the

subsequent discussion for the special case without transaction costs, i.e., the classic Merton (1969) problem.
3 When a; = r, the investor will never invest in risky asset i.



2.2. The HJIB Equation Associated with the Ergodic Control Problem

The ergodic control problem (2.2) is associated with the following HJB equation:
min {6 — Afu], Blu], S[u]} =0 in R?, (2.4)

where the differential operators A, B, and S are defined, respectively, as

2 2 2
1
Al = 5 S oizizlun, — uzuz] + Y (0 — 1)z, (2.5)
=1

i=1 j=1
Blu] = min{l+ X —uz, 1+ X —us,}, (2.6)
S[U] = min{_l"i',ul"‘uzla _1+H2+uz2}7 (27)
and
2
— (5. — 01 pPo102
Y= (Uz])2><2 = (p0102 U% ) . (2.8)

Let us heuristically derive (2.4). Following Chen and Dai (2013) and Guasoni and Muhle-

Karbe (2015), we begin with the following finite horizon problem
V(z,y, t;T) = sup  EpY { —exp < —v[Xr + K(YT)]H (2.9)
(L,M)eCy(z,y)

subject to dynamics (2.1) with the initial value that (X,—,Y;-) = (z,y) € R x R2. Here C(z,y)
denotes all admissible strategies starting from the position (z,y) at time ¢, and E;{*Y is an
expectation operator conditional on (X;-,Y;-) = (x,y).

By dynamic programming principle, V solves the following HJB equation

min min{—V; — LV, 1+ X\)Ve = V,,, —(1 —p)Va +V,,} =0 inR®x [0,T) (2.10)

ie{1,2}
with the terminal condition V(z,y,T) = —e™(#T®) where the linear operator & is defined
by
1 2.2
LV = 2 Z Z iy Vyiy; + Z ;Y Vy, +raVy.
i=1 j=1 -

Motivated by Merton (1969), we introduce the following transformation
Ve, gt T) = —eve T r—0T—0)-ulztT), (2.11)

where z = ve" Ty is the wealth invested in the risky assets adjusted by both risk-free rate
and risk aversion, and 6 is chosen such that limp_; o w(z,¢;T) = 0. By a straightforward
calculation and sending 7' — ¢ to infinity, we then obtain (2.4).

Problem (2.4) is an eigenvalue problem with the variational inequality form, where € is the
eigenvalue, and wu is the eigenfunction that characterizes the optimal policy. To establish a
rigorous linkage between the eigenvalue problem (2.4) and the ergodic control problem (2.2),
one needs to prove either a verification theorem or a dynamic programming principle. Guasoni
and Muhle-Karbe (2015) prove the verification theorem for the single risky asset case (or the
case of multiple uncorrelated risky assets) for which an analytical solution is available. For
the correlated risky assets case, due to the absence of an analytical solution, the proof of the
verification theorem requires a certain regularity of the solution to (2.4), which we leave for
future study.



Let us give a financial interpretation of 6. In the absence of transaction costs, problem (2.9)
has the following explicit solution, whose value function is denoted by V:

V(eyt:T) = —exp (— vz +y- 1T~ a0 (0 - 1)(T 1),

2
and the corresponding optimal allocation in risky assets is given by
Y a—r)
ver(T—t)

where @ = (a1,a), r = (r,r)"", ¥ is as given by (2.8), and M"" stands for the transpose
of a matrix M. By removing the exponential growth term v(z + y - l)e’"(T_t), the long-term
certainty equivalent annuity contributed by risky investment is given by

1

0= 5l = r)"Y Ha —r). (2.12)

We call
7=YYa—-r) (2.13)
the Merton’s strategy (deflated by risk aversion and interest rate) for the long-term problem
(2.2). Interestingly, one can easily check* that @ is nothing but the portfolio’s long-term excess
growth rate (i.e., the long-term growth rate nets of interest rate)’, i.e.,
— 1
0 = sup liminf —E[ln(X7 + Y7)] — r.
x T—oo T

Hence, we may also interpret 6 in (2.4) as the long-term excess growth rate in the presence of
proportional transaction costs.

3. Main Results

First, we prove the existence and uniqueness of viscosity solutions to the eigenvalue problem
(2.4) and characterize the resulting optimal trading strategy.

Theorem 1. Let £(-) and 0 be defined in (2.3) and (2.12), respectively. Then the followings
hold:

(i) Problem (2.4) has a wunique wviscosity solution (0,u) with the growth condition
limy, oo u(2)/€(2) = 1. Moreover, 0 < 0 <0, u is concave, and zu., € C(R).
(ii) Define the no-trading region N;, buy region B;, and sell region S; for risky asset i:

N; = {(2’1,22) | 11— < Uy < 1+ )\i},
B, = {(21,22) |uz; =1+ N}, Si={(21,22) |uz, = 1 — i},
and denote

BB=B,NBy;, BN=B, NN, BS=B;NS,,
NB=N;NBy, NN=N;NNy;, NS=N;NS,,
SB=S,NBy, SN=S;N Ny, SS=S5N8S,.

4 See, e.g., Melnyk and Seifried (2018).

5 Tt is worth pointing out that this coincidence between @ and the long-term excess growth rate holds for the
exponential utility and usually fails for a general utility function. In addition, the formulation of long-term
growth rate implies a no-bankruptcy assumption that X7 + Y7 > 0, which is not required in (2.2).



Then there are bounded functions l;t R — R and intervals [b. s; ] satisfying
(b7, (07) = (17 (s5),85 ), (17 (53),55) = (s1, 15 (s1)),
b

(I (by ), by) = (by 1y (by)), (515 02(sy)) = (1 (b3), b3),
such that
SS = [sf,00) x [sf.00), SN ={(21.22) | 22 € (6, 83), 21 > U (2)},
SB = [31 ’ ) X (_Ooab;]v NB = {(zh 2) ‘ z1 € (bl 781 ) Z2 < l2 (Zl)}a (3 1)
BB = (—00,b; ] x (=00,b;], BN ={(21,22) 22 € (b2 185), 21 <y (22)}, '
BS = (—00,b] x [s5,00), NS ={(z1,22) |21 € (b, 57), 22 =I5 (21)},
and
NN = {(2’1,2’2) | ll_(ZQ) <z < ZT(ZQ), 12_(2’1) < 2o < l;(zl)} (32)

Moreover, the boundary of each corner region SS, SB, BS, and BB consists of one
vertical and one horizontal half-line, whereas the boundary of each of SN, NS, BN, and
NB consists of two parallel either vertical or horizontal half-lines and a curve in between
connecting the endpoints of the two half-lines.

The proof of Theorem 1 is deferred to Section 5. The uniqueness follows from a comparison
principle (i.e., Lemma 5.1), whose proof is inspired by Hynd (2012) and Possamai et al. (2015),
and one of the key steps is to introduce a suitable transformation such that the gradient
constraint in (2.4) is transferred to a new one restricted in a closed and convex set including the
origin. Regarding the existence, we consider an auxiliary problem (5.11), as is commonly used
in ergodic control (see, e.g., Borkar (2006)). It is worth pointing out that to prove the existence,
the existing literature (e.g., Hynd (2012); Possamal et al. (2015)) typically adopts the standard
Perron’s argument by explicitly constructing appropriate sub and super solutions of problem
(5.11). In contrast, we use the method introduced in Chen and Dai (2013) by first considering a
related investment and consumption problem with a finite horizon and then sending the horizon
to infinity. An advantage of this method is that many nice properties such as the concavity of
the value function for the finite horizon problem are retained for the infinite horizon problem.
Using the concavity and the growth condition, we can directly apply the argument in Chen and
Dai (2013) to characterize the trading and no-transaction regions.

Remark 3.1. Note that if (6,u) is a solution of (2.4), then (0,u + C) is also a solution of
(2.4) for any constant C. However, this non-uniqueness of eigenfunctions has no impact on the
eigenvalue. Therefore, the uniqueness of problem (2.4) means that all such eigenfunctions are
considered identical.

Part (ii) of the above theorem indicates that the optimal trading policy is determined by
the boundary of the no-transaction region, as depicted in Figure 1. In this paper, we shall
further derive an asymptotic expansion with a small correlation p for the boundary of the
no-transaction region as well as for the long-term excess growth rate 6.

