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Short-Term Investment and
the Informational Efficiency
of the Market

Xavier Vives
Institut d’Analisi Econdmica (CSIC)

A dynamic finite-borizon market for a risky as-
set with a continuum of risk-averse beteroge-
neously informed investors and a risk-neutral
competitive market-making sector is examined.
The article analyzes the effect of investors’ bori-
zons on the information content of prices. It is
shown that short borizons enbance or reduce
accumulated price informativeness depending
on the temporal pattern of private information
arrival. With concentrated arrival of informa-
tion, short borizons reduce final price inform-
ativeness; with diffuse arrival of information,
short borizons emnbance it. In the process a
closed-form solution to the dynamic equilibrium
with long-term investors is derived.

In this article I study dynamic trading in a world where
privately informed speculators are risk averse and
have short bhorizons, and where the market is infor-
mationally (semi-strong) efficient due to the presence
of a competitive risk-neutral market-making sector.
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Attention has been drawn recently to the effects of investors’ short
horizons in financial markets. This short-termism may come about,
for example, because of investors’ liquidity needs, because of incen-
tive reasons related to the evaluation of the performance of money
managers, or because of difficulties associated with financing long-
term investment in the presence of capital market imperfections.!
The compounding of noise trading and short-investment horizons
of risk-averse traders may imply “excess” volatility and a substan-
tial divergence of asset prices from fundamental values in the pres-
ence of systematic misperceptions [De Long et al. (1990)], or multiple
“bootstrap” equilibria with different self-fulfilling expectations [Pagano
(1989) and Dennert (1992)].2 With endogenous information acquisi-
tion [as pointed out by Froot, Scharfstein, and Stein (1992)], herding by
short-term rational speculators may induce investment in information
which is even unrelated to fundamental values (and explain chartism,
for example).

The views that emerge from this work contrast with the classical
market efficiency hypothesis, which considers volatility the result of
information being incorporated into prices. Still, there appears to be
a widespread, although certainly not universal, belief in the (at least)
semi-strong informational efficiency of financial markets. The present
article derives the consequences for the informational quality of prices
of short investment horizons in a market which is semi-strong efficient.
What are the effects of rational speculators’ short horizons and risk
aversion in an informationally efficient market? How will the degree
of information incorporated in prices, volatility, and departures from
fundamental values be affected?

The information content of prices has been much studied in finan-
cial markets. Most of the work has considered static models.? Dynamic
models with asymmetric information have proved difficult to analyze
in the presence of risk aversion. In fact, leading papers addressing dy-
namic trading [such as Kyle (1985) and Glosten and Milgrom (1985)],
as well as recent work,* assume risk-neutral agents or myopic agents.
A basic technical difficulty in characterizing equilibria is the simulta-

For elaborations of the two latter reasons see, respectively, Holmstrom and Ricart i Costa (1986)
and Shleifer and Vishny (1990).

A paper by Bhushan et al. (1992) tries to test the consistency of some theoretical models which
incorporate short horizons and noise trading with reported estimates of excess volatility.

Consider, for example, Kihlstrom and Mirman (1975), Grossman (1976), Grossman and Stiglitz
(1980), Hellwig (1980), Diamond and Verrecchia (1981), and Admati (1985).

Diamond and Verrecchia (1987), Easley and O’Hara (1987) and Admati and Pfleiderer (1988) are
examples of analyses with risk-neutral agents. Singleton (1987) deals with myopic risk-averse
agents.
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neous presence of far-sighted (long-term) agents and risk aversion.
Wang (1993) and Gennotte and Kyle (1992) present results in contin-
uous time models. However, these models can only deal with nested
information structures (that is, where the information sets of the spec-
ulators can be completely ordered); for example, with two classes of
agents, either informed with each agent receiving the same signal,
or uninformed [as in the Grossman and Stiglitz (1980) modell. Some
partial results in two-period models are reported by Grundy and Mc-
Nichols (1989) and Brown and Jennings (1989). In the present article
a complete closed-form solution to an N-period dynamic model with
long-term agents will be found and provided as a benchmark of com-
parison. This may be of independent interest since, to the best of
my knowledge, this is the first such model to provide a closed-form
solution for a non-nested information structure [in particular, for the
standard case in which each informed agent has a little piece of in-
formation about the fundamentals, as in Hellwig (1980) or Diamond
and Verrecchia (1981)].

