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NONLINEAR PRICE IMPACT AND PORTFOLIO CHOICE

PAOLO GUASONI'
Boston University and Dublin City University

MARKO HANS WEBER?

National University of Singapore

In a market with price impact proportional to a power of the order flow, we find optimal
trading policies and their implied performance for long-term investors who have constant relative
risk aversion and trade a safe asset and a risky asset following geometric Brownian motion. These
quantities admit asymptotic explicit formulas up to a structural constant that depends only on the
curvature of the price impact function. Trading rates are finite as with linear impact, but are lower
near the target portfolio, and higher away from the target. The model nests the square-root impact
law and, as extreme cases, linear impact and proportional transaction costs.
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1. INTRODUCTION

The impact of trades on execution prices is a critical determinant of portfolio re-
balancing policies: frictionless models assume a single price, insensitive to sales and
purchases of any size, resulting in policies with infinite trading volume (Merton, 1969).
Models that acknowledge bid-ask spreads preclude trading when a portfolio is near its
target (Constantinides, 1986; Davis and Norman, 1990), whereas linear price impact
models recommend a trading rate proportional to its distance from the target (Guasoni
and Weber, 2017; Moreau et al., 2017). Yet, empirical evidence suggests that price
impact is nonlinear.

This paper examines the implications of nonlinear price impact for optimal portfolio
rebalancing. Our model posits that a one-percent increase in trading speed increases
price impact by « percent. That is, « is the elasticity of price impact to the order
flow — the focus of this paper. At one extreme, a = 1 recovers linear price impact;
at the other extreme, o« = 0 reproduces constant proportional bid-ask spreads. All
intermediate values generate nonlinear impact functions, with « = 1/2 corresponding
to the square-root law proposed by several authors (cf. Loeb (1983); Torre and Ferrari
(1998); Grinold and Kahn (2000)).
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FIGURE 1. Optimal trading rates (vertical axis) against current risky
weight (horizontal axis) for &« = 1/8 (green), « = 1/4 (blue), and
a = 1/2 (red). Linear impact (o = 1) leads to the linear rate (dotted),
whereas vertical lines (dashed) identify the no-trade region arising
with transaction costs (o J. 0). u = 8%, 0 = 16%, v =5, A = 0.1%.

The paper finds the optimal rebalancing strategy, its performance, and the resulting
trading volume for long-term investors with constant relative risk aversion, who trade in
a market with one safe and one risky asset, and constant investment opportunities sum-
marized by a geometric Brownian motion. The main finding is that, in the small price
impact limit, the optimal policy, its performance, and trading volume are all identified,
up to a change in scale and location, by the shape equation

(1) sl (2) 222—ca—a(a+1)_aTﬂ|sa(z)|aTﬂ,
2) fm 22 gy _32B) 4 pyama
Z——00 ‘Z|T+1 z—+o00 ‘Z|<"+1

an ordinary differential equation, the solution of which consists of the scalar c,, and the
shape function s, (z). For a = 1, the shape function is linear, and the model recovers
the optimal policy for linear impact in Guasoni and Weber (2017). In the limit o |, 0, the
shape function gives rise to the classical trading policy of Dumas and Luciano (1991)
for bid-ask spreads.

The implications of nonlinear price impact are qualitatively similar to those of linear
impact, but quantitatively skewed towards those of proportional transaction costs. As in
models with linear impact, optimal trading policies yield finite trading rates, but these
rates are lower near the target portfolio, and higher away from the target (Figure 1).
These differences bring the optimal policy closer to its counterpart with proportional
bid-ask spreads, in which the trading rate is zero inside the buy and sell boundaries,
while it is “infinite” (in that portfolio adjustment is instantaneous) outside the bound-
aries. Likewise, the asymptotic long-term distribution of the portfolio weight around
its target is bell-shaped, similar to the normal distribution arising with linear impact,
but less peaked, and closer to the uniform distribution arising with proportional bid-ask
spreads (Janecek and Shreve, 2004).

The significance of these results is fourfold. First, despite the technical challenges
of nonlinear price impact, the resulting portfolio choice problem is nearly as tractable
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as with linear impact, and yields a solution that is less sensitive to the presence of bid-
ask spreads, because nonlinear impact depresses trading when the portfolio lies near
its target, similar to the no-trade regions that are implied by bid-ask spreads. Thus, in
addition to being an empirically documented feature, nonlinear impact is also a flexible
device to mimic the effect of bid-ask spreads. This analogy may be used as a means to
attack problems in which the free-boundary problems arising from bid-ask spreads are
intractable.

Second, our asymptotics show that nonlinear price impact reduces the frictionless
equivalent safe rate by

2 0’2 3 %
3) CaATH3 (7 <2> Y41 —Y)4> ,
where ) is the price impact for unit trading speed, Y = -5 the frictionless target port-

folio, v and o the risky asset’s return and volatility, and ~ the investor’s risk aversion.
This formula implies, in particular, that the square-root law (o = 1/2) implies a cost
proportional to the 4/7-th power of the impact’s magnitude A, while for linear impact
and proportional bid-ask spreads it reduces to the performance formulas in Guasoni and
Weber (2017) and Gerhold et al. (2014).

Third, the shape function regulates the drift of trading volume near its frictionless
level and links the parameter « to the shape of the stationary distribution of the portfolio
weight, which interpolates the uniform (« | 0) and Gaussian (o = 1) distributions aris-
ing with bid-ask spreads and linear impact respectively. Finally, the very recent results
of Cayé et al. (2018) on constant risk aversion and asset prices following general diffu-
sions, show that the shape function identified in this paper drives the optimal policies
for nonlinear price impact even in such models, thereby attesting to its central role for
nonlinear impact.

This is the first paper to solve a portfolio choice model with nonlinear price impact,
and we focus on a partial-equilibrium model of a large investor with constant relative
risk aversion. We study power-type impact for any o € (0, 1], as equilibrium models
support different exponents (Kyle, 1985; Garleanu et al., 2009; Gabaix et al., 2006). In
the literature, nonlinear price impact appears mainly in problems of optimal liquidation
(Almgren, 2003; Vath et al., 2007; Schied et al., 2010), which are in fact a special case
of portfolio choice — when the risky assets have no risk premium.

From a mathematical viewpoint, models of nonlinear impact pose challenges similar
to the ones of linear impact — with a few surprises. We focus on investors with a long
horizon (Dumas and Luciano, 1991; Grossman and Zhou, 1993; Guasoni and Robert-
son, 2012; Gerhold et al., 2014; Guasoni and Weber, 2017), thereby obtaining optimal
policies that are insensitive to the investment horizon. The search for explicit formulas
in the small-impact limit departs significantly from the linear case, as nonlinear impact
leads to a singularity in the value function near the target weight, hence to separate scal-
ing behaviors near to and away from the target. A suitable re-normalization of the value
function and its argument removes the dependence on all model parameters except «,
leading to the shape equation (15), which is akin to the corrector equation in Soner and
Touzi (2013), as it describes the scale-free dynamics of the problem’s state variable.

The rest of the paper is organized as follows: the next section contains a brief re-
view of the literature that puts the paper in context. Section 3 describes the model and
discusses existence and optimality results that are necessary for the main asymptotic
results in section 4. Section 5 discusses the model’s implications, comparing them with
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those of proportional bid-ask spreads and linear impact. In section 6 we provide heuris-
tic arguments for the main result and in section 7 we discuss an extension of the model.
All the proofs are deferred to the appendix.

2. LITERATURE REVIEW

Price impact is a broad designation that includes diverse mechanisms in which
traders’ actions affect current or future prices, therefore it is important to clarify the
scope of this paper’s results in this vast literature, which encompasses permanent, tran-
sient, and immediate impacts. This paper focuses on immediate price impact.

The seminal equilibrium model of Kyle (1985), and its extensions to continuous time
(Back, 1992) and risk aversion (Baruch, 2002) among many others, have spearheaded
the equilibrium literature on permanent impact, in which asset prices arise endoge-
nously from the interaction of informed and uninformed traders with market makers. In
this literature, price impact results from the gradual assimilation in prices of insiders’
information, which accumulates over time. The models in Cuoco and Cvitani¢ (1998),
Bank and Baum (2004), and Bank and Kramkov (2015b,a) also explore different mech-
anisms in which a large investor’s aggregate position affects asset prices, and therefore
price impact is permanent. In the same fashion, Huberman and Stanzl (2004) study a
partial-equilibrium model of permanent impact and conclude that only linear price im-
pact functions are consistent with the absence of quasi arbitrage and price manipulation.

The literature on transient impact specifies partial equilibrium models that capture
the reversion of order books to their steady state in response to imbalances, as in
Obizhaeva and Wang (2013) and Predoiu et al. (2011). Because absence of dynamic
arbitrage rules out exponential decay in combination with nonlinear impact (Gatheral,
2010), the results in Gatheral et al. (2012) focus on linear impact with arbitrary decay.

The literature on immediate impact (sometimes also referred to as temporary or in-
stantaneous) is generally immune to price manipulation and arbitrage issues, as it spec-
ifies partial equilibrium models in which the execution price is less favorable than some
exogenous baseline price: if the latter is arbitrage-free, so is the former. Different
price impact specifications are interpreted as different shapes of infinitely resilient or-
der books, so that the execution price at each time depends only on current trading
speed. (For example, linear impact corresponds to a flat order book, while square-root
impact to a V-shaped book.")

Much of this literature follows the optimal execution model in Almgren and Chriss
(2001), in which the mean-variance tradeoff is between a quicker execution at a
worse execution price and a slower execution at a more uncertain price. Schied and
Schoneborn (2009) develop a continuous-time version of the liquidation problem with
exponential utility and immediate linear impact in the number of shares traded per unit
of time, a measure of order flow. A similar specification appears in mean-variance mul-
tivariate models of dynamic trading with frictions (Garleanu and Pedersen, 2013, 2016),
where immediate price impact is linear in the number of shares traded per unit of time
in all securities, in part for tractability. (Garleanu and Pedersen (2013, 2016) refer to
quadratic transaction costs, yet another name for immediate linear impact.) Collin-
Dufresne et al. (2012) specify linear impact in dollar amounts traded per unit of time,
which leads to a more challenging model.

IThe observed order book reflects mostly the activity of high frequency traders. The relevant object for
a price impact model is, instead, the latent order book introduced in Toth et al. (2011), which aggregates the
total intended volume to buy/sell at each time.
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The interest in nonlinear price impact starts from practitioners (Loeb, 1983; Torre
and Ferrari, 1998; Grinold and Kahn, 2000), who posit a square-root law of market
impact as a realistic rule of thumb. Subsequent empirical work by practitioners and
academics confirms the concavity of price impact (Hasbrouck and Seppi, 2001; Plerou
et al., 2002), with some authors reporting a dependence approximately of power type
and with exponents close to a = 1/2 (Almgren et al., 2005; Lillo et al., 2003). Nonlin-
ear impact first appears explicitly in an optimization problem in the optimal execution
model of Almgren (2003) .

