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ABSTRACT. We develop an equilibrium model for market impact of trades when
investors with private signals execute via a trading desk. Fat tails in the signal
distribution lead to a power law for price impact, while the impact is logarithmic
for lighter tails. Moreover, the tail distribution of the equilibrium trade volume
obeys a power law. The spread decreases with the degree of noise trading and
increases with the number of insiders. In case of a monopolistic insider, the last
slice traded against the limit order book is priced at the fundamental value of the
asset reminiscent of [17]. However, competition among insiders leads to aggressive
trading, hence vanishing profit in the limit. The model also predicts that the order
book flattens as the amount of noise trading increases converging to a model with
proportional transactions costs with non-vanishing spread.

1. INTRODUCTION

Kyle [17] studies in a simple but remarkably powerful framework a single risk
neutral informed trader and a number of non-strategic uninformed liquidity traders
submitting orders to a market maker, who aggregates all the orders and clear the
market at a single price. Consequently, Kyle’s uniform auction model does not pro-
duce a bid-ask spread and predicts a linear price impact of trades. However, his
model allows for an explicit characterization of equilibrium parameters - including
the optimal strategy of the informed trader as well as the equilibrium pricing rule.
This in turn allows one to analyze how the private information is disseminated to the
market and gets incorporated into the prices over time. In particular, Kyle’s lambda
yields an explicit measurement of market’s liquidity and the extent of linear price
impact.

On the other hand, empirical data provides some clues as to the shape and scale of
market impact. There is a strong consensus among the practitioners that the impact
is a concave function of trade size (see [28]). But biases in the data, a low signal-to-
noise ratio and other issues hinder a precise determination of the functional form of
market impact, particularly for large trades where data is sparse. Impact functions
used in practice range from square root to logarithm (e.g. [28], [23], [11], [1], [3], and
[30]). We contribute to this debate using a rational expectations approach.
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Understanding the exact shape of the price impact is of utmost importance for
optimal trade execution (see Bouchaud et al. [7]). Portfolio managers endeavour
to find mispriced assets in order to beat their benchmarks. When they decide to
change their holdings to take advantage of a mispricing, they create orders in an
order management system and the trading desk routes these orders to broker-dealers
for execution. However, this new order causes prices to move to a different level due
to the price impact of the trade. The value lost by not being able to execute at the
decision price is called implementation shortfall (see [21]) and understanding how this
shortfall scales with trade size is essential to optimize the investment management
process. A market impact model is needed in order to maximize net trading profits,
optimize position sizes, limit liquidity risk and estimate a portfolio’s capacity.

Various models yield similar results for small trade sizes but they yield very different
predictions for the impact of large trades. This is unfortunate since the large trades
typically dominate the aggregate implementation shortfall for most portfolios. Indeed,
[8] finds that large trades (above 10,000 shares) from institutional traders account
for approximately 48% of the aggregate volume and the moderate trades (500-9,999
shares) by institutions make up 38% of the trading volume. Yet, large trades are fewer
in number, their implementation shortfall most exposed to market noise, and their
size most subject to selection bias: a manager may execute a large trade because she
can. This makes empirical testing difficult. The absence of a consensus on the shape
of market impact for large trades motivates the search for a theoretical framework that
would capture the essential features of trading and yet be sufficiently parsimonious
to be testable.

To address these issues we propose a market microstructure model for the price
impact that shares features from Kyle [17] and Glosten [13]. Our results provide
the micro-foundations for a large number of empirical findings including those on
price impact and volume. To the best of our knowledge, this is the first model
to establish the rules governing the power laws for the price impact function in an
equilibrium setting’. The liquidity suppliers in our model face adverse selection due
to the existence of informed traders (henceforth called insiders). Different from [17],
but consistent with the modern practice, they move first by posting limit orders as
in [13]. We assume following [13] that the resulting offer curve is competitive so that
the limit prices are given by ‘tail expectations.” That the marginal cost of a trade
depends on the trade size leads to discriminatory pricing.

We show that whether the market impact follows a power law or a logarithmic law
depends on the distribution of the fundamental value, which is the private signal of
the insiders. The price impact, and equivalently the implementation shortfall, has a
power law if the market believes that the fundamental value has fat tails while lighter
tails are responsible for a logarithmic behavior.

1See also Nadtochiy [19] for an explanation of concave price impact in a continuous-time setting.
However, price is not determined in a rational expectations equilibrium setting in [19].
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Our model makes sharp predictions on the shape of market impact based on the
asset’s return distribution. Ignoring for a moment the difference between the risk-
neutral returns distribution and the physical distribution?, the asset’s conditional re-
turn distribution is predicted by options market participants who encode their views
in the options data. The shape of this distribution is sensitive to the event calen-
dar: for example, the shape and scale of the impact function for large trade in a
biopharmaceutical company ahead of a major drug approval release would be quite
different from the shape and scale of market impact for the same stock when no news
is expected. An investment manager with an active trading strategy in this kind
of company would be able to label trades as “pre-announcement” and “other”, and
over time, calibrate an impact model for each of these two cases. The goodness of fit
measures for the predicted shapes from the present paper would provide a test of our
theory®.

Our framework also allows us to compute the tails of the probability distribution
associated with the aggregate volume. For a large class of distributions that can be
used to model the liquidation value we demonstrate that the tail of the trade size
obeys a power law.

The power-law behavior of order sizes has been documented previously in various
contexts: [15] showed that the market volume in a time interval At has a power-law
tail with exponent 1.7; [18] consider off-book trades and find an exponent ranging
from 1.59 to 1.74; [12] estimated the exponent to be in the neighbourhood of 1.5; [29]
reconstructed metaorders in Spanish stock exchange using data with brokerage codes
and found that the metaorder transaction size distribution has a power-law tail with
exponent 1.7. And in a study performed directly on institutional trade data from
Alliance Bernstein, [3] found a tail exponent 1.56 for metaorder sizes. Our model
gives an equilibrium based explanation for the magnitude of these exponents.

One of the most striking features of our model is its tractability while allowing
general distributions for the fundamental value. We characterize the equilibrium
strategy of insiders and the corresponding market impact of trades as a solution of
an integral equation. While an analytic solution to this equation can be found only
in few examples, its numerical implementation is straightforward and fast.

The solution of this integral equation is given by the fixed point of a highly non-
linear operator, existence of which is shown using Schauder’s fixed point theorem in
Sections 3 and 4. Although this integral equation arises from a one-period considera-
tion, we obtain a priori estimates on its solution using a space-time h-transform of a
standard Brownian motion on [0, 1] and via comparison arguments on the solutions
of the resulting h-path process. These estimates also allowed us to bound the fixed

2This is in fact consistent with the assumption that the market makers are risk-neutral. The more
realistic case with risk-averse market makers that leads to the risk neutral measure being different
than the physical one is left to future research.

3To formulate a test based on the options montage is more involved, in no small part because wide
spreads in option markets make pricing in the tails quite challenging. Such a project lies outside the
scope of this paper.
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point(s) of the original integral equation by the extremal fixed points of two better-
behaved and, most importantly, monotone integral operators. Such a comparison was
essential in establishing the power laws considered in this paper.

Although the exact form of the market impact can only be solved numerically, we
are nevertheless able to obtain the exact analytic asymptotics when the order size
is large using the theory of regular variation. Moreover, due to the scaling property
of the noise demand, these asymptotics still provide a good approximation for small
orders if the variance of the noise demand is relatively small. The error in such an
approximation appears to be still low even in the case of higher variance as confirmed
visually by our numerical studies and should provide a good benchmark for empirical
works.

Due to the discriminatory pricing by the liquidity suppliers, our model produces a
non-zero bid-ask spread in equilibrium. We find that the minimal bid-ask spread for
an infinitesimal trade is the same regardless of the variance of the noise trades. The
shape of the order book, however, is not invariant to the changes in this variance;
on the contrary, the order book flattens as it increases. In particular, the spread
associated with a non-infinitesimal trade size decreases with the amount of noise
trading consistent with the experimental findings of Bloomfield et al. [6]. In the limit
the equilibrium converges to a model with proportional transaction costs.

Our proof of the existence of equilibrium assumes that the fundamental value of the
asset is bounded. However, our numerical experiments suggest that equilibrium exists
for a large class of unbounded distributions commonly found in the literature and used
in practice. Moreover, the asymptotics for these solutions agree with the analytical
forms that our theory predicts. Yet, unlike the bounded case, an equilibrium may
not exist for all unbounded distributions. Given the premise of numerical results
and our formal calculations we conjecture that existence of equilibrium requires a
sufficient amount of competition among insiders if the signal distribution exhibit fat
tails. This is intuitive given the fact that the liquidity suppliers post limit prices using
tail expectations in equilibrium. Since the noise demand is Gaussian, the large orders
are more likely to be informed and the tail risk in the total demand is completely
determined by the signal distribution as the insiders’ aggregate demand is a monotone
function of the fundamental value. Therefore, fat tails in the signal distribution
increases the liquidity suppliers’ need for compensation. Moreover, sizable fat tails
are typically associated with excessive variance. Our model predicts that such risks
arising from the signal distribution cause the market to break down unless the risk is
reduced to a manageable level by strong enough competition among informed traders.

Even though we model the interactions in a single period model, our framework
also has the flavor of a continuous-time Kyle model considered by [2]. Indeed, in
case of a monopolistic insider, we show that conditional on the asset value V' = v
the last infinitesimal slice of the aggregate order traded by the desk against the order
book is priced at v on average, reminiscing the convergence of the equilibrium price
to the liquidation value by the end of the trading horizon in the continuous-time Kyle
model. Thus, all private information gets incorporated into market prices once the
last slice has been traded.
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The above ‘convergence’ result motivates the analysis of the case of multiple in-
siders. In the same vein as [16], we also model and solve the imperfect competition
among N > 2 insiders who observe the liquidation value V' perfectly. As in [16] this
competition leads to more aggressive trading. When the signal distribution is contin-
uous, we find that (conditional on V' = v) the average price for the last slice traded by
the desk exceeds v if the insiders are buying in equilibrium, which can be attributed
to more aggressive buying due to competition. An analogous observation holds when
the optimal strategy in equilibrium is to sell. We obtain an explicit formula for the
aggregate profit of the insiders that shows that it converges to 0 in the limit as the
number of insiders increases.

This article is related to the ‘econophysics’ literature that uses the concepts of
physics to study economic issues. Gabaix et al. [12] argue that “[econophysics| is
similar in spirit to behavioral economics in that it postulates simple plausible rules
of agent behavior,...” and develop a theory of large institutional trades by assuming
that the liquidity providers’ preferences exhibit first order risk aversion justified by
prospect theory and institutional practices. While we share the same motivation
of explaining the power laws observed in the data for price impact and trade size
as [12], we instead follow a rational expectations approach to establish these laws.
Thus, our model can be interpreted as a merger between econophysics and the market
microstructure theory.

Our article also relates to the literature on limit order markets. The case of liquid-
ity suppliers moving first and submitting limit orders to be later hit by potentially
informed market order was first studied by [24] and [13]. Glosten [13] is more con-
cerned on the equilibrium among the liquidity suppliers for a given market order and
there is no general existence result for an equilibrium that incorporates the optimal
strategies of both the limit order traders as well as the strategic trader submitting
the market order with the exception of a special case given in an example. Moreover,
studies of [4] and [26] on the limit order book and the order flow in Paris Bourse and
Stockholm Stock Exchange found evidence that contradicts the predictions of [13]
and support a concave price impact function. [26] also stressed the need for a richer
theoretical model to replicate the empirical observations. More recent works on limit
order markets are mainly set in continuous time and a short list would include [20],
[10], [25], and [14]. However, the sheer complexity of equilibrium in continuous time
required these works imposing very restrictive assumptions to have a tractable model
such as traders being able to trade only once (essentially making it a collection of one
period models) or only for one unit of the asset. We, on the other hand, establish the
existence of equilibrium for general distributions and without any restriction on the
trading strategy of the strategic traders, and characterize it via an integral equation
that possesses an easy numerical solution.