The article compares two models of trading (“short-term” and “long-
term”) in a dynamic model with asymmetric information. Trading of
a risky asset and a riskless asset happens in a sequence of N peri-
ods. There are three types of traders: Risk-averse informed specula-
tors, risk-neutral market makers, and noise traders. Informed traders
receive (potentially) a new private signal every period about the lig-
uidation value v of the risky asset. There is a continuum of both
informed speculators and market makers, and both can condition
their demands on the price (that is, they submit demand functions
or generalized limit orders). Market makers compete for the total or-
der flow and set the price equal to the expected value of the risky
asset conditional on all public information, including the order flow.
Noise traders are modeled as having a random i.i.d. demand. All ran-
dom variables are normally distributed and informed agents display
constant absolute risk aversion (CARA) utility functions.

In the short-term model, informed traders have a short horizon and
maximize the (expected) utility of the short-run return. This can be
interpreted either as traders being myopic or as being a new batch, or
generation, of informed traders every period (agent i of generation 7
inheriting the private information of another agent of generation n—1)
who take a position in the risky asset when “young” and liquidate
it when “old” in the next period. In the long-term model informed
speculators have long horizons and maximize the (expected) utility
of consumption in the final period. In both models the quality of the
information a speculator has at any point in time is the same. That
is, agent 7 in period » has the same precision of private information
independently of whether his horizon is long or short.
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The equilibria of both models are characterized in the article. The
following results hold for every temporal pattern of precisions of pri-
vate signals. Long-term agents want to trade more intensely in any
given period the more risk tolerant they are and the more precise the
period signal. Short-term traders are less responsive to information, in
terms of desired positions, because at any period they have informa-
tion about the fundamental value » but care about the next period’s
price (since this is their return to holding the asset), which is only a
garbled signal of v. For short-term traders, the more precise prices are
in the estimation of the fundamental value the more responsive will
be their desired positions to information. Generations closer to the
end of the horizon and the realization of the fundamental value want
to hold larger positions (in terms of trading intensity), since prices
are closer to the fundamental value and also since, potentially, they
have more precise private information. The net trading intensity of
informed agents (at any period #, the difference between the trading
intensity of generation n and generation n — 1) is therefore always
positive. For the last generation, which faces the prospect of the lig-
uidation of the asset, the desired trading intensity is the same in both
the short-term and the long-term cases. This means that in both cases
the aggregate net trading intensity across periods is equal. The short-
term and the long-term cases do differ in the temporal distribution of
net trading intensities.

The temporal pattern of the precision of private signals nevertheless
has important consequences for the effect of short horizons on price
informativeness. In this article I consider two leading examples. In the
first, there is concentrated information arrival and private signals are
received only at the beginning (that is, the precision of subsequent
private signals is zero). In the second, there is a constant flow of
information and the precision of private signals received by agents
is the same every period. In the first case, short horizons impair the
informativeness of the price in period N; in the second case, they
enhance it. The conclusion, therefore, is that whether short horizons
increase or decrease the informational content of prices depends on
the pattern of private information arrival. Why is this the case?

The central idea is that the precision incorporated in prices is a con-
vex function of the net trading intensities (indeed, it is a linear func-
tion of the sum of the squares of net trading intensities) and therefore
works like an inequality index, taking minimum values for uniform
distributions of trading intensities and growing with the concentra-
tion of net trading intensities in certain periods. The maximum value
is attained by concentrating all the trading intensity in one period,
while the minimum spreads it equally among all the periods. With
concentrated information arrival, long-term traders also concentrate
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their trading in the first period (when they receive information), while
short-term traders spread it over all the periods. The result is a higher
price precision for the long-term case. With a constant flow of informa-
tion, long-term traders spread their net trading intensity equally among
the periods (since they receive a new private signal of equal precision
every period) while short-term speculators’ net trading intensities are
not equally distributed (since their trading intensities depend on the
evolution of price precisions, which change over time). The result is a
lower price precision in the long-term case. Therefore, concentrated
patterns of information arrival before the event date will tend to fa-
vor superior final price informativeness with long-term traders, while
diffuse patterns of information arrival will favor superior final price
informativeness with short-term traders. In the first case (concentrated
information arrival) price precision is larger with long-term traders for
any period, while in the second (diffuse information arrival) price pre-
cision is larger with short-term traders only for periods close to the
end of the horizon.

