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Abstract

Using elementary arguments, we show how to derive Lj,-error bounds for the approxi-
mation of frictionless wealth process in markets with proportional transaction costs. For
utilities with bounded risk aversion, these estimates yield lower bounds for the frictional
value function, which pave the way for its asymptotic analysis using stability results for
viscosity solutions. Using tools from Malliavin calculus, we also derive simple sufficient con-
ditions for the regularity of frictionless optimal trading strategies, the second main ingredient
for the asymptotic analysis of small transaction costs.
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1 Introduction

Transaction costs, such as bid-ask spreads, are a salient feature of even the most liquid financial
markets. Their presence substantially complicates financial decision making by introducing a
nontrivial tradeoff between the gains and costs of trading. Indeed, with transaction costs, the
position in each asset is no longer a control variable that can be specified freely. Instead it
becomes an additional state variable that can only be adjusted gradually. Consequently, models
with transaction costs are notoriously intractable and rarely admit explicit solutions even in the
simplest concrete settings 7, 9] 33].

As a way out, one can view models with transaction costs as perturbations of their fric-
tionless counterparts, and study their asymptotics around these more tractable benchmarks.
This asymptotic point of view was first used to obtain closed-form approximations in simple
concrete models, cf., e.g., [33], 36, 17, 2| [T, T3]. More recently, these results have been extended
to increasingly more general settings [35, 28| 21 24] 20, [3], 25].

Rigorous convergence proofs for such small-cost asymptotics are typically either based on
stability results for viscosity solutions or on convex dualityE For the first approach, pioneered
by [35], the starting point for the analysis is that the difference between the value functions
with and without transaction costs indeed admits an expansion of a certain asymptotic order.
In simple models where explicit calculations are possible, this assumption has been verified in
[35] 28], 3] by constructing explicit subsolutions of the respective frictional dynamic programming
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equations. In a related model with quadratic costs [26], the corresponding bound is established
using a classical verification argument under very strong additional regularity conditions that,
however, rule out standard portfolio choice models such as [22].

In the papers based on convex duality [20, [15], a lower bound is derived by considering a
specific almost optimal control. This is in turn complemented by constructing a corresponding
dual element, for which the bound is tight at the leading asymptotic order for small transaction
costs. This approach again requires strong regularity conditions, in particular on the frictionless
optimizer. These are generally not easy to verify and only satisfied for sufficiently short time
horizons in the model of [22], for example.

In the present paper, we show how bounds for utility maximization problems with transaction
costs can be derived using arguments that are simple and elementary, but nevertheless apply to
the model of [22], for example. The expected asymptotic order formally arises as the optimal
trade-off between displacement from the frictionless optimizer and the cost of tracking it, cf. [29]
and [I7, Remark 4]. We show that this idea can be exploited to obtain rigorous L,, estimates for
the corresponding tracking errors. Combined with a simple trick from [4, Proof of Theorem 3.1],
this directly leads to the desired bounds for utility maximization problemﬂ Once the correct
asymptotic order is identified using this bound, the corresponding leading-order term can in
turn be determined using the viscosity approach of [35, 28] [3].

Our arguments require mild integrability conditions, some of which are expressed in terms
of the frictionless optimizer. However, using techniques from Malliavin calculus, we show that
in complete Markovianﬂ markets these can be easily verified in terms of the primitives of the
model.

The remainder of the article is organized as follows. Our model with proportional transaction
costs is introduced in Section[2] Subsequently, in Section [3] we derive simple pathwise bounds for
the transaction costs accumulated when tracking frictionless target strategies by the solutions
of simple Skorohod problems. Under mild integrability conditions, these in turn lead to L,-
error bounds for the approximation of frictionless wealth process in markets with proportional
transaction costs. In Section ] we use these results to derive upper and lower bounds for
utility maximization problems with transaction costs. Using tools from Malliavin calculus,
simple sufficient conditions for the validity of these results are provided in Section[f] Finally, in
Section [7] we discuss how to extend our approach to transaction costs proportional to monetary
amounts rather than numbers of shares traded.

2 Model

Let (Q,F,P,F = (Ft)iejo,r)) be a filtered probability space satisfying the usual conditions. We
consider a financial market with 1 + d assets. The first is safe, with price normalized to one.
The other d assets are risky, with prices modeled by a R?-valued continuous semimartingale S.

Without transaction costs, trading strategies are described by R?-valued predictable S-
integrable processes §. Here, 6! denotes the number of shares of risky asset i held at time
t. Accordingly, the frictionless wealth process corresponding to a strategy 6 and the fixed initial
endowment Xy € R is

t
X! :_X0+/ 05dS,, tel0,T].
0

Now suppose as in [I8] 2, 24] that trades incur costs proportional to the number of units trans-

2In order not to drown the main ideas in generality, we only consider utility functions defined on the real line
in the present paper. Power-like utility functions (with bounded relative risk aversion) defined on the positive
halfline can be treated with quite similar arguments, at the cost of somewhat more involved estimates.

3A similar approach can be used in a non-Markovian setting but we do not consider this general case to keep
the arguments simple.



actedﬁ Then, trading strategies 1 necessarily have to be of finite variation and the frictional
wealth process corresponding to a R%valued predictable, cadlag, finite-variation process with
initial value ¥9_ =0 is

t t
X?vg = XO =+ / ﬁzdSS — 6/ d"l9|s — 1{T}5|19T| (21)
0 0

Here, ¢ > 0 is the proportional transaction cost and || := Zgzl |9%|, where ||, is the total
variation of the position (1) selo, in the risky asset i on [0,¢]. Buying or selling a number di}
of units risky asset i at time ¢ induces the transaction costs ed|9?|; in . Likewise, the term
1¢rye[d7| describes the transaction cost paid when liquidating the risky asset positions at the
terminal time 7.