3. MODEL AND PRELIMINARIES

3.1. Market and Preferences. The financial market includes a safe asset earning zero
interest rate?, and a risky asset with best quoted price S; following the usual Samuelson
model

dS

t

where W, is a standard Brownian motion, > 0 is the expected excess return, and
o > 0 is the volatility.® Unlike frictionless markets, trades in the risky asset are not
realized at the best quote S;, but at a less favorable price that reflects adverse movements
during the execution of a large trade. The average price for trading Af shares in the
interval [t,t 4+ A] is specified as

= pdt + odWry,

S, A0
XAl sgn(AG)) ,

where X; denotes the large investor’s wealth at time ¢ (valuing the risky position at the
best quote S;), A > 0 is a measure of the asset’s illiquidity. The shape parameter « is
the elasticity of price impact with respect to trading volume — the main focus of this
paper.

By the specification in (4), a larger trade Af or a smaller execution time At result
in a higher price impact. The proportional price impact is assumed to be a function of
the wealth turnover S; A/ X, that is the amount traded as a fraction of the investor’s
total wealth. The rationale for this scaling is as follows: empirical work (Engle et al.,
2012; Frazzini et al., 2012) documents that price impact increases with the trade size
as a fraction of daily trading volume V7, i.e., it is some nonlinear increasing function of
S:AG/(ViAt). Daily trading volume is cointegrated with the market capitalization M,
in that the ratio V; /M, is long-term stationary (typical long-term averages are of the
order of 1% of market capitalization turned over daily). Furthermore, a large investor’s
wealth X is cointegrated with the market capitalization (the ratio X, /M; is positive
and bounded from above), which in turn implies that the ratio V; /X, is stationary. For
simplicity, (4) further approximates such a ratio with a constant, and section 7 below
discusses an extension of the model to the case of a stochastic ratio, at the expense of
including wealth as an additional state variable.

Passing to continuous time to make the model tractable, we assume that 6;, the
number of shares of the risky asset held at time ¢, is absolutely continuous with respect
to time, and denote by 6, its derivative. The resulting self-financing condition requires
that the investor’s cash position C; = X; — 6;5; evolves as

@) 5 =5, (1 A

dC, = —S,do, = —8, <1 + A % sgn(ét)> db;.

t

2A zero rate helps ease notation, but the results remain valid with any constant rate.
3For the case u < 0, see Remark 2 below.
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Denoting wealth turnover as u; := 0}(5:t , routine stochastic calculus derivations lead to

the following joint dynamics of the investor’s wealth X, := 6,S; + C, and portfolio
weight Y; := 93(—5},

dX
) Tt = Y, (pdt + odWy) — Nug|*Hdt,

t

©)  dY = (Yi(1 = Y3)(p — Yio?) + up + A wg o)t + Yi(1 — V) od W

These joint dynamics, obtained through heuristic derivations from the self-financing
conditions, are the starting point of our rigorous treatment. Consider a probability space
(Q,F, P), equipped with a Brownian motion W, and its augmented natural filtration
Fi.

An admissible strategy is defined as a pair (Y, u) of an initial portfolio Y, and a
turnover process u; such that the resulting wealth process remains solvent at all times,
in analogy with the frictionless theory.

Definition 1. For Xy > 0 and Yy € R, an admissible strategy is a process (ut)t>o,

adapted to F;, such that fOT |ug[1tedt < oo a.s. for all T, and for which the sto-
chastic differential equation (6) has a unique strong solution on (0,00). For any such
admissible strategy, the corresponding wealth process is

M Xp=Xoexp (fy (1= V2= Nl ) dt + [ oYidWy)

In this market, the investor’s objective is to maximize the equivalent safe rate, defined
as

(3) ESR,, (u) = limsup 1 log E (X)),

T—o00 T
where 0 < 7 # 1 denotes the investor’s relative risk aversion.* This asymptotic ob-
jective focuses on the growth rate of the certainty equivalent of power utility at a long
horizon, while neglecting the dependence on the length of the horizon and preserving
stationarity.

Remark 2. Leverage and short-selling are not admissible because short and levered
positions are insolvent with positive probability. In particular, any strategy such that
Y; ¢ [0,1] for some t is not admissible. If the frictionless target is short (i < 0), then
full investment in the safe asset — and no trading — is optimal. If the frictionless target
is levered (j1/(y0?) > 1), then full investment in the risky asset is optimal, again with
no trading.’

3.2. Verification Theorem. The verification theorem 3 identifies the optimal trading
policy and its equivalent safe rate from the solution of the associated ergodic HIB equa-
tion.

4The case with logarithmic utility is analogous. In fact, all results extend to the logarithmic case by
passing to the limit v — 1 in the statements.

5 This fact follows from (Guasoni and Weber, 2017, Lemma A.2), which carries over to the present setting.
The proof is omitted, as it is similar, replacing — ﬁ with — and modifying the equation

. . JE f(2)d=
in the statement of Lemma A.3 to lim;—, TG
J€

« 1
a+1 )\1/0(&_‘_1)1/0 ’
= 0, the proof of which follows from Holder’s

inequality with exponent o + 1.
OThe statement of Theorem 2.3 in Guasoni and Weber (2017) carries over to the present setting, and
follows from the validity of Lemma A.2 in Guasoni and Weber (2017).
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Theorem 3. Assume Y := £z € (0,1). There exists A* > 0 such that for A € (0, ")
the wealth turnover that maximizes (8) is
1/«

1) sgn(q(y))

(a@+ A1 —ya(y))

©) a(y) =
and its equivalent safe rate is
(10) ESR, () = §,

where 3 € (0, 29‘%) and q : [0,1] — R are the unique pair that solves the ODE

(1)

2 a+1
5 g” o 2 _atl ‘C]| o —1/a
— Bty — vy +y(l — - +ala+1
Btpy—v5y +y(l—y)(n—10"y)g +ala+1) (T yq) /o

with the boundary conditions

(12) a(07) = AT (o + 1) (O‘zl@aﬂ,
(13)
ettt 2
-1/« |q(1 ) < —1/a _ o g~
7a+1(a+1) —(1_(](17))1/&)\ =4 Bty

Note that the boundary conditions (12)-(13) are natural in that the corresponding
values of ¢(0) and ¢(1) are the only possible finite limits consistent with (11), as the
coefficient of ¢’ vanishes for y = 0, 1. Thus, a numerical procedure to solve this system
is to solve an initial value problem for ¢ starting at some arbitrary § € (0,1) (for
example, § = 11/(70?)), and then calibrate the unknown parameters ¢(7) and /3 so
that the solution has finite limits in 0 and 1. Such B is the equivalent safe rate of the
problem, while the optimal turnover rate @ (y) follows from the function ¢(y) through
the expression in (9).

The following proposition shows that liquidation can be realized in a short period of
time and at a low cost relative to the final portfolio value. Accordingly, the best quote
of the asset Sy is assumed constant during the liquidation.

Proposition 4 (Liquidation). Assume S, = S constant for t > T. The liquidation
time L(u) = inf{t > 0 : Opy; = 0} of the constant selling policy uy = u < 0
equals L(u) = —% ~ —% and the proportional liquidation cost is

Xr—X
Xo=Xraste) = \Yrful

For example, for a selling rate of order O()f%ﬂ), liquidation time would be of
order O()\%ﬁ) with a liquidation cost of order O()\ai+3 ).

The main results in the next section provide asymptotic formulas for the optimal
trading strategies in the limit of small price impact A | 0. This analysis departs signif-
icantly from the corresponding results for linear impact, as nonlinear impact of power
type leads to qualitatively different impacts for small (v ~ 0) and large (u ~ 00)
turnover.
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4. MAIN RESULT

This section contains the main result of the paper. The next Theorem calculates the
asymptotic optimal trading policy, its performance, and the dynamics of the portfolio
weight, which are all governed by the scale-free ordinary differential equation (15),
independent of preference and market parameters other than the elasticity of impact a.
The asymptotic policy depends on all other parameters only through the constants

a+1

a+3 1/2

21, _a

7 Aa=<2) . Bo=13",
Yo

2 3
(14) 1, = KUQ) NP4 - T)

Theorem 5. For a € (0, 1] there exist a unique constant ¢, > 0 and a unique function
54 € CH(R) that solve

a+1

(15) sh(2) = 22— ca — ala+1)7 [sa(2)| T

with the growth conditions’

a6y tim 2% i) and tm 22 gy 1)aE

zZ——00 |Z|0‘7+1 z—+00 |Z|"‘27j:1

Recalling that q)(y) and G (y) are, respectively, the reduced value function and opti-
mal policy in Theorem 3:

(i) The rescaled value function satisfies

(17 lgr(}q)\(ff—i—)\ﬁz))f%ﬁ = Bysa(z/Au)-
(ii) The rescaled trading policy satisfies
Ve B(X « A(X 1/a
(18) lgirol)\%ﬂa,\(Y—i—/\%ﬂz) = v,(2) := _‘(Sa:f/l)) sgn(z).

(iii) The equivalent safe rate has the asymptotic expansion

12

2

— el N Aa73).

(19) ESR, () =
(iv) Assume Yy = Y. The rescaled weight Z? := P (Yyz/(atm s — Y) converges
weakly to the process Z° defined by®

(20) dZ° = v (Z2%)ds + Y (1 = Y)odW,,  Z3 =0.

The above theorem summarizes the main attributes of the optimal policy: with non-
linear price impact, the optimal policy is not fully explicit even in the asymptotic
regime, as it depends on the solution s, to the asymptotic equation (15), along with
the long-run dynamics of the portfolio weight in (20). Similarly, the equivalent safe
rate in (19) depends on the constant ¢, which does not have a closed-form expression
in terms of a.

Yet, the complexity of the asymptotic policy is limited to the one-time calculation of
¢, and s,,, while the dependence on all other model parameters is explicit, and in fact

It is seen immediately that if s, (2) solves (15)-(16), then also —sq (—2z) solves (15)-(16). Hence, the
uniqueness of the solution implies that sq (2) = —sa(—2). In particular, one of the growth conditions can
be replaced by s, (0) = 0.

8Note that the weight process Y also depends on )\, though we omit the superscript Y for consistency
with the previous sections.
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FIGURE 2. Exact rescaled value function ¢ (Y +
A&ts Aaz))\*a%?’/Ba (solid red) and its asymptotic limit s,/(2)
(dashed blue), as functions of the rescaled portfolio z, in which 0
represents the frictionless target. The asymptotic function depends
only on «, the exact curve is obtained with u = 8%, o = 16%,
a = 1/2, v = 5, and with A = 10% (the curves are visually
indistinguishable with A = 1% or lower).

rather simple, through the constants in (14). In addition, Figure 2 shows that the asymp-
totic approximation is rather accurate for typical parameter values, even for relatively
high \.

As nonlinear impact leads to the nonlinear trading rates in Figure 1, it also tilts the
stationary density of the portfolio weight away from the normal distribution implied by
linear price impact. As « declines and nonlinearity increases (Figure 3) the stationary
distribution becomes flatter at the center and thinner-tailed, approaching the uniform
distribution in the limit of transaction costs (o = 0).