The case of once-and-for-all information arrival is also of interest
because it replicates the static rational expectations benchmark with
far-sighted agents. Indeed, at the unique (linear) equilibrium of the
long-term model the optimal strategy of informed agents is to trade the
risky asset in the first period and hold the position until the realization
of its liquidation value according to the static rational expectations in-
tensity of trade. Informed speculators trade only in the first period
and noise trading is absorbed by the competitive market-making sec-
tor at stable prices in subsequent trading periods.> With long-term
agents prices respond immediately to the arrival of information and
are stable thereafter given the presence of the competitive market-
making sector. Risk-averse informed agents do not have incentives to
trade after the first period since no new information is forthcoming.
Static rational expectations models are usually thought of as appro-
priate reduced forms of a dynamic process by which information is
incorporated and revealed by prices. According to the analysis in the
article, this reasoning can be substantiated provided there is a com-
petitive risk-neutral market-making sector and informed agents have a
long horizon. Then informed agents use a buy and hold strategy with
a trading intensity equal to the static case of the typical large-market
noisy rational expectations model, like Hellwig (1980) or Diamond
and Verrecchia (1981) for example. Nevertheless, if informed specu-

* This is in contrast to Kyle (1985), in which a large speculator has a strategic incentive to spread
trading in order to exploit his informational advantage. Our model has small agents interacting in
a competitive setting.
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lators have short horizons the static rational expectations benchmark
will overestimate the degree of price informativeness.

The article proceeds as follows. In Section 1 the static rational ex-
pectations benchmark model is presented. Section 2 presents price
dynamics with a risk-neutral competitive market-making sector. Equi-
libria with short horizons are characterized in Section 3. Section 4
considers long-term speculators, and Section 5 compares the infor-
mational efficiency consequences of short versus long horizons. Con-
cluding remarks follow.

1. The Static Rational Expectations Benchmark

This section presents a version of the standard large-market noisy
rational expectations model, as studied by Hellwig (1980), Gross-
man and Stiglitz (1980), Diamond and Verrecchia (1981), and Admati
(1985), for example, with the addition of a competitive risk-neutral
sector of market makers.

A single risky asset, with random fundamental value v, and a risk-
less asset (with unitary return) are traded in a market with risk-averse
informed agents, and noise traders, with the intermediation of risk-
neutral competitive market makers.

There is a continuum of informed agents, indexed in the interval
[0, 1], who maximize the (CARA) utility of the return from buying x;
units of the risky asset at price p: w; = (v — p)x;. Agent i is endowed
with a small piece of information (a private signal s;;) about the ex-
post liquidation value v. Utility is given by U(r;) = —exp{—pm;},
where p is the (positive) coefficient of constant absolute risk aversion.
The initial wealth of informed agents is normalized to zero.

It is well known that in a large market, (competitive) noisy ratio-
nal expectations equilibria are implementable, allowing agents to use
demand schedules as strategies.® Traders submit demand schedules
or generalized limit orders contingent on their information, and when
optimizing take into account the (equilibrium) functional relationship
of prices with the random variables in the environment. Agent #’s strat-
egy is a mapping from his private information to the space of demand
functions (correspondences more generally). Let X;(s;, -) be the de-
mand schedule chosen by agent i when he has received signal s;;.
When the price is p the desired position of the agent is then X;(s;1, p).

Noise traders’ demand depends on the random variable #;. Com-
petitive risk-neutral market makers observe the noisy limit book sched-

% Also, using this approach Kyle (1989) and Jackson (1991) study rational expectations equilibria
with imperfect competition.
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ule L(p) = fol Xi(sn, p)di + u; and set the price efficiently: p =
E(v | L()).