To obtain the asymptotic expansion in an explicit form, we introduce the following new

variables £ = (&1, &2) and function U (§):
& =Inlz|, U®E)=e & 2b
where

B=(p1,B) ="' (r—a+ ;ad) (3.3)



with o4 = (011, O'QQ)tT.

Thanks to Theorem 1, the variational inequality (2.4) for (6, u) can be transformed into the
following free-boundary problem for (©,U) coupled with the unknown no-transaction region
NT¢, which is characterized by the unknown optimal trading boundaries I';;, such that

—03Ug ¢, — 03Uge, = OU + 2p0109U¢ ¢, in NT,

Ug, + (Bi + kijzi)U =0 on I, (3.4)
Ug,e, + [kijzi — (Bi + kijz:)*]U = 0 on I,
where k;; are defined as
kit =14 X, kio=1—p,. (3.5)
In addition, # and © are related by the equation
1 1 22
0=2506+7 ; ; 7ijPif;- (3.6)

And NT¢ has a similar structure of N'T stated in (3.2), i.e.,
NTe = {(£1,€2) [h1(§2) < & <li2(&2), 121(61) < &2 <lo2(&1)}-

where [;; is the transform of lfﬁ in terms of the new variable &.

So, based on the above notations and transformation, we seek the following formal asymptotic
expansions in terms of small correlation p for (i) the long-term excess growth rate ©, (ii) the
optimal trading boundaries /;;, and (iii) the eigenfunction U:

0 = 0400 +0(p?), (3.7)
lij(gi) = b + Piij(gi) +0(p?), with &1 =&, & =&, (3.8)
Uér,&) = UL &) +pU(&r, &) + O(p?), (3.9)

where {09, o, bij} and {iij, Ue,U } are respectively constants and functions given explicitly by
the following theorem.

Theorem 2. Let ; and ki; fori,j = 1,2 be defined by (3.3) and (3.5), respectively. Then the
formal asymptotic expansions proposed in (3.7)—(3.9) have the following explicit forms:

(i) Regarding the zeroth-order terms,

0 = 470, + 030, (3.10)
by — |20 (3.11)
U%&,&) = Ui(&)Ua(&2), (3.12)

where v;; = % + (_21)j 1 —43; — 40,

Ui(&i) = cos (\/@Ti(& — bi1) + arccot \fy@l> , (3.13)
71

and ©; € (—B%,1/4 — ;) is a solution of
L+ 1-26—VI—45,— 19,

In = In (3.14)
1_Ni 1—252'4- 1—4,31'—492'
+ (arccot 2v0; — arccot 2V0; )
O, 1+ 1 —43; —46; 1—+/1—4p5; — 46,



(ii) Regarding the leading order terms,

) - bia b2z 17 1 U1 U dérd
O = 20’10’2};{1?211 b2b221 2122 1Y2 &1 52’ (3’15)
ot o U2U2d¢, dés
. bis .
() = ZW SN R PN D
“ bo.: 5
lj(1) = Zwlp pq9 %;;;J)a 2;(b15) = 0, (3.17)
q=
U(6,&) = ZZcpqwlp@l)wq(sz» (3.18)
p=0 q=0

where Hij = [’Yij — ,81][1 — Qsz]Uz(bz]) Coo — 0
20102 fb UL (§)Y1p(61)d6n b21 * Us(&2)2q(62)dS2
0201, + 0304,

O;p is the root of the algebraic equation

for (p,q) # (0,0), (3.19)

Cpq =

VOi +6; VOi+6;
VOi + Oip(biz — bj1) = pr + arccotﬁyip - arccotﬁyip, (3.20)
i2 il
and ;p 15 given explicitly by
\/O; + 6,
Vip(&) = cos <\/@i +O;p(& — bin) + arccot,yp> ) (3.21)
il
Remark 3.2. (i) Here we use the convention that if © < 0, then VO = iy/—0. Also,
cos(iz) = cosh(x), cot(ix) = —icothz, arccot(—icothz) =iz forx € R.

(ii) From Theorem 1, the boundary of each corner region SS, SB, BS, and BB consists of
one vertical and one horizontal half-line. Thus, the fact that lzj(bij) = 0 emplies that the
sell and buy boundaries of each asset are C' according to the leading order expansion.
Graphically, the four trading boundaries are perpendicular to each other at every corner;
see Figure 1.

(iif) In fact, {Oip, Yip}p2o are all eigenpairs of the following eigenvalue problem

i, — Oithip = Ouppthip i [bi1, bial,

ip(bij) + vigip(bij) = 0, J=12, (3.22)
fb i2 fp z)dz = 1.

(iv) Note that our expansions in Theorem 2, which do not rely on the assumption of small
transaction costs, are power series of trigonometric functions. We highlight that the complex
power series expressions cannot be simplified as a joint expansion in small transaction
costs and correlations; see Proposition 1 in Appendiz B. The reason is that any expansion
involving small correlations must be related to the eigenvalue problem (3.22), whose solution
s power series of trigonometric functions.

(v) One can use the closed-form asymptotic expansions to construct a trading policy, which
s expected to be optimal at the leading order for small correlations. This “leading-order
optimality” may be established using stochastic control arguments or convexr duality; see,
e.g., Possamai et al. (2015).



Due to the heavy use of notations, we summarize the most important notations in Table 1

for comparison and later reference:

Table 1. Key Notations

Long-Term Excess Optimal Trading

Growth Rate Boundaries Eigenfunction
For Merton 0 T NA
For the original variables z 0 lii U
For the new variables ¢ © lij
For the zeros order terms e bi; Uo
For the leading order terms 6 Zij U

Before giving the proof of the main results, we apply our formal asymptotic expansions and
conduct an extensive numerical analysis.

4. Numerical Analysis

To test our asymptotic expansion, we first introduce the following finite difference method
(FDM) to obtain a benchmark solution since a closed-form solution is absent.

4.1. Finite Difference Method

We use the penalty method presented in Dai and Zhong (2010) to solve the variational inequality
(2.4) with an implicit finite difference scheme.® More precisely, we first consider the following
approximation problem with a linear operator L:
. (7 A~ L o - ~(n) ~ Sl Sre
min {9 — Lu — 50’%[ug)]2 ~ 502 [ug)F - palagug)ug), B[], S[u]} =0,
where & = In |z, (0, @) is the unknown pair, and (9, @(™) is the (last) n-th iteration solution
pair. Operators £, B, and S are defined, respectively, by

5 1 5. - 1 5. 1 - - -
Lu = 50%%151 + po102Ug ¢, + §U§u5252 + (al —r— 50% - p0102ug) — U%ué?)u&
1
+<a2 —Tr— 50’% — pO’lo'Zug’;’) _ Ugué';l))ugZ,
Bla] = min {(1 Az — iy, (14 Ag)za — a&},
Sfa] = min{ — (1= )z + g, —(1 - po)ze + g, }-

Note that, as mentioned in Remark 3.1, the eigenfunction u of the problem (2.4) is not unique.
So, we will impose an artificial condition later.

Next, for a given parameter set, we restrict attention to a suitable bounded domain D¢ =
(§1, &) x (§2, &) C R? such that D¢ contains the no-transaction region NT¢. The numerical

algorithm can be described as follows:

6 Different from the policy iteration method used in Possamai et al. (2015) and Altarovici et al. (2017), we first
linearize the differential operator A in the variational inequality (2.4) by the Newton method, and then apply
the non-smooth Newton method to handle the penalty approximation to the variational inequality.

10



Step 1. Given n-th iteration result (6, @(™) with an initial guess (e.g., (0, a(?) = (8, ¢)),
solve the following linear problem for (5, @) in the domain D,

0 = 6 Li- ot - o3fal) ) - poroal) )

2
+P x Z 1{(1+>\i)zz'fﬁ§7.’)<0} ((1 + \i)zi — agi)
i=1 i

2
X Z 1{ﬁ§7)—(1—ui)zi<o} (a&' - (1 - Mz‘)%‘),
i=1 i
coupled with boundary conditions:

g, (§,,&2) = L4+ M)zp, g (61,E,) = (14 A2)zy,
g, (61.62) = (L — m)21, g (&1, &) = (1— p2)2
and an additional condition u(§ s 2) = 1 that ensures the uniqueness of the eigenfunction.
Here 1y is an indicator function, and P is a big positive constant (e.g., P =10°) that
is known as the penalty parameter.
Step 2. Calculate the relative error

16, @) — (6™, a™))|

1@, atmy|
If the relative error RE < €, where € is a given small constant (e.g., e = 107!2), then
set (0,u) = (0, @) and stop; Otherwise set (91 a("+1) = (9, 4) and go to step 1.