In this paper, we show that elementary arguments allow to bound the error made by approx-
imating the frictionless wealth process X? by a frictional wealth process X?¢ when o is defined
as the solution [23 [TI] of a Skorokhod problemlﬂ for some ¢ > 0:

0 — 19 € [-6,6]% on [0,T],
Ty i+ Ty i—) (2.2)
{ i=1 (fo Ligi—gizoyd9i" + Jo Lioi—giz—s1d0; ) =0.
This means that the position 9% in each risky asset is held constant as long as it differs from the
frictionless target allocation #¢ by no more than §. Once this threshold is reached, just enough
trading is performed to maintain a deviation smaller than or equal to 9.

3 Bounds for the Skorokhod Problem and Tracking Error

Throughout, we assume that the frictionless target strategy 6 is a continuous semlmartmgaleﬁ
and use the shorthand notation (6) := EZ (6. The first step to derive our tracking-error
estimates are the following elementary pathwise bounds for the transaction costs accumulated
by the frictional tracking strategy . Their derivation is based on a simple application of
It6’s formula reminiscent of |17, Remark 4.

Here and henceforth, B; denotes the collection of predictable processes with values in [—1, 1]¢.

Lemma 3.1. Fiz § € (0,1) and let ¥ be the solution of the Skorohod problem (2.2)). Then, there
exists £ € By such that

[0 < Rs(&) := 2dd —|—/ ¢l de, —|— 0>t, for allt €[0,T7. (3.1)

Proof. Since we are working on the rectangle [—6, §]¢, we can consider each component separately

and then sum the respective bounds to obtain . Without loss of generality, we therefore

suppose d = 1 and consider a smooth function with bounded derivatives ¢ such that —¢/(—1) =

¢'(1) = 1, and || V |¢'| V |¢"] < 1 on [—1,1]. Define the adapted, [—1,1]-valued process
= (0 —)/4. Ito’s formula, the dynamics (2.2)), and —¢'(—1) = ¢/(1) = 1 give

t

o) =o(zn)+ 5 [ aaao -+ g [ ezoae.)

—o(Zo) + 5 (/0 P (Z2)d0, — IOl + o w’/(Zs)d(9)5>. (3.2)

4Transaction costs proportional to the dollar amounts traded as in [7, 9 B3] can be treated along the same
lines, leading to somewhat more involved integrability conditions; cf. Section [7| below for more details.

5Here, we use the canonical decomposition ¥ = ¥*T — ¥*~ in which ¥'* is cadlag and non-decreasing.

5In Section we use tools from Malliavin calculus to provide sufficient conditions for this assumption in terms
of the primitives of the model.



Since ¢ and its first and second-order derivatives are bounded by 1, this yields (3.1) for d =1
with & = ¢/(Z). For several risky assets, the corresponding estimates follow by summing these
bounds over all d components. O

Now, fix a probability measure Q equivalent to the physical probability P. In applications
to utility maximization problems, this will be the frictionless dual martingale measure that
minimizes the dual problem for the original optimization; cf. Section [l Another natural choice
is P itself. The pathwise estimates from Lemma yield L, (Q)-estimates under the following
mild integrability conditions on the frictional target strategy:

Assumption 3.2. For some p > 1, there exists a constant Cgg(p) > 0 such that

T
/ oo
0

Remark 3.3. Suppose the frictionless target strategy is an It6 process with dynamics

do; = pldt + o?dw;,

0 + sup
)7L, @) sup

L < Gl (33)

for a Q-Brownian motion W. Then the inequalities of Minkowski, Jensen, and Burkholder-

Davis-Gundy show that the bound (3.3)) is satisfied if
T
/ B (|7 + |of 7] dt < oo. (3.4)
0

Under Assumption, the following L, (Q)-estimates are a direct consequence of Lemma

Corollary 3.4. Fiz § € (0,1) and let ¥ be the solution of the Skorohod problem (2.2). Forp > 1
as i Assumption there exists a constant Cgg(p) > 0 such that

191 ) < Cls(o) (1 ¥ f;) ~ forallte 0,7]. (3.5)

Remark 3.5. Assume that 6 is a Q-Brownian motion and choose (p(z) = 2%/2 for z € [~1,1]
in the proof of Lemma Then, taking the expectation in (3.2)) leads to

20

for § € (0,1). This shows that the estimate (3.5)) in terms of 1/6 can not be improved in general,
up to constants.