It is assumed that all random variables are normally distributed: v
with mean 2 and variance o; sy with mean 2 and variance o} + o,
and u; with zero mean and variance 2. The parameters v and u are
uncorrelated. Conditional on v, signals are uncorrelated across agents.
The signal s;; can be thought of as s; = v+¢;1, where vand ¢;; are un-
correlated and errors are also uncorrelated across agents. Error terms
and noise traders’ demands are also uncorrelated. The convention will
be made that given v, the average signal fol sn di = v almost surely

(as) (ie, fol en di = 0).” The distributional assumptions made are
common knowledge among the agents in the economy. Denote the
precision of random variable x (that is, (c2)™") by 7.

I restrict my attention to /inear equilibria. In equilibrium, then,
prices are normally distributed. The profits of agent i with a position
x; are w; = (v— p)x;, yielding a utility U(rr;) = — exp{—pm;}. As is well
known, a maximization of the CARA utility function with information
{sn, p}, E(U@my) | sin, p), is equivalent to maximizing

E(m; | si, p) — p Var(w; | sn, p)/2.
This yields
X = E{(U_p) |Sflsp}
" pVar{(v—p) | s, p)

Because of the assumed symmetric ex ante information structure, de-
mand functions and equilibria will be symmetric. Suppose then that
x; = X($p1, p) = a sy + ¢(p), where a is the trading intensity of
informed speculators and ¢(-) is a linear function. The noisy limit or-

der book schedule is given by (using the convention that the average
signal equals v a.s.):

1
L(p):/ X(si, p)di+ g = 2+ ¢(p), with z = av+ u;.
0

The competitive market making sector observes the linear function
of p, the book L(-) = z + ¢(-), and sets price efficiently: p = E(v |
L()) = E(v | 2). Notice that what is informative about v is the intercept
z of the limit order schedule L(-). Indeed, the random variable z,
the intercept of the limit order schedule, is observationally equivalent
to the market price and can be thought of as representing the new
information contained in the market price.

7 See Admati (1985) for a justification of this convention in the context of a financial market rational
expectations model and Vives (1988) in the context of a Cournot model.
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The efficient pricing (zero expected profit) condition can be justi-
fied with Bertrand competition among risk-neutral market makers who
have symmetric information, each one of them observing the limit or-
der book. Alternatively, we could assume that there is a continuum
of risk-neutral uninformed market makers who submit limit orders to
a central clearing mechanism jointly with informed agents. Prices are
set by a Walrasian auctioneer to equate the aggregate excess demand
(coming from informed traders, market makers, and noise traders) to
zero. In this case, in equilibrium, necessarily E(v | p) = p since oth-
erwise market makers would like to take unbounded positions. This
condition, and the associated trades of market makers, can be ob-
tained as the risk-neutral limit of markets with risk-averse uniformed
agents. [Indeed, in Theorem 6.1 of Kyle (1989) it is shown that as
the aggregate risk-bearing capacity of uniformed speculators or mar-
ket makers grows without bound, in the limit prices are unbiased in
the sense that E(v | p) = p.J Now, in a linear equilibrium, p will
be a linear function of z (see Proposition 1.1 below) and therefore
E(v| p) = pis equivalent to E(v | 2) = p.

Market makers take the counterpart of the limit order book and
clear the market. From standard normal theory it follows that p =
(t,0+1,a2)/T, where T = 1,+ 1,4 denotes the precision of the mar-
ket price in the estimation of v (t = [Var(v | p)]™}). Letting A = 1,4/,
p = Az+(1—Aa)v. The competitive market-making sector determines
the slope A of the market-supply schedule (with respect to the quan-
tity 2, traded by noise traders). As in Kyle (1989), A~! can be thought
of as an index of the depth of the market. Indeed, a flat schedule
(A = 0) indicates an infinitely deep market. An increase in the trading
intensity a, holding the price precision constant, induces market mak-
ers to put more weight on z in setting p, decreasing market depth. An
increase in the precision incorporated in prices, t, holding @ constant,
has the opposite effect.

It is immediate from normal distribution theory that E(v | s;1, p) =
(Te, 51+ TD)/(Te, + 7) and (Var(v | s, p)) ™' = 1, + . It follows then
that E(v | si1, p) — p = e, (te, + T) "' (s1 — p), and therefore informed
agents’ CARA demands are x; = pflrgl (s — D).