Structure of the paper is as follows: We present the trading model and the first
implications of equilibrium in the next section. In Sections 3 and 4 we demonstrate
the existence of an equilibrium under mild assumptions. Section 5 considers the
asymptotic behavior of market impact and the distribution of trade volume in equi-
librium. Further properties of equilibrium along with some comparative statics are
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given in Section 6. Numerical solutions are provided in Section 7. Moreover, Section
8 explores an alternative same-price allocation model numerically and compares the
results with those of the trading desk model. Section 9 contains the concluding re-
marks and directions for future study. The Appendix contains some auxiliary results
and the proofs not presented in the main text.

2. THE MARKET STRUCTURE AND EQUILIBRIUM

Our model is built upon Glosten [13] and the trading takes place in one-period. All
random variables in this section are assumed to be defined on a complete probability
space (2, F, P) and E is the expectation operator associated to P. There are four
types of agents interacting in this market:

(1) Competitive (infinitely many) liquidity suppliers move first and place limit orders
that give rise to an order book. The resulting limit order book is identified by
some non-decreasing function h : R — R and, therefore, a market order of size x
traded against the order book incurs the cost of

/0 ) h(y)dy.

In other words, h(y) corresponds to marginal price of the y-th share.

(2) A trading desk, which acts as a broker for its clients, does not trade for its own
account, but only gathers and executes orders for its clients. At the beginning of
the day, the desk does not have any orders. Any arriving order of size y is priced
at

/y h(Y + x)dz, (2.1)

where Y is the accumulated number of shares from prior orders. The desk does
not publish Y and, thus, its clients do not observe Y prior to submitting their
orders. However, they are aware of the form of the pricing rule given by (2.1).

(3) Noise traders whose cumulative demand for the traded asset is given by a random
variable Z ~ N(0,0?) are non-strategic. Z is independent of V', which is the
random variable representing the liquidation value of the asset. V' is assumed to
be non-constant.

(4) N > 1 risk neutral insider(s), who know(s) V and choose(s) a trade size to
maximize their expected profit conditional on their private information. The
cumulative demand of the insiders will be denoted by X. N is assumed to be
deterministic, and therefore, known to the market participants.

We assume that noise traders as well as insiders are the clients of the desk. The
desk aggregates all orders and trades Z + X with the liquidity suppliers. Moreover,
noise trades are assumed to arrive to the desk prior to the informed order(s).

Let us first consider the case N = 1. Since the accumulated number of shares
from prior orders equals Z when the insider’s order arrives at the desk, the insider is
charged

/O W2 4 )y (2.2)
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for an order of X units. Observe that the insider will always prefer buying via the
desk to buying from the order book since she will get a better price from the desk
in case the noise traders are selling. Noise traders, on the other hand, are indifferent
between two trading venues under our assumption that they arrive slightly earlier to
the market than the informed trader.

The cost given by (2.1) can be justified by Bertrand competition for orders from a
strategic trader (informed or uninformed) among brokerage firms each of which has
already received noise orders of size Y;. We assume the strategic trader does not split
her trades among different brokers consistent with the market practice. Note that
one does not have to assume that Y;s are the same, but the pairs (Y;,V') have the
same distribution over the firms.

Another, and more common, approach in industry is to charge all orders the same
average price. That is, the insider’s cost of trading X units via the trading desk equals
XLJFZ OX+Z h(y)dy, while the noise trades are priced at XLJFZ 0X+Z h(y)dy. However,
such a cost structure makes the model analytically intractable. Nevertheless we ana-
lyze this model numerically in Section 8 and find that it shares the same qualitative
features and same asymptotic price impacts with the equilibrium arising from the
cost structure of (2.2).

2.1. Optimal strategies for the informed. Let us next consider the optimization
problem for the insider facing (2.2) as her trading cost. Note that the expected profit
of the insider from a market order of size x is, therefore, given by

E”{Vx—:éth3+yﬁ@},

where E" is the expectation operator for the insider with the private information
V = v. Since h is assumed nondecreasing, the first order condition characterizes the
unique X* achieving the maximum expected profit via V = F(X*), where

F(z):= /_00 h(x + 2)q(o, z)dz (2.3)

oo

and ¢(o, ) is the probability density function of a mean-zero Gaussian random variable
with variance o2. Note that since h* is non-decreasing and not constant, F is strictly
increasing and one-to-one. Thus, X* = F~1(V).

We shall also consider the case of multiple insiders trading via the same desk and
knowing the value of V. We assume that informed orders arrive simultaneously and
the desk charges each insider an amount proportional to their order size. Therefore,
the expected profit of an individual insider placing an order of size z is given by

AW%MZ+yM4,

where U denotes the aggregate demand of the other insiders.

E" Vo —
{quLx
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The first order condition associated with the above optimization problem of an
individual insider is again given by

X

v=E" {U h(Z+U+x)—I—ﬁ/OU+xh(Z+u)du}

+x

As every insider has symmetric information and is risk-neutral, the equilibrium de-
mand x* for each insider must be the same and satisfy

WMZ+ Nz*) N-—1 [N
U:E”[( * x)+ / h(Z—I—u)du].
0

N N2g*

Denoting the total informed demand by X*, the above can be rewritten as V =

F(X*), where
F(z):=FE" [h(Z]\j_ z) + NN;l /Ow h(Z + u)du} : (2.4)

and F(0) is interpreted by continuity to be E¥[h(Z)].

Note that the marginal cost function F' always satisfies F'(z) < EY[h(Z + x)] for
x > 0 since the marginal price h is increasing. Recall that E¥[h(Z+x)] is the marginal
cost of buying z units for a monopolist insider. Thus, the expression of the marginal
cost via (2.4) can be viewed as a weighted combination of the marginal cost for the
monopolist and the average cost of buying x units. The weight placed on the average
cost vanishes in case of monopolist and is increasing to 1 as the number of insiders
increases.

Moreover, it follows from the monotonicity of h that F' defined via (2.4) is strictly
increasing. Also note that (2.4) reduces to (2.3) when N = 1. Thus, we shall always
refer to (2.4) when discussing the optimal strategies of the insiders regardless of the
value of N.

2.2. Equilibrium and first properties. In what follows the total informed demand
will be denoted by X and we assume following [13] that limit prices are given by ‘tail
expectations.” That is, denoting the total demand X + Z by Y,

h(y) = EVIY >y], ify>0;
Y=L EVIY <y, ity <o

The value h(0) is not relevant for the subsequent computations and can be freely
chosen to be any value between the best ask h(0+) := lim, o h(y) and the best bid
h(0—) := limyo h(y).

The definition (2.5) entails that liquidity suppliers earn zero aggregate profit on
average. Indeed, the expected profit is given by

(2.5)

0

E [ / Y(h(y)—va] = [ Bk = Vitwslin + [ BV = b)) yegldy =

—0o0

where the last equality is due to the definition of the conditional expectation.

Definition 2.1. The pair (h*, X*) is an equilibrium if h* is non-decreasing and non-
constant, X* € R and
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i) h* satisfies (2.5) with Y = X* + Z;
ii) X* is the profit mazimising order size for the insider(s) given h*. That is,

V = F(X*), where F is given by (2.4).

The strict monotonicity of F' leads to the following result that in particular yields
an explicit formula for the aggregate profit of the insiders.

Proposition 2.1. Let (X*, h) be an equilibrium and F defined by (2.4).
(1) For any x € R we have

B+ 2)] = Fla)+ 20 ) - R
= P+ NN =) [ (Fl) = Fapy™ . 20

(2) E°[h(X* + Z)] = v when N =1 and, in general
E°'IMX*+2)=v+ (N - 1)/O (v— F(y~ F~'(v)))dy. (2.7)

Thus, E°[h(X* + Z)] > v (resp. E'[M(X* + Z)] <wv) if F71(v) € (0,00) (resp.
F=1(v) € (=00,0)).
(8) The aggregate expected profit of the insiders conditional on V = v is given by

ww = 2| [ T hi Zni) = [ = F) (FL())N dy
= ) [ PR E ) 2.

with the second and third equalities being valid if F~(v) is finite.
(4) The expected loss of noise traders is given by

/OO wp(m > y)dy. (2.9)

Moreover, if the aggregate mid-spread function S defined as S(x) := fox Wdy
satisfies lim, o S(x)P(Z > x) = 0, then the above loss equals

| swraz e ay) = Bisq2)) 210

Since the liquidity suppliers earn zero profit on average, (2.10) implies that the ex-
ante profit of insiders is given by E[S(]Z])]. Thus, the larger the spread, the bigger
is the insiders’ profit. Moreover, since S is concave and increasing, this profit (or the

loss of the noise traders) is bounded by S(E[|Z]]) = S(O’\/g) < S(o). This upper

bound corresponds to the aggregate spread at the expected noise volume.

The expression (2.7) reveals an interesting feature of our model akin to Kyle’s model
in continuous time. Observe that h(X* 4+ Z) can be viewed as the last slice that is
traded with the limit order traders. Thus, when there is a monopolistic insider, (2.7)
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shows that the final slice is priced at the actual value of V' similar to the convergence
of the equilibrium price to the liquidation value of the asset in the continuous time
version of the Kyle model studied in [2] for general payoffs.

This ‘convergence’ may disappear when the liquidation value of the asset is observed
by more than one insider as in [16]. If the distribution of the fundamental value does
not possess any atoms, the optimal strategy of the insiders will be finite for any
realization v of V. In this case E'[h(X* 4+ Z)] > v when the optimal strategy is
buy. The intuition, as observed earlier by [16], behind this overvaluation is that
competition leads to more aggressive trading and results in higher market valuation.

In practice an important trading benchmark for traders is the implementation short-
fall. [21] defines it as the difference between a ‘paper trading’ benchmark and the
actual trading costs. Assuming that the benchmark is given by the ex-ante valuation
E[V], the associated shortfall in our context can be defined as follows:

Definition 2.2. The implementation shortfall associated with trading x units is given
by

1

I8(x) = — /Ox Eh(Z + y)]dy.

Observe that 1.5(x) is simply the expected average cost of trading = units. As the
following result shows, it is smaller than the marginal cost F'(x), which is given by
the first order condition (2.4).

Proposition 2.2. Let h be a function that defines the order book and F(z) be given
by the first order condition (2.4). Then,

IS(z) = N/o F(xy)y™'dy.

In particular, 1S(z) < F(x) for x >0 and 1S(x) > F(x) for z < 0.

3. CHARACTERIZATION OF EQUILIBRIUM

The aim of this section is to identify the integral equations whose solutions de-
termine an equilibrium (X*, h*). Writing h instead of h* to ease the exposition and
using the definition of A when y > 0, we get

Wy) = ElV|X*+Z >y| = ElVIFT(V) >y~ Z] = ElV|V > F(y - Z)].
Similarly, h(y) = E[V|V < F(y — Z)] for y < 0.
Next introduce the right-continuous functions ®* and II* via
OT(y) = E[VI1ysy], () = P(V >y)
7 (y) = EVlygy], I (y) =PV <y)=1-T1I"(y).