RE =

In our numerical experiment, we regard the solution with the mesh size of 800 x 800 as the
benchmark; see the dotted line in Figure 1. The basic parameter values are summarized in
Table 2. That is, the interest rate is 3% per year. For risky asset one, the expected return rate
is 10% and the volatility is 20%. For risky asset two, the expected return rate and volatility
are 12% and 25%, respectively. Finally, the proportion of transaction cost of each risky asset is
set to be 1% for both selling and buying. This computation is relatively costly, and it takes
about 15 minutes to get a solution by a laptop with CPU 2.5GHz Dual-Core Intel Core i7.

Table 2. Basic Parameters

Risk-free Rate Risky Asset One Risky Asset Two

Notation T ap o1 A1 Qay 09 Ay 2
Value (%) 3 10 20 1 1 12 25 1 1

4.2. Asymptotic Method

Thanks to Theorem 2, one can directly apply the expansion. Note that in our formal expansion,
the leading order terms are expressed in a series form. By a rule of thumb, we take the first 10
terms in our numerical algorithm, which is described below:

Step 1. Solve the algebraic equation (3.14) to obtain O;;

Step 2. Use ©; to get b;j; and U; from (3.11) and (3.13), respectively;

Step 3. Solve for © by the integration formula (3.15);

11



Step 4. For p=1,2,--- ,10, solve the algebraic equation (3.20) to obtain ©;;,, and then calculate
eigenfunction 1;, by (3.21);

Step 5. For p,q=0,1,2,---,10, solve for coefficients c,q, trading boundaries iij, and eigenfunc-
tion U by (3.19), (3.16), (3.17), and (3.18), respectively;

Step 6. Calculate the long-term growth rate © = 020 + 050 + pé) and the optimal trading
boundary [;; = b;; + pZij;

Step 7. Finally, calculate the long-term excess growth rate by (3.6), ie., 8 = %@ +
%2?21 2]2‘:1 0i;Pif;, and the optimal trading boundary l;t is derived from l;; by
a change of variable & = In|z;|.

4.3. Optimal Trading Boundaries

20-

Z3

1‘.4 1‘.6 1‘.8 2‘.0 2‘.2 * 2‘.4 2‘.6 1.‘5 2.‘0 2.‘5 3.‘0

Z4 Z,
Figure 2. No-Transaction Regions with Different Correlations (Left: p = —0.1,
Right: p = —0.3). In each plot, the thick black (resp. blue) dot is the Merton’s strategy in
the absence of transaction costs but with a non-zero (resp. zero) correlation; The blue dashed
rectangle is the uncorrelated case (i.e., p = 0) but with transaction costs; The red dotted
lines and the black solid lines correspond to the benchmark and the asymptotic expansion,

respectively, in the presence of both correlation and transaction costs. Other parameters are
given in Table 2.

Let us consider the optimal trading boundaries. Figures 1, 2, and 3 illustrate some numerical
experiments on optimal trading boundaries. More specifically, in each plot, the thick black
(resp. blue) dot is the Merton’s strategy in the absence of transaction costs but with a non-zero
(resp. zero) correlation; The blue dashed rectangle is the uncorrelated case (i.e., p = 0) but
with transaction costs; The dotted and solid lines are the optimal trading boundaries obtained
by the FDM and the asymptotic expansion, respectively, in the presence of both correlation and
transaction costs. Default parameters are summarized in Table 2. As you can see, for |p| = 0.1
(see left panels in both Figures 1 and 2), our asymptotic expansion has an impressive accuracy
compared with the benchmark result by FDM. For an even larger correlation |p| = 0.3 (see right
panels in both Figure 1 and 2), our asymptotic expansion also provides a good approximation.

Moreover, since our expansion is for a small correlation p and does not rely on the assumption
of small transaction costs, they should work equally well for different levels of transaction costs
provided that the correlation is relatively small. Figure 3 compares our expansion (black solid
lines) with the FDM (red dotted lines) for a large transaction cost level (i.e., p; = A; = 10% for
i =1,2). The left panel shows that, as with small transaction costs, our expansion performs

12
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Figure 3. No-Transaction Regions for Large Transaction Costs (\; = u; = 10%,
Left: p = 0.1, Right: p =0.3). In each plot, the thick black (resp. blue) dot is the Merton’s
strategy in the absence of transaction costs but with a non-zero (resp. zero) correlation; The
blue dashed rectangle is the uncorrelated case ( i.e., p = 0) but with transaction costs; The red
dotted lines and black solid lines correspond to the benchmark and our expansion, respectively,
in the presence of both correlation and transaction costs. Other parameters are summarized
in Table 2.

impressively well when the correlation level is 0.1. Even for a much larger correlation, say 0.3,
the right panel of Figure 3 indicates that our expansion still provides a good approximation.
More interestingly, by comparing the right panels in Figures 1 and 3, we find that facing a large
correlation, the trading boundaries (black solid lines) with a large transaction cost match the
benchmark (red dotted lines) better than the case with a small transaction cost. This suggests
that our asymptotic expansion method can be potentially applied to investments with very
illiquid assets such as housing, art products, and so on.

Next, we turn to the impact of correlation on the optimal trading boundaries. Compared to
the uncorrelated case, the no-transaction region is no longer a rectangle but a quadrangle with
curved boundaries being orthogonal to each other at four corners. In the presence of correlation,
the two risky assets have a substitution effect for each other, which leads the rectangle to be a
quadrangle. However, the boundaries are perpendicular to each other at the corner, as verified
by the fact that lzj(bij) = 0 for the leading order expansion. From Theorem 1, the boundary of
each corner region SS, SB, BS, and BB consists of one vertical and one horizontal half-line.
Thus, this orthogonal property at four corners implies that the sell and buy boundaries of each
asset are C'! for the leading order expansion.

Figures 1 and 2 further show two interesting features: (a) The no-transaction regions shift
along the 45-degree line in the two-asset plane upward and downward for negative correlations
and positive correlations, respectively. (b) The slopes of optimal boundaries tend to be positive
(negative) for negative (positive) correlations. These can be interpreted from the diversification
effect. Indeed, a more negative correlation implies a bigger diversification benefit, thus, investors
should invest more in risky assets. This leads to the shift of the no-transaction region upward
along the 45-degree line in the two-asset plane. Meanwhile, when the holdings in one risky asset
increase, investors should allocate a larger position in the other risky asset for hedging purposes
since they are negatively correlated. Hence, the slopes of optimal boundaries are positive in the
case of negative correlation. Similar results can be obtained in the case of positive correlation.
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Finally, correlations seem to have no notable impact on the width of the no-transaction region
that is significantly affected by transaction costs.

4.4. Long-Term Excess Growth Rate

°

o

Long-term excess growth rate

Long-term excess growth rate

Figure 4. Long-Term Excess Growth Rates. In each plot, the red dashed, blue dotted,
and black solid lines represent the long-term excess growth rates obtained by Merton’s solution

(i.e., 0), the FDM (i.e., 0¢), and our expansion (i.e., 0,), respectively. Left Panel: Basic
parameter values are summarized in Table 2. Right Panel: Empirical parameter values from
Flavin and Yamashita (2002) for housing and stock markets. That is, the risk-free rate r = 1%;
for the relatively liquid risky asset (stock): a1 = 8%, o1 = 24%, A1 = p1 = 0.1%; for the
illiquid risky asset (house) as = 6%, o2 = 14%, A2 = u2 = 3%.

In this subsection, we investigate the eigenvalue 6, which stands for the portfolio’s optimal
long-term excess growth rate.

First, to measure the accuracy of our expansion, one way is to simply compare the long-term
excess growth rates obtained by the FDM and by our asymptotic expansion, which are denoted
by 07 and 0, respectively. Figure 4 gives such a direct comparison. In each plot, the red
dashed, blue dotted, and black solid lines represent the long-term excess growth rates obtained
by Merton’s solution (i.e., §), the FDM (i.e., §), and our expansion (i.e., f,), respectively. The
left panel shows the results with our basic parameter values in Table 2, while the right panel
present the results for the parameter values reported in Flavin and Yamashita (2002) studying
the housing and stock markets.