The confidence intervals of the portfolio weight Y; are neighborhoods of Y of order
A Qe

1

T
lim lim Tfl _ 1 _ 1 dt =
A=0T—o00 = {Yi€[Y—AaF3zY+Aat3z]}
23 T/)\a-2i—3
. . of .
fim i 27 [ Lzpeloaapds = limaso i ([=202]) = #([=22]),

where ;. is the invariant measure associated to the process Z*.

9Note that the small positive value at z = 0 of the exact curve is consistent with the second-order term
in the linear-impact case (Guasoni and Weber, 2017, Remark A.13), and reflects the motive to contrast the
current drift of the portfolio Y; rather than its position relative to the target.
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FIGURE 3. Density (vertical axis) of the invariant measure of the
rescaled risky weight Z° in Theorem 5(iv) (horizontal axis) for o =
1/8 (green), « = 1/4 (blue), and «« = 1/2 (red). Linear impact (o =
1) leads to the normal distribution (dotted) whereas transaction costs
(a | 0) to the uniform distribution (dashed). u© = 8%, o = 16%,

v =15,Y =62.5%.

5. IMPLICATIONS

5.1. Trading Strategies. Theorem 5 (ii) identifies the optimal wealth turnover (or
trading rate) as

1 _ 1/«
1 | Basa( Ao (y —Y) /A, _
[@2)) x(y) ~ —A"a+3 Sa i (yl) )/Aa) sgn(y —Y).

(o +

This formula means that, at the first order, the optimal policy is to buy when the weight
is below the frictionless target Y and to sell when it is above, as with linear impact.
However, turnover is not proportional to the distance of the current weight y from the
target Y, as the function |s,|'/® is generally nonlinear.

Figure 1 displays the typical shape of the optimal trading policy for different elas-
ticity a: as the elasticity « declines from the linear value of one to the null level that
approximates a bid-ask spread, the trading rate declines to zero near the frictionless
target, while rapidly increasing away from the target. Indeed, as o | 0, the trading
rate converges to zero for the values of y that lie inside the no-trade region arising with
bid-ask spreads (Gerhold et al., 2014), while diverging to plus infinity in the buy-region
and to minus infinity in the sell-region.

The shape of the trading rate is a natural consequence of the concavity of the friction:
As low trading rates have a proportionally large impact on the execution price, while
high rates lead to higher — but proportionally lower — impact, it is rational for an investor
to tolerate small deviations from the target by trading very slowly (v, (z) o 2w for z
near 0), while reacting aggressively as the portfolio weight strays significantly from the
target (v, (2) o 2Tta for z near 400). Equivalently, the portfolio weight has more
frequent small deviations, but much less frequent large deviations from the target.
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5.2. Equivalent Safe Rate. Theorem 5 (i4¢) implies that nonlinear impact reduces the
equivalent safe rate by

a+1

0_2 3 a+3 ,
(22) Cor (2> Y41 -Y)? \a+3

The factor A& reflects the cost of higher illiquidity. Such an order of magni-
tude admits a simple heuristic explanation, in analogy to the one offered by Rogers
(2004) for proportional transaction costs, noting that illiquidity costs stem partly from
the displacement of the portfolio weight from its target and partly from trading costs
themselves. The displacement cost from keeping a portfolio weight at a distance

¢ from the frictionless proportion Y is of order £2: indeed, if Y; = Y + ¢, then
1 2
Llog E[X; "] = T — To2%e?.

To keep the portfolio weight at a distance of order & from Y, an investor should trade
at a speed proportional to e, as it is gleaned from equation (6): with u; = k- ¢! the
process Z¢ = e~ }(Y.2,—Y) converges in law as ¢ | 0 to the invariant distribution of Z)
in (20). The trading cost of such strategy u; = k - =1 is thus A|ug |17 = A|ke 1|1,
Thus, the sum of displacement and trading costs has the form

Ce? + \e™ 7@

for some constant C'. Minimizing such an objective with respect to ¢ yields € )\%ﬂ,
whence the overall illiquidity cost is of the order of )\a%?’, in accordance to (22) (which,
in addition, yields the correct constant). Put differently, displacement and trading costs
are of the same order under the optimal trading policy, which otherwise may be im-
proved by increasing the negligible cost to reduce the leading-order cost.

The constant ¢, (see Figure 4) reflects the shape of the asymptotic trading policy,
which depends on « alone through the function s,.!° The factor [(02/2)37Y*(1 —

}7)4]% accounts for the effects on performance that the asset’s volatility has on an
investor who keeps a portfolio close to the target weight Y. These effects are minimal
when the target is close to full investment in either the safe or the risky asset (Y = 0, 1),
hence the resulting portfolio has low volatility and requires little rebalancing.

Interestingly, the elasticities 2/(a+3) and (a+1)/(a+3) sum to one, which means
that simultaneously multiplying the risk aversion, expected return, and illiquidity A by
the same factor, results in a cost also multiplied by the same factor, regardless of the
nonlinearity . This parameter, however, regulates the impact of the illiquidity A rela-
tive to the combined effect of expected return and risk aversion. Whereas with linear
impact the two elasticities are equal, which means that doubling illiquidity is equivalent
to doubling both risk aversion and the expected return, the impact of doubling illiquid-
ity is larger with nonlinear impact, reaching an elasticity of 2/3 in the limit case of
transaction costs.

5.3. Trading Volume. Nonlinearity of price impact also controls the dependence of
trading volume on the illiquidity parameter \. The starting point for the analysis of
trading volume are equations (18) and (20), which describe the asymptotic turnover v,,
and the dynamics of the resulting portfolio.

107, compute numerically cq, calculate the solution to equation (15) with initial condition s, (0) = 0
and a sufficiently small guess for c.. If the guess for ¢ is too small, then there exists Z such that the solution
Sa(z) is increasing on (Z, +00). By increasing ca, the point Z converges to +oco. The correct guess cq is
the smallest coefficient such that sq (z) is decreasing on (0, +00).
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0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 4. The universal constant (0,1] 3 o+ ¢,.

Regardless of the nonlinearity, turnover v,, increases with both risk aversion + and
volatility o, confirming the intuition that risk aversion induces more trading through
more active rebalancing.!! Trading volume, measured by unsigned turnover (cf. Gua-
soni and Weber (2017)) is asymptotically inversely proportional to the width of the
confidence intervals of the portfolio weight Y;, as shown by the next proposition.

Proposition 6. Assume Y € (0,1). Then

1

T
o1 . 2\° S N I AN o
|ET| = Tlggof/lux(ié)ltha [(2) 7Y4(1—Y)4] AR o(A T,
0

where the constant G, depends only on o

L 1—exp(—ﬁ I |sa(s)|1/ads)

(23) G, =1 .
2 I exp<7W I |sa(s)|1/ads>dz

Thus the equivalent safe rate loss is
(24) LOS()\) ~ N A|ET|*T,

where also N,, := caG;(aH) depends only on «.

Note that (24) extends to nonlinear impact the performance relations in Gerhold et al.
(2014) and Guasoni and Weber (2017) for proportional transaction costs and linear
impact respectively. The exponent oo + 1 reflects the fact that higher volume leads
to higher costs proportionally to quantities (whence 1), and less than proportional to
impact (whence «).

The following proposition shows that the appropriately scaled trading volume pro-
cess has a weak limit.

1 (2) increases as +y increases because |sq (2)] is increasing in |z|, B increasing in v and Aq de-

2o
creasing in «y. A is increasing in o, but because |sq (z)| ~ K1 |z| for small |z| and |sa (2)| ~ K2|z| at1
for large |z|, the effect of o on Basa(z/Aq) is always positive. In particular, v, (2) is increasing in o.
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Proposition 7. Assume Y € (0,1). As X | 0, the processes (/\%%ﬂ)\(z)‘)))\zo con-
verge weakly to the process Vy := v, (Z2), which has the dynamics

dVs = b(Vs)ds + a1/2(VS)dVV87
where b(v) = vl (v;t())v + Lo’ ()Yl — Y)?0? and a(v) =

«a 2
_ _ atl 3 o
(v, (v (v))2Y2(1 = Y)202 Thus, b(v) ~ —2(a + 1) ta"1/2A1 B> v*2* and
o+l _ _
a(v) ~4(a+1)"2a71A2B,> Y2(1 - Y)20%0 = for large v.

The invariant density of the trading volume process V; is proportional to

exp( [* 22 g
%. It follows from Proposition 7 that for large v it is asymptotically equiv-

a+3
fx Ol )
=
Thus, the trading volume generated by the rebalancing activity of one large investor
has fatter tails than the normal distribution, but still exponentially decaying in (a power
of) the trade size. By contrast, Gabaix et al. (2003, 2006) investigate the distribution
of trade sizes in aggregate microstructure data, and find tails with power decay, which
they explain as arising from the actions of a population of funds with assets distributed
according to an assumed power law.
This observation suggests that aggregate volume patterns largely depend on the
cross-sectional variation among market participants rather than on the time-series vari-
ation for each participant, which has rather different statistical properties.

, for some f, g > 0.

5.4. Linear Impact and Bid-Ask Spreads. The formulas in Theorem 5 recover the
familiar results on linear impact for « = 1 and on proportional bid-ask spreads in the
limit @ | 0. Linear price impact follows as a straightforward special case, for which
both the shape function s, (z) and the constant ¢, have simple explicit expressions.
Substituting such expressions in Theorem 5 in turn leads to the asymptotic formulas for
optimal policies, their performance, and trading volume derived by Guasoni and Weber
(2017).

Lemma 8. In Theorem 5, ¢c; = 2 and s1(z) = —22.

In the limit o | 0, price impact degenerates to a market with proportional bid-ask
spreads, for which the asymptotics are discussed in Gerhold et al. (2014). In the notation
of this paper, the asymptotic analysis in the transaction cost literature solves models for
a = 0 and then studies the small-cost regime A | 0. By contrast, this paper studies the
regime A | 0 while holding o > 0 constant, and a natural question is whether the limit
a | 0 of these asymptotics coincides with the asymptotics with & = 0 in the transaction
cost literature. As we show, the answer is affirmative.

The next lemma identifies the limits of s, ¢, in Theorem 5.

Lemma 9. In Theorem 5, cg := lim,_s0 Co = (%)2/3 and

17 S (7007 7\/%]7
s0(z) == C{lgé sa(2) = ¢ 2%/3 —coz, 2z € (—\/Co, /),
-1, z € [y/co, +00).
The next lemma shows that, as « | 0, the optimal trading rate converges to 0 inside

the no-trade region [z_, z1], to —co in the sell region [z, +0c], and to 400 in the
buy-region [—o0, z_].
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_ _ 1/3
Lemma 10. Define z; := (%Yz(l - Y)z) and z_ = —zy. For a | 0, the
optimal strategy v, (z) converges to 0 on (z_, zy), to +00 on (—o0, z_), and to —o0
on (z4,+00).

6. HEURISTICS

The proof of Theorem 5 is technical and deferred to the appendix, as it requires a
careful analysis of the convergence of the rescaled value functions to their universal
limit. Yet, an informal derivation of the main statement illustrates the main scaling
arguments at work.