Note that ®*(y—) = E[V1y>sy] and I (y—) = P(V > y) are the unnormalized
upper tail expectation and the upper tail probability, respectively.
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Now let us compute h(y) for y > 0 using the fact that ®*(z) = ®*(z—) for almost
all z:

 EVlspg-zy) S @ (F(y — 2))a(0, 2)dz
") = PV Ry - 2) [T (F(y = 7))l 2)de (3.11)
Similarly, for y < 0
gy = L (= e 2 -

o (F(y — 2))q(o, 2)dz’

In order to obtain an equation for F' it will be convenient to define, for any continuous
g, the mappings

J7 @M (g(2))qlo, x — 2)dz [ @ (g(2)q(0,x — 2)d=

% @) = e 0 %D T mee s —od
Let us also set
dg(x) = @5 (2)1az0 + ¢, (2)1aco. (3.13)

Now, combining (2.4), (3.11) and (3.12) yields an equation for F:

:%/_Zq(o,x—z)@:( dz+—/ dy/ q(o,y — 2)pr(2)dz.  (3.14)

Assuming one can change the order of integration in above?, then (3.14) can be
rewritten as

F(x) = /00 {%q(a,i —2)+ N]\_[ 1q(a,x,z)} or(z)dz, (3.15)
with
_ I
q(o,x,z) == 1,4 ;/0 q(o,y — z)dy + 1,—0q(0, 2). (3.16)

The preceding calculations show that the existence of a solution for the above integral
equation is a necessary condition for equilibrium. Validity of the converse is obvious
and we, thus, have the following:

Theorem 3.1. FEquilibrium exists if and only if there exists a function ' : R — R
that satisfies (3.14). Given such a solution F, (X*,h*) constitutes an equilibrium,
where X* = F~YV) and h* is defined via (3.11) and (3.12).

In view of the above theorem finding an equilibrium boils down to finding a solution
of (3.14). Moreover, equilibrium will be uniquely defined if there exists a unique
solution of (3.14). As usual, solutions of (3.14) will be identified as fixed-points of a
mapping.

Before analyzing in depth this fixed-point problem, we shall first consider some
settings in which equilibrium is explicitly solvable. Note that since h is increasing its
right and left limits exist. In particular h(0+) is the lowest ask price and h(0—) is the
highest ask price. Thus, the bid-ask spread is given by h(0+) — h(0—) in equilibrium.

4We shall see later that this is justified when V' is bounded from below
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Definition 3.1. V is said to be symmetric if V. and —V have the same distribution.
That is, IT (y—) =11~ (—y) for all y.

Proposition 3.1. Suppose that V' is symmetric and there exists a unique solution
F to (3.14). Then F is symmetric, i.e. F(x) = —F(—x) for all xz. Moreover, any
symmetric solution of (3.14) is also a solution of

N/ Qoo (d2+—/ dy/ @o(0,y — 2)dp(z)dz, (3.17)

where qo(0, x, 2) == q(o,x — z) — q(o,x + 2).

Proof. Observe that —®*(y—) = E[-V1y>y] = E[-V1_yv<_y] = E[V1ly<_y] =
@~ (—y). Thus, utilising the fact that & and II* differ from their left limits at most
at countably many points and ¢ is symmetric around zero, we obtain

o0 o 2 @ (F(—u))q(o, z — u)du
/_OO q(o,—x — 2)pp(2)dz = /_OO dzq(o,x — z)fjooo I+ (F(—u))g(o, 2 — u)du
o0 ffooo O (F(—u))q(o,z —u)du
+ s s
_ /0 iz qlo.z— 2) ffooo O (—F(—u))q(o,z —u)du
o N ffooo - (—F(—u))q(o, z — u)du

where G(x —F(—x). Moreover,

__/ dg/ oy =20r()a: = [y [~ alo—u=2)or(:)a:
= —i/ordy/_iq(a,y—ZWG(Z)dz

Thus, —G is also a solution of (3.14), which establishes the first assertion. The second
assertion follows from a change of variable in (3.14) as above and using the assumed
symmetry of F. O

Example 3.1. Suppose that P(V = 1) = P(V = —1) = 1. Then, the unique
symmetric solution of (3.14) is deﬁned by

F(z) = N/ qo(o, x, z)dz

In this case it is easily seen that in equzlzbmum X* =00 (resp. X*=—00) 1if V=1
(resp. V = —1). Moreover, h*(y) = Ly~0 — ly<q)-

dy dzqoay, , x>0.
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Although the insiders’ optimal market order is to buy or sell an infinite amount
cumulatively, their profit remains finite. Indeed, when V =1, the aggregate expected
profit is given by

o0 o 2
/ EY(1—h(Z +y))dy = 2E* (/ 1[Z<_y]dy) = a\/;.
0 0

Note that the total profit is independent of N.

Example 3.2. Consider the case P(V = —1) = P(V =0) = P(V = 1) = 5. Then,
similar considerations as above should yield F(c0) =1 and F(—o0) = —1. Moreover,
symmetry considerations lead to F(0) = 0, which suggests that the insider does not
trade when V' = 0. Indeed, the unique solution of (3.14) is given by

1 1

1 [ N-—-1 (7 o
F = — d d d _—

Differently from Example 3.1, the order book will not be flat since the insider does not
trade when V = 0. One can obtain h* via (3.12) and (3.11). Alternatively, fory >0

hy) - EVipcwyrzzg] PV =1
PX*WV)+Z>y) PV=0D+PV=0,22>y)
PV =1) 1

PV=1+PV=0PZ>y) 1+PZ>y)

where the first equality follows from the fact that X*(V') is infinite when V = —1 or
1. Similarly, for y <0, h(y) = —m. In particular, the bid-ask spread is given

by h(0+) — h(0—) = %, and is again independent of the noise volume and of N.

3.1. Existence of equilibrium. We shall denote by m (resp. M) lower (resp. up-
per) endpoint of the support of the random variable V. Note that, since V' is assumed

non-degenerate, we have —oo < m < M < oo.
Define on the support of V'

U (y) = ﬁig; (3.18)

so that UT(y) = E[V|V > y| and ¥~ (y) = E[V|V <y].
We impose the following condition on the function F' to ensure that the integral

equation (3.14) is well-defined and changing the order of integration in (3.15) is jus-
tified.

Assumption 3.1. fi)oo Or(2)q(o, 2)dz > —c0.

Observe that the above is automatically satisfied if V' is bounded from below in
view of (4.22) in the next section. Moreover, if F' is a continuous function satisfying
(3.14) and V is symmetric, it satisfies the above assumption, too.

One of the useful consequences of the above assumption is that the marginal trad-
ings costs are strictly increasing.
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Lemma 3.1. Let F' be a continuous non-decreasing solution of (3.14) or (6.30) satis-
fying Assumption 3.1. Then, lim,_,o, F(z) = M and lim,_,_, F'(z) = m. Moreover,
F' 1s strictly increasing.

This gives rise to the following sufficient condition for equilibrium. Note that since
V' is bounded under the hypothesis of the theorem, Assumption 3.1 is satisfied.

Theorem 3.2. Suppose —oco < m < M < co. Then, there exists an equilibrium.

4. EXISTENCE OF A SOLUTION FOR THE FIXED POINT EQUATION

This section is devoted to the proof of Theorem 3.2 using Schauder’s fixed point
theorem. The next lemma provides the key foundations for the estimates that are
used to prove the existence of a fixed point.

Lemma 4.1. Let g : R — R be a continuous function and u™ (resp. u~) be the
unique solution of

U + 0%y = 0, u(l,2) = I (g(x)) (resp. u(l,z) =11 (g(z))). (4.19)
Then, the following hold:

(1) There ezists a solution B on a filtered probability space (Q, F,(F;),Q) to the
following SDE:

o Uz (t, By)
u(t, By)
where u is either u™ or u= and W is a Brownian motion with Wy = 0.
(2) ¢4 (x) = E¥" [WH(g(B1))] and ¢, (x) = EC (U~ (g(B1))], where (B,Q") (resp.
(B,Q7)) corresponds to the solution of (4.20) if u = u™ (resp u = u~) and E®
stands for the expectation under Q.

(3) &4(0) > ¢, (0).
(4) Suppose further that g is non-decreasing. Then, qb;t are non-decreasing, too. Con-
sequently, ¢, is non-decreasing. Moreover,

¢i(x) < EY [UT(g(cW; +2))] (4.21)
¢, (x) > E¥ [U (g(cW1+2))]. (4.22)

dB, = cdW, + o dt, By=u, (4.20)

Proof. We shall prove the claims for u* only, the corresponding proof for u~ being
analogous.

(1) Note that

Wt 7) = /_Z H+(g(z))mexp (—%) dz.

Then, if 5 is a Brownian motion on a filtered probability space (2, F, (F;),P)

with By = 0, u™ (¢, By) is a bounded martingale with u*(1, B;) = I (g(By),
where B = 0 + x. Thus, we can define a new measure Q on (2, F) by
d@ . U(l,Bl)

dP  u(0,By)’
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By means of Girsanov’s theorem, under Q, B solves (4.20).
(2) Observe that

E [ (g(B))T (9(B1))] _ E["(g(B1))u”(1, By)]

Tx) = = =R [Ut(g(By))].
% (@) E[IT+(g(B1) E [u(l, By) B [ (o(B)

(3) The claim is equivalent to

| et [ - [ e oato s [ (g(eNato 2z > 0

o0 o0 —00 —0o0

Using &1 = E[V] — &~ and II" + II~ = 1, the above is valid if and only if

0 <(/w®+wwﬂﬁm2Mz—EWj/mH*@@deZMz

_ /“(wwm@y~mvbamanﬂmam4

which holds since for any 2 we have U (x) > Ut (m) = E[V] in view of Lemma
A.1 and U™ is not constant.
(4) Now, suppose g is non-decreasing, which in turn implies u; < 0 since IT* is non-

increasing. Therefore, as T(Sf’f)) is Lipschitz on [0,¢] for any ¢t < T', the standard

comparison results for SDEs applied to (4.20) in conjunction with Lemma A.1
imply

E% [ (g(B1))|Bo = y] > E¥ [U*(g(B1))|Bo=2] ify>=

since we can construct all these solutions indexed by their starting point on the
same probability space due to the local Lipschitz property of w} /u™. This shows
the desired monotonicity ¢; .

Similarly, the same comparison principle yields that the solution of (4.20) is
bounded from above by cW; + z in case of u = u™ since u;” < 0. Combined with
the monotonicity property of U*(g), we deduce ¢} (z) < E? [0 (g(cW; + z))].

O

Proof of Theorem 3.2. The proof will be an application of Schauder’s fixed point the-
orem. Note that since V' takes values in [m, M], so does W*. This justifies the
representation (3.15) for F. Since in equilibrium A must also be taking values in
[m, M], we must expect F' to take values in [m, M|, too. Thus, we can concentrate
on functions on R that takes values in [m, M]. Moreover, F' will possess a derivative
that is bounded by

0 =

e 202 1 N-1
Ky = M oy - .
0:=(Im] + )/_00\2]03 27sz (N—i- 5N ) < 0
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To see this first observe that

oq(o, x, 2 glo,w —2) —qlo,z,z) 1 (7
(ax ) - 4 )x | ):E/O {a(o,z —2) —qlo,y — 2)dy}
1 x
= = i uqy (o, u — z)du.

Therefore,

d > a(0, 2 — 2)| N—l/'x

—F < z\U, & — d d
pe (x)| < /oo|¢F(Z)|{ N + N2 ), u|qz(o,u — 2)|du p dz

<z u)2

IN

1 [ 207 N —1 [l
m|+ M —/ Z—x / duu/ zZ—U
(il +00) 3 [ e =l e 2=l

2

= () [ (H%).