For both two sets of parameter values, we can see that the long-term excess growth rates
obtained by our expansion (black solid line) and by the FDM (blue dotted line) are pretty
close even for a large correlation |p| = 0.3.7 Of course, all these long-term excess growth rates
are bounded from above by that in Merton’s economy (red dashed line). In addition, there is
an interesting observation that the long-term excess growth rate obtained by our expansion is
always less than that obtained by the FDM, which implies that the second order term in our
expansion (i.e., the term O(p?)) may contribute positively to the long-term investment. The
difference tends to be large as the magnitude of correlation increases but in a non-symmetric
way. That is, for the same magnitude of correlation, the difference with a positive correlation is
less than that with a negative correlation. This suggests that our expansion performs better

in the case of a positive correlation. Moreover, as the correlation increases from negative to

7 In fact, we find that the difference is typically less than 0.3% for |p| < 0.3.
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positive, the long-term excess growth rate is monotonically decreasing for both cases with and
without transaction costs. This is because the effect of diversification becomes stronger as the
correlation tends to be —1.

Table 3. Comparison of Long-Term Excess Growth Rates. The row with zero
transaction costs (i.e., \; = pu; = 0%) displays the long-term excess growth rates of Merton’s
solution (i.e., @) for different correlations. For other transaction costs ranging from 0.1%
to 10%, each has three rows of data: The upper and middle rows collect the long-term
excess growth rates calculated by the benchmark FDM (i.e., 0f) and our expansion (i.e.,
0.), respectively. The lower row shows the implied growth rates that are associated with
implementing the trading strategy from our expansion (i.e., éa) Other parameter values are
documented in Table 2.

Costs Correlation p

Ai=p;  -0.3 -0.2 -0.1 0 0.1 0.2 0.3

0% 18.01% 15.76% 14.01% 12.61% 11.46% 10.51% 9.70% @

17.94% 15.70% 13.96% 12.56% 11.43% 10.47% 9.68% oy
0.1% 17.66% 15.53% 13.85% 12.48% 11.34% 10.37% 9.53% 6.
17.86% 15.64% 13.91% 12.52% 11.39% 10.44% 9.64% 6.

17.83% 15.60% 13.87% 12.50% 11.36% 10.42% 9.62% o,
0.2% 17.55% 15.44% 13.77% 12.42% 11.28% 10.32% 9.48% o,
17.76% 15.55% 13.83% 12.46% 11.33% 10.39% 9.58% 6.

17.73% 15.52% 13.80% 12.43% 11.30% 10.36% 9.57% oy
0.3% 17.46% 15.37% 13.71% 12.36% 11.23% 10.27% 9.44% .
17.67% 1547% 13.77% 12.40% 11.28% 10.34% 9.55% 6.

17.64% 15.44% 13.73% 12.37% 11.25% 10.32% 9.53% o,
0.4% 17.38% 15.30% 13.65% 12.31% 11.19% 10.23% 9.41%
17.59% 15.40% 13.70% 12.34% 11.23% 10.30% 9.51%

17.56% 15.37% 13.67% 12.32% 11.20% 10.28% 9.49% o;
0.5% 17.31% 15.24% 13.60% 12.26% 11.15% 10.20% 9.37%
17.51% 15.34% 13.64% 12.29% 11.18% 10.26% 9.47%

17.26% 15.12% 13.45% 12.12% 11.03% 10.12% 9.35% o;
1% 17.02% 14.99% 13.38% 12.07% 10.98% 10.05% 9.24% 6.
17.23% 15.09% 13.44% 12.11% 11.02% 10.11% 9.33% 4.

15.89% 13.94% 12.43% 11.23% 10.24% 9.41% 8.71% o;
5% 15.68% 13.83% 12.37% 11.19% 10.20% 9.36% 8.63% 6.
15.87™% 13.92% 12.41% 11.21% 10.23% 9.40% 8.69% 6.

14.92% 13.10% 11.70% 10.57% 9.65% 8.88% 8.23% ¢,
10% 14.70% 12.99% 11.63% 10.53% 9.61% 8.84% 8.17% 6.
14.89% 13.08% 11.68% 10.56% 9.64% 8.87% 8.21%

™
)

We now implement the trading boundaries obtained by the expansion to calculate the implied
long-term excess growth rate, denoted by 6,, which can be obtained by solving the equation
in the no-transaction region with the trading condition on the known boundaries from the
expansion. That is, (éa, @) solves the following eigenvalue problem

6, — Al =0 in NT,,
i, =1+XN onl fori=1,2 (4.1)
Uy =1 — omlNi+ fori=1,2,
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where the operator A is defined in (2.5), l;i are optimal trading boundaries obtained from the
expansion, and the approximated no-transaction region is given by

NT, = {(z1,22) | [] (22) < 21 < I} (22), I3 (21) < 22 < I (21)}.

One can use a finite difference scheme to numerically solve (4.1).

Table 3 provides a comparison of the long-term excess growth rates obtained by the three
different methods with different levels of correlations and transaction costs. The row with zero
transaction costs (i.e., \; = pu; = 0%) displays the long-term excess growth rates of Merton’s
solution (i.e., @) for different correlations. For other transaction cost levels ranging from 0.1%
to 10%, each has three rows of data in a group: The upper and middle rows collect the
long-term excess growth rates calculated by the benchmark FDM (i.e., ff) and our expansion
(i.e., 8,), respectively. The lower row shows the implied growth rates that are associated with
implementing the trading strategy from our expansion (i.e., éa) Other parameter values are
given in Table 2. As one can see, for each fixed pair of correlation and transaction costs, both
éa and 0, are less than the benchmark 6, but the former is closer to the benchmark than the
latter. Overall, the absolute error is less than 0.3%. For each fixed transaction cost level (each
row in Table 3), consistent with the observation in Figure 4, negative correlation increases
the diversification effect and thus leads to a higher long-term excess growth rate. Meanwhile,
for each fixed correlation level (i.e., each column in Table 3), as transaction costs decrease,
the spread of long-term excess growth rates calculated by 6, — 67 or 0, — f7 tends to increase.
However, this is by no means to say that our expansion is less accurate for small transaction
costs. In fact, a small transaction cost leads to a small no-transaction region. As a result, the
penalty method, which relies on the equation in the no-transaction region, becomes less stable.
In particular, we find that both the solvency domain and the penalty constant must be carefully
chosen to guarantee the convergence of the numerical scheme. By contrast, transaction costs
have no impact on our expansion due to its closed-form.

5. Proof of Theorem 1

To prove Theorem 1, we begin with the uniqueness of the eigenvalue problem (2.4). For later
use, we define the following closed convex subset of R? and corresponding support function

E:={zeR?: -\ <z <p,i=12}, (p(z)=supz-z forzecR% (5.1)
zel

5.1. Uniqueness
The uniqueness follows immediately from the following comparison principle.

Lemma 5.1 (Comparison Principle). Suppose that uy is a viscosity subsolution of (2.4) with
eigenvalue 01 and that ug is a viscosity supersolution of (2.4) with eigenvalue 2. Assume
further that

Then, we have 61 < 65.
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Proof. First, let C' be a positive constant to be specified later, and define
01 = —0+C, a1(2) = —uz(2) + 21 + 22, (5.2)

0y = —61 + C, 112(2) = —ul(z) + 21 + 29. (5.3)
Since up (resp. ug) is a viscosity subsolution (resp. supersolution) of (5.2) associated with the
eigenvalue 01 (resp. 62), one can easily check that @ (resp. us) is a viscosity subsolution (resp.
supersolution) of the following eigen problem associated with the eigenvalue 01 (resp. 65):

-1 - <
max {0 — §TT[ZZD211] —g(Da) — f(z), Blu], S[fc]} =0 inR? (5.4)
where T'r[-] is the trace operator,
2.2
. 0177 PO1022122
EZ o <p0’10’22122 U%Z% ) ’ (5'5>

2

2 2
- 1 - N N N
g(Da) = 5 E Zaijzizj (U Tz — Ty — Tz, + Z(ozi — 1) 2lUs,, (5.6)
(]

i

2 2 2
fz) = % SN oiziz = 3 (o —1)m + G, (5.7)
7 7 7
B[ﬂ] = max{ﬂ’zl — P, Uy — N2}7 (5.8)
S[a] = max{—i,, — A\, —liz, — A2} (5.9)

In addition, from the growth condition for u; and ue, we have the following growth condition

for w; and s9:

lim sup i (2) <1 <liminf ua(2)
|z]—o0 E(Z) |2|—00 EE(Z)

We choose C sufficiently large such that the convex function f is non-negative. Next, we will
apply a similar argument as in the proof of Theorem 3.1 in Possamal et al. (2015) to obtain a
comparison principle for problem (5.2) with the above growth condition, i.e., 0, < 65.