E¢ [[9]e] = E? [5(<P(ZO) —(Zt)) + dt} > —% + 2%75

As a corollary, we now deduce the L, (Q)-error made when approximating X 9 by XV where
1 is defined as in Lemma (3.1] This requires the following additional integrability assumption on
the price process S:

Assumption 3.6. Givenp > 1 as in Assumptz'on there is a constant Cgg(p) > 0 such that

T
| lasi
0

Remark 3.7. If S is Q-martingale and p > 1, then (3.6) is equivalent to EQ[(<S>T)g] < oo by
the Burkholder-Davis-Gundy inequality. More generally, if the returns have I[t6 dynamics

dS; = pfdt + oF dWy,

sup
£eBy

© < Cza(p)- (3.6)

L,(Q

for a Q-Brownian motion W, then the inequalities of Minkowski, Jensen, and Burkholder-Davis-
Gundy show that a sufficient condition for (3.6]) is

T
/ EQ | P + |07 |?P] dt < cc. (3.7)
0

4



Theorem 3.8. Define 9 as in Lemmal[3.] with § € (0,1). Then, there exist ,&' € By such that

t
X0 = X0| < Rael 1= 9 U 6] S| +2eRs(€)y, forallt € [0, (38)
0

If moreover, Assumptions|[3.9 and[3.6 hold, then
9 1
17 = X0 < 6 Gl + = 2Cizmlo) (143 ).

In particular, for 6 = /% € (0,1), there exists a constant Ggg(p) > 0 such that

||Xg’g - XZ?‘HLP(Q) < Cga(p) e'/2. (3.9)

Proof. By definition of the frictionless and frictional wealth processes X9 X" and (2.2)),

t
s(s’/ ¢Tds,
0

where £ := (9 — 0)/6 € B;. The claims now follow from (3.1)), (3.5), and Assumption O
Remark 3.9. In the context of Remarks and one can be more precise:

t ¢
OE? [/ f;ruﬁds] — s <1 + (15> <E?[x}° - x{] < oEQ U gjp,fds] — e (1 + ;) ,
0 0

for some constants ¢, > 0 and £ := (¢ — 0)/6 € B;. Unless EQ[fJ o+ uSds] vanishes, the two
error terms are of the same order only when 6 is of the order of €!/2. This is in particular the
case if 6 is just a Q-Brownian motion and p° is a positive constant.

t
X7 xf| = /0 (95 — 0)TdS, — [0l — Lzyelor| + 220,

Remark 3.10. In applications to utility maximization, Q typically is a dual martingale measure,
i.e., S is a Q-martingale, compare Section |4} In this case, § = £1/2 no longer yields the optimal
tradeoff. In this context, we will instead use the following estimate that follows from Lemma
B.1

EUXY — XY = —eBY9e + Lpy 7] = —2eEC[R5(E).].

4 Bounds for Utility Maximization with Transaction Costs

We now apply the bounds from Section 3| to expected utility maximization problems. We focus
on utility functions with bounded risk aversion defined on the whole real lineﬂ

Assumption 4.1. A utility function is a mapping U : R — R that is strictly increasing, strictly
concave, C?, and has bounded absolute risk aversion:

U”(.Z’)

0<1"<—U/($)

< R < o0, for constants r, R and all x € R. (4.1)

Remark 4.2. The condition (4.1) implies that the derivative of In(U’) takes values in the
interval [—R, —r] C (—00,0). In particular, with the convention U(0) = 0,

1 1
e fate < Ulr) <e ™ and — EG_R”C <U(z) < ——e ™% zeR,
r

where ¢ := In(U’(0)). This readily implies the Inada and reasonable asymptotic elasticity con-
ditions required for the validity of existence and duality results like [32, Theorem 1].

"As mentioned in the introduction, power-like utility functions could also be considered using similar argu-
ments. However, as usual, they have to be treated separately and lead to somewhat more involved estimates.



As observed by [34], admissible strategies for such utilities with bounded absolute risk aver-
sion can be defined as for exponential utilities in [0, B2] by requiring the wealth process X
of frictionless admissible strategies to be supermartingales under all absolutely continuous mar-
tingale measures with finite entropy.lﬂ We denote the set of all such admissible strategies by A.
Under the no-arbitrage assumptio

{Q ~P:E [% ln(%)} < oo and S is a local Q—martingale} # 0, (4.2)

and using that the existence of a dual minimizer follows from [19, Propositions 3.1 and 3.2] under
Assumption [32, Theorem 1] shows that there exists an optimizer 6 € A of the frictionless
utility maximization problem

0 — u(f) = E[U(X)].

This optimizer is related to the solution @ of a corresponding dual minimization problem [32]
Equation (7)] by the following first-order condition [32, Equation (12)]:

U'X4)  d0
E[U(x0) P )

Here, @ is an equivalent (local) martingale measure for S. For the utility maximization problem
with transaction costs,
9 s uf (V) == E[U(X29)],

admissibility can be defined in direct analogy, by requiring frictional wealth processes to be
supermartingales under any absolutely continuous martingale measure with finite entropym
We write A° for the set of these admissible frictional strategies and note that A° C A by,
e.g., [15, Lemma E.5]. Since the transaction costs are always nonnegative, the frictionless value
function in turn provides a natural upper bound for its frictional counterpart:

v:=supu(f) > sup u°(J) =: v°. (4.4)
fcA YeAe

In [35, 13, 28] 26], stability results for viscosity solutions are used to characterize the asymptotics
of the frictional value function v® for small transaction costs € in a Markovian framework.
The starting point for these analyses is the abstract assumption that the normalized difference
(v — %) /e%/3 between the frictionless and frictional value functions is locally uniformly bounded
with respect to the initial time and space conditions.

We now establish such a bound by using the estimates from Section [3] to complement the
lower bound with an appropriate upper bound. In order to apply the results from Section
we need to assume that the frictionless optimizer is a continuous semimartingale; using tools
from Malliavin calculus, sufficient conditions for this assumption are derived in Section [5]in a
typical Markovian setting. In addition to the integrability conditions from Section [3, we also
need some (arbitrarily small) exponential moments to be finite:

8Indeed, in view of 7 the convex dual of U and the relative entropy (the convex dual of the exponential
utility) can be written as a convex function of each other in this case. By Jensen’s inequality, this notion of
admissibility thus coincides with the set Ha of [32]; in particular, it does not depend on the initial endowment.