We shall show the existence of a fixed point in the normed space X := L*(R, pp), i.e
the space of Borel measurable functions that are square integrable with respect to py,
where

.2
e zdx.

dz) =
/vLO( ) \/ﬁ
Note that pg is equivalent to the Lebesgue measure on R. Next define
Dy : {glg : R — [m, M] is such that |g(x) — g(y)| < Ko|x — y|,Vz,y € R}
and let
D :={g € X|g = go, po-a.e. for some gy € Dy}.

It is easy to see that D is a convex subset of X'.
Next define the operator T on X via

ryte) = [ {atoo -4 F et Lot

[e.9]

where g := (¢gVm)AM and ¢, and ¢ are as defined in (3.13) and (3.16), respectively.
Note that for each x
N -1

{%q(a, r—2)+ >~ L0z, z)} i

is a probability measure on R.

Step 1 (T maps D into itself): 1t is easy to verify that T'g is continuous and takes
values in [m, M] in view of Lemma 4.1 and that

1 N -1
/_{NQ(U,JE—Z)Jr N (j(a,x,z)}dzzl.

[e.9]

Moreover, T'g is differentiable with a derivative bounded by K, by using the
above computations that led to the estimate Ky. Thus, Tg € Dy C D.
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Step 2 (D is compact): Let (g,) C D. Then there exists (¢°) C Dy such that pg-a.e.
we have g, = ¢° for each n > 1. Then by Arzela-Ascoli Theorem there exists
a subsequence that converges uniformly on compacts to a continuous function
¢°. Without loss of generality let us assume that g° converges to ¢°. Note that
necessarily |¢°(z) — ¢°(y)| < Kolx — y| for all 2,y € R, i.e ¢° € Dy. Finally,
as ¢,s are uniformly bounded and pg is a probability measure, the dominated
convergence theorem yields g, — ¢° in L3(R, ).

Step 3 (T': D — D s continuous): Suppose ¢, — g in D as n — oo. In view of
the definition of D we may assume without loss of generality that that g,s
are continuous since changing ¢, on a Lebesgue null set does not alter the
value of T'g,. By another application of Arzela-Ascoli theorem there exists a
subsequence that converges pointwise to some continuous function, which we
may identify with g due to the uniqueness of L?-limits up to a null set. Thus,
we may assume ¢ is continuous, too.

Moreover, the same argument shows that every subsequence of ¢, has a
further subsequence that converges to g pointwise since continuous functions
that agree on Lebesgue null sets should agree at every point. Thus, g, — ¢
pointwise as n — oo.

Next, since ¢, is uniformly bounded, the dominated convergence theorem
yields

& 1 N -1
iy Tyna) = [ dz{ﬁqw,x—zw T z)} lim g, (2).

n—oo )

On the other hand, Lemma 4.1 and Girsanov theorem imply for z > 0

E [\DJr(gn(Uﬂl + Z))H+(gn(0'ﬂ1 + Z))]

Don(2) = u™(0, 2) ’

where E is the expectation operator for P under which f is a standard Brow-
nian motion, and u™ is the function u* in Lemma 4.1 defined by the terminal
condition IT*(g,). Since U* and II* are continuous except on a Lebesgue null
set, the dominated convergence theorem yields

lim B[V (9,(01 + 2)IT* (9,(061 + 2))] = E [¥*(9(0 + DT (9(0 1 +2))]

Similarly,
Jim. u"(0,2) = lim B (I (gn (0B + 2))] =E [T (g(0B1 + 2))] -

Thus, we have shown lim,,_,« ¢, (2) = ¢4(2) for z > 0. Analogous arguments
yields the convergence for z < 0, which in turn establishes the pointwise
convergence of T'g, to Ty; i.e.

lim Tg,(z) = Tg(x), z e R.

n—oo
This yields the claim by an application of the dominated convergence theorem
since T'g,s are uniformly bounded.
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Therefore, there exists a g € D such that g = T'g by Schauder’s fixed point theorem.
The claim now follows from Theorem 3.1. U

Under the hypotheses of Theorem 3.2 it is clear that m < F(z) < M for x € R.
However, in view of the bounds given by (4.21) and (4.22) it is possible to obtain
sharper bounds on any solution of (3.14).

Theorem 4.1. Suppose —o0o < m < M < oo and let ¥* be as in (3.18). Then the
following statements are valid.

(1) There exists a maximal nondecreasing solution® to

po) = [Tt o -0+ X e | [T e wmos - vy

—00

N -1

+E[V] / i {%q(a,x _ )+ cj(a,x,z)}. (4.23)

—00

Moreover, this mazimal solution is not constant and any solution of (3.14) is
bounded from above by this mazximal solution.
(2) There exists a minimal nondecreasing solution® to

() = B[V /OOO dz {%q(mx O 1(](0,90,,2)} (4.24)

[ {Foa=4 a0 [ v anto.s - nay}

—00 [e.o]

Moreover, this minimal solution is not constant and any solution of (3.14) is
bounded from below by this minimal solution.

Proof. (1) Let D be the space of nondecreasing functions on R that take values in
[m, M] and define an operator 7" on D via

rrie) = [ a{ paton -+ o} [T vt - nay

+EV] /O dz{%q(a,:c—z) Tlb 1q(0,x:)}.

—00

First observe that Tr; > T'ry if r; < ry since ¥ is non-decreasing. Thus, setting
ro =m and r, = Tr,_1 for n > 1, we observe that r, is an increasing sequence
of nondecreasing continuous functions taking values in [m, M]. Thus, the limit,
Teo €xists, is nondecreasing, and continuous by Dini’s theorem. It also follows
from the dominated convergence theorem and that ¥* has only countably many
discontinuities that r. is a solution of (4.23).

R is a maximal nondecreasing solution if R(x) > r(z) for all # € R, where r is any other nonde-
creasing solution.

61 is a minimal nondecreasing solution if I(z) < L(z) for all 2 € R, where L is any other nondecreasing
solution.
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Now let £ denote the set of all solutions of (4.23) in D and define

R*(z) := supr(x).
re&

Clearly, R* takes values in [m, M]. Due to the aforementioned monotonicity
TR* > Tr = r for all r € £. Consequently, TR* > R*. Setting go = R* and
gn = Tgn,_1 for n > 1, we again obtain an increasing sequence which converges
to some element r of £. Moreover, » > R*, which in turn implies r = R* by the
construction of R*.

Note that if R* is constant, it has to equal M since R*(co) = M. However,
under this assumption, the right side of (4.23) equals

i 1 N -1
/ dz {—q(a, T —2z)+ q(o,z, z)} (M1,-0+ E[V]1l,0) <M
; N N

as E[V] < M. Thus, R* cannot be constant.
To show the final assertion let F' be a solution of (3.14). Since ¥~ < E[V] and
that ¢f(z) < [*°_ U (F(y))q(o, z — y)dy by (4.21), we deduce that

F(z) <TF(x).

As above, setting go = F and g,, = T'g,,_1 for n > 1, we again obtain an increasing
sequence which converges to a member of £, which proves the claim.

(2) Since U~ < E[V], the proof follows the similar lines as above and, hence, omitted

O

5. MARKET IMPACT ASYMPTOTICS

The shape of market impact as a function of trade size is important to practitioners
to address capacity and position sizing. Various functional forms have been explored
in the literature (see, e.g., [3], [12], [23] and [28]), including v/ X and log(1 + aX).
Rejecting either of these forms empirically is challenging due to three practical dif-
ficulties: (1) the spread and market impact terms are collinear for small orders, (2)
signal-to-noise ratios are weak for executions that take a small percentage of mar-
ket volume, and (3) for very large trades, order sizes are often increased if liquidity
is available, or reduced if liquidity is hard to find, leading to bias in the data. In
absence of clear empirical evidence, theoretical predictions for the shape of market
impact provide valuable insight into how trading costs scale with trade size.

Motivated by this need, we draw our attention in this section to the market impact
associated with large orders. More precisely, we will be computing the asymptotics
of the marginal cost of trades, which is given by the function F. As we shall see
later, the asymptotic form of F' will coincide (up to a scaling factor) with that of the
implementation shortfall 1.S5. We will also be able to compute the tail asymptotics
of the distribution of the total demand in equilibrium using the theory of reqular
variation.
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Definition 5.1. A function g : (0,00) — (0,00) is said to be regularly varying of
index p at oo if

lim 9(Az) =z, Vx>D0.
Analogously, a function g : (—o0,0) — (0, 00) is said to be regularly varying of index
p at —oo if g(—x) is regularly varying of index p at oo.

Roughly speaking, a function of regular variation behaves like a power function
asymptotically. We shall obtain our asymptotic results under a mild condition on the
distribution of V.

Assumption 5.1. II™ has a continuous derivative on (m, M). Moreover, ¥I (M) :=
lim,pr LU+ (2) and V3 (m) = lim, ., LU~ (z) exist and equal the left and right
derivatives, respectively, at finite end points. Moreover, W} (M)W, (m) # 07.

Observe that when M is finite and the left derivative of U™ at M exists,

M — Ut (x) M —x
+ S S Sa A —
VD= T st

Similarly, U, (m) < 1 if m is finite under an analogous condition.

In this section we will mainly focus on the asymptotics of F' and [.S. However, it
is easy to see from (2.4) that F' and h behave similarly for large values. For a more
rigorous demonstration, suppose M — F' is regularly varying at oo with exponent p™.
Recalling the measure v defined in (B.50), we formally obtain
M — h(z) o0 M — Ut (F(xy))

lim —~% = lim viz,1,dy
eoo M — F(z) 200 | ( ) M — F(z) (5.25)

= UH(M)1” = Wy (M),

using the mean value theorem and the continuity of the derivative of U together with
the fact that the F' is regularly varying with index p* since the measure v(x, 1, dy)
converges to the point mass at 1 as x — oo. This shows that marginal price is also
regularly varying with the same index p*.

The next result is the first description of the asymptotics of solutions of (3.14).

Theorem 5.1. Assume Assumption 5.1, N > 1 and —oco < m < M < co. Let F' be
any solution of (3.14). Then, the following statements are valid:
v (M)-1

Moreover, if (M) =1 and there exist an integer n > 1 and a real constant
k € (0,00) such that®

(1) M — F is reqularly varying of index p* at oo, with p* =

¥ Ut(z)—z 1

im ————— = —

a—M (M — x)ntl k’

"This last condition is automatically satisfied if M = oo and m = —oco since ¥t (c0) = —¥~ (—o00) =
00

8In case W (M) # 1, this limit condition is valid with n = 0 and k = (1 — W} (M))~*. Thus, this
additional regularity assumption can be viewed as an extension of the existing regularity that holds
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the following asymptotics hold:

N n 1
M — F(z) ~ (ﬁ%) (logz)™", = — oo. (5.26)
(2) F —m is reqularly varying of index p~ at —oo, with p~ = %
1— =22

Moreover, if ¥V (m) = 1, and there exist an integer n > 1 and a real constant
k € (0,00) such that

lim ——— V(@) _ 1
z—m (x —m)"tl Ok
then X
N n\ = _ 1
F(z) —m ~ (mz) (log|z|)™», =z — —o0. (5.27)

The lengthy and technical proof of the above result is given in the Appendix.
However, we can give a quick motivation of why the regular variation exponent is

as given. To this end, define v(x) := lim,_ o %:Llf(o‘o? for x > 1. Then, using the

integral equation (3.14) and taking the appropriate ratios, one can formally ‘show’
that (M) N
T —1 ;
o) = T @)+ w0 [
0

Nzx

The initial condition (1) = 1 next reveals that v(z) = 2*".