The equilibrium obtained is a modification of Hellwig’s limit equi-
librium (as the number of players goes to infinity) [Hellwig (1980,
Proposition 5.1 and 5.2)] when there is a competitive risk-neutral
market-making sector. Proposition 1.1 gives the result.

Proposition 1.1. In the static model there is a unique linear equilib-
rium. It is symmetric and given by:

X (s, p) = a(sn — p),
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with a = p~'t,,, and
p=rz+(—-ra)p,

with z = av+ w, A = t,a/t, andt = 1, + 1,4°.

Corollary 2.1. Total volatility Var p + Var(v | p) is constant and
equal to o}. The expected volume traded by informed agents E|x| =

Q2/m a1,

In equilibrium, informed agent 7 buys or sells according to whether
s;, her private estimate of v, is larger or smaller than the market
estimate, p. Informed agents trade more intensely (higher a) if the
precision of the signals () is higher or risk aversion (p) is lower.
Trading intensity is independent of the amount of noise trading. This
is so since an increase in noise (t,)~! increases risk [by increasing
Var(v | sa, p)l but also increases the conditional expected return
[E(v | sn, p)— P, because it makes private information more valuable.
The two effects exactly offset each other.

The depth of the market A~! is increasing in noise trading (z,)~!
and nonmonotonic in p and 7. In equilibrium, and depending on
parameter values, the depth of the market may be increasing in risk
tolerance and the precision of information of informed agents.® The
explanation is that these changes increase the trading intensity of in-
formed agents, which tends to decrease market depth, but this may
be more than compensated by the induced increase in the precision
of prices.”

Total volatility is constant and equal to the ex ante volatility of v
as a direct consequence of efficient pricing: p = E(v | p). Ex-ante
price volatility Var p = 62 — Var(v | p) = (1,)"! — t7! is increasing
in the precision incorporated in prices 7.!° Prices are more volatile
if they are more informative. An increase in noise trading reduces
directly the precision of prices t (and price volatility) even though
the trading intensity of informed agents is not affected. An increase

8 In equilibrium, market depth A~! is increasing in a provided 1, — t,a4* < 0. An increase in the
precision of private information, leading to an increase in 4, will imply a larger A~ if noise trading
is small (z, large) and the levels of risk tolerance and precision of private information are large
(which imply a large).

9 This explanation is therefore different from the one in Subrahmanyam (1991), where the phe-
nomenon is attributed to an increase in the degree of competition among a finite number of
insiders.

10 Indeed, it is well known that 62 = E{Var(v | p)}+Var{E(v | p)}, and therefore Var p = (7,) ! =7~}
(recall that (v, p) are jointly normally distributed and consequently Var(v | p) is nonrandom).
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in risk aversion or in the noisiness of private information induces a
decrease in 7 via a decreased trading intensity.

Expected trading volume is indeed increasing with noise trading
(t,)~!. In fact, as is usual in this type of model, there is trade be-
cause of the presence of noise traders and because informed agents
have better information than risk-neutral market makers. Indeed, the
expected trade of informed speculators goes to zero as noise trading
vanishes, since then the precision incorporated into prices tends to
infinity and therefore the information advantage of informed agents
disappears. Similarly, when the precision of information of informed
agents (7g,) tends to zero so does their trade intensity (and their ex-
pected trade). In contrast, when the precision of information of in-
formed agents tends to infinity so does their trade intensity, market
depth, and price precision, with the result that the expected trade of
informed agents tends to (2/7)"%a,.1!

Dynamic Trading and Efficient Pricing

Consider trading over NV periods. At period N+ 1 the risky asset is lig-
uidated and the value v (equal to py4; by definition) collected. Apart
from informed agents, as before, there are noise traders at any period.
Noise traders’ demands follow an independently identically normally
distributed process {u,}Y_; (independent of all other random variables
in the model). Since we are interested in studying the effects of the
investment horizons of informed traders, we will endow agents with
the same private information at any point in time in the case of both
a long and a short horizon. At any period there is a continuum of
informed traders (indexed in the unit interval) who (potentially) re-
ceive a private signal. Informed trader 7 in period ¢ receives a normally
distributed signal s;; = v+ ¢4, where, as before, v and ¢;; are uncorre-
lated, and errors are also uncorrelated across agents and periods (and
with noise trade). The precision of the signals z,, is the same across
agents in the same period but may be different across periods. We
assume that 7, > 0 since otherwise there would not be trade in this
period and we could then forget about period 1.