9Here, existence of an equivalent local martingale measure is equivalent to “no-free lunch with vanishing risk”.
If there is such a measure with finite relative entropy, then this ensures that the dual problem is finite and the
primal problem in turn does not allow “utility-based arbitrages” that allow to attain the saturation point U(o0).
See, e.g., [31].

10Tn Markovian diffusion settings, this notion of admissibility allows to apply the arguments of [5, Theorem 3.5]
to obtain the weak version of the dynamic programming principle satisfied by the corresponding value function
v°. This in turn leads to the characterization of v° as a (possibly discontinuous) viscosity super- and subsolution
of a quasi-variational parabolic differential equation that is used in the above mentioned papers.



Assumption 4.3. There exist ¢« > 0 and Cgg > 0 such that

sup {E@[e‘foT gdéﬂ} + E@[eb@T + eL<S>T] < Uz3, (4.5)
§eBy

Remark 4.4. (i) The existence of the small exponential moments in (4.5)) implies, in partic-
ular, that there exist C, R,n > 0 such that, for 63 = ¢ € (0,7) and all (¢/);<3 C By:

EQ[FIEHRs (€)1 < (4.6)

where R4 (€2, &3)r is defined in (3.8)) for § = 0. This follows from the elementary estimate
exp(|z|) < exp(z) + exp(—z), the Novikov-Kazamaki condition, and Hoélder’s inequality.

(ii) Suppose that the frictionless optimizer § is of the form df; = ,u?dt + dM; for some con-
tinuous Q-local martingale M. Then, using again the elementary estimate exp(|z|) <
exp(x) + exp(—x), the Novikov-Kazamaki condition and Hoélder’s inequality show that

(4.5) holds, in particular, if
EQ [e"foT fat + s 4 entS)r] < 00, (4.7)

for some arbitrarily small constant £ > 0.

Example 4.5. The bound holds, e.g., for exponential utility maximization in the port-
folio choice model with mean-reverting models studied by [22]. In (the arithmetic version) of
their model the volatility o of the risky asset is constant whereas its expected returns have
Ornstein-Uhlenbeck dynamics:

duy = MNa® — ps)dt + a*dWw},

for constants A > 0, o* > 0, i° € R, and a P-Brownian motion W* that has constant correlation
0 € [-1,1] with the Brownian motion W driving the risky returns. The optimal strategy for an
exponential utility U(xz) = —e™"* in this model is of the following form [22]:

S B
Mg 00 S
b = T(O_S)Q + roS (B(t) + C(t):ut )a

for nonpositive, smooth functions B, C satisfying some Riccati equations. Accordingly, the
quadratic variation of the frictionless optimizer § is deterministic like for the returns process,
so that these two processes evidently have finite exponential moments of all orders. To verify
, it therefore remains to show that the drift of § also has small exponential moments. This
needs to be checked under the dual martingale measure @, whose density process can be derived
by differentiating the value function computed in [22]. It follows that, under @, the frictionless
optimizer 6 is still an Ornstein-Uhlenbeck process with Gaussian distribution. Its volatility,
mean-reversion level and speed are time-dependent, but bounded since they are determined
by the solutions of well-behaved Riccati equations. As a result, is satisfied because 6 is
Gaussian.

Under our integrability conditions, we have the following lower bound for the frictional value
function:

"YWithout transaction costs, the arithmetic and geometric versions of the model are equivalent for portfolio
optimization because they span the same payoff spaces as long as the risk premium of the risky asset remains
unchanged. In contrast, the precise specification matters with transaction costs. A different parametrization that
covers the geometric version of the model of [22] is discussed in Section



Theorem 4.6. Suppose the frictionless optimal strateg 0 is a continuous semimartingale and
define the frictional tracking portfolio ¥ as in Lemma for 6 = 0 and with 6 := ¢ € (0,1).
Suppose Assumptions[3.3, [3.6, and [{.3 hold for some p > 2. Then, there exists a constant
C > 0 that does not depend on € € (0,n), such that

u(@ —uf(¥) < C 23,

Moreover, ¥ € A%, so that this estimate yields the following lower bound for the frictional value
function:
v—C 3 <0, (4.8)

for some C > 0 that does not depend on ¢ € (0,1).

Proof. Set A% := U(Xg’e) — U(XY). Then, there exists (5 that takes values between X;’;’E and
X% such that

E[AS] =E [U’(qu«) (Xg’s - Xg) + %U ") (X%E a Xg) 2]

> oRQ [(X%E - Xgi) + ;gf&;)) (X;’i’a - Xg’?ﬂ , (4.9)

where we used the first-order condition (4.3) and the notation « := E[U '(Xg)] Now observe
that Assumption [I.I] implies
Yy U//
Jch
» U'(2)

() -
UT(¢) _ UME) UAE) o pomic—xG,

U(x8)  U(¢) ur(x9)
Together with (4.9), this shows that

< Rlx —y|, forall z,y € R,

so that

_ e N
E[A7] > oE® [(X:?’E - X7) - 5 el (22— x7) } '

Now observe that (7 defined above is of the form )\X;’;’E +(1- )\)Xg for some random variable A
with values in [0,1]. Thus ¢ — X% = /\(X;’l’E — XY), and it follows from Theorem [3.8| that

_ - - o\ 2
E[A%] > aEQ |:<X;’;75 _ XjQ) i %eR)\st,s(ﬁ»ﬁ )1 (X;’;va _ XJQ) :|

for some &, ¢ € By. For § = &/3, Remark and Theorem |3.8/together with (4.5)) and Holder’s

inequality in turn give
E[A%] > —C &5,

for some constant C' > 0 that does not depend on ¢ € (0,7).