1—v
)if,y | X =2,Y; = y} the value function of the finite-

horizon utility maximization problem, similar arguments as those for linear impact
(Guasoni and Weber, 2017) lead to the Hamilton-Jacobi-Bellman equation

Denoting by v(t, z,y) = F [

0.2y2
vi+y(1—y)(p—o’y)o, + pryv, + — - (%050 + (1 = y)?vyy + 20(1 = y)vsy)
+ max (—Az|u|* v, 4+ vy (u+ Aylul/*TH)) = 0.

£ (VBT 0L}, a8

Next, using the ansatz v(t, z,y) = , maximizing over u,

and setting ¢(\) : wo B yields

(25)
vo? o 2 _em "
- V=9 +cN)+y(l—y)(p—107y)lg+ala+1)" o ———m
2 (1-yq)
o? 2 2/ 1 2
+ -5y (1-y) (¢ +(1-v)4q)=0.

2
Passing to the limit A — 0 and guessing that limy_, ¢ (y) = 0, leads to

70'2 a+1

777 2:. T T a
(V- y)? = limala+ 1)

and hence to the first order approximation

+1
= )\71/04’

qx

oz—&—lﬁ
2

a+1
0 ) = Ao )y sy )
For o € (0, 1], the function ¢(!) (y) is sublinear and the derivative explodes in Y, even
as the solution of the HJB equation is bounded and has bounded derivative. This ob-
servation suggests that to achieve nontrivial asymptotics it is necessary to “zoom in”
close to the Merton proportion Y, i.e. to rescale gy (y) both on the horizontal and on
the vertical axis. ,

For y far from Y, the dominant term in (25) is —23-(Y — y)?, which yields the
approximation (26). Instead, for y = Y the dominant term is ¢()\) in view of the guess
gx(Y) = 0 (a zero trading rate at the Merton proportion). In particular, if c(\) =
O(X?), setting in (25) y = Y/, it follows that ¢} (Y') = O(A?). The two dominant terms
(for 3 far from Y and for y = Y') match when y ~ Y — ¢(\)'/2.

Setting y = Y — ¢(A\)/2 in (26) yields ¢()(Y — ¢(A\)Y/2) = O(A=+1aF1). On
the other hand, as ¢} (V) = O(A%), gx(Y — ¢(\)/2) ~ =4 (V) x ¢(\)V/2 = O(\F).

From the relation 3¢ = %H + a“—fl, the correct guess d = QL% follows. Therefore,
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assuming c(\) = eA=+s and substituting y = Y + A3 2 and ra(z) = qA(y))\_a%S in
equation (25), yields

27
2 2
—%22)\&%3—%6)\&%3—702y(1—y)z)\ﬁm+%y2(1—y)2(r3\)\%+3+(1—7)r§)\%+3)
| |L+1
a+1 T a
+ala+ 1)~ A A = 0.

(1 — yrarais)l/a

Dividing the equation by A5+3 and passing to the limit as A | 0, it follows that ro(z) :=
limy o 7x () satisfies the equation
2 2
—%% +o+ %Wu — V) 4 oo+ 1) Jro " = 0.

Absorbing the parameters u, o and « in the coefficients through the substitution
Se(w) = w, the asymptotic HIB equation (15) follows. Likewise, reformulating
the boundary conditions (12)-(13) for g, in terms of s, yields the asymptotic growth
conditions (16).

7. MODEL EXTENSION

The arguments in the paper can be extended to more general specifications of the
price impact function, as to account for dependence on a stationary process. Assume
that the average execution price for the large investor is

S Af |~
XAt ’

where ¢ is an additional exogenous state variable and 0 < mg < K(§) < Mk, and &
follows the SDE

(28) dé; = pe(§e)dt + o¢(&4)d By,

where (¢, o¢ are smooth functions and B; is another Brownian motion that has corre-
lation p with W;.

The coefficient K (&;) captures both the investor’s size and the time-variation in illig-
uidity. Under this interpretation, the model introduced in Section 3 assumes a constant
proportion between the daily trading volume and investor’s wealth, where the constant
of proportionality is incorporated into the parameter \.

Passing to continuous time and applying It6’s Lemma yields the dynamics of the
wealth process X and of the risky weight Y,

dx
Tt = Yi(udt + odWy) — MK (&) |ug| > dt,
t

dY; = (Y,(1 = V) (= Yi0?) + uy + MK (&) Vi ue|* T dt + Yi(1 — Yy)odW,.

St (1 + AK (&)

As in Definition 1, a strategy (Yo, ) is admissible if the resulting wealth process,
i.e.,

X% = Xoexp (fOT (,m — 2y o /\K(gt)|ut\1+a) dt+ [T UYtth) :

remains solvent at all times.'?

2110 < m k < K(§) < Mg, then the same arguments in Remark 2 apply to the extended model. In
particular, any strategy such that Yz ¢ [0, 1] for some ¢ is not admissible.
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The following verification theorem identifies the optimal trading policy and its equiv-
alent safe rate in the extended model from the solution of the associated ergodic HIB
equation.

Theorem 11. Assume Y := 5= € (0,1). Let the process (&)i>o satisfy (28) for
some continuous functions pi¢,o0¢ : E — R, where E C R is a bounded open set and
P& € E a.s. forallt) = 1. Let K : E — R be bounded from above and away from 0
(i.e., there are my, My € R such that 0 < myg < K(§) < Mg forall§ € E).
Assume that Q(y,&) € C%([0,1] x E) (i) is bounded, (ii) satisfies the conditions
Qy(1,8) <0< Qy(0,8) for £ € E and yQy(y,&) < 1 for (y,€&) € [0,1] x E, (iii) is
such that o¢(§) Qe (y, §) is bounded, and (iv) solves the partial differential equation

5 702 2 2 o? 2 2 2
—Btuy =y +y(l —y)(u—o y)Qer?y (1 =9)"(Qyy + (1 =7Qy)
2
Ug(f)

+1e(§)Q¢ + —5— (1 =7QF + Qee) + opoe()y(1 —y) (1 — 7)QyQ¢ + Qye)
(29)

a+1

_att |Qy|T
+0poe(§)y(1 —7)Q¢ + a(a+1)" "= =0
(Ot =Qe ale b g e N
for some B € R. Then for sufficiently small \ the optimal trading policy and its equiv-
alent safe rate for the problem (8) are

. 1/a .
(30) U(ya 5) = (a-&-l))\K?fy)((?i’ELQy(y@)) Sgn(Qy (ya 5))a ESR’Y(“) = .
7.1. State-dependent Asymptotics. The asymptotic expansions extend to the state-
dependent illiquidity K (¢) as follows. Denote by 3 = 2’;7 — ¢(\). As the frictionless

limit corresponds to Q(y, &) = ¢(\) = 0, it is reasonable to conjecture that both Q(y, &)
and c(\) vanish with A, and hence that the Hamilton-Jacobi-Bellman equation (29)
converges to

a+1

AN _at1 |Qy| = ~1/a
R N EToR DG

This expression in turn suggests for y far from Y an expansion of the form

Qy, &) = N/ TVQW (y &) + HA(¢),

with which, for small ), equation (29) reduces to

@6 = KO (s 1eh (L) (7 -yt A€ +uBO)

where

Ae) = ~ueme) - “E (@ - m 7 + H©),

B(&) = —opo(&)(1 —v)HX ().

In view of the boundary conditions @, (1,£) < 0 < Q,(0,£), it follows that min,, (Y —

y)? + A(&) +yB(€)) = 0. As the minimum is attained at y* = Y — %, Hé\ satisfies
the ordinary differential equation

(32) 0=A4(&)+YB(E) - Bf)Q




NONLINEAR PRICE IMPACT AND PORTFOLIO CHOICE 17

with the solution H, g)\ = 0 corresponding to a frictionless market, which suggests that
H, 5’\ is null at the first order, and hence that

1 1 a+1vy02 at = 2a_
3 10066 = KO @+ )7 (SE2IE) T iy -y,

Consider now the asymptotic expansion close to Y, applying the substitutions

v
(34) = e QW8 =AY RM(z,0) + HA).

For small ), writing 3 = Qﬁy‘% — IN2/(@+3) "equation (29) reduces to

(35)

2
— - CMN(E)+

2

(o a+1

(a+1)" YR} K (&)~ =0,

V(1Y) R+ —2
(1-¥PRL+ -0
where C*(¢) := —(A(€) + B(£)Y)A=2/(>+3)_ Through the state-dependent change of
variable obtained by

ol

21 1/2 1 o 3
(36) Ay = (wé> K(&)=+3, By =15 K(&)=,

the ordinary differential equation reduces again to the same shape equation (15) (with
the same constant /,,). In summary, the shape equation continues to describe the optimal
trading strategy even when liquidity is stochastic, as liquidity level affects the scaling,
but not the shape of the trading response.

APPENDIX A

A.1. Proof of Theorem 3. Recall the HIB equation

(37)
q = Uz,yg(f_y)z(Wgz(Y—y)2—Cﬂtfzy(l—y)(y—Y)q—U;yz(l—z»/)z(l—v)q2
atl
—afa+ 1),%17(1 k]y;)l/a ATV = [y, 0),
where ¢ := 2“22 - B.

The proof of Theorem 3 begins with some useful properties of equation (37). Lemma
13 shows the existence of a bounded solution to (37) with positive limit in 0 and negative
limit in 1. The boundary conditions in 0 and 1 are required to prove in Lemma 16 that
the process Y; lives in the interval [0, 1]. Lemma 17 provides a bound for the investor’s
utility. Finally, Theorem 3 follows from these results.

Lemma 12. Assume that c € (0, Qf/‘%) where ¢ may depend on \. Then:

(i) There exists K > 0 such that f(y, :I:K/\#l) < 0o0n (0,1) for A small enough.

(ii) For A small enough, the set of points (y,h) € (O, Y — @) x (0, K)\%H)
such that f(y,h) = 0 is the graph of a differentiable strictly decreasing function
y — h(y). The same holds true for the set of points (y, h) € (37 + %c, 1) X

o2
(fK/\%H,O) such that f(y,h) = 0.
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(iii) The limits of function h(y) in 0 and in 1 satisfy
a+1 \=1
h0) = At e e (2E2)
a

T o2
cun LUCDI N b V2 NI
10— h(1-))i/e Pontng

ala+1)"

Proof.

(i) Substitute ¢ = +K /\#1 in equation (37) and expand around A = O It follows
2 = a
that f(y, £EKATT) = W(%(Y*W —c—ala+ 1) HK +)
o(1). The claim follows immediately if K is chosen large enough. B

(ii) Because for A sufficiently small ‘9 [a v?(1 — y)2f(y,q)] < 0 on {Y} x
[0, K)\aﬂ} and f(Y,0) < 0, also f(Y,q) < 0forq € [O,K)\ﬁ]. An
explicit calculation shows that gy [0?y2(1 — y)2f(y,q)] > 0 on [0,1] x
[—K)\a+1 ) K/\ﬂ+1] for A sufficiently small. In particular, for any g € [0, K)\%HL
the function o2y?(1 — y)2f(y,q) is strictly convex on [0,1]. Therefore, if
hmZHO+ o2y (1 — y)2f(y,d) < 0, where § € [0 KA%H} then o2y2(1 —
y)?f(y,q) < 0fory € [0,Y]. Instead, if lim,_,o+ 0%y?(1 —y)*f(y,G) > 0, then
there exists a unique h(§) := y € [0,Y] such that f(g, ) = 0. Itis verified imme-
diately that B(O) Y — V5 —2;¢. Because f(y,0) > 0 and f(y,K)\%H) < 0Oon

(0,Y — | 552 ¢), it follows that h(y) := h~1(y) defines a strictly decreasing posi-

tive function on (0, Y — % c). The same arguments applied on (Y +, /25¢, 1)
prove the second part of the claim.