Observe that the asymptotic shape of marginal costs (or, equivalently, marginal
prices) are independent of the noise variance. This stems from the tail expectation
condition that defines the order book. Recall that, for y > 0, the marginal price of
the y-th share purchased is given by h(y) = E[V|F(y + Z)]. Since the noise demand
Z is mostly concentrated around two standard deviations in the neighborhood of 0,
i.e. the large trades are most likely coming from the informed traders, the impact of
the noise distribution on the asymptotic behavior of the marginal price is negligible
in equilibrium. This is also responsible for the price impact depending on return
distribution only by its tail.

Indeed, the power law of the price impact only depends on the number of insiders,
i.e. the intensity of the competition among the informed, and the particular tail mass
index WU (M). To see why W (M) < 1 is an indication of fat tails, consider the
situation where the distribution II™ exhibit fat tails, i.e. power-like behavior, in the
sense that for large x

I ()
IT* ()

~—a(M—-2z)', a>0.

when pt # 0. In particular, if V has a probability density p with

pl@) o (M — )P exp (_(sz)) ,

for some 5 € R, ¥ > 0, and n > 1, the limit condition holds with & = n3. Analogous considerations
apply in the second part.
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M
Since M;f_;(x) = ({Q_rgéi)g) — 1, a direct application of the L’Hopital rule implies
(M) = 3o < 1. This shows in view of Theorem 5.1 that the price impact obeys a

power law when the arithmetic return of the risky asset has a fat-tailed distribution.

In the preceding example, the magnitude of p equals Haﬁ That is, the impact
N

gets bigger as the returns distribution has fatter tails (smaller ) and increased com-
petition among insiders results in smaller impact. We shall see analogous features
when we discuss unbounded return distributions in Section 7.

We have seen in Proposition 2.2 that the implementation shortfall is smaller than
F'. In view of Theorem 5.1 we have a more precise relationship for large x.

Corollary 5.1. Assume Assumption 5.1, N > 1 and —ooc < m < M < oo, and let
(h*, X*) be an equilibrium. Suppose that F* is given by (2.4), with h being replaced
by h*. Then,

M—IS*(x)NN_JZp+(M—F*(I))7 T — 00,
15 () Y F@-m), 2o
r)—m ~ xr)—m), x — 00,
N+ p~

where pt and p~ are as in Theorem 5.1.

Corollary 5.1 shows that for large N implementation shortfall and the marginal
cost of trading are almost indistinguishable. This is even more pronounced when
M — F (resp. F'—m) is slowly varying, i.e. p* =0 (resp. p~ = 0). Combined with
(5.25) the above yields

N —UHM)

UHM)(N — 1)+
Observe that 1.5 can be estimated from market data using the open limit order book
governed by h. Moreover, the returns distribution, hence ¥} (M), can be estimated

from the option data. Thus, the above relationship gives a statistic to estimate the
number of informed traders in the market.

M —I5*(x)

(M — h*(x)), T — o0.

5.1. Equilibrium distribution of the traded volume. The above results will also
allow us to compute the distribution of the traded volume in equilibrium. Although
this will be achieved under an additional regularity assumption on the distribution
of the asset value V, it will be satisfied for practically all distributions typically
appearing in applications.

Corollary 5.2. Assume Assumption 5.1, N > 1 and —oo < m < M < oo. Let F be
any solution of (3.14). Then, the following statements are valid:
(1) Suppose that there exist an integer n > 0 and a real constant k € (0, 00) such that

Ut(z)—z 1

Then, IIT(F) is regularly varying at oo of index ——f%,

N
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(2) Suppose that there exist an integer n > 0 and a real constant k € (0,00) such that

lim &~ U=(r) 1
e (z —m) K

Yo (m)
1— ‘I’zl\(rm)

Then, 117 (F) is regularly varying at —oo of index —

This seemingly technical result uncovers the distribution of the total volume traded
in equilibrium. Indeed, for x > 0

P(X*>z)=PF YV)>2)=PV > F(z)) = I (F(z)).

Thus, under the hypothesis of Corollary 5.2, the tail distribution of equilibrium X*
is regularly varying at infinity. That is,

P(X*>z) =2 s(x),

Vi (M)
1— w(M) *
N
Moreover, since the aggregate order is given by Y* = X* 4+ Z and Z and V are
independent, we have for y > 0

where s is a slowly varying function and ¢t :=

o0 o

P(Y*>y) = / dzP(X* >y —2)q(0,2) = / dzP(X™ > z)q(o,y — 2),

—0o0 —0o0

which can easily be shown to be regularly varying at infinity with the same index.
Thus,

PY*>y) =y s(y), y>0, (5.28)

for some regularly varying s. In particular, if V' has lighter tails, i.e. ¥ (M) = 1,

P(Y* > y) is regularly varying of index —-.

Analogous computations yield for the sell side
P(Y* < —y) =y s(y), y>0, (5.29)

where (T :=

6. FURTHER PROPERTIES OF EQUILIBRIUM AND COMPARATIVE STATICS

The following scaling property of F' is inherited from the analogous property of the
Gaussian distribution.

Proposition 6.1. Let F(1;-) be a solution of (3.14) with o = 1. Then the function
v F(1;2) solves (5.14).
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Proof.

F(1Y) = %/mq(l,f—z)¢F<z>dz+aN‘1/§dy/°°q<1,y—z>¢F<z>dz
= %/mq(g7 >¢F< dz+—/ dy/ 1%_2 ¢r(z)dz
N -1

o “aloy - 2)0e(2)

= q(a,x—z)ng(E dz

—0o0

dy
0 —00

which establishes the claim. O

The above simplifies the numerical analysis of the model considerably. A straight-
forward corollary to this result is the following, whose proof is left to the reader.

Corollary 6.1. Consider the solutions of (3.14) for any o.

(1) If (3.14) has a unique solution for some o, it has a unique solution for all os.

(2) If (3.14) has a unique solution for some o, F(0) does not depend on o.

(3) Let h(o;-) be the function defined via (3.11) and (3.12), where F is the unique
solution of (3.14) for the given o. Then, h(o;x) = h(1; %) for all x # 0.

(4) Suppose (3.14) has a unique solution for some o and let X*(o) be the optimal
order size for the given o. Then, X*(0) = o X*(1).

In particular, h inherits the same scaling property of F. A simple but striking
consequence of this property concerns the equilibrium bid-ask spread. The next
result is immediate, hence its proof is omitted.

Corollary 6.2. Suppose that uniqueness holds for the solutions of (3.14). Then,
h(0+) — h(0—) does not depend on o. Moreover, for fived x, h(x) is decreasing in o
for x > 0 and increasing in o for v < 0. Consequently, the aggregate mid-spread S is
decreasing in o.

The liquidity suppliers charge a minimal bid-ask spread that does not vanish even
if the amount of ‘noise’ trading is excessively large. On the other hand, the spread
associated with any trade size y > 0, i.e. h(y) — h(—y), and, therefore, the aggregate
mid-spread S is decreasing with the amount of noise trading, consistent with the
experimental findings of [6]. Moreover, in the limit as ¢ — oo, the order book, i.e.,
gets flatten and converges to the one that yields transaction costs that are proportional
to the order size.

Uniqueness of solutions also allow us to discuss the dependency of aggregate insider
profit and the expected loss of noise traders on the noise variance. In particular, the
aggregate profit of insiders is increasing in noise variance as expected. The following
is a direct consequence of Proposition 2.1.
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Corollary 6.3. Suppose that uniqueness holds for the solutions of (3.14) and denote
by w(o) the aggregate wealth of the insiders in equilibrium. Then, (o) = om(1).

Similarly, the expected loss of noise traders is given by ocE[S(1,07|Z|)] where
S(1,-) is the aggregate mid-spread function in equilibrium for o = 1.

Another consequence of the uniqueness of solutions of (3.11) is that the aggregate
expected profit of the insiders vanishes as N — oc.

Proposition 6.2. Suppose that —oo < m < M < oo, there exists a unique solution
Fy of (3.14) for each N > 1, and uniqueness holds for the solutions of

_ i /0 "y / Z o(0,y — 2)bp(2)dz. (6.30)

Assume further that IIT is continuous. Then F, = limy_. Fy exists and solves
(6.30). Moreover, limy_,o, 7*(v) = 0, where 7 is the aggregate expected profit as
defined in (2.8).

Proof. First observe that ¢ is bounded since V' is. Thus the dominated convergence
theorem in conjunction with the continuity of II™, and consequently that of ®* and
®~, show that both of liminf Fy and limsup Fiy solve (6.30). As (6.30) can have at
most one solution, F, := lim Fy exists.

Also note that F,, is strictly increasing and continuous by Lemma 3.1. Thus,

limy oo Fy'(v) = FZ(v) € R, and

1
: * _ o —1 N-1
Jim 7(0) = ]313;0 FRON [ (0= PP @)™y
) lim N/ (v — Ex(Fyt(v)y)yN dy.
N—)oo
Since each Fy takes values in (m, M), limy . Fx(Fy'(v)y) = Fa(E2(v)y), and the

measure Ny~ ~1dy on [0, 1] converges weakly to the point mass at 1, we have
1

lim N [ (v— Fx(Fy'(v)y)y"™ tdy = v — Fuo(F'(v)) = 0.

o
N—oo 0

O

We believe the aggregate profit of the insiders decreases and the spread increases in
the number of insiders. Although we are not able to prove these intuitive properties,
it is observed in all numerical studies that we perform in the next section.

7. NUMERICAL STUDIES

This section is devoted to description of results obtained in previous version via a
naive numerical search for a fixed point: Starting with an Fj, we compute F, 1 =
TF,, until the distance between successive iterations become negligibly small, where
TF corresponds to the right side of (3.14). Although the proofs of the statements
concerning the existence of equilibrium and its asymptotics relied on a boundedness
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assumption, we shall also present the solutions of the fixed point problems associated
with equilibria with unbounded signals.
Since ¢ can be absorbed into the units for measuring equity in view of Proposition
6.1, we will set 0 = 1 in all numerical tests with no loss of generality in this section.
We consider first the case of bounded signals that was the focus of the previous
section.

7.1. Bounded signals.

7.1.1. Truncated Gaussian distribution.
If signals are drawn from the truncated Gaussian distribution with density p(v) =

2
1 _vs . . . el
(VoS i N for v € [ M, M], the numerical solution for equilibrium F' converges

to the upper bound as M — F(z) ~ 1/z'2v in accordance with the predictions of
Theorem 5.1. We show F' and the theoretical prediction for its asymptotic behavior
in Figure 1.

Convergence to upper bound of signals distribution

2071 4 ——- 2.07/(1 +0.66x)%48
------ equilibrium
1.8
1Y
161
%
X 3
T 141 \\
2 \,
a 1.24 \,
a N
1.0 ‘\\
vel \.-.\»\\\
T ——
064 T ——

T T T T T T T T T
0.0 2.5 5.0 7.5 10.0 125 15.0 175 20.0
X

F1GURE 1. The asymptotic behavior of F' is shown for the case where signals
are drawn from a truncated Gaussian distribution.

7.1.2. Logit-normal distribution. If price is a probability-weighted average over two

possible outcomes v4 = pg + 1, where the probability is a sigmoidal function of
a Gaussian generator potential g as p = H%, the signals distribution is the logit-
n2(152)

normal distribution with density p(v) = \/sz ¢ ——5—. This distribution has support
in [—1,1].

We show the equilibrium solution for F', the order book A and the implementation
shortfall for logit-normal signals, in Figure 2.