It remains to establish that the frictional strategy ¢ is admissible, i.e., that its wealth process
X7Y¢ i a supermartingale under any absolutely continuous local martingale measure Q, which
has finite relative entropy with respect to the physical probability P. In view of [I5, Lemma
E.5], it suffices to check that fo 9:dSy is a Q-supermartingale and the corresponding transaction
costs [d|r are Q-integrable. R

Since fo 0:dS; is a Q-supermartingale by admissibility of the frictionless optimizer 6, it suf-

fices to show that fdwt - gt)dSt is a Q-martingale. Since the price process S is a continuous

8



local @Q-martingale, this follows if we can establish that ]EQ[fOT(th — 0,)2d(S);] < oo, cf. [16,
Theorem 1.4.40]. As ¢ — 0 is uniformly bounded by construction, it therefore suffices to show
EQ[(S)7] < oo for all equivalent martingale measures Q with finite relative entropy. In view
of [10, Lemma 3.5] and [8, Theorem 2.2|, this holds if E@[GXP(L<S>T)] < oo for some arbitrarily
small ¢, which is part of the integrability conditions in Assumption [4.3]

We now turn to the Q-integrability of the transaction costs ¢|¢|p. By the pathwise bound
(B.1)) for 6 = /3 as well as [I0, Lemma 3.5] and [8, Theorem 2.2|, this holds if

~ T
sup EC [exp <L/ §;d9t) + exp (L(@)T):| < 00
§€B1 0

for some arbitrarily small ¢ > 0 as we have assumed in Assumption This shows that 9 is
indeed admissible, completing the proof. O

5 Itd6 Decomposition of the Frictionless Optimizer Using Malli-
avin Calculus

In this section, we explain how to verify the conditions imposed on the frictionless optimizer in
Theorem 4.6, More specifically, we show that a simple application of the Clark-Ocone formula
provides sufficient conditions in terms of the primitives of the model, avoiding the need for
abstract assumptions on the frictionless optimizer.

To ease notation, we focus on a simple one-dimensional, time-homogeneous Markov model
where the asset price process S is the solution of a stochastic differential equation,

S =S+ /Op(st)dH /0 o (S,) AW (5.1)

Here, Sy € R, W is a one-dimensional standard Brownian and pu, o are globally Lipschitz maps
taking values in R and (0, c0), respectively.

Remark 5.1. Adding a time dependency in the coefficients or considering a multi-dimensional
setting would not change the nature of the analysis. In principle, our approach could also be
extended to non-Markovian settings, but we do not pursue this here since the corresponding
assumptions for Malliavin differentiability would be rather involved and abstract.

For our analysis based on Malliavin calculus, the primitives of the model need to be suffi-
ciently regular. The following conditions are sufficient; for clarity, we do not strive for minimal
assumptions.

Assumption 5.2. The maps X\ := 0 ', 0 and o~ are twice continuously differentiable with
bounded derivatives of order 0,1,2. Moreover, the utility function U satisfies Assumption [{.1]
U e C3R), and U" JU" is bounded.

For a bounded market-price of risk A as in Assumption , the measure @ ~ P with density

d/\ 1 T T .

aQ _ eV, where N := / )\(St)zdt+/ A(S)dW 2, (5.2)
is the unique martingale measure for S, and wQ.—w— fo A(Sy)dt is a @—Brownian motion.
As @ trivially is the minimizer of the dual problem, it is linked to the optimal strategy f for the
primal problem by the first-order condition (4.3)). Since the derivatives of the utility function U
and its convex conjugate U (y) := sup,cp{U () —zy}, y € R, are related by U'(z) = —(U’") " (z),
this means that we can find A > 0 such that

X0 = —0'(H), where H := heV.

Assumption [5.2)in turn also guarantees the integrability of the optimal frictionless wealth process:



Lemma 5.3. Under Assumption we have U'(H) € Ly(Q).

Proof. As U'(z) = —(U')"!(z), observe that the derivative of z + U’(exp(z)) is given by
x + exp(z)/U"[(U)"Yexp(z))]. Since exp(z) = U'[(U’)"!(exp(x))], the derivative of = +
U’ (exp(x)) is therefore bounded because U’ /U" is bounded by assumption. Thus, z +— U’ (exp(x))
has at most linear growth and the integrability of U’(H) in turn follows from Assumption O

We can now establish the main result of this section, which shows that under Assumption
the frictionless optimizer is not only a continuous semimartingale but in fact an Itd process with
bounded drift and diffusion coefficients. In particular, Theorem is applicable in this case.

Proposition 5.4. Let Assumption hold. Then, the frictionless optimizer 9 is bounded and

of the form
0 =0+ / apdt + / Y dW2,
0 0

where (/9\0 € R and «a, v are bounded, adapted processes.