(iii) It is enough to solve the equation lim, o+ 02y*(1 — y)? f(y, h(y)) = 0, resp.
lim, ;- 0?y?(1 — y)?f(y, h(y)) = 0, for h(0T), resp. h(1~ ) where f(y, q) is
defined in (37).

O

Lemma 13. Assume Y = 5z € (0,1). There exists A* > 0 such that for A € (0, )
and for a certain c(\) € (0, 27%) the equation (37) has a unique solution q : [0,1] —
R with boundary conditions q(0%) = h(0%7) > 0 and q(17) = h(17) < 0, where
h(-) is defined in Lemma 12. Furthermore, c(\) is a continuous increasing function on
(0, A*) and limy_,g ¢(\) = 0.

Proof. The proof follows the same lines as the proof of Lemma A.8 in Guasoni and
Weber (2017) and is broken into the following steps:
(i) for a fixed ¢ < 7 5t—, there exists a unique solution go(-) to (37) with limit in 0
equal to h(0T);
(i1) for a fixed ¢ < 277
limit in 1 equal to h(17);
(iii) if ¢ < 0, then go(-) > 0 > q1(-);
(iv) for a fixed ¢ > 0, there exists A > 0 such that go(y) < ¢i(y) on their common
domain for A € (0, \);
(v) by continuity, there exists ¢(A) € (0, 55 02) such that go(-) = q1(-) on (0,1). The
function c(\) is continuous, increasmg and limy_,¢ ¢(X) = 0.

-+ %02, there exists a unique solution ¢y () to (37) with
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Let h(y) be as in Lemma 12, i.e., f(y, h(y)) = 0, and let Dy, := (O, Y —, /#c) U
(17 + #c, 1) be its domain. Denote by ¢(y; #,w) the solution to (37) with initial

condition ¢(gy) = w.

Remark 14. For every y € (0,1), lim,_, (1)~ f(y,q) = —oo. Thus, every solution to
Yy

1

m must remain below this curve.

(37) starting below the curve

Step (i).
2, 2 2
The slope field in equation (37) satisfies lim,,_,o+ "5~ f(y,q) = 2;‘7 —c—ala+
1)—0‘%1|q Ao In particular, if ¢ < 25%’ ie., if 8 > 0, and y is sufficiently

close to 0, then f(y,q) > 0 for ¢ > )\ﬁ(a + 1)#1 (%ﬁ)ﬁ“ = h(0"). Con-
sider a solution G(y) to (37) such that G(-) > h(-), it follows that ¢ has a limit in 0.
Assume the limit & := g(0T) is finite. Then lim,_,o y*¢(y) = %(252

1)~ %% |k| “& A=1/@). The mean-value theorem implies that §(y) —G(0") = y@ (n) for
some 7 € [0, y], multiplying both sides by y and passing to the limit y |, 0, it follows that

s —c—alat 1) K= A-Ye = 0

—c—ala+

y2q' () converges to zero. Hence, k satisfies
and k > h(0"), and therefore k = h(0T).

Define qo(y) := inf{G(y) : G(-) solves (37), G(-) > h(-) on Dy N (0,Y)} fory €
Dy, N (0,Y). Note that for any i € Dy, N (0,Y) the function q(y; 7, qo(%)) coincides
with go(y) on Dy, N (0,Y). In other terms, go(+) is a solution to (37). Next, assume by
contradiction that lim,_,g go(y) = +oo. Then there exist y; sufficiently close to 0 and
wy such that go(y1) > w1 > h(0T) > h(y1). Because h is a subsolution to (37), it
follows that qo(+) > q(+;y1,w1) > h(-) on Dj, N (0,Y), contradicting the minimality
of go. Therefore, lim,_, go(y) = h(0T) = AT (o 4 1) = (O‘T'Hﬁ)%“

To prove uniqueness, note that %[02342(1 —9)2f(y,q)] < 0on[0,e] x [0, KA=FT]
for € and A sufficiently small. Hence, for any solution ¢(-) to (37) such that 0 < ¢(-) <
qo(+), it holds that ¢'(y) > q;(y) on (0, ). It follows that G(-) and go(-) cannot have the
same limit in 0. Analogously, any solution ¢(-) > go(-) to (37) cannot have the same
limit in 0 as go(-).

Step (ii).

This part of the proof follows the same lines as in the proof of Step (7). Anal-
ogous arguments as in Step (¢) prove that for any solution G(-) to (37) such that
G(-) < h(-) the limit lim,,_,; §(y) is either h(1~) or —oo. Define ¢ (y) := sup{g(y) :
q(-) solves (37), G(-) < h(-) on D, N (Y, 1)} fory € D, N (Y, 1). The function ¢ (+) is
also a solution to (37). Assume by contradiction that lim,,_,1 ¢1(y) = —oo. Then there
exist yo sufficiently close to 1 and wy such that ¢;(y2) < we < h(17) < h(y2).
Because h is a subsolution to (37), it follows that ¢;(-) < q(-;y2,w2) < h(-) on
Dy, N (Y, 1), contradicting the maximality of ¢;. Hence, lim, 1 q1(y) = h(17).
Uniqueness follows as in Step (i), after noting that a%[Jzyz(l —y)%f(y,q)] > 0on
[1—¢,1] x [—K)\a%l ,0] for € and X sufficiently small.

Step (iii).

If ¢ <0, then f(y,0) > 0 fory € (0, 1). This implies that go(-) > 0 and ¢;(-) < 0.

Step (iv).
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The functions go (y) = qo(y))\_a#+1 and g1 (y) == @1 (y)/\_a%rl solve the equa-
tion

2)\7%+1 ’)/0'2 +1 |q>\|QT+1
=2 (V)2 —c— 1) A
i 02y2(1—y)2( g (Vo) memalatl) (1 —yq)t/e

1 — 1 0'2
+ ATT oy (1 —y)(y — Y)gn — AT 7y2(1 —y)*(1- V)(J,Q\]) =: fa(y, an)-

First, observe that from Lemma 12(i) it follows that ¢; (-) > —K. Because L'z(Y —

2
at1

y)? —c—ala+ 1)_%1% < —¢gy for (y,q\) €[Y — 62, + &3] x [-K, K]
for some €1 > 0, €5 > 0 and with K as in Lemma 12(i), limy_o fx(y,qx) = —o0
uniformly on [Y — g9, Y + &3] x [~ K, K]. In particular, for A sufficiently small, either
there exists y* < Y — &5 such that lim,_,,« gox(y) = —oo or there exists y. €
[V — €2,Y + &2] such that go »(y.) = —K. Recalling that ¢; (-) > —K, this proves
the claim.

Step (v).

Because ¢o(-) and ¢; (-) depend continuously on ¢, there exists ¢()A) € (0, 25%) such
that go(-) = ¢1(-) on (0, 1). This solution satisfies the properties of the statement.

To prove that ¢()) is increasing, consider A\; < A2 and define ¢; := ¢(A1) and
ca = c(A2). We make the dependence of the slope field function f(y,q), resp. a
solution ¢, on \ and ¢ explicit by writing f*¢(y, q), resp. ¢™¢. Because f°2(y, q) <
P22 (y,). 47 (0) < g™ (0) and ¢ (1) > g3 (1), it follows that g5 <
BF? =7 < gtV Thus, e(Ay) = ¢1 < e2 = c(\a).

Assume c¢(A) is not continuous in A. Then there exists an ¢ > 0 and a sequence
An 4 A such that [e(A) — ¢(\,)| > . For a sufficiently large n, ¢*(0) < ¢*(0),
A < f*and ¢* (1) > ¢*(1), which leads to a contradiction. Thus, ¢(\) must be
continuous.

Assume now by contradiction that lim sup,_,, ¢(\) = ¢* > 0. It follows that there
exists a sequence A,, | 0 such that ¢(\,,) > % forall n and qo(+) = ¢1(+) for A = A,,.
This contradicts the claim in Step (iv) of the proof. Hence, limy_,q ¢(\) = 0. O

Remark 15. Let h(y) be as in Lemma 12 and let D}, be its domain. From the definition
of qo(y) and q1(y) in the proof of Lemma 13, it follows that the function q(y) in Lemma
13 satisfies

(38)
q(y) = inf{G(y) : 4(-) solves (37), G(-) > h(-) on Dy N (0,Y)} forY >y € Dy

(39)
q(y) = sup{q(y) : G(-) solves (37), G(-) < h(-) on D, N (Y, 1)} forY <y € Dy.

Lemma 16. Let u(y) be a bounded continuous function on [0, 1] such that u(0) > 0
and u(1) < 0. For X small enough the process with dynamics

4Y; = V(1 — Yo) (i — Yio?)dt + (u(¥s) + AYalu(Y)| V)t + Yo(1 — Y)odW,
Yo = Yy e (Oa 1)

takes values in [0, 1] almost surely for all t.

Proof. The claim follows from Lemma 24 below for K (§) = 1. O



NONLINEAR PRICE IMPACT AND PORTFOLIO CHOICE 21

Lemma 17. Let 3 and q(y) be as in Theorem 3, define Q(y fy z)dz. For any

admissible strategy there exists a probability P, equivalent to P, such that the terminal
wealth Xt satisfies

(40) E[X37m < X0€BT+Q(y)E15 [e=(1-MQ(YT)| 5

and equality holds for the optimal strategy i in (9).

Proof. The claim follows from Lemma 25 below for K (£) = 1. O
Proof of Theorem 3. Let ¢()\) and ¢ be as in Lemma 13 and define 3 = 2;2 —c(A).

1/a
The function 4(y) = sgn(q(y)) has the same sign as ¢(y), which

a(y)
(a+1)A(1-yq(y))
is positive in 0 and negative in 1. Hence, Lemma 16 implies that Y; € [0, 1] forall ¢ > 0.
Thus, as () is bounded in [0, 1], it follows that lim7_, o, 4 log Ep[e~(1=7Q0T)] ™ =
0. This relation, combined with Lemma 17, yields

hm flogE[ }1 7 < B,

where equality holds for the strategy 4. Uniqueness follows from the optimality of

B. O

A.2. Proof of Theorem 5. Lemma 18 shows the monotonicity of the function ¢(y)
defined in Lemma 13. This property is used in the proof of Proposition 19, which is the
crucial ingredient to make the heuristic scaling argument in Section 6 rigorous. Lemmas
20 and 22 establish the existence of a solution s,,(2) to the reduced HIB equation (15).
Finally, in the proof of Theorem 5, we show that the appropriately rescaled solution
q(y) defined in Lemma 13 converges to s, (z).