Note that the logit normal distribution does not satisfy the hypothesis of Theorem
5.1. Thus, our theory cannot predict the asymptotics of F for this distribution. How-
ever, the following formal arguments yield the asymptotics that seem to be verified
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by the numerical experiments. Observe that for x >> ¢, (2.4) becomes

F(z) ~ ih(:l:) + Nl /Ox h(u)du (7.31)

N Nz
It follows that F(z) + zF'(z) &~ h(z) + k' (x). Moreover, for large values of z, we

Equilibrium: logit-normal, N=1

e——
e

T T T T T T
0 10 20 30 40 50
X

FIGURE 2. Equilibrium impact and shortfall for logit-normal signals for the
case of an insider (N =1).

roughly have h(z) ~ U (F(z)). Let us consider the large N limit and drop the 1/N

e

.2
NG (1 — 5%;) and expanding to first order

T 222

term. Using the approximation er fc(x) &
in 1/log(x) we find that asymptotically
S(1 - F)

=00
v log(1—F)’

which yields ' — 1 — o~ ky/log(x)
The numerical solution shown in Figure 3 for N = 25 is consistent with this as-

ymptotic form.

Convergence to upper bound: logit-normal, N=25

1.04 2.5e-V12in(x+175)

—— equilibrium

X

Ficure 3. Convergence to the upper bound for M = 1 when signals are
drawn from a logit-normal distribution and shared with N = 25 traders.
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7.2. Unbounded signals. In the rest of this section we place emphasis on un-
bounded signals; that is, when the support of V' is unbounded. Although we do
not have a theoretical justification for the existence of a solution for (3.14) in the case
of unbounded signals, we were able to arrive at numerical solutions via the above
numerical search.

The asymptotic behavior of F'(x) for large signals will depend on the tail behavior
of the distribution of V. Assuming the interchange of limits and integrals in the proof
of Theorem 5.1, we can show that

o) = F2 2w+ Xt wiee) [Cawdy, w0,

F(ax)
()

immediately yields that, for N > 1, F is regularly varying at oo of order p™, where

L V(o) -1

N

where vy(x) = limgy o0 in case of M = oo. Solution of the above equation

p (7.32)

Observe that when M = oo, ¥ (c0) > 1 in contrast to the bounded case, where
W (M) < 1. Since p™ must be non-negative, this places the restriction on N:

N > U (o) (7.33)

unless Wl (co) = 1. Thus, we conjecture that (7.33) is a necessary condition for the
existence of equilibrium when M = oo. Observe that for a fat tailed unbounded
distribution, ¥} (00) > 1. Thus, a sufficient competition among insiders is necessary
for the equilibrium to exist. Such a condition is always satisfied in the bounded case
since U (M) <1 for M < occ.

As in the bounded case F' will be slowly varying at infinity when ¥} (co0) = 1. In
this case, if we assume

1

: + o n—1 —
xh_{go(\lf (x) —x)x - (7.34)
for some k > 0 and n > 1, formal calculations yield
1
N n\-» 1
Flx)~ | ——= 1 n . .
(x) (N—lk) (logx)n, x — 00 (7.35)

Tables 1 and 2 summarize the predicted asymptotics for a class of distributions
commonly used in the literature and practice. As can be observed by Table 1, the
impact gets bigger as the return distribution has fatter tails (smaller «). At the same
time, the market also needs more competition among the informed traders in order
to function. Note that as o — 1, the mean and the variance of the distributions
listed therein diverge to co. Thus, the liquidity suppliers are only willing to make the
market if this excessive risk is shared with a large amount of informed trading.
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TABLE 1. Distributions with power-law impact

Distribution Density pt
Beta prime 2 (1 4 )~ (Fe) (Mo — 1)_1
Fréchet (¢ — ) Mexp {— (=)} (%ta-1)"
Lomax (1+ f)f(aﬂ) (%a — 1)71
Pareto g~ (et (o — 1)_1
—(a+1)/2 _
Student (1 + %) (%a 1) !

In above probability densities are given up to a scaling factor and implicit constraints are enforced
to ensure they are well defined with finite mean. Moreover, N > —%5 in all of the above.

TABLE 2. Distributions with logarithmic impact

Distribution Density Asymptotics
Exponential exp(—A\x) ST - iy log
Gaussian exp(—(x — pu)?/%) \/QZN log =

. —3/2 Mz—p)? 2N
Inverse Gaussian z3/% exp (—M—’;) /\(N“ 0 log x

Normal Inverse Gaussian ~1A¢@) (2(4(

1/p
Weibull 9L exp(—\PzP) (%) (log )P

In above probability densities are given up to a scaling factor and implicit constraints are enforced
to ensure they are well defined with finite mean. Moreover, ((z) := §% + (x — p)? for the Normal
Inverse Gaussian distribution.

Functional form of the equilibrium (gaussian N=25)

1.751

1.501

1.259

1.001
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0.25 4 ==+ 1/0.65+1.58/n(1 + 0.67x38) —/0.65

—— equilibrium

0.00 -
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0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
X

FIGURE 4. Functional form of the equilibrium for Gaussian signals, for N = 25.

7.2.1. Gaussian signals. We assume that the mean of V' equals 0. The numerical
solution is shown in Figure 4 together with the /logx asymptotic behavior.
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7.2.2. Log-normal signals. For a log-normal distribution, the mean is an arbitrary
1 nw+z/2)?

scale factor which we set to 1 and, thus, the density is p(v) = NS P>

We choose a large signal variance v'X = 10% in our numerical experiments below,
illustrative of an earnings announcement for a high-volatility name. Moreover, we
translate the distribution by 1 so that the mean is 0. The equilibrium solutions for
h, F and 1S are shown for various values of N in Figure 5.

Equilibrium: Log-normal signals

0.8 — F(x): N=1 1 — h(x): N=1 1 — IS(x): N=1
—--- F(x):N=2 === h(x): N=2 === IS(x): N=2

------ F(x): N=25 s h(x): N=25 see IS(X): N=25
0.6 ~ ~

0.4

0.2

F(x)
h(x)
1S(x)

0.0

—0.21

~0.41

FiGure 5. Equilibrium solutions for log-normal signals for the cases of an
insider (IV = 1), and shared signals with N =2, N = 25. The discontinuity
of h(z) at the origin is the bid-ask spread.

The log-normal distribution does not satisfy the conditions of Theorem 5.1. Thus,
we do not have a theoretical prediction for the asymptotic market impact. However,
we find numerically that the asymptotic form is y/log(z), in Figure 6. Evidence for
more concave impact function than the square root was reported in [3]. In addition,
one of us (HW) has had the opportunity to consider the shape of the impact function
for asset managers with different order generation processes. We cite two relevant
(unpublished) examples here. The impact function for a quantitative fund with no
discernible intraday alpha is closest to a logarithmic one consistent with the findings
of Bershova and Rakhlin. However, for a manager with non-discretionary executions
rich in small-cap biopharmaceutical trades and other hard-to-execute orders, we found
the log function to be too concave to explain the impact of large trades whereas a
square root function fit the data well.

The aggregate profit is a decreasing function of the number of informed investors
and we show the profit as a function of trade size below for various values of N
in Figure 7. Moreover, Figure 8 shows how the spread depends on the number of
informed investors.
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Equilibrium IS: log-normal, N=25
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01754 e
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T
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0.050 :"/ -—- 0.1/In(1 +0.16x>7) +0.01
t// ------ positive branch
00251 f/ =
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FicurE 6. Functional form of the equilibrium for Log-normal signals, for
N = 25. The log-normal distribution is not symmetric and this results in a
notable difference between the positive and negative branches for cost as a
function of trade size.

Aggregate profit per share, log-normal signals
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FIGURE 7. Aggregate investor profit per share for Log-normal signals.

7.2.3. Student signals. We explore the effect of fat tails in the signal distribution
next. We consider the case where signals drawn from a Student t-distribution with

a = 3, p(v) ~ —L,—. This is reminiscent of some empirical studies such as [22].
(+5)?

However, we note that we are assuming a Student distribution of arithmetic returns.
The power-law tail of geometric returns in Plerou’s study implies an infinite expected
price.

In view of Table 1 the expected asymptotics is F'(z) ~ 2'/(@=1=%). Moreover, our
conjecture predicts no equilibrium when N < -5 = g Indeed, no numerical solution
for F' can be found when N = 1. The equilibrium is asymptotically parabolic for
N = 2 (theoretical p* = 2), linear for N = 3 (theoretical p™ = 1) and concave
for N > 4. The numerical solutions are shown in Figure 9. For N = 25, the
asymptotic exponent is F'(x) ~ 22/47 according to our theory. The numerical solution

is compared to this prediction in Figure 10.
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Spread vs N: Log — normal signals, ¥ = 0.12

0.150 1

0.145 4

0.140 4

Bid
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0.135 1

0.130 1

FiGURE 8. The spread is shown as a function of the number of informed
investors, for log-normal signals with v'X = 10%.

Equilibrium: Student signals

— F(x): N=2 — h(x): N=2 — IS(x): N=2
304 === F(x): N=3 4 === h(x): N=3 === IS(x): N=3
------ F(x): N=25 - h(X): N=25 weeee 15(x): N=25

204
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o
h(x)
|SSX)

-104

—20

—~304

T T T T T T T T T
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FIGURE 9. Equilibrium solutions for Student signals for the cases N = 2,
N =3 and N = 25.

The case of power-law tailed signal distributions was considered previously by
Farmer et al. in the case of perfect competition between insiders [9]. One can view

their model as the limiting case of the one considered herein as N — oo in case of a
Pareto-tailed distribution with exponent 3.
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Functional form of the equilibrium F(x): Student, N=25
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Ficure 10. Functional form of the equilibrium for Student signals for o = 3,
N = 25.

8. SAME-PRICE ALLOCATION

An alternative framework also of interest to practitioners is one where portfolio
managers and noise traders submit their orders to an aggregator, which merges the
orders into a block (“metaorder”, in the literature), liquidates X 4+ Z for some average
price, and allocates shares with the same average price to noise traders and insiders.
We refer to this framework as same-price allocation. The expected profit of the
insiders in this case is

X X+Z
X+7J,

In this case the corresponding first order condition for the maximization problem
is given by V' = F(X*), where

EY {VX - h(y)dy} . (8.36)

F(:c):E”[ r h(Z+2)-hWZ+z) - 1

A
7 N + h(Z + z)

where h(z) = %fox h(y)dy and h is given by the tail expectation as above.

The problem with this first order condition is that it is not clear whether it yields
a maximum as F' defined above is not necessarily increasing. However, our numerical
experiments always suggest an increasing solution yielding a ‘numerical’ proof of the
existence of equilibrium.

The solutions are similar in form and share the same asymptotic behavior for both
bounded and unbounded signal distributions. We show in Figure 11 as an example
the case of log-normal signals.

Figure 12 compares the same-price allocation model to the trading desk model in
the case of Gaussian signals. The dotted lines represent the same-price liquidation

equilibria. Market impact is somewhat greater with same-price liquidation than for
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Same-price equilibrium (Log-normal signals)

0.8 — F(x): N=1 1 — h(x): N=1 1 — ISG):N=1
=== F(x): N=2 === h(x): N=2 === IS(x): N=2
------ F(x): N=25 we+ h(x): N=25 wee IS(x): N=25
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0.4
X 029 =1 24
g = 0
0.0
—0.2
-0.4
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X X X

FiGURE 11. Equilibrium solutions for same-price liquidation with log-
normal signals for the cases of an insider (N = 1), and shared signals with
N =2, N =25.

the trading desk model, for N > 1. For the insider case, the two are essentially
identical.