Proof. Step 1: we first prove that 8 is bounded by applying the Clark-Ocone formula. We denote

by Dy the time-t Malliavin derivative operator with respect to W, It follows from , .
and [27, Theorem 2.2 and p.104] (applied to the two-dimensional diffusion process (S N )) that

T ~
DN = / (AN)(Ss) Dy Ssds + / N (Ss)DySsdWE + X(Sy),

t

where
DyS = 0(Sy)e 3 Ji 17/ (S)Pds [} o' (8:)aWE. (5.3)
Hence,
DN = o(S)& " [Ny — Ni| + M(Sh), (5.4)
with

N := / (AN)(Ss)Esds + / )\I(Ss)r‘:de;@ and & = e 2 Jolo'(S)lPdstfg o'(S)aws
0

Note that, using standard estimates, our bounds on ¢, 0’, A and X imply that, for all p > 1,

sup |EC[ sup |€,/& 17|l < oo, (5.5)
t€[0,T] s€t,T)

sup [EY[|(Nr — N)/&P| Fi] .. < oo, (5.6)
t€[0,T)

sup [|EY| DN | F L., < oo, (5.7)
t€[0,T]
EQ[H?] < co. (5.8)

Moreover, Xg = —U'(H) and the chain-rule formula |27, Proposition 1.2.3, Lemma 1.2.3] imply
DiX0 = —HU"(H)D;N = F(Xgi) DiN,

where F' := U’:U”. Recall that F is bounded by assumption and U’(H) € La(Q) by Lemma

In view of (5.7)), it follows that Xg? belongs to the Malliavian space D2, see [27, p.27], and that

sup [E® || D X217 k... = sup [E2[|F(X§) DiNPIF .. < oo. (5.9)
t<T t<T

10



One can then apply the Clark-Ocone formula [27, Proposition 1.3.14] to obtain
Gio(S) = B2 | DXPIF). tel0,T)

Since 0! is bounded, (5.9)) in turn shows that 9 is indeed bounded.
Step 2: next, we prove that € has a bounded quadratic variation. Set
F .= F((U"H™
and recall that U’(Xg) = H. Then, it follows from Step 1 that

6, = £ [DtX%ft}U(St)*l =& (A — BiNy) + (07" \)(S) By, t € 0,7,

where

Ay = EQ[F( YNp|F) = H)Nr] + / ¢AdWé@a
By := EQF(H)| 7] = EQF(H)) + /O oPaw .

Here, (¢?,$P) are obtained from the Clark-Ocone formula [27, Proposition 1.3.14] and the
chain-rule formula [27, Proposition 1.2.3, Lemma 1.2.3] :

¢4 .= EQF'(H)HD,N Ny + F(H)D,N7|F,) , 6P := EQ[F (H)HD,N|F,), se[0,T).

Again, the required integrability conditions can be easily deduced from Assumption by
arguing as in Step 1. As a consequence,

%«5 — (0TI N(S)B) =I&7 (@1 — 07 Ni) = BN (S1) — (A = BINDE o' (51)?

where, by ,
g — P N) i=0(S,) & EQF (H)H(Ny — Ny)?|F)] + & "EQ[F (H) D, Ny | F]
+ \(S)E "EQ[E (H)H (Np — Ny)| )

and

(Ar = BiN)E; " = EC[F(H)(Nr — N,)| FE;
The identity

a1 = | 5 (x8) (1= G ()

combined with our assumptions ensures that F’(H)H is bounded. This is also the case for
ET2ER[(Ny — N;)?|F] by 1} and for F(H) by assumption. Moreover,

T T ~
E'DiNp = N(Sy) + / ETID(AN)(Ss)Es)ds + / ETLD N (S5)Es)dW 2
t t

where i i
D& = &, X <0'(St) —/ (0'0")(Ss)DySsds —|—/ U”(SS)DtSSdWSQ> ,
t t
so that (5.3)), (5.5)), Assumption and the chain-rule formula imply that

sup HEQHSt_lDtNTH]:t]HOO < 00.
tel0,7

11



The above bounds combined with Assumptionyield that (5— (c7\)(S)B) and ((c=1)\)(S)B)
are bounded. By polarization, it follows that () is bounded as well.

Step 8: it remains to prove that the drift part of 8 has a bounded density. Recall from Step 2
that the frictionless optimizer can be represented as

é\t - St_l(At - BtNt) + [O’ilA](St)Bt.

After applying [t6’s formula, our assumptions and similar arguments as in Step 2 show that its
dynamics are of the following form:

t t ~
0: = b —i—/ Bsds +/ 'YSdW;@, t€[0,7],
0 0

with 6y € R, |y|2 = d(f)/dt and

B =(As — BiNDE o' ()P — €710 () (7 — oF Ny)
— By[(AN)(S1) — (Na")(Sy) + N (St)oP]
+ L(67 )N (S) By + (07N 0)(Sh)oP.

Here, £ denotes the Dynkin operator associated to S under @ Similar arguments as in Step 2 —
now also using the boundedness of the second-order derivatives — in turn show that 3 is indeed
bounded. This completes the proof. O

6 Processes with jumps

The case where the price process S (and, in turn, typically also the frictionless target strategy
6) have jumps can be treated similarly as above if § can be decomposed into ¢ + 8¢, where #°
is a continuous semimartingale and % is purely discontinuous with a.s. summable jumps. In
this case, we let ¢ be defined as in Lemma but with respect to #¢ and set 99 := 6%, so
that ¥ is now defined as 9¥¢ + 9%, With this modification and a straightforward adaptation of
our integrability conditions, Theorem and Theorem remain valid. The intuition is that
summable jumps can simply be tracked without any adjustment, because this only generates
trading costs of order O(e) that do not affect our bound at the leading order.