Lemma 18. For \ sufficiently small, the solution q(y) to (37) defined in Lemma 13 is
strictly decreasing.

Proof. Recall that the function h(y) defined in Lemma 12(ii) is decreasing and such
that f(y, h(y)) = 0. From Remark 15 it follows that ¢(y) > h(y) on (0,Y) N Dy, and

q(y) < h(y) on Dy, N (Y, 1), whence q(y) decreases on Dj,.

An explicit calculation shows that 8‘972[ 292(1 — y)%f(y,q)] > 0 on [0,1] x

[-K AEFT K )\%ﬂ] for A sufficiently small. Assume by contradiction that g(y) is not
monotonic on (0,1). Then there exist 1 < y2 < y3 such that wq = ¢(y1) = q(y2) =
q(ys) € (M(17),h(07)) and f(y1,wi) = ¢'(y1) < 0, f(y2,w1) = ¢'(y2) > 0, and
f(ys,w1) = ¢'(y3) < 0. Because either f(0",w;) > 0or f(17,w;y) > 0, this contra-
dicts the convexity of f(y,w;) as a function of y. Hence, ¢(y) is strictly decreasing on
(0,1). O

Proposition 19. 0 < liminfy_, <) < lim Supy_sq (’\) < +o0.
AGFS Aa+3
c(A

Proof. Let A\, be a positive null sequence such that n)

has a limit. Let y, , :=

A““
V — /551 +e)e(N,) and §,, € (17 \/ 23¢(N),Y + \/ch ) be the only
point such that ¢(g,,) = 0.

By definition, the solution ¢(-; ¥, 0) to (37) has to coincide with the solution ¢ with
limit 2(0%) in 0. Near y = Y, the derivative of ¢(-) is determined by c()\). We show
that if ¢(\) were to converge to 0 too fast, then the value of ¢(-;7,,0) in y = yup
would be too low to coincide with the solution ¢ with limit 2(0™) in 0, leading to a



22 NONLINEAR PRICE IMPACT AND PORTFOLIO CHOICE

contradiction. Conversely, if the convergence of ¢()\) to 0 were too slow, then the value
of ¢(:;9n,0) in y = Y., would be too large. Formally, the proof is broken into two
steps.

C(An)

(1) Suppose that lim,,_,, == = 0 and find a contradiction.
PR

Up to a subsequence, assume that g, < Y (if such a subsequence does not exist,

consider the same argument at y =Y + , / #(1 + €)c(An)).

2

In Step (i) we prove that if lim,, o ¢(An)An **> = 0, then ¢(-) is dominated near
y = Y by a linear function with slope of order —c(\). A solution to (37) with initial
condition ¢(§,) = 0 and such a growth rate near y = Y is increasing at y = Y., < ¥n,
contradicting the monotonicity of ¢(-) proven in Lemma 18.

First, we prove that for sufficiently small \,, and a constant K > 0 to be chosen,
k(y) := —Kc(M)(y —Y) > q(y) on (Yu n, §n). Itis clear that k(g,) > ¢(gn) = 0,
so it is enough to show that f(y, k(y)) > k¥ (y) on (Y« n, s ). Substituting ¢ = k(y)
in f(y,q) from (37), and because |y — Y| < |yupn — Y| = ./%(1 + €)e(A,) on

(Y+,n> Un), it follows that for some constants Ay > 0, A1, As, A3 independent of A

a+tl 3 atl

Fly, k(y)) > Ag(0 — c(N) — A1 Ke(N\)? — AsK2e(M\)® — AsK " c(A)2 %5 A %)

. 2\ =
= —Apc(N) <1 + A1 Ke(\) + AsK%e(N)? + A K “a (AC(Z) ) ) )
a+3
Thus, q(y) < k(y) for K = Ay(1+9) and sufficiently small A. In particular, g(y. ) <
E(yen) = Agc(N)3/2, for some A4 > 0 independent of \. To conclude the first part

of the proof it suffices to show that %2(34*“)2(1 — Yun)2f (Yun, (Ysn)) > 0, which
would lead to a contradiction, as ¢(y) is a decreasing function by Lemma 18.

Setting y = y.,, in (37) and recalling that q(y. ,,) < A4c(\)3/2, we find constants
By, By, B3 independent of A such that

(41)

0.2

7(y*,n)z(l_y*,n)Qf(y*,'ruQ(y*,n)) > 66(/\)+BlC(A)2+BQC(A)3+B3C()‘)% o A

= ¢(\) (e + Bie(\) + Boc(M\)? + By ( CQ ) ) ,

Aa+3

and for sufficiently small \ the last part is larger than c(\)§ > 0.

(i1) Assume that lim,, C(Li) = 400 and find a contradiction.
/\7?+3

Up to a subsequence, assume that §,, > Y (if such a subsequence does not exist, it

is sufficient to consider the same argument at y} = Y + ,/ #(1 + €)c(A)). This part

of the proof is divided in two.
(ii.a) There exists a subsequence ny such that

. 1q(Ysn )|u‘:r1)\;kl/a
42 lim Tk = +o0.

__2
In Step (ii.a) we prove that if lim, o, c(Ap)An “7° = 400, then the solution q(+)
to (37) with initial condition ¢(g,,) = 0 has a growth rate near y = Y such that ¢(y, ,,)

is so large that the term |q(y«.» %2 A=/ in the HJB equation (37) dominates the term
g Y, q

c(N).

atl —1/a
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If there is C; > 0 independent of A such that eventually q(y..,)? > Cic(\,)3, then
to conclude it is enough to note that

a+3
atl |\ —1/q . T
|Q(y*,n)| An > 012% C()‘Z)n) )
c(An) 13

n

Thus, up to a subsequence, assume that q(y. ,)? < Cic(\,)?. With this assumption,
and also using the monotonicity of ¢(y), on the interval (Y — /=25 (1 — e)e(A), Y) it
follows that for some constant Cs

o? , 2 1 3

Y (1= (y) < (1 —e€)e(A) —c(A) + 0+ Cae(N)” + 0.

Thus, there is C3 > 0 such that ¢’(y) < —Csc(A) on (Y — /== (1 — €)e(A),Y) for

2
yo

sufficiently small A. Thus,

Un Y
G(Gam) = — / ¢ (y)dy > — / ¢ (y)dy
Youm ¥ /2 (e

Y
2 f
> Cse(N)dy = Csq/ — (1 — €)e(N)/2.
/1?7 2, (1=9)e(N) ae() ° 702( el

This leads to the inequality

[y —1/a % 2o
q(y a A\ atl 2 c(Ap
AP e (20 g) F (<)

C( ) Yo \oF3

which proves the claim.
(ii.b) For some § € (0,Y") and sufficiently small A

¢(6) > AT (a+ 1)t (0‘“ ( W _C(A))yil — q(0).

a 2~0?

This inequality contradicts Theorem 3, thereby concluding the proof.
In Step (ii.b) we prove that if in the HIB equation (37) the term \q(y)|aT+l/\’1/°‘
dominates the term ¢(\) at y = . ,,, then g(+) is larger than 2(0") near 0.
a+1
| o A e

lg(y.n)

Fix a large constant K > 0. As lim,,_, = 400, for sufficiently

c(An)
small ),
2
atl 1/ o >
aen) AV >Kec<An>=K(2(y*,n—n?—c(xn)).

. > 0.2 0_2 —
Define y1 5, := inf{y € (0,Y) : =% 4*(1-y)*(1-)¢*(y) > 13- (y—Y)*—c(A)} >
0, with the usual convention inf ) = +oco. Assume that eventually y; ,, < Ys,n. Then
there exist Dy, Do, D3 > 0 such that for sufficiently small \,,

_3
a(W1n) > q(Yen) > D1(c(An) A *) 55T > DoAg*?,
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where the third inequality follows from the assumption lim,,_ C(’\i) = 400 and the
A3

second inequality from (42). In particular,

el —1/a oy 1/« 7%
la(yr,a)| = A = q(y1,0)a(i ) = A > Daglyrn)?An =
o? yo® v
> —ij%,n(l 1)1 =) () = K (2(y1,n -Y)? - C()‘n)> .

If eventually y1, < ¥Ys.n, let Y2, be equal to y; ,,. Otherwise, up to a subsequence,
Ysx,n < Y1,n and then define yo ,, := Y. . In both cases,

2 —

atl Yo
e A P )

and Y2, < Y1.,. Choose 6 such that § < y,, for every n. Thus, on the interval
(5a yQ,n)’

o2 1 o2

43 Yoo < 2 17 2 7
@) 16Q(y)_ 2y( y)°q'(y) <

2 2
o > o _atl adl g/,
5 W =Y)? =) + 0= Sy (1= 9)* (1 = 7)g* —ala+1)7 = [q| = A

2
<277 ()~ )2 — ()] — ala+ 1) g T AV,

2
where the first inequality follows from y2(1 — y)? < %, the second from iy < Y and

g > 0, the third from y2 ,, < y1 ,, and the definition of y; ,,. Define G(y) on (9, y2.,) as
the solution of the Cauchy problem

7)) = fy.qy))

=2 ([ 072 -] —atar A,
Q(y2.n) = a(y2,n)-

The inequality (43) implies that ¢'(y) < f(y, ¢(y)). Thus, G(y) < q(y) on (4, y2.).
Define the function k(y) by

2
atl Yo =
) Ae = K | T 792 - )]
To conclude the proof it remains to show that k(y) is a subsolution for G(y) on (9, y2.,.),
which implies that k£(d) < ¢(6). In particular, if K is chosen sufficiently large, the
contradiction follows. ~
Thus, it remains to show that f(y, k(y)) < k’'(y) on (6, y2,n), i.e.

2 _at1 yo? -
0252(1 — 5)2 (2—a(a+1) K) [Q(y—Y) _CO\)} <
1
2 TafT
ol (= S SAN PR vt _y
et S -7 - )| ey )
This is equivalent to
a+2
2(O[+ 1) 1 _a+l 1 = f')/o'2 —\9 BCER!
e e (ala DR < 2) Ry | 1= P - e
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In other words, there are 1, 5 > 0 independent of A and K such that
B, K —2)ais 2 -
@y B BEZI s ey - s [T -7 -] =
Ka+z 2
A simple calculation shows that r'(y) > 0 on (0,y ). Thus, 7(y) < 7(y.n) on
(0,y2.n), where

1 5 —ot3
L /2 Harn . Mavs | P
) =27 (2505 0e0) T ) = Lo,

c(N)

with F'5 > 0. If K is large enough, the left-hand side in (44) is well defined and strictly
positive. As 7(y) converges to 0 on (4, %y2,) uniformly in A, for sufficiently small A
inequality (44) holds true. This concludes the proof. 0

Lemma 20. There exists a unique solution to
(45) Y (2) = f(2,y(2)) = —az’® + b+ cly(x)|",
with a,b,c > 0 and p > 2, such that

(46) lm Y&y,

Z—00 (%x2)1/:0 B
Proof. The function g(z) = (%22 — £)!/P, defined on (y/b/a,+0c), is such that
f(z,g(x)) = 0. For € (1/b/a,+00) consider the solution y(z; T, g(Z)) with initial
condition (Z, g(Z)) and define y. () := sup{y(z;Z,9(Z)) : T € (1/b/a,+o0)}. The
solution y, satisfies (46) by analogous arguments as in Lemma 7.6 in Liu et al. (2017).