Same-price vs. cash desk liquidation equilibrium: Gaussian signals

F(x) h(x)

h(x)
o

FiGure 12. Equilibrium for Gaussian signals, comparing the same-price
and trading desk liquidation models (N = 1,2,25). Dotted lines represent
the same-price liquidation equilibrium.

9. CONCLUSION

Since empirical data on very large trades is sparse and often biased, it is important
to develop a theoretical understanding of the process in order to discriminate between
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various proposals for the shape of the impact function. We proposed an asymmetric
information based equilibrium model where informed investors draw a signal and send
their orders along with noise traders to a trading desk that executes at the net cost
to liquidate the aggregate amount against a limit order book. Our results provide the
micro-foundations for a large number of empirical findings including those on price
impact and volume.

We found that market impact is asymptotically a power of trade size if the signal
has fat tails, whereas the impact becomes of the form (logz)'/? for some p > 0 for
lighter tails. Moreover, for fat-tailed signal distributions, an equilibrium only exists if
there is a sufficient amount of competition. The trade volume also obeys a power law
in equilibrium. The spread decreases with the amount of noise trading and, although
we do not have an analytic proof, the bid-ask spread seems to be an increasing and
bounded function of the number of informed investors.

A relevant and arguably more realistic extension of our framework while still re-
maining in a static setting is to consider the scenario in which the insiders receive
different but possibly correlated signals regarding the liquidation value. On the other
hand, due to our assumption that the insiders’ orders arrive simultaneously to the
desk, the optimization problem of each insider requires the solution of a non-linear
filtering problem even in the case of Gaussian signals.

In reality limit order markets are dynamic and thus the order books change over
time reflecting the changes in market parameters. The analytic characterization of the
equilibrium in the current framework in terms of the fixed point of an integral operator
makes us optimistic regarding an extension of the current framework to a dynamic
setting in continuous time. However, continuous trading brings extra flexibilities to
portfolio choice - including the option to place a market or limit order at each trade -
resulting in a more complicated model. This extension, though extremely interesting,
will thus be left for future research.

APPENDIX A. AUXILIARY RESULTS AND PROOFS

Lemma A.1. U™ and U~ are non-decreasing on the support of V.

Proof. Suppose x < y. Note that ¥ is non-decreasing if E[V 1y, |P(V > x) —
E[V1ysyP(V >y) > 0. Indeed, the left side of the above equals

El(V =y lysy|P(V > z) = E[(V = y) Ly P(V > y)
= B[V =y lysyl (P(V > ) = P(V > y)) = E[(V = y)lpcv<y| P(V > y),

which is non-negative since V' —y < 0 on the set [z <V < y].
The second assertion is proved analogously. 0

Proof of Proposition 2.1. (1) Let g(x) := EV[h(x+ Z)]. By direct differentiation, the
expression (2.4) implies

eF(z) =252+ ——— [ gly)dy, (A.37)

which is equivalent to the ODE x% +g=F(z)+xF'(x).
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Recall that g(0) = EV[h(Z)] = F(0) by construction. Thus, the unique solution
of the above ODE with this initial condition is given by

o / Pyt = Pl / (F(@)-F )y dy,

T x 0

g(x) = NF(z)

This yields (2.6) after a change of variable.

(2) The above also yields (2.7) due to the first order condition F(X*) = V. The
remaining assertions are direct consequences of the strict monotonicity of F.

(3) Note that the total expected profit is given by

/0 (v — E'lh(y + Z)))dy = / (v — g(y))dy

N g(X™) v X' X*g(XY)
= WX - — (XF(XY) - X -
! N—l( (X N ) N_1 ' N-1

= ) -0 =N [ - re) ()

where the second equality follows from (A.37) and the third is due to F'(X*) = V.
(4) Observe that

Z [e%) 0
/ h(y)dy = / h(y)Liz>ydy — / h(y)1iz<ydy.
0 0

— 00

Taking expectations and using the symmetry of Z we obtain

B[ [ nas] = [“ 0w - enpz 2 i = [T bz > ay

and prove the first claim. The second claim follows directly from integration by
parts.

Proof of Proposition 2.2. Note that E[h(y + Z)] = E*[h(y + Z)] for all y. We shatl
show the result for N > 1, the remaining case is similar and easier. Using the first
representation in (2.6), we obtain

/O:L«E[h(erZ)]dy = N/IF(y)dy_NOV_1)/Oxdyy_N/0deF(Z)ZN_l
= N / y)dy — N(N — 1) /0 " P (2):N ! / "y
= N/ dy+N/ dzF(z)zV 1 (27 N+ = 57N

N 1
= N/ sz(z) — —xN/ dzF(xz)2N 71,
0 x 0

which yields the first assertion once divided by x. The remaining claims follow from
F(zy) < F(z) (resp. F(xy) > F(x)) for x > 0 (resp. = < 0) and for all y € (0,1)
since F' is strictly increasing. ([l
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Proof of Lemma 3.1. We give the proof for the solutions of (3.14), the analogous
property of the solutions of (6.30) can be proven similarly.
Monotone convergence theorem in conjunction with Assumption 3.1 implies

e} oo

lim q(o,2)pp(z + 2)dz = / q(o, 2) ILm or(x + 2)dz.

T—00
—00 —00

Moreover, lim, . ¢p(z + 2) = U (F(c0)—). To see this, first note that

[ WP () s exp (52 d

[ T (F(w) \/2;7 exp (— (xg';“)rz) du

Op(z+ 1) =

Next, the measure
I (F(u)q(0, z + = — u)du
ffooo I (F(u)q(o, z + v — u)du
converges to the point mass at co. Indeed, for any 0 < a < 0o, we have
[ T (Pglo s+ —wdu [ (Pl exp (= 2 + 52 du
o T (F(u)g(o, 2 + o — u)du [2 T+ (F(u )exp(— uz—l—x))d
L) du

202 T
exp(*“ Zﬂ) ) [0 T (F(u )exp( oz
Joa H+ Fu)exp (- 2—2 + “(M )
- exp(— ZH =S [C IR eXp( )du
- f2a I+ (F(u) exp ( %)du

IN

)

which converges to 0 as x — oo.

Thus, using the representation of F' via (3.15), we deduce F(0co) = ¥t (F(0c0)—).
Note that changing the order of integration is justified thanks to Assumption 3.1. On
the other hand, ¥*(z—) > z for any < M since P(V > z) > 0 whenever z < M.
This in turn implies F'(co0) = M. Similarly, lim,_, _ F(x) = m. Thus, F' is strictly
increasing in view of (3.15) and Lemma 4.1 since m # M and, therefore, ¢p is not
constant. U

APPENDIX B. PROOF OF IMPACT ASYMPTOTICS

We shall first start with the asymptotics of solutions of (4.23) and (4.24) which will
later allow us to compute the asymptotics of interest.

Theorem B.1. Suppose that N > 1, —co < m < M < oo, and Assumption 5.1
holds. Then, the following statements are valid:

(1) Set G := M — R, where R is any nondecreasing solution of (4.23). Then, G is

reqularly varying of index p™ = ()1

1— w+<M)
(2) Set G := 1 —m, where [ is any nondecreasz’ng solution of (4.24). Then, G is
reqularly varying of index p~ = %

1-=5
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Proof. Only the proof of the first statement will be given, proof of the second being
similar. We can assume without loss of generality that E[V] = 0 since, otherwise, we

can replace V by V — E[V] and redefine ¥+ and R accordingly.
By means of a straightforward change of variable we obtain for = > 0

ol b)) 2
N -1

< o o o M—W*(R(ay)){
N dzq(a’x’z) /_mdyq<5’y_z> M — R(a) (B.38)

targ [ {ya(Gor =)+ e )

—00

Observe that the measure ¢(2, 2 — 2)dz converges to the Dirac measure at point =
as a — 0o.

Step 1: For y > 0
(M — V" (R(ay)) (M = R(ay)) Vi (y")
M — R(«a) M — R(«a)
for some y* > R(ay) by the Mean Value Theorem, where ¥} stands for the
derivative of U, since W (M) = M. Thus,

(M -V (R(ay)) (M — R(ay)) ¥ (y) . Glay)
MR M-Ra) Wz (M) Jim, Gla) B39
as R(o0) = M.
Step 2: Let 7.(z) := liminf, . % Then, in view of the first step, Fatou’s lemma
yields
(M) N -1

o) 2 FE o) + S 0n) [y

Thus, if v*(x) = 0 for some x > 0, it must be 0 for almost all x > 0. However,
v«(x) > 1 for all x € (0,1) since G is decreasing. Thus, v, > 0 for all z > 0. In
particular, v, is bounded away from 0 on [0,n] for any n > 1.
Step 3: It follows from Step 2 and Corollary 2.0.5 in [5] that
x_d < G(ax)
C ~ Gla)
for some constants ¢, d, C' and ay. Moreover, since for < 1 we have
Glaz)  (Glazz™) -
Gla) \ G(ax)) ’

< Czfforxr > 1 and o > ay

and ax > «ap for large enough «, we deduce that the mapping («, z)

bounded when x belongs to bounded intervals in (0, co).
Step 4: Moreover,

(M~ Ra))a > *1 / " du / " dzqlo,u—2) / " dy(M — U (R@)))g(o.7 — y).

—00
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which in turn implies

1
M= Ra) < Ka, a > 1 for some K < 0. (B.40)

Since GG((O; “3) is bounded when z belongs to bounded intervals in (0, 00) by Step 3,

we obtain, for any € > 0,

[e.9]

Jim. - dzq(ga:—Z) /jg dyq(g,z—y> Y ijgﬁgy)) =V (M)y(z), (B.41)

€
where () := limy_ 00 %((O‘Oj';) in view of (B.39) provided that the limit exists.

Furthermore, in view of (B.40) we also have

/_Z dzq(%’ e Z) /R\ — dyq(g, z— y) M ijggy))

< KM/ dzq(z,x—z>/ dyozq(z,z—y>
— 00 (@7 R\ ( Q

— 0as a— 0. B.42)

z—e,z+€)

Step 5: Applying the arguments of Step 4 to the second and the third integrals in (B.38)
now shows that for x > 0

WH(M) N-1 :
== Ut (M dy. B.43
) = T ) + S ) [y (B.13)
In particular, lim,_ . (é((o; “3) exists. Using the initial condition that v(1) = 1,

direct manipulations show that

A (@) = o
O

Theorem B.2. Assume that N > 1, —oo < m < M < oo, II* has a continuous

derivative and Assumption 5.1 holds. Then, the following statements are valid:

(1) Suppose that Wi (M) = 1 and there exist an integer n > 1 and a real constant

k € (0,00) such that
. Ut(z)—z 1
lim ————— = —.
=M (M — )"tk

Then, the following asymptotics® hold:

N n

M — R(z) ~ (ﬁ%)_ (logz) %, x— oo, (B.44)

where R is any solution of (4.23).

IWe write f(z) ~ g(x), & — 00 if limy_,+ o0 ggz) =1.

N>
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(2) Suppose that U, (m) = 1 and there exist an integer n > 1 and a real constant
k € (0,00) such that

lim ——— ) V(@) _ 1
T—m (:L‘ — m)n—i—l N k
Then
N n 7% _ 1
l(x) —m ~ (ﬁ%) (log|z|)™», x— —o0, (B.45)

where 1 is any solution of (4.24).