When 6 exhibits infinitely many small jumps, and the above decomposition does not hold,
the strategy ¢ can not follow all the jumps of 6 (the cost would be infinite). Results of [30] for
pure-jump processes suggest that even such infinite-activity jumps also only generate only higher
effects than Brownian components, but making this rigorous is an open problem, in particular,
since it is unclear how to derive results about the activity of optimal trading strategies from the
primitives of the model in such contexts.

7 Strategies Parametrized in Monetary Amounts

For simplicity, our results are presented in the case where the controls 6 and ¥ describe the
numbers of shares of the risky assets held in the portfolio, and transaction costs are levied on
the number of shares transacted. A similar analysis can also be conducted when the controls
represent monetary amounts invested and transaction costs are proportional to dollar amounts
traded. We now outline how to adapt the arguments from Sections [3] and [4] in this case.

In order to parametrize strategies in terms of monetary risky positions, suppose that the
price process S is a (0, 00)%valued continuous semimartingale. The frictionless target strategy
0 is in turn assumed to be a continuous semimartingale such that 6/ is S—integrableE Here,

2Here, we use the notation z/y = (z*/y*)i<a-

12



6" now represents the amount of money invested in the risky asset i, so that the corresponding
frictionless wealth process is

t
X .= X0+/ (05/S5)"dSs, te[0,T).
0

Now suppose trades incur costs proportional to the monetary amount transacted. Then, the
frictional wealth process is

t t
X~ X, +/ (v?/5,) " ds, —g/ d[9] — Lpyel V7).
0 0

where the amounts of money invested into the risky assets follows

t
vy ;:/ (Y?/S,) dS, + 0.
0

These positions are controlled through the continuous bounded-variation process ¥, which de-
scribes the cumulative amount of money transferred to the position in the corresponding asset
so far. In this setting, the Skorokhod problem studied in Lemma [3.I] becomes

6 —Y? € [-687on [0,T],
(s

fOT l{gi_ytﬁ,i;éé}d?%—i_ + fOT l{eé_ytﬁ,i?é_é}d??i ) =0.
The arguments used to prove Lemma can in turn be adapted to control || also in this
setting. Indeed, define ¢ as in the proof of Lemma and set Z := (0 —Y"?) /5. Then, focusing
on a single risky asset (d = 1) without loss of generality, it follows from It6’s lemma and the
identities —p'(—1) = ¢’(1) = 1 that

t t
o) =o(zn)+ 5 [ zaao -y g [ erzan-v).)

—otzn) + 3 ([ 1z - [ #zesas. - ol )

i ! " ! " s 2 _ ! " )
wa ([ @ @aaon.+ [ zamdisras). - [ ozosis..).

One can then use the bounds on ¢ and its derivatives (|¢| V |¢'| V |¢"| <1 on [—1,1]) as well as
(Y? —6)/6 € By to obtain the following estimate:

|19|t<5<2+/ erdM, + = /td<M>s>
/5Sd9 +/ £30,dM, +/ £0,d(M +/t§§d<M,0)5
+5(2@”2/ /56(““\” >

Here, &1, ...,£% € By, and M denotes the returns process with dynamics dM; = dS;/S;.

The counterparts of Corollary and Theorem in turn follow under integrability con-
ditions similar but somewhat more involved than Assumptions [3.2] and [3:6, An analogue of
Theorem can also be obtained under conditions similar to Assumption [4.3|

In particular, arbitrarily small exponential moments of the primitives of the model are still
sufficient to derive the lower bound . In particular, this allows to cover the geometric
version of the model of [22] where the frictionless target strategy 6 = g is Gaussian, compare
Example In contrast, the integrability conditions imposed in previous papers are only
satisfied in this context if the time horizon T is sufficiently small. Indeed, [20, Condition (3.2)]
or [15 Condition (A.2)] require the existence of a specific exponential moment for fOT B:d M,

or fo dt which both involve a squared Ornstein-Uhlenbeck process for the model of [22].
Therefore, these conditions only hold if the time horizon T is not too large.

13



References

il
2]
3]
4
51
6]
7
8]
9]
10]
11

[12]
[13]

[14]
[15]

[16]
[17]

18]
19]
[20]
[21]
[22]

[23]

M. Bichuch. Pricing a contingent claim liability with transaction costs using asymptotic analysis
for optimal investment. Finance Stoch. 18(3): 651-694, 2014.

M. Bichuch and S.E. Shreve. Utility maximization trading two futures with transaction costs. STAM
J. Financ. Math. 4(1): 26-85, 2013.

B. Bouchard, L. Moreau, and H.M. Soner. Hedging under an expected loss constraint with small
transaction costs. SIAM J. Financ. Math. 7(1): 508-551, 2016.

B. Bouchard, R. Elie, and L. Moreau. A note on utility based pricing and asymptotic risk diversi-
fication. Math. Financ. Econ., 6(1), 59-74, 2012.

B. Bouchard and N. Touzi. Weak dynamic programming principle for viscosity solutions. SIAM J.
Control Optim., 49(3), 948-962, 2011.

J. Cai, M. Rosenbaum, and P. Tankov. Asymptotic lower bounds for optimal tracking: a linear
programming approach. Ann. Appl. Probab. 27(4): 2455-2514, 2017.