To show uniqueness, define for any d > 0 the function w(z; d) = y.(z)+dz?/?, and
observe that it is a subsolution to (45) for z > Z and Z large enough, i.e., w'(z;d) <
f(z,w(x;d)). As y.(x) solves (45), this inequality is equivalent to

2-p

2d x° P daz?/P
p y«(z) Y« ()
As x — +oo, the left-hand side converges to 0 and the right-hand to
c (‘1 + -2 ’p - 1) > 0. Thus, if Z is chosen sufficiently large, the inequality holds

al/P

p

0‘14—

true and w(z;d) is a subsolution for any d > 0. In particular, let ya(z) > y.(z)
be a solution to (45) and choose d. such that y2(Z) = y.(Z) + d.7?/P. Then
yo(r) > w(w;dy) = yu(x) + dux®P for x > T and yo(z) cannot satisfy (46). As
any solution smaller than y, () is also — for large x — smaller than g(x) and thus even-
tually decreasing, thereby proving uniqueness. 0

Remark 21. The function y(x) in Lemma 20 is such that

y(z) = inf{y () : y*(-) solves 45), y*(-) > g(-) on ((b/a)"/?, 00)}
for z > (b/a)'/?, where g(z) := (%2? — 2)V/P.

Proof. Define the two functions yi,y2 as yi(xz) := sup{y(z;Z,g(T))

z € (yb/a,+00)} and yo(z) = inf{g(z) : g(-)solves (d5),y(-) >
g(-) on ((b/a)'/? 00)}. Because g(z) is increasing, y(z; Z, (%)) < g(z) on (Z,Z +¢)
for some . Assume that y;(z) > y2(z). Then there exist Z and g(x) such that
y1(z) > y(x;Z,9(x)) > glx) > yo(x), leading to a contradiction. Now, assume
that yo(z) > yi1(x). It suffices to show that y1 () > ¢(-) to obtain a contradiction from
the minimality of yo(-). Hence, assume by contradiction that there exists Z such that
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y1(Z) = g(&). Then y(Z +¢;2 +¢,9(Z +¢)) = g(Z +¢) > y1(& + ¢) for some ¢,
contradicting the maximality of y; (-). O

The heuristic argument that leads to the approximation (26) suggests that the normal-
e 2a
ized value function s, (z) should grow as (a4 1)a™ =+ |z|>+7 sgn(—z) for z — +o0.
Indeed

Lemma 22. There exist a unique constant ¢, > 0 and a unique solution s, (z) to the
corresponding equation (15) such that

lim Sa(i) (o + 1) a+1 and lim Sa(i) = —(a+1a a1,
zZ——00 | |a+1 z——+00 ‘Z|m

Proof. From Lemma 20, it follows that for any parameter ¢ in equation (15) there are
unique solutions s'(z, ¢) and s"(z, ¢) such that

l r
lim > (sz) =(a+1)a a7 and lim i (z;ac) = —(a+1)a a1,
Z——00 |Z at1 z—400 |Z|T+1

Note that if s*(z) solves (15), also the function —s*(—=z) is a solution. In particu-

lar, from the uniqueness result in Lemma 20, s"(z,¢) = —s!(—z,¢). Fore | 0,
eventually s'(0,¢) > s"(0,c), and thus s'(z,¢) > s"(z,¢). In addition, for any z,
lime, 4 o0 8'(2,¢) = —00 and lim,_, { o 8" (2,¢) = +00. Thus, for ¢ T 4oc eventu-
ally s!,(z,¢) < s%(z,c). It follows that s, (2, c,) = s7(z, c,) for some constant c,,

Because %S (z,¢) < 0, such a constant is unique. From s (z,c,) = s%(2,cq) =
—sla(—z, Ca), it follows that st (0, c,) = 0. O

Proof of Theorem 5. The substitutions y = Y + A5+ 2 and ra(z) = qA(y)Afa%S in
equation (11) yield

2 2
@n - %22/\%‘*3 +e(M) + %yQ(l — Y2 (AT 4 (1 — y)r2Aats )+
| |a+1
a+l r o
—702y(1—y)z/\%+37‘>\+a(a+1)7% A AaFs = 0.

(1- yr)\)\a+3)1/°‘

2
Divide the equation by A5+ and consider a sequence A, such that c¢(\, )\, **° has
limit &. By taking the limit in equation (47), it follows that ro(z) := limy, 07, (2)
satisfies

2 2
— et TV - V) 4 ala+ 1) [ =0,
The additional substitution s, (w) = M yields
(48) —w e, 45 +ala+ 1) s =0,
_at1
a+3

3 _
where ¢, = ¢ [(‘7;) Y41 - Y)‘ﬂ
Let h(y) be defined as in Lemma 12 and let Dy, be its domain. On (—oo, —ci/z) U

(c V24 o0) the function X, ‘”“‘B Lh(y + /\"“A «w) converges to g(w) :=
(w? — )" (a+ 1)a~ &+ sgn(—w) for A, | 0. In view of Remark 15, the solution
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q(y) to (11) satisfies (38)-(39), and thus s, (w) satisfies

Sq(w) = inf{5(w) : 5(-) solves (48), 3(-) > g(-) on (—o0, —ci/Q)} w < —ct/?
Sa(w) = sup{s(w) : 5(-) solves (48), 3(-) < g(-) on (c,lk/z, 00)} w > cl/?
By Remark 21, these conditions are equivalent to
li Sa(i) = (a+ 1)a" =41 and lim S”“(fi) = —(a+1)a" @+,
w——00 |'U} at1 w—~400 |w‘ ati

Finally, Lemma 22 proves that there exists a unique constant ¢, = c,, and a unique so-
lution s, (w) such that both these conditions are satisfied. In particular, this means that

the constant ¢, does not depend on the sequence )\, chosen initially, that r(z) con-
a+1

_ +3

3
verges to B, sq(z/A,) and that limy_,¢ c()\))fﬁ = Cq [(";) Y41 - Y)4] ,

proving part (¢) and (¢i¢) of the Theorem.

The asymptotics for 4 in part (i¢) of the Theorem follow directly from the relation
between 7(y) and q(y) found in Theorem 3. The drift and diffusion coefficients of Z2
converge pointwise to v, (z) and Y (1 — Y')o, hence part (iv) follows from Theorem
11.1.4 in Stroock and Varadhan (1979). O

A.3. Calculations for « = 1 and « | 0.

Proof of Lemma 8. 1t suffices to check that s1(2) = —2z and ¢; = 2 solve equation
(15) with the growth conditions in Lemma 22. 0
_odl, otl

Lemma 23. Let g,(z,8) = 22 —co — a(a + 1)" "o |s| = and define ho(z) :=
(22 —ca) " (o + Da~ a1 sgn(—2z) (i.e. ga(2, ha(2)) = 0). Then

22 —¢cp, |s| <1 1 lz] < —c/?
lim g4 (z,s) = ’ =7 and lim ho(z) =4 - 87
aﬁoga( ) {—oo, ls| > 1, a—0 a(2) -1, |z| > C(1)/2.
Proof. The limits follow directly from the expressions of g, and h,. 0

Proof of Lemma 9. For all o, s,,(0) = 0. Thus, for o | 0, s, (2) converges to 23 /3—cz,
for some ¢ > 0 and for z such that 23 /3—cz < 1. As limg 50 ho(2) = 1 for z < —c!/2,
and because s, (z) = inf{s*(z) : s*(-) solves (15), s*(-) > hq(-) on (—o0, —c'/?)},

the limit has to satisfy lim, s, (—ce/ ) = 1. From the relation —cg/ /3 — co(—c(l)/ %)

1 it follows that ¢y = (%)2/3. O

Busa(z/Aq) |1/ .
Proof of Lemma 10. Recall that v, (z) = — ‘giﬂ sgn(z). As lim,_o(a +

1)/Bo = 1, im0 va(2) = 0if [sg(2/Ap)| < 1. Foreach aand z < — A, /¢4, note
that

1/« 1/« Bl/a

BOA [} Aa Baha Aa «

va(z): M Z w :71|z2/Ai_Ca a«lkl T+OO«
a+1 a+1 otl

Similarly, if z > A,./Cq, then lim,_,0va(2) = —oco. On the other hand

limy 0 v (2) = +00if |s9(2/A0)| > 1. A short calculation shows that {|so(z/Ap)| <
1} = {|2| < Au\/Ca} is equivalent to

2e <_ (;y2(1 _ Y)2> " (2?;1/2(1 - y>2> 1/3) .
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A.4. Proof of Theorem 11. The proofs proceed through several lemmas. Lemma 24
shows that under an appropriate trading strategy the process Y; lives in the interval
[0, 1]. Lemma 25 provides the crucial tight bound for the investor’s utility. Theorem 11
uses this bound, together with the boundedness of Y, to prove long-horizon optimality.

Lemma 24. Let u(y, &) be a bounded continuous function on [0, 1] such that u(0, &) >
0 and u(1,&) < 0 forall § € E. Under the assumptions of Theorem 11, for A small
enough the process with dynamics
dYy = Yi(1 = Yy)(p = Yio®)dt + (u(Yy, &) + MK (&) Yelu(Yy, &)|*F)dt
+Yi(1 = Yy)od W,
Yo=y€(0,1)

takes values in [0, 1] almost surely for all t.

Proof. The claim follows from results on the stochastic invariance of diffusions (Fil-
ipovic and Mayerhofer, 2009, Lemma B.1), which require in the present model that the
drift of Y; is positive at y = 0 and negative at y = 1. In both cases, the drift reduces to
w(Yy, &) + AK (&)Y |u(Yy, &)|“FL, which has the same sign of u(Y;, &) for A small
enough, as 0 < my < K(&) < M. O

Lemma 25. Let B and Q(y, &) be as in Theorem 11. For any admissible strategy there
exists a probability P, equivalent to P, such that its terminal wealth X satisfies

(49) E[X}77 = < XoeBT+Q(y’5)EP [e~(1=1QVr &r)] =
and equality holds for the optimal strategy 1 in (30).
Proof. Define

g 22

_ 2 T
—¥ /0 (0*YV2(1+Qy(1-Y7))* +QF0¢ +2p00¢ Y (1+Qy (1-Y5))Q¢)ds.

T T
(1= [ Vil +Q,0 = Y)W, +(1=9) [ Qeoea.