In period » agent ¢ will have the vector of private signals s}’ =
(Si, - .-, Sn) available. If agents are long-lived and have a long hori-
zon this is obvious. If they have a short horizon then we can assume
that they are long-lived but myopic, and that they do not forget infor-

Market makers trade according to Y = —d(p — 0), with d = A~! — a. Market makers lean against
the wind by selling when prices rise above their expected level (p — # > 0) and buying when
prices decline (p — v < 0) since d > 0 (1 — Aa > 0). When 7, goes to infinity market makers are
pushed out of the market: Aa tends to 1 and 4 tends to zero.
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mation. Alternatively, a different generation of informed agents comes
to market every period, each member of generation ¢ inheriting the
private signal of a member of generation ¢ — 1. In any case, agent i
in period » has the same private information independent of whether
he has a long or a short horizon. It is immediate from normal theory
that a sufficient statistic for s’ in the estimation of v is the weighted
signal $in = (L, %)t D ey Te, it

I will show later that in any linear equilibrium the strategy of
agent 7 in period n will depend on §j, and on public information
(this follows since the private and public are conditionally indepen-
dent). Informed agent 7 in period » submits a demand schedule
(a limit order) Xin(in, p™ ', -), indicating the position desired at ev-
ery price py, contingent on the information available [the sufficient
statistic for the private information and the sequence of past prices
Pl ={p1, ..., pu_1}]l. As before we restrict attention to linear equi-
libria. To obtain the net aggregate demand schedule we have to sub-
tract the aggregate position in period n—1, fol Xin—1 di, from fol Xin di.
The competitive market-making sector observes the aggregate limit
order book (including the demand of noise traders) L,(-):

1 1
L,() = / Xin di — / Xin_1di+ uy.
0 0

As in the static case, equilibria will be shown to be symmetric. Con-
sider a candidate symmetric linear equilibrium: X,,(Sin, P p) =
AnSin + ¢x(P™), where a,, is the sensitivity to private information (or
trading intensity) and ¢,(-) is a linear function of past and current
prices. The noisy limit order book at stage # is then

Ly(:) =z, + §n(Pn) - gn—l(pn—l),

where z, = Aa,v+ uy,, and Aa, = a, — a,—1 (with gy = 0) repre-
sents the net trading intensity of informed agents in period #. Notice
that we have used the convention that the average signal every pe-

riod, fol sir di, equals v a.s. and have taken for granted the linearity

properties of integrals to obtain that, for any #, fol Sndi=v(a.s).
The competitive market-making sector sets p, conditional on past
public information and on z,, the new information in the aggregate
limit order schedule Z,(-). Past public information is summarized in
the sequence 2"~ ! = {2, ..., 2,1} of informational additions from
the limit order books, which is easily seen to be observationally equiv-
alent to the sequence of prices p"~! = {p1, ..., pp—1}. The random
variables z, = Aa,v + u, can be thought of as the new information
in the current price filtered from the net aggregate action of informed
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agents. The current price depends on the last period price (which
summarizes the information contained in past prices) and on the new
information z,. The informativeness of p,, (or precision as an estima-
tor of v, T, = [Var(v | p,)I™") depends on the sum of the squares
of the net trading intensities of informed agents Y., (Aa;)?. That is,
the informativeness of prices is determined by the intensity of net (as
opposed to gross) trades by informed agents.

The following proposition characterizes the evolution of prices at
any linear equilibrium. Let py = 2.

Proposition 2.1. At any linear equilibrium, pyi1 = v, and for n =
1,...,N

DPn= E(v| Zn) =Anzp+ (1 — }\nAan)pn—l,

n
With Ay = Ty AGy)Th, Zn = AGuU+ Uy, andt, = 1, + 1, Z(Aa,)z.

t=1

Proof. We check first that prices {p”} do not add information to the
random variables {z"}.

Claim. In equilibrium the vectors of random variables, {p”} and {z"},
where z, = Aaq,v+ u, t =1, ..., n, are observationally equivalent.