G.M. Constantinides and M.J.P. Magill. Portfolio selection with transactions costs. J. Econ. Th.
13(2): 245-263, 1976.

I. Csiszar. I-divergence geometry of probability distributions and minimization problems. Ann.
Probab. 3(1):146-158, 1975.

M.H.A. Davis and A.R. Norman. Portfolio selection with transaction costs. Math. Oper. Res. 15(4):
676-713, 1990.

F. Delbaen, P. Grandits, T. Rheinlénder, D. Samperi, M. Schweizer, and C. Stricker. Exponential
hedging and entropic penalties. Math. Finance 12(2): 99-123, 2002.

P. Dupuis and H. Ishii. SDEs with oblique reflection on nonsmooth domains. Ann. Probab. 21(1):
554-580, 1993.

M. Fukasawa. Efficient discretization of stochastic integrals. Finance Stoch. 18(1): 175 — 208, 2014.

S. Gerhold, P. Guasoni, J. Muhle-Karbe, and W. Schachermayer. Transaction costs, trading volume,
and the liquidity premium. Finance Stoch. 18(1): 1-37, 2014.

E. Gobet and N. Landon. Almost-sure optimal hedging strategy. Ann. Appl. Probab. 24(4): 1652
1690, 2014.

M. Herdegen and J. Muhle-Karbe. Stability of Radner equilibria with respect to small frictions.
Finance Stoch. 22(2): 443-502, 2018.

J. Jacod and A.N. Shiryaev. Limit theorems for stochastic processes. Springer, Berlin, 2003.

K. Janecek, K. and S.E. Shreve. Asymptotic analysis for optimal investment and consumption with
transaction costs. Finance Stoch. 8(2): 181-206, 2004.

K. Janecek, K. and S.E. Shreve. Futures trading with transaction costs. Illinois J. Math. 54(4):
1239-1284, 2010.

Y. Kabanov and C. Stricker. On the optimal portfolio for the exponential utility maximization:
remarks to the six-author paper. Math. Finance 12(2): 125-134, 2002.

J. Kallsen and S. Li. Portfolio optimization under small transaction costs: a convex duality ap-
proach. Preprint, 2013, available online at https://arxiv.org/abs/1309.3479.

J. Kallsen and J. Muhle-Karbe. The general structure of optimal investment and consumption with
small transaction costs. Math. Finance 27(3): 659-703, 2017.

T.S. Kim and E. Omberg. Dynamic nonmyopic portfolio behavior. Rev. Financ. Stud. 9(1):141-161,
1996.

P.L. Lions and A.S. Sznitman. Stochastic differential equations with reflecting boundary conditions.
Comm. Pure Appl. Math. 37(4): 511-537, 1984.

14


https://arxiv.org/abs/1309.3479

[24] R. Martin. Optimal trading under proportional transaction costs. RISK August: 54-59, 2014.

[25] Y. Melnyk and F.T. Seifried. Small-cost asymptotics for long-term growth rates in incomplete
markets. Math. Finance 28(2): 668-711, 2018.

[26] L. Moreau, J. Muhle-Karbe and H.M. Soner. Trading with small price impact. Math. Finance
27(2): 350-400, 2017.

[27] D. Nualart. The Malliavin calculus and related topics. Springer, New York, 2006.

[28] D. Possamai, H.M. Soner, and N. Touzi. Homogenization and asymptotics for small transaction
costs: the multidimensional case. Commun. Part. Diff. Eq. 40(11): 2005-2046, 2015.

[29] L.C.G. Rogers. Why is the effect of proportional transaction costs O(2/3)? In G. Yin and Q. Zhang,
editors, Mathematics of Finance, pages 303-308. Amer. Math. Soc., Providence, RI, 2004.

[30] M. Rosenbaum and P. Tankov. Asymptotically optimal discretization of hedging strategies with
jumps. Ann. Appl. Probab. 24(3); 1002-1048, 2014.

[31] W. Schachermayer. Optimal investment in incomplete markets when wealth may become negative.
Ann. Appl. Probab. 11(3), 694-734, 2001.

[32] W. Schachermayer. A super-martingale property of the optimal portfolio process. Finance Stoch.
7(4): 433-456, 2003.

[33] S.E. Shreve and H.M. Soner. Optimal investment and consumption with transaction costs. Ann.
Appl. Probab. 4(3): 609-692, 1994.

[34] M. Sirbu. Asymptotic analysis of utility-based prices and hedging strategies for utilities defined on
the whole real line. Presentation, 2009, available online at https://www.ma.utexas.edu/users/
sirbu/papers/talk.pdf.

[35] H.M. Soner and N. Touzi. Homogenization and asymptotics for small transaction costs. SIAM J.
Control Optim., 51(4), 2893-2921, 2013.

[36] A.E. Whalley and P. Wilmott. An asymptotic analysis of an optimal hedging model for option
pricing with transaction costs. Math. Finance, 7(3):307-324, 1997.

15


https://www.ma.utexas.edu/users/sirbu/papers/talk.pdf
https://www.ma.utexas.edu/users/sirbu/papers/talk.pdf

	Introduction
	Model
	Bounds for the Skorokhod Problem and Tracking Error
	Bounds for Utility Maximization with Transaction Costs
	Itô Decomposition of the Frictionless Optimizer Using Malliavin Calculus
	Processes with jumps
	Strategies Parametrized in Monetary Amounts