From the definition of the function ¢g(-) in (2.3), there exist L, L’ > 0 such that

L'|z| < lg(z) < Llz|. (5.10)
Next, fix some 7 > 0, 0 < 7 < 1, and define, by de-doubling variables technique,
1
u(x, z) := 71Uy () — U2(2) — 2—\35 — 2% for (z,2) € R? x R2
n

Since @ is a viscosity subsolution of (2.4), we have Dt; € F in the viscosity solution sense.
Then, for z # 0, we have

a(e,2) = (@) - i)+ (rin() — ia(2) - 2177\37 _ P
< (rin(z) —a(2)) + Llw — 2| - 2177|w P

ﬂl(z) ﬂQ(Z) 1 2
lp(x) (TEE(:E) - ZE(Z)> + 7Lz — z| — %L'E —z|~

By the growth conditions on u; and us and condition (5.10), this implies that

lim  w(z,z) = —o0.
|(,2) |00

17



Then, u(z, z) has a global maximizer (™", z™"). So, by the Crandall-Ishii Lemma (see Theorem
3.2 in Crandall et al. (1992)), we deduce that for any n > 0, there exist symmetric positive
matrices X and Y such that

1 -
(S —m.x) & Prrua)

(G =) e P,

and
X 0 2 . 1 12 _IQ
< = -
(O _Y>A+77A, with A 77<_12 I )
which implies that X <Y.
Since 41 is a viscosity subsolution, we have Duy € E in viscosity solution sense. Thus,

1
N < — (2] = 20" < pg, fori=1,2.

(2

™
which in turn implies, by using 7 € (0, 1), that
1
=N < =(x]" =20 <y, fori=1,2.
n

Thanks to the above strictly inequality and the fact that @; (resp. ag) is a viscosity subsolution
(resp. supersolution) of (2.4), we immediately have

b1 = o Tr(2) —g (@™ =) ) = ™) < o
2T ™

~ 1 1
0y — §T7‘(EZY) -9 ((ac”] - zT’”)) — f(z"") > 0.
n
Consequently,
s 1 T _ 5T T _ LT
-ty < Ty g (T ) =g (T gt — g7

xT7,r] —_ Z‘T7,r] xTﬂl —_ ZT777
< 79 (”7) -9 <77> + f(&™) = f(z77).

By standard techniques from the theory of viscosity solutions, we then construct a z” € R? and
a sequence (7, )n>0 converging to zero such that (x7™ 27M) — (27, 27) as n — co. Passing
to the limit in the above inequality and using the fact g(0) = 0, we have 701 — 05 < 0, leading
to 1 < 03 due the arbitrariness of 7 € (0,1).

Finally, 6; < 65 follows immediately from the definition of 6; for i = 1, 2. U

5.2. Existence

Now let us turn to the existence of a solution of problem (2.4). Motivated by the method used
in ergodic control (see, e.g., Borkar (2006); Hynd (2012); Possamal et al. (2015)), we consider
the following auxiliary problem, for any § > 0,

min {ous — Alus], Blus], S[us]} =0 in R?, (5.11)
where u; is the unknown, and operators A, B, and S are the same as in the problem (2.4).

Lemma 5.2. Problem (5.11) has a unique viscosity solution with the growth condition
limy,|,o us(2)/€(2) = 1. Moreover,

(i) ug is Lipschitz continuous and concave;
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(i1) The following estimate holds:

s
0< i) —£0) < 3,

where O is given in (2.12) with a; — r replaced by a; —r — 4.

(5.12)

Proof. The uniqueness can be obtained from a comparison principle similar to Lemma 5.1,
whose proof is therefore omitted.

To prove the existence, one can follow the existing literature (e.g., Hynd (2012) and Possamai
et al. (2015)) by using Perron’s argument to construct appropriate sub and super solutions for
problem (5.11). Alternatively, we will use the method introduced in Chen and Dai (2013) by
first considering a related investment and consumption problem with finite horizon T < oo.
Then, the solution of (5.11) is obtained as the limit of the solution for the finite horizon problem
when T goes to infinity.

To be more precise, consider the following investment and consumption problem with finite
horizon T

T
sup E;Y [ — / ke VCsds — eV X HOT)) |
(L,M,C)eCc(z,y) t

where £ > 0 is a weight of consumption rate Cy, C.(x,y) is the set of all admissible strategies,
and X; and Y; satisfy dynamics (2.1) with r and «; being replaced by 0 and «; — r, respectively.
Let ®(x,y,t) denote the value function associated with the above investment-consumption
problem. Then, ® solves the following HJB equation:

‘min min{—®; — L, (1+ \;)P, — Py, —(1 — )@, + Py, } =0in R x [0,7)

1€{1,2} (513)

O(z,y,T) = —e V@t©)

where the differential operator £ is given by
1 —v
LD = 5 z 0ijYiYi Py,y; + Z(ai — 1)y Py, + 0P, + mr?eaﬂi({—e C—cd,} .
ij i
By Theorem 2.1 in Chen and Dai (2013), there exists a function 1 (z,t) such that
d(z,y,t) = — e VE(M)atb(T)~Ing(m)—(z.7)

where 7 =T —t, z = v{(7)y, and £ and b are defined by
5e7 _ R(ePT —1—67) + 87

= b)) =
&) 5+ kedT — K’ (7) §(0 + ked™ — k)
respectively. Moreover, the following estimate holds
0<Y(z,7) —£(2) < Os5b(T) . (5.14)

By sending 7' — oo (i.e., 7 — 00), thanks to Theorem 2.2 in Chen and Dai (2013), there exist
a function us(z) and a constant M such that

[Ur (2, 7)| + [9(2,7) = us(2)] < M(1+067)e"T .

In addition, us is a Lipschitz continuous concave viscosity solution of problem (5.11). Finally,
the key estimate (5.12) is derived from the estimate (5.14) and lim; o, b(7) =1/6 .
O
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Proof of Theorem 1 (i). It remains to prove the existence.
First, similar to the proof of Lemma 5.1, letting C' be a sufficiently large constant and defining
Us(z) = —us + 21 + 22, we obtain the following problem for s:

max {—;Tr[zzms] ~ g(Diig) — 1(2), Bliis), S[aa]} =0 R, (5.15)

where 3., g(-), f(-), B[], and S[-] are given by (5.5)-(5.9), respectively. Then, we can apply
the same argument as in the proofs of Lemma 5.2 and Corollary 5.2 in Possamai et al. (2015)
to obtain that the set {z € R? : Diis(z) € int(E)} is open and bounded independently of
0 < 6 < 1, where E is given by (5.1). This is equivalent to that the set N := {z € R? :
Blus(z)] > 0, Sus(z)] > 0} is also open and bounded independent of 0 < < 1. In other words,
the no-trading region is open and bounded independent of J.

Now, with the boundedness of the set N, the Lipschitz continuity of us, and the estimate
(5.12) (from Lemma 5.2), we can use the arguments of Section 4.2 in Hynd (2012) to obtain
the following convergence: There exists a sequence 6 > 0 tending to 0 such that as k& — oo

klglolo drus, (25,) =0 € R,
ug, — ug, (25,) — u € C(R?) locally uniformly,

where z5, € N, is a global minimizer of @5, for problem (5.15). To see this, note that, in
problem (5.15), f(-) is convex and the gradient constraints of @5 contain the origin, so one can
choose z5 € Ny, which is a global minimizer of @5. Then dus(zs) is bounded independently of §
since the set N is bounded independent of § and 0 < us(z) < 64(z) + 0 from the estimate
(5.12), where @ is Merton’s solution given by (2.12). Hence, we can choose a subsequence Jj,
such that limy_,o dpus, (25,) = 6.% The locally uniform convergence of us, — us, (2s,,) follows
from the Lipschitz continuity of us.