Because u; is admissible, Y; € [0, 1] for all ¢ (see Footnote 12). The process g—f; satisfies
Novikov’s condition because Y; € [0,1] and in view of the boundedness assumptions
on Q(y, &) and its derivatives. Hence, Pisan equivalent probability measure. It suffices
to check that

X1 < Xé—veu—v)(BT+Q(y,5>>e—(l—w)@(YT@T);Li

for v < 1, and the reverse inequality for v > 1. Thus, both cases follow from the
inequality

1 P _
(50) log X7 —log Xo — 7— 5 log - < T — Q(Yr,&r) + Q(y,€) -
Recall now the self-financing condition
dX
Tt = Yi(udt + odW,) — MK (&) |ug| > dt,
t

dYy = (Yi(1 = Y3)(u — Yi0?) + uy + AK (&) Yi|ug|*TH)dt + Yi(1 — Yy)odW.
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[td’s formula implies that

T

(51) (Qy(Yy, &) (Yo (1 = Vi) (1 — Y30?) + up + AK (&) Yy |ug|*T)
0

T
+ 3Qu IV YE =Y+ [ Q¥ 60V~ Yod
T 1 T
+ [ Qe el + GQscineoR(e@dt + | Qelvi.o(eB

T
T /O Que (Vi €Y1 — Vi)opoe (6)dt = Q(Vir,Ex) — Q(u,€)
and
T Y20_2 T
(52) log X7 —log X = / <Ytu — MK (&) |ug|*T — t) dt +/ YiodW,.
0 2 0

Replacing (51) and (52) in (50) yields

T L Yt2g2 T T
[ (v Aol = X5 e [ vio@,1-voawi- [ Qeoca
0 0 0
L=~ T 2,2 2 2 2
T @Y Q=YY+ QFog + 2p00¢Y(1+ Qy(1 - Y)Qe)d

T
< / (B — Qu(Yi(1 = Yi) (1 — Yi0?) + g + AK(€)Yilue|*+)
0
- %nyYf(l —Y1)%0” — Qepe (&) — %Q&U?(St) — QueYi(1 =Yy )opoe(&))dt

T T
—/ QyY;g(l —}/t)O'th —/ QgUgdBt.
0 0
As the stochastic integrals on both sides are equal, it remains to prove that, for allu € R,

2 2
y-o 1—7
T @Y+ Qy(1 - )’ + Qog

+2p00ey(1+ Qyu(1 — 1))Q¢) < B — Qu(y(1 — y) (1 — yo?) + u+ AK (&)ylu|*™)
2

0'2 2 2 0—5
— 5 Quyy (1—y)" — Qepe — > Qee — Quey(1 —y)opoe.

Rearranging the terms, this inequality is equivalent to

yp — MK (&)[u|*t! —

2
%((1 —7)QF + Qce) + opocy(l — y)(Que + (1 — 7)QyQ¢) + opoe(1 — 7)yQs
2

+ %yQ(l — )2 (1 =7)Q2 + Qyy) — B+ py — %yQGQ + peQe

+y(1 = y)(u—10°y)Qy + AK (&) |u]* T (yQy — 1) + Qyu < 0.

Under the condition yQ), < 1 assumed in the Theorem, the maximum of the terms in
a+1
ine i —atl |Qy| =
the last line is a(aJr.l) Ty, a7 and :
from the HJB equation (29). Furthermore, the inequality becomes an equality for the

optimal control 4, obtained by maximizing the above terms. U

and therefore the inequality follows

Proof of Theorem 11. Let B and @ be the solution to (29). Because the function

, Ve . .
u(y, &) = (QH),\K%’)((?’ELQEI(%@) sgn(Qy(y, €)) has, by definition, the same sign
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as Qy (y, &), which is positive in 0 and negative in 1 by assumption, Lemma 24 implies
that Y; € [0,1] for all ¢ > 0. Thus, as ) is bounded in [0,1] x E, it follows that
lim7 o0 7 log Ep [e_(l_W)Q(YvaT)]ﬁ = 0. This relation, combined with Lemma
25, yields

Jim_ log F[XE R < 4,
where equality holds for the strategy 1. O

A.5. Proofs of Remaining Results.

Proof of Proposition 4. As S is constant for ¢ > T, wealth and risky weight follow the
dynamics
dXy
Xi
for ¢t > T'. In other words,

= —AJu|*"dt, dY; = (u+ \Y;|u|*Th)dt

1— e)\\u|‘1+1t

S v
u

—Alu|*tit
X714t = Xre lul , Yrie =

It follows that Y7 7.(,y = 0 and 275 = AV [ul®, O

Lemma 26. For \* sufficiently small and any p > 1, the absolute moment E|Z|P is
uniformly bounded in s and A < \*.

Proof. The processes Z* have drift of the form A=ts un(Y + Aats z) + g1(2), with
91(z) bounded, and ry(z) := A" a5y (V + Aat32) = C|z|257 sgn(—2) + ga(2),
with C' > 0 and g2 (z) bounded. Thus, from the definition of u(-), the dynamics of the
process Z7 is rewritten as
A7} = (ax(Z2) + bl 227 sen(=Z2))ds + 03 (Z2)dW,

where ax(+), by > 0 and o (-) are uniformly bounded in A. Consider now the family
of processes U* with dynamics dU} = (a}(U2) — baUs)ds + o(U2)dWs, where
a}(u) :== ax(u) +bx(|u| i sgn(—u)) +u)1j,<1. Applying the comparison principle
to the squares of Z* and U?, it follows that E|Z2}|P < E|U2|P. To prove that E|U} |? is
uniformly bounded in s and \ for any p > 1, note that the process U;} solves Ut =
Uo + [ esa3(UN)ds + [ eb oy (U2)dW,. Hence,

p p

+3PFE

t t
E|U} PePbrt < 317|U0|P+370E‘/O e a (UD)ds /0 3o\ (UM AW,

t t p/2
<Cy+3PE | e oy (UM ds + 3PE ’/ 2 o (U] ds
0 0

< O 4 Cy(eP™ — 1) + Cy(e?rt — 1)P/2,

where the second inequality follows from Jensen’s inequality and the Burkholder-
Davis-Gundy inequality. Thus, E|U [P < K uniformly in s and . O

Lemma 27. Let p be the invariant measure for the process Z} and ji,, the invariant
measure for the process Z°. Then the family (1)) x>0 converges weakly to pio, as X . 0.

Proof. Because Lemma 26 yields that E|Z)|?> < K uniformly in s and ), the family
of transition probabilities (72)s>0 x>0 associated to the processes Z* is tight. In par-
ticular, the family of invariant measures (1*)y~o is tight. Tightness implies that there
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is a sequence of measures ;. (henceforth ;) that converges to a measure /i, It re-
mains to show that i, is the invariant measure for Z 0 i.e. that for any bounded ¢(z),
Jz Ped(x)pia(dx) = [ ¢(x)pia(dx), where P, is the transition operator associated to
Z0. Note that

/(¢ Py) pio(dz)

‘/qﬁdua—/m by

| @ro-royan|+

[ ooy

+

Prdu” / Piédpia
R

)

An

1 1
where A" := [~Y )\, °7* (1 — Y)\,, °"*]. The first and the last terms converge to 0
because " converges weakly to u,. The second term is 0, because p™ is invariant for
P}*. It remains to show that the third term converges to 0. The family p" is tight, so for
each ¢ there is a set A, such that p™(A™ \ A.) < ¢ for all n.

/ (B¢~ Prg)dp”

< / P — Pl du” + / PP — Pug| du”
A, An\A.
< sup [PI6 — Pio| + 2|/ .

$EE

As sup,c 4. | P/'¢ — P;¢| converges to 0, the thesis follows. O

Proof of Proposition 6. Recall that the stationary density of Z? equals
Gaexp{ [y fs(sgds}/sz(x), where b(2) = v,4(2), s(z) = Y(1 — Y)o and G, is
a normalizing constant to be found. For the following calculations, observe that

1/
% = 1. That G, % where M, only depends on «, fol-
lows from

K 204,(8)
1= [ palde) = oo _ a0y
/H(x) Vo7 02/exp{/ T2 V)20 s} x
2K > 2A,BL° ©/Aa )
= V- — — oo /ad d
Y2(1—Y)202/O eXp{ Y2(1—Y)202(a+1)1/a/0 [a(5)[/“ds ¢ dx

24, K 00 2 = y
_ et 2 jsa(s)|Mds b da.
YQ(l_Y)%Q/O exp{ <a+1)1/a/0 (50 (s)| } .
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-1
In particular, M, = 1 [fooo exp {—W Iy |sa(s)|1/("ds} dx] . From Lemma
27, u* converges weakly to yi,, therefore

1. T
lim lim 2 / (Y dt
T 0

A—=0T—o0

2
R
= lim lim / Aa+3
0

A—=0T—o0

@ (Y+A%+sz*i )

Aat+3 g

ds

(1-y)a~/(@+3)

= lim A%H\a(Y+A%Hz)|MA(dz):/|ua(z)wa(dz)
A=0 ) _ya-1/(a+3) R

oo M, ) z/Aa )
:/ —QTQU ( )eXp{ WX/() ‘SQ(S)l /Oéds}dz
Basa(2/Aa) [V 2 #/he 1o
/ a—'—l) exp _(O[-i-l)l/a/o\ |Sa(s)| ds p dz
( ) 1/
:Bi/a/ 2M,, |——= exp 7/ 5o ()Y “ds ¢ dx
0 (4 1)/

+1
ot o o)

2

1
1 3 _ \ 43
Finally, BY® =154 = (("2) YY4(1 - Y)4) and the term in square brackets

only depends on «v . g

Lemma 28. The finite-dimensional distributions of the family of processes
(A%ﬁ ux(Z*)) <+ converge weakly to the finite-dimensional distributions of v, (Z°),
where v,,(+) is defined in Theorem 5(ii) .

Proof. The proof is identical to the proof of Lemma B.6 in Guasoni and Weber (2017).
O

Proof of Proposition 7. Because )\%”U)\(Y + A7 z) ~ C’|z|c%r1 sgn(—z) for large
z, Lemma 26 implies that A& E lux(Z2)|? is bounded uniformly in A and s. Hence,
the family ()\a%r3 ux(Z*))aso is tight. Tt follows now from Lemma 28 that for A | 0

the processes AaFsy A(Z*) converge to V. The dynamics of V; in terms of Z? follows
from It0’s formula. Because v, (-) is invertible, the substitution Z{ = v 1(V};) yields
autonomous dynamics of V;, with its drift equal to

) = vy (g )0 + 50ll(ez () V(01— V)%
From the definition of wv,(z) and the limit (16), it follows that v,(z) ~
1 2 1 __2 —a
B§ Aq Q+1a7%ﬂ|z\%ﬂ,v;(z) ~ —2B§ Aa "“of%ﬂ(a—i-l)’qz o and v/ (z) ~
2

1 — e a
QB&AOC““a*%H(a + 1)72(1 — a)|z|7% for z — —oo. Also, z ~

—B, ** Aaoﬁv T for v — . Hence, for large v, the first term of the drift
b(v) is of order v*7* and the second term is of order v~¢
b(v) ~ v (v (v))v ~ 9B Azla~3 (o + 1)~ 'w™2. The term a(v) in the dy-

namics for V is equal to (v, (v, (v ))) Y2(1 — Y)202. The same computations yield

at1 _ _
a(v) ~4Ba* AZ2a 1 (a+1)72Y2(1 — V)20~ for large v. O

. Therefore, for large v,
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