Proof. By induction. For n = 1, p = E(v | z) as in the static
model, which implies that 2z; is observationally equivalent to p;, since
at equilibrium the parameters of the linear function E(v | z) are
known. Now, if {z""!} and {p"~!} are observationally equivalent,
then {2”} and {p"} also are observationally equivalent. This follows
immediately since from the limit order schedule market makers in-
fer z, and set p, = E(v | z,, 2" !). (Notice that in case Aa, = 0
the weight put by market makers on 2z, would be zero and p, =
E(| 2" ") = pu1) .

The price set by the competitive market-making sector is then
Pn = E(v | 2"). From standard normal theory p, equals a convex
combination of p,_; = E(v | 2" ') and z,/Aa, = v+ (Aay) ' uy,
with weights according to their relative precisions. The result follows:
DPn = AnAay(z,/Aay) + (1 — X, Aay) pr—1. An explicit expression for
Dn is

n n
Dn = <t,,17+ Ty Z Aa,zt> /Tn, Where t,, = 1,4+ 1, Z(Aa,)z. u

t=1 t=1

Remark 2.1. Because of normality, p, = E(v | z") is a sufficient
statistic for the information {p”} or {2} in the estimation of v. In
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consequence, p, = E(v | p,) and the desired position of informed
agent ¢ in period # can be written as Xiy(Sin, pr). Notice that, given
the existence of a competitive risk-neutral market-making sector, the
market is (semi-strong) efficient, prices follow a martingale, and there-
fore historical prices or “technical analysis” [in contrast with Brown
and Jennings (1989), for example] are superfluous for decision mak-
ing. It is worth remarking also that (long-term or short-term) agents
need not know about past prices since the current price is a sufficient
statistic for all public information.

Remark 2.2. The martingale property of prices has immediate conse-
quences for price volatility. The unconditional volatility of price py,
Var p,, equals (t,)~! — (t,)7}, and therefore is nondecreasing in 7
(price informativeness, t,, is also nondecreasing in 7). As more in-
formation is incorporated in prices ex ante volatility increases. The
conditional volatility Var(p, | p,—1) equals (t,-1)~! — (t,,)"!, and to-
tal volatility is constant: Zf{:ﬁl Var(py | pn-1) = (t,)"1. Indeed, in an
efficient market trading behavior affects the distribution of volatility
over time, or the resolution of uncertainty, but not its total magni-

tude.

Let us now consider in turn equilibria with short and long term
investment horizons.

Short-Term Investment

In this section informed traders will be assumed to maximize the
utility of the short-run return. At period ¢, let w; = (Pry1 — Dr)Xir
denote the (short-run) profits derived by agent 7 from buying x;; units
of the risky asset at price p; and selling it next period at price p;i1.
At stage t a strategy for agent i is a function that maps his private
information S, into a demand schedule X;(5y,, -). Recall that we can
think of different interpretations of the short-term investment case
formalizing the idea of risk-averse speculators with a short horizon.
First of all, agents can be long-lived but myopic, and they do not forget
information. Second, a different generation of informed agents comes
to market every period, each member of generation ¢ inheriting the
private information of a member of generation ¢— 1, taking a position,
and liquidating it the next period.

The market solution will be taken to be the Bayesian equilibria of
the N-period dynamic game (a sequence of Bayesian equilibria of the
one-shot games with the defined short-run payoffs). Attention will be
restricted to equilibria in linear strategies. Propositions 3.1 and 3.2
show existence and characterize equilibria for a fixed horizon N. To
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save on notation I will not index by NV the parameters characterizing
the equilibrium until Section 5. Recall that 7,, = 7, + 7, Z[":l(Aa,)z.

Proposition 3.1. Linear equilibria of the dynamic N -period trading
game with short investment horizons exist and are characterized (im-
plicitly) forn=1,...,N—1, by

XnGins Pn) = an(Sin — Dn),
with ay=p~ (X1 %e) HTps) ™)L Forn=N, ay=p (XL, 7).
Proof. This follows from three claims.