Next, the assertion that u is a concave viscosity solution of (2.4) associated with the eigenvalue
0, follows directly from the definition of viscosity solutions by passing to the limit under local
uniform convergence. In addition, the uniqueness comes directly from the comparison principle.

Note that 65 — 6 as § \, 0, thus (5.12) implies that 0 < § < §. Finally, the regularity result
ziu,, € C(R?) follows from Theorem 2.3 in Chen and Dai (2013). This completes the proof of
Theorem 1 (i). O

5.3. No-Transaction Region

Our existence proof suggests that u is Lipschitz concave and satisfies the growth condition.
This allows us to follow a similar argument as in Chen and Dai (2013) to prove the rest part of
Theorem 1.

Proof of Theorem 1 (ii). Let us first decompose the operator Au] as Afu] = $Tr[E.D%u]— f(z),
where ¥, is defined in (5.5), and

2 2
flz) = % Z Zoij(ziuzi =) (zjuy; —75) +0 — [

i=1 j=1

8 In fact, Srus, (2) — 0 for all z € R%. To see this, Sxus, (2) = dxlus, (2) — us, (25, )] + Sxus, (25,) = Srus, (2s,,) +
O(d%) due to the Lipschitz continuity of us, and the boundedness of zs, .
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with (71, 72) and @ being respectively the Merton’s optimal portfolio allocation and long-term
excess return rate given in (2.13) and (2.12), i.e.,
1

(T, 7) =Y Ha—-r1), 0= 5(04 —r)"Y ! a —r).

Since zu,, is continuous from Theorem 1 (i), f is continuous.

In addition, as u is Lipschitz concave and satisfies the growth condition lim,,|_, u(2)/¢(2) = 1,
we can apply the same argument as in the proof of Theorem 2.4 in Chen and Dai (2013) to
infer that there are bounded functions l;t : R +— R and intervals [bfc, sfc] for ¢+ = 1,2 such that

the characterizations in (3.1) and (3.2) hold. O

6. Proof of Theorem 2

In this section, we prove Theorem 2. We begin with the derivation of the formal expansion.
For convenience, we recall the problem (3.4) for U
_U%U&& - O’%U&& =0U + 2p0102U§1§2 in NTg,
Ueg, + (Bi + kijz)U =0 on Tj,
U&.gi + [k‘z]Zl - (,31 + kijzi)2]U =0 on Fij
where k;; are defined in (3.5), and © := 260 — Zij 0:i3iB; is a constant being part of the
unknown, NT¢ and I';; are the unknown no-transaction region and free boundary under new
variables having the shape described in (3.1) and (3.2).
Here we remark that the first boundary condition in (3.4) is derived from u,, = k;; on I';;.
The second boundary condition in (3.4) is derived from u,,,, = 0 and the following calculation

on I';;:
Ue,
0= _Z’L?uzizi = _zi(ziuzi)zz‘ + ziug = [5}52 - 7521 - % - Bi
_ Ug,e. — [Bi + kijzi]2U + kijz U
i :
Since (2;)¢; = 2, the second boundary condition in (3.4) can also be written as
[U&. + (Bi + Zikij)U]gi =0 on I} (6.1)

6.1. The Formal Expansion for Small p
Now we seek expansions in the form of (3.7)-(3.9). First, in NT¢, we have
0 = —0iUge, — 03Uge, — O°U°
+0{ = o, — 030, — 0°0 — OU° = 2010508 e, b+ O(p?).
Second, the first set of boundary conditions gives the following:

0 = Ug;+(Bi+kijzi)U

€i=bij+plij+0(p?)

= [Ugoi + (Bi + kijzi)U"]

i=bij

+P{iz’j [Ug. + (Bi + kijz) U, + [U& + (Bi + kijzi)d}

by using the boundary condition for U° and the identity (6.1).

21



Third, the second set of boundary conditions can be written as

0 = [Ug + (Bi+ kijzi)Ulg,

&i=bij+plij+o(p?)

7

= (U2 + (Bi + kijz:) U,

i=bij

+0(p?).

+P{Zz‘j UL + (Bi + kijz) U)ese, + [Ue, + (Bi + km)%} .
i—0ij

Therefore, for the zeroth-order {09 b;;, U%}, we have
U2 — 03U, = O°U" in NTY = (bi1, b1a) X (ba1, baa),
U + (Bi + kijzi)U° = 0 onT'Y = ONTY N {& = by}, (6.2)
[Ug- + (Bi + kijzi)U%, =0 onTY;.
And, for the leading order {é, Zij, U}, we have

_U%Uglfl - J%U&&Q - 600 = éUO + 2UIU2U§01§2 in NTgﬁ (6 3)
Ufi + (Bi + kijzi)U =0 on F?j, '
and
sy Ue, + (Bi + kijzi)Ule, v y
(i) = = Vo i Byl where {1 := &, &2 =& (6.4)

(U, + (Bi + kijzi)Ullee; lei=bis

6.2. The Zeroth Order
Note that the zeroth-order is equivalent to the case p = 0. The unique solution U = U of (6.2)
can be obtained by separation of variables:

U%() = Ui(&)Ua(&2),  ©° = 0701 + 030y,

where {U;, ©;}, together with {b;1, b2}, is the solution to the one-dimensional problem in terms
of the new variables (£, &2).”

To simplify exposition, in the rest of this subsection, let us denote by
{U,0,b1,bo, k1, ko, B,&} = {U;, ©i, bi1, bio, ki1, kio, i, &} for either i =1 or 2,
and
v =B+ kja; forj=1,2.
Then the one-dimensional problem is to find (U, ©, b1, b, a1, az) such that by < by and that

~U"=0U in (b1,b2),
U+ U =0 at bj=Inlaj], j=1.2, (6:5)
U" + kja; — (B +kja;)°JU =0 at by, =12

This is equivalent to finding (U, ©, by, by) such that

=U"(§) =0U(), UE #0 Ve [b,b,
bj:m%, U'(bj) +Ubj) =0, 72—~ +0+B8=0, j=12

9 In Appendix A, we present some basic properties for the above one-dimensional eigenvalue problem. We will
use one of the properties in subsequent analysis. It is also worth pointing out that in the one-dimensional case,
Guasoni and Muhle-Karbe (2015) conduct an asymptotic analysis through shadow price.
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This implies that a;, b;,7; are determined by © < 1/4 — 8. From (A.2) in Appendix A and the
requirement In |a;| = by < be = In|az|, we must have that either ag < a; <0 or 0 < a; < ag,
leading to the choice

1—+/1—-45—46 1++/1—-45—46

Y1 = 2 5 Y2 = 2 )

R _ _ j\/i \/i

a; = U B_1-26+(1/VI—-46-46 _m T (_1)3w7

where m = 1/2 — 3. Again, since either aa < a; < 0 or 0 < a1 < ag, a straightforward
calculation shows that © > —32. So, this implies that © € (—32,1/4 — B).
Next, note that

%zﬂnhjm:ﬂnw—26+04VyT—4ﬁ—mgy

k; 2k;
This gives
1-26+4++/1—-45—46
by — by = A+1 ‘ , 6.6
e Y. By v g T (6.6)
where
Azlnﬁ:lnﬂ.
ko 1—p

Suppose O #£ 0. Up to a constant multiple, the solution is given by

U(&) = cos (\@[5 — ]+ arccot\/6>,

g
where the boundary condition U’(bg) + 72U (b2) = 0 gives

1
by — b1 = — <arccot\@ — arccot—@).

Ve 72 el
Here we use the convention that if © < 0, then vO = iv/—O. Also, for z € R,

cos(iz) = cosh(z), cot(iz) = —icothz, arccot(—icothz) = iz.

In view of (6.6), for A > 0 and 3 # 1/2, we obtain a solution if and only if © € (—32,1/4—f3)
is a solution of (3.14).
To sum up, we have the following lemma:

Lemma 6.1. Problem (6.2) has a unique solution {©°,b;;,U°} having the forms of (3.10),
(3.11), and (3.12) stated in Theorem 2.