Proof. We shall again only give the proof the first statement and assume without loss
of generality that E[V] = 0. For any « > 0 define

R(azx) — R(«a)

(M — R(a)™

r(a,z) =

Straightforward manipulations similar to the ones employed in the proof of Theorem
B.1 leads to

rlese) = =y _R]g?i))n+1 / O dz{%q@

A
8
|
N
N——
+
=z
=N
[S—
Q)
/N
Q
8
N
N——
H_/

o [ RaGe) X)) [ () e R
S AR | Y I C e
o A EYTERRE PR R S
o [T (G2 M e | [ (S )

(0‘
a?
for some K > 0 independent of o, where the first inequality follows from that R >

E[V] =0 and R(ay) < R(«) for y < 1 and the second is due to the boundedness of
¥ (R(ay))—R(e)

8
|
W

) 5z [ =

(VAN
=
+
S~
Sy
—
=]~
=)

(M—R(a))m+t -
Moreover, for y > 1
VT (R(ay)) — Rla) _ YT (R(ay) — Rlay)
OI—R@)=  ~  (I-R@y= Y
o V(RGey) —Rloy) |

(M — R(ay))"+!
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due to the monotonicity of R. Thus, utilizing the boundedness of W once

more, we arrive at

e A e | a9 | 3 AR o )
(B.46)

for some x € (0,00) that is independent of a.

Step 1: Let k be as above and consider the operator 7" : C([1, 00), [0,00)) — C([1, 00), [0, 00))
defined by

Tf(x):/ijt/ooodz{%q(g,x—z)+¥q<0 >}/1mdyq<g,z—y>f(y).

Clearly T is increasing, i.e. Tf > Tg if f > g.
Step 2: For 2 > 0 and ¢ € R,

/deyq(g,z—y)y_ UZQ(E 2 - >+z/:o dyg(Z.y) <=+ ajﬁ' (B.AT)

—Zz

Thus, if f(z) = fx + 6 for some 8 > 0 and § > 0, we have
V206 Bz N-—-1 [*
Tfx) < 6+K+ \/_+— 5$—N/0 ydy
) Va8 Ba(N+1) Voo |
= et e o SRt B = T )

where the last inequality is due to the hypothesis that N > 2.

In particular, given 8 = vk for some v > 4, Tf < f whenever o > ;‘6074)
Step 3: Define

D(a) :={f:[1,00) = [0,00) : f is continuous and f(z) < brz+ > 1}.

(= Ry =
and observe that the restriction of 7(«, -) to [1, 00) belongs to D(«) for all o > 0.

In view of Step 2 we have that TD(«) C D(«) for large enough «. Thus, it
admits a fixed point in D(«) for large enough « by Tarski’s theorem (Theorem 1
in [27]). In fact, it admits a unique fixed point. Indeed, if f and g are two fixed
points of T in D(«),

(f—g)(:v)—/ooodZ{%q(g,x—Z)+¥Q(g,x,2)}/loodyq(g,z—y)(f—g)(y)-

Thus,

witr -0 2 it [ o { oo 2) (2} [an(% )

= cinf(f - g)(x)

for some ¢ € (0,1). Since inf,>1(f — g)(z) < oo, the above implies inf,>1(f —
g)(z) < 0. Applying the same argument to g — f, we deduce f = g.



42 POWER LAWS IN MARKET MICROSTRUCTURE

Moreover, taking f*(x) = 5kx and utilizing the previous step we deduce that
the unique fixed point is bounded from above by f*. Theorem 1 in [27] now yields
that r(a,-) < f* for large enough « in view of (B.46).

Step 4: In view of Step 3 we have that r(a,z) < 10k for all z € [1,2] for large enough
a. Thus, Theorem 3.1.5 in [5] yields r(«,-) is bounded in bounded subintervals
of (0, 00) uniformly in «.

Step 5: In view of Step 4 and using arguments similar to the ones used in Steps 4 and 5
of the proof of Theorem B.1, we arrive at

1 Ay N-1 [7

where v(z) = limy oo 7(c,x) for x > 0. The unique solution of the above
equation with (1) = 0 is given by

N
V(x) = m

Step 6: Let g(z) := exp (M — R(z))™") and observe that
glax) (UW R(a))" — (ﬂf—fﬂawﬂn)
—_ exp

g() (M — R{a)"(M — Raa))"
= exp (R(ax) — R(a)) 5150 (M — R(a)""'~'(M — R(az)'
(M — R(2))"(M - R(a))"

(ax) = R(@) M — R(a) % ( M = R(a) \"
exp <( (O./))n'H M — R(a:}j) Z (M — R<Oé$)) ) )
)

log x.

which converges to exp(ny(zx)
Thus,

as a — oo since M — R is slowly varying at oo.

g(z) = xNL%s(x), x> 0.

where s is a slowly varying function at co. That is,

(M — R(x))™ = %Elogm‘ + log s(x).

Since limg 00 “E52 = 0 (cf. Proposition 1.3.6 (i) and (iii) in [5]), we have

N oy
M — R(z) ~ (ﬁ%) (logx)_%, T — 00.

O
Corollary B.1. Assume that N > 1, —oco < m < M < oo, and Assumption 5.1
holds. Then, the following statements are valid:
(1) Suppose that there exist an integer n > 0 and a real constant k € (0, 00) such that

. Ut (z)—2z 1
lim ———— = —.
z—M (M — $)n+1 k
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(M)
v ()’
==

Then, Tt (R) is regularly varying at oo of index — where R is any solu-
tion of (4.23).
(2) Suppose that there exist an integer n > 0 and a real constant k € (0, 00) such that
r—VU (z) 1

S

W;(m
1- Yo lm)’

Then, 11~ (1) is regularly varying at —oo of index — where  is any solution

of (4-24)-

Proof. Again we only prove the first statement. The hypothesis implies U (z) — x is
regularly varying with index n + 1 at M. Thus, ¥*(R) — R is regularly varying of
index (n + 1)p™ at oo, which in particular implies

VT (R(r)) — R(z) vV (R(2) R (x) — R'(x))

— _ i o -+
Jm [ VRO W= T R — Rio) (n+1)p", (B.48)
Yy
in view of Theorem 1.5.11(ii) in [5].
Moreo di i ' ; + _ [Nt y)dy D . )
ver, direct manipulations yield II*(z) = =z R which in turn implies
+ T j; "
—gigxg = \ij(x()_)gg. Therefore,
T RERE) L aR ()W (@)
svoo IH(R(z)) e UH(R(2) — R(z)
- _ +_ 1 xR (x)
L v ey
zR'(x)

= —(n+1)p*" ka}l_)r& O = R(a))

where the second equality follows from (B.48).

Note that if UF(M) <1, n=0and k = #*(M) In this case,
zR'(x)
Ii R e e o
oo M — R(z)
by Theorem Theorem 1.5.11(ii) in [5]. Thus,
I (R(x)) R (M
i T =) =

An application of Exercise 1.11.13 in [5] to 1/IIT(R) establishes the claim.

Now, suppose W} (M) = 1 and observe that n is necessarily bigger than 0 and
pT =0 in this case. Recall the function ¢ in Step 6 of the proof of Theorem B.2 and
note that

. xg(x) Nn
lim =
z—oo g(x) (N — 1)k
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by another application of Theorem 1.5.11(i) in [5]. Since
zg' (x) znR'(x)

glz) (M = R(z))"*+"’

we arrive at

, zR'(x) N
lim = .
g—oo (M — R(z))"*1 k(N —1)
Therefore,
L LRE)RE) N W)
T—00 H"'(R(ZE) - O N-—-1 1— ‘I’E:ZE[M)’
and we again conclude by means of Exercise 1.11.13 in [5]. O

We are now ready to prove the asymptotics that are of our main interest.

Proof of Theorem 5.1. We shall give a proof of the first statement as the second one
can be proven along similar lines.
By means of a change of variable employed in earlier proofs we obtain for z > 0

e [ [ a5
-1-% Ooodzq<g,x,z> /_Z V(a,z,dy)dyMX/[\Ijjg?g;y)) (B.49)
R CICH IR ORE) B

where
H*(F(ay)q(g, y— Z))
I duH*(F(au)q(%, U — z))

We shall first demonstrate that for z > 0 the measure v(«, z, dy) converges to the
Dirac measure at point z as & — oo. Indeed, let R* be the maximal solution of (4.23)
and observe that for any ¢ > 0 and z > 0

Jo(ome ey I (Flay)g (57 y - z) § Jenoenie) A <§a Y- Z)
I duHJr(F(OfU)(J(g, u— z) B I duHJF(R(au)q(g, u— z>

where the last inequality is due to the fact that F' < R* by Theorem 4.1.

Moreover, since II*(R) is regularly varying at oo with some index r < 0 by Corol-
lary B.1, we have II*(R(au) > c(1 + u)"°a"° for some ¢ > 0 for all u > 0 by
Proposition 1.3.6(v) in [5]. Therefore,

via, z,dy) = dy. (B.50)

via, z, (R\(z—¢, z+¢))) =

Y

R . dyq<z,y — Z)
v(a, 2, (R\(z — £, 2 +¢))) < — =t ,
¢y du(l+ u)’“*éq(g, u— Z>

(B.51)
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the right side of which converges to 0 as a« — oo. Similarly, we can show

all_)IIolo via,z,(—o0,z —¢)) =0.

Step 1: Let . (x) := liminf, % It follows from the same argument in Step 2

of the proof of Theorem B.1 that 7, is bounded away from 0 on [0, n] for any

n > 1. This in turn implies the mapping (o, z) — %(35)) is bounded when x

belongs to bounded intervals in (0, 00) as in Step 3 of the same proof.
Step 2: Moreover, since F' < R*, (B.40) yields
1
M — R(«)
Thus, the arguments of Steps 4 and 5 of the proof of Theorem B.1 are still
applicable due to (B.51) and that U, < E[V]. Consequently, v still satisfies
(B.43), where v(z) = lim, % In particular, y(z) = 2"
Step 3: If W) (M), the proof of Theorem B.2 can be applied verbatim once we show
that f(a,-) is bounded in [1, 2] uniformly in «, where
Flar) — F(a
flava) = 0D Tl
(M = F(a))™*
Since F(«) is eventually larger than E[V] and ¢p(z) < E[V] for z < 0, we
have for large enough «

o = [ ) )

< Ka, a > 1 for some K < oo.

Fla)

+ /Ooodz{%q<§,x—z>+ < ,x,z)}/ azdy)\lﬂ(r(F( )<)

y)

)
)

)n+1

— F(a)

R LG RE L YL
29 —ql—,x—2 —, T, 2 -z

= Nq o N q PR _ooq o’ ) (M

where the last inequality follows from Part (4) of Lemma 4.1 since U (F(ay))

is increasing in y for positive a. Thus, f(«,-) can be shown to be bounded

by the same function that bounds r(«, -) introduces in the proof of Theorem

B.2. Repeating the remaining arguments therein yields the claim.
O

Proof of Corollary 5.1. Tt follows from Theorem 3.1 that F* must solve (3.14). In
particular F* is regularly varying at oo of order p*.
In view of Proposition 2.2 we have

M-IS'() / M= F(ey) oy, N[5 (M = F*(y)y"dy
M — F(z) M-_F)) YT NM—F@)

Observe that limy_mo(M — F*(y))y*"¢ = oo by Proposition 1.3.6 (v) in [5]. Thus,
JoS(M — F*(y))y™~'dy = oo. This justifies the application of the L’Hopital rule to

F(

Q

)

)n+1

)
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arrive at
. M —1S5*(x) , N(M — F*(z))zN!
lm —————~ = lim
T—00 M—F*(a:) T—00 Nfol(M—F*(:U))—xNF;(x)

1 1 N

. cFx (x - + + 7

where the third equality follows from Exercise 1.11.13 applied to 1/(M — F).

Asymptotic relationship near —oo is proved the same way. U
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