In addition, based on this separability, the expression for iij in (6.4) can be simplified as
follows. First of all, since (2;)¢, = 2,

[Ue, + (Bi + kijz)U)e,

i=bij

= Uﬁi&' + (Bi + kijzi)(]gi + kijin

i=bij

= Uiiéi + (_[Bz + kijzi]2 + k‘ijzi )U

&i=bi;

= [Uge, + O:U] ,

&i=bij

23



where we have used the fact that ;; = 8; + k;;z; is the roots of —v% 4+~ — B; = ©,. Next, using
UY = Uy (&1)Uz(&) and (UZ-O)&&. = —0,U? we have

[U + (Bi + kijzi) U, N

i=bij

= Uéolfi& + (,81 + kijzi)Ugi& + kijzi[QUgoi + UO]

&i=bi;
= *@i[Ug + (Bi + kijzi) U] + kijzi[l — 2(8; + kijzi)|U°
[vij — Billl = 27i3]U1Uz|¢,=p,, -
Hence, the second set of boundary conditions can be written as
; _ Uaa(by,&) + 6100y, &)

i=bij

l1; ba1, b
1j(&2) Hy, Us() V& € [bat, baa],
> Ueae, (€1,b25) + ©2U (€1, b;)
l . — _ 262 I J 9 J b b
2;(€1) Hay Uh (&) V& € [bir, bia),
where H;; are positive constants given by
Hi‘ = ('yij — ﬂl)(l — 2’Yij)Ui(bij)7 for i,j = 1, 2.

6.3. The Leading Order

In this subsection, we consider the problem (6.3) and (6.4) regarding the leading order terms
@, fij7 and U. We have the following result.

Lemma 6.2. The problem (6.3) and (6.4) has a unique solution {©,1;;, U} having forms (3.15),
(3.16), (3.17), and (3.18).

Proof. Recall that the first variation U is the solution of the elliptic equation
{ _0%05151 — O’%ﬁ&& — @0[7 = é)UlUQ + 20102U{U£ in NTg

U& +%-jU =0 on F%,

(6.7)

where Yij = B; + kijzi.
To solve the above linear partial differential equation, we first note that the differential
operator L defined below

L := —070c¢, — 03056, — O°1

is a self-adjoint elliptic operator. In addition, U° := U;Us, is a solution of the homogeneous
equation, i.e., U is the principal eigenfunction with a zero principal eigenvalue of the corre-
sponding self-adjoint elliptic operator L associated with the mixed boundary conditions. The
solvability condition gives the constant

—20’10’2 fNTg UlUQU{Uédf
fNTg U12U22df

Since the solution of the original problem is unique up to a constant multiple, we can fix the

6=

multiple by requiring UL U ie.,
&ﬂﬁm@@

Coo \— =0
\/fNTg U12U22df

24




The solution of (6.7) can be obtained by Fourier series. For this, denote by {©p, 1y} for
i = 1,2 all the eigenpairs of the eigenvalue problem (3.22) in Remark 3.2, i.e.,

=i, — Oitbip = Oppthyy  in [bi1, biz],
ip(bij) +vijip(biy) =0,  j=1,2.
fb - z2p d.’L‘ =1
In fact, {@Zp,@bzp} ° o has an explicit form, where ©;, is the root of the algebraic equation
(3.20), and 1y, is given explicitly by (3.21).
Now, having {©ip, ¥ip}, at hand, solutions of the eigenvalue problem
L?ﬁ = HNQ; with 1;& + ’}/ij?; =0
are
épq = 0%91]) + 05621]7 &pq = wlprQ7 fOI‘ p,q= 07 17 o
Note that ¢io = U;/||U;||12 and that ©;0 = 0. The solution of (6.7) thus can be written as

U(&1,&) chpqwlp (€1)1024(&2),

p=0 gq=0
A further calculation shows that

) = Vet &) + 000 6&)

Hy; Uz (&2)
— P24(&2) Y1p(b15)
§ : § :Cpq@lp ,
q=0 Uz(&2) —1 Hy;
for j = 1,2 and & € [ba1, beo]. Similarly,

 Ugye, (61, b25) + ©2U (&1, byy)
Ho; Ui(&1)

ZOO Y1p(61) ZOO V2q(b2;)
C @2

= Ur(&1) o PATEE Hy,

for j = 1,2 and & € [b11,b12]. Note that at the corner point,

. >, h, Uy — hogUs
1 (&2)ley=by; = ZQU—2q

(&) =

o0

Y1p(b1y)
Cpal
522523'2 pavip Hy;

q*O 2 p=1
_ Z (15 + Y2j1b24]Ua — th2q[Us + y2;Us] Z wlp( ) _ 0
= U3 E2=by; £ w0 1 '
Similarly, féj(blj) = 0. This completes the proof of the lemma. O
Proof of Theorem 2. Theorem 2 follows immediately from Lemmas 6.1 and 6.2. O
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Appendix A. Basic Properties in the One-Dimensional Case of Problem (2.4)

The one-dimensional infinite horizon problem of (2.4) is to find an interval [a;,as] C R, an
(eigenvalue) 0 € R, and a function u € C(R) N C2(R \ {0}) such that

0 — 220" + (zu/)? — 2mzu/ = 0 Vz € [a1, az),
ko < u’(z) <k ] Vze (al,az), (Al)
u'(2) — k1 =0< 0+ (2k1)? —2mkyz, Vz<a,
w(2) —ky=0< 0 + (2ko)? — 2mkoz V2> ao
where
a—r
m=—5, ki=1+X€]l,00), ko =1—p € (0,1].

The original eigenvalue 6 relates 6 by 0 = %25
Notice first the following basic facts:
(1) If w is a solution, then for any constant C', u+ C'is also a solution. Hence, we normalize
it by assuming
u(0) = 0.
(2) There are two trivial cases:
(i) A =0 = p: then up to an additive constant, the solution is given by

u(z) =z VzeR, ay = ag =m, 0 =m?.
(ii) m = 0: Then up to an additive constant, the solution is given by

(I—pz if z>0,

=0, 02=0,0=0 u(z>:{ (1+A\)z if z<0.

(3) If 0 € [a1, as], then we must have § = 0 or equivalently § = 0. From zu” = zu'?> — 2mu/
in (a1,az2) \ {0} and ko <« < k; we conclude first that a; = a3 = 0 and then m = 0.
Hence, we must have m # 0 and 0 ¢ [a1, az]. Moreover, since 6§ > 0, u is concave,
and u/ > ky > 0, the equation 0 — z2u” + (zu/)? — 2mzu/ = 0 implies that mz > 0 for
z € [a1,az]. Thus, we have

m>0=a9>a1 >0, and m<0= a1 <ag <0. (A.2)

(4) The differential equation at a; and the differential inequality imply that a?u”(a;) > 0.
On the other hand, v/(a1) = k; is a global maximum and u(a2) = k2 is a global

minimum of «’, so a?u”(a;) = 0.

Appendix B. A Joint Expansion in Small Correlation and Transaction Cost

In this appendix, we seek a joint expansion with respect to small transaction costs and small
correlation. Without loss of generality, we assume that

Ai=pi=e<1, and |[p| <1 (B.1)

And we introduce the following scaling variable

& =

Z; — 1y

T (B2)
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where m = (my, mg) = X~ !(a—r) is the Merton’s strategy. For simplicity, we use the following
notations

Zvl = Z9, 2\5/2 = Z1. (B3)
Then, we have:

Proposition 1 (Joint Expansion). For the eigenvalue problem (2.4)-(2.8), we have the following
formal asymptotic expansions for {0, u(-,-)}:

0 = 6— /3 <91’0 + p9171) + 0(62/3 +p), (B.4)

u(z1,22) = 2142 +€? (Ul,o(fh §2) + pUr1(&1, 52)) +o(e*3 + p), (B.5)
and for the optimal trading boundaries {IF (), 15 ()}
F(2) =1ij(5) = mi+eél? (zo + plm(m) +o(e'P+p) forij=1,2. (BS)
Moreover, the quantities and functions in the above expansions have explicit expressions:

(a) Regarding the eigenvalue,

3m2

21)1/3. (B.7)

o
0=5la—0)"S a=1), b0=0lli+03, 611=0, withli:(

(b) Regarding the eigenfunction,

Uro(61,&2) = 12 < - ) 12 (152 _bg 2> (B.8)

i —20109a1,a . .
Ur1(1,62) = Z Z (ovmiAon) 1 2 (1025521&%)2 sin(A1p,&1) sin(Agr&2). (B.9)
n=0 k= 0 n)
where
2k + 1 8I2(—1)*
Aik = o ™, Al = (2]{14(—1)27(2 fO?"k':O,l,Q,"' . (BlO)
(¢) Regarding the optimal boundaries,
o .
Ly = (1), (B.11)
- m o102a1pa2k A3, (—1)" )
" = -1 A1n&9), B.12
15(62) nz;”;) i A 1 (oo Sn(AmE2) (B.12)
- 0102a1na2k1\2k( 1)k .
lo; = A : B.13
2(&1) nz;”;) o1miAin)? + (0amalay)? sin(Azié) ( )

Before proceeding to the proof, let us verify our joint expansions. To this, we use the default
parameter values reported in Table 2 for our numerical experiments. Figure 5 plots the optimal
trading boundaries obtained by FDM as well as our joint expansions with both small transaction
costs (e = 1% for both panels) and correlation (p = 0.1 for the left panel, and p = —0.1 for
the right panel). To generate these figures, we only use the first term in the power series for
simplicity, i.e.,

—20102a10a . .
Uri(&1,&) = (01m1A10)12 i (100272722/&20)2 sin(A10é1) sin(A2082) ,
- m2 0109a10a20\2
Lis — o 10 in(A
17 (62) ll (Ulm1A10)2 + (0_2m2®20)2 Sll’l( 1052) )
A m2 o109a10a20A\2 .
lhj(&) = —=2 220 5 sin(A2081) -

lo (o1m1A10)? 4 (oamalap)
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As can be seen, our expansion performs quite well.
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Figure 5. Joint Expansion for the No-Transaction Regions (Left:

e=1%, p=10.1,

Right: ¢ = 1%, p = —0.1). In each plot, the thick black dot is the Merton’s strategy in the

absence of transaction costs but with a non-zero correlation; The red dotted

lines and the blue

solid lines correspond to the benchmark (FDM) and the asymptotic expansion, respectively, in
the presence of both correlation and transaction costs. Other parameters are given in Table 2.

Now we turn to the proof of Proposition 1.

Proof. We divide the proof into four steps as follows.
Step 1: Expansion with respect to e.
Write
u(z1,22) = 21 + 22 + 64/3w(§1,§g) + h.o.t,

where §; is defined in (B.2), and h.o.t stands for higher order terms.. Then,

uzi(zl, 22) =1F €w§i(§1,§2) + h.o.t .

In addition, a direct calculation shows that

2 2 2
1
0—Au] = 06— 3 Z Z 04 %% [Uzz; — Uz Uzj] — Z —T)ZiUy,

i=1 j=1 i=1

1 2/3
= 9—5201'3‘27;21‘{ 1+e/wglg —i—hot}

= 0+ % ZO’MZ@‘Z]‘ - Z(az - 7" ZJU’ZVZJ

Recall that § and m; given respectively by (2.12) and (2.13) are Merton’
and optimal strategy, which satisfy

—71) (14 €ewe,) 2
wfg + h.o.t .

s optimal excess return

0= [ }:aww%—%Ej }::—;E:ogmﬂm~%§:@m—rﬁm.

Then by using 6 and m;, we further derive that

0—Alu] = 0-0+ = ZO‘U —m;)(zj — Zamzlzj

- 90+~ }:ae &@—Wm%waﬂ+h0t

Set
0=0—e%0; + hot,
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which gives
0 — Alu] = _e2/3 {01 + %ZUU (wgigjmimj — §i§j) + h.o.t} )
By sending € — 0, we obtain the linearized problem:
> TiMiMmjWe,e; = > 0ii&i& — 01 in D
we, (C5(&2), &2) = F1, weyg, (05(&2),62) = 0 (B.14)
we, (€1, 77 (61)) = FL, wepe, (1, 75(61)) =0
where
D={(&4,&) |0 (&) <& <M (&), h (&) <& <ht (&)} . (B.15)
Next, regarding to the small correlation p, we further seek the following expansions
61 = 6p+ pb+ hot
w(é, &) = (&,8) +pw' (&, &) + hot
(&) = Lo+ plE(&) + hoot
hE(&1) = +ho+ phi(&1) + hot

To this, we are going to discuss two cases: the zeroth order, and the leading order.
Step 2: Zeroth order in p.

By plugging the above formal expansions into the equation (B.14), we obtain the equation
for the zeroth order terms:

(0’17711)2(,02151 + (02m2)2w22£2 = U%f% + U%fg - 9[) inD = (—Eo,fg) X (—ho, h()).

The solution is given by

0 1 (g 6, 1 (&  hg .
w’(§1,&) = m2 (12—251) +m7§ (12—2§2>7

1/3 1/3
g0 — 3m? / B 3m3 /
0 2 ; 0 9 .

(o1m1) ", + (03m2) e, = 01€) + 0365 — 0ly — o3,

where

Therefore, we have

which implies that
0o = o20% + o3h2.

Step 3: Leading order in p.

For the leading order terms, we have the following linearized problem

(01m1)2w§1§1 + (02m2)2w§252 = 0'1025152 — 01 inD = (—60,60) X (—ho, ho).
Notice that
F1 = we (Flo + pli (&), &) = w, (o, &2) + plE(E2)wl e, + pwi, (o, &2)
- wgl(igo,fl) =0.
0 = wee (60 + peli(&)7 §2) - wglf,l (££o, &2) + pgiﬁ(&)wglﬁl& + pwglﬁ(igo’&)'

B Wi, ¢, (Lo, &2) m?

=F (£Lo, &2).

L (gy) = - Lae 0 my
1 w21£1£1(i£0752) 9¢ “&1&
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Here, w! is the solution of
(01m1)?wi ¢, + (0am2)wi,e, = 0109618 in D = (Lo, Ly) % (—ho, ho)
%wl =0 on 0D

Note that 0 = [ (01026162 — 61), which implies that 6; = 0.
1

(B.16)

, we can compute the free boundary as follows
2

(&) = Fypwhe (o),

hE - m2 +h
(&) = T oo 2 wh,e, (€1, £ho).

After we solve w

Step 4: Solution of w!.
We aim to solve the problem (B.16). To this, consider the eigenvalue problem:

a’p" = —Ap in (—£,0)
o'(£l) =0.
We can verify that
A
o(x) = cos £(m + 1)
a

where A satisfies

A 2
sin VAo —ooa = (kla) C k=0,1,2,--
a 20
Therefore, the associated eigenfunction is
1 karm krx  km
ox(x) = cos — - W(x + 0) = cos <2€ 2) .

Note that when k is even, ¢ is even, and when k is odd, ¢ is odd.
Consider the expansion

lmx km >, n . (2n+1)mx
r = Zak cos ( 2> = Za2n+1 (-1) sm(%) ,
n=0

where the second equality follows from a; = ffg zpp(z)der = 0 when k is even. Denote by
an = (—1)"a@2p+1, we obtain

¢ (2n + 1)mx
a, = 2/ Tsin ————dx
" 0 20

B 20 (2n+ D)7z 20 2 (2n+)mx | |
B 2{ (2n+1)7rxcos 20 + <(2n+1)7r> S 20 ‘0

= 2 <%>28in 2n+Dm  82(—1)"
( )

2n+ 1) 2 C (2n+1)222°
Therefore, & and &> respectively have the following expansions
[e.e]
: . 2n + 1 803 (—1)"
= nz:;)aln sin(A1p61),  with Ay, = 2%, T, Qlp = W )
oo
: . 2k + 1 8h3(—1)*
§2 = Z%k sin(Agré2), with Aoy = Wﬂ-, a2k = m )
and w'! is given by
Sl 201020100
1 —2010201p02% . .
pu— A A .
w (€1,€2) 3 (o1 Ain)? + (oamahar)? sin(A1,&1) sin(Agx&2)

n=0 k= 0
30



Thus,

n

o 2
m m UlUgalnagkA (—1) .
0F = Flwl, (4, e § 1n sin(Agr&s)
1 (&) 20, e (0 ©2) = =7 S e (o1miAp)? + (02malap)? (A2it2)
2 2 0 o0 2 k
m m Uldgalnagk/\ (—1) .
hE(E) = F—2w! 1, tho) = ——2 2k sin(A1,£1) .
Finally, setting Uy g = w°, Uy 1 = wl, Iy = £y, la = hy, ilj = (], and fgj = h{ we obtain the
required expansions in explicit forms. O
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