Claim 1. In the estimation of v — p,, Sin — p» is sufficient with respect
to the information {s], p”} (or {s}’, 2"}). Furthermore, E((v — p,) |

Sins pn) = (Z:;l Te,(Z;Z:] Te, + tn)_l(gin - pn)

Proof. Tt is a consequence of the projection theorem for normal ran-
dom variables that E{(v — p,) | s}', 2"} is sufficient for v — p,, with
respect to {s/', z"}. It is immediate from Proposition 2.1 that E(v |
s, 2" = E( | S, Pn) = (X121 Te)Sin+ TnPn)/ Tin, With T = (Var(v |
Sins P)) L = Y i T, + Tn (as usual, the weights to private informa-
tion and to public information in E(v | S, pn) correspond to their
relative precisions (Y|, T, /Tin and 7,/Tin, respectively).'?
Therefore,

E{(v = pn) | Sin, Pn} = E@| Sins D) — D
= Z Te, Sin + Tubn | /Tin — Pa-
=1

The result follows since
n
Tu(tin) " —1=— D 7, ) ()7 .
=1
Claim 2. In equilibrium, X,,(Sin, pn) = @»Sin — prn), with
" -1
ay = 1/ P Z T, + (Tn+1)_l
=1

Forn=N, ay=p" 'O, ).

12 Note that the error terms in the signals {s/"} are independent of the noise trading process {#"} and
therefore in the estimation of v with the information {s’, p"} it is sufficient to consider (5, p»)
where 5, is sufficient statistic for {s/"} and p, is a sufficient statistic for {p”}.
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Proof. At a linear equilibrium and given our assumptions, prices are
normally distributed. Maximization of a CARA utility function by agent
i yields then at stage »

— E{(pn—i-l - pn) | gim pn}
Pvar{(Pn+1 - pn) | Sin, pn}’
where pui1— pn = Ant1(AGus+1(V— pn) + tny1) from Proposition 2.1.

(Note that the expression is independent of i and therefore the equi-
libria will be symmetric.) Further, we have that

ni

E{(Pnv1 — D) | Sin» P} = Any1Aan 1 E{(v — pn) | Sin» Pn}s

and

Var{(pn+1 — ) | Sins pn} = (An+1)2((Aan+1)2V3r{” | Sin, Pn) +0',3)-

The desired result for # < N follows from Claim 1 since it is immediate
that a,, = ((Z;;l fe,)fn+1)/p((21n=1 Te,)+ Tpy1). Forn=N, pyy1 =0
and (ty41)~! = 0. Therefore ay = p‘l(Zf;l Te,). u

Claim 3. A linear equilibrium exists.

Proof. From Claim 2, for any n < N, a, = gn,(a™!), where g, is
continuous and a""!' = (ay,..., ans1), a, in the compact interval
la,al = [(p7't. ' + 1,17, p7 (X)L, Te,)]. Recall that by convention
T, > 0. Let then G : A — A, be defined by the component functions
in the natural way, with A = [g, al". A is compact and G is continuous
and therefore the existence of a fixed point follows from Brouwer’s
fixed-point theorem. ]

Two leading examples of our information structure are the case of
concentrated arrival of information, in which traders receive private
information only in the first period (that is, 7,, = 0 for t = 2,..., N),
and the case of a constant flow of information, in which the precision
of signals is the same in all periods (z,, = 7, for all #). In the former
case, dy = p (1) + (tuy1) D! and ay = p~l1,, = a, the static
trading intensity. In the latter a, = p~'((nt,,)™" + (Tp+1)"") "' and
ay = Np~'t, = Na. That is, the final trading intensity equals N
times the static trading intensity.

Remark 3.1. If short-run agents had access only to the current signal
(that is, in period 7 agent i has access only to sy) then the equilibrium
is modified to a, = 1/(p((te,) ™' + (Tus1) ™).

Remark 3.2. The uniqueness of the linear equilibrium is not asserted
(no attempt is made to prove it since none of the results hinge on the
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uniqueness issue). For the V = 2 case uniqueness is easily established
(at least for the case t,, = 0 for ¢t = 2,..., N) and simulations also
support the uniqueness conjecture for larger N.

Proposition 3.2. In every equilibrium:

(i)

(i)

The trading intensity of generation n informed agents a,, is strictly
increasing in n (and is always in the interval [d', ay), with a >
o~z + 1, )7Y). In consequence, the net trading intensity Aay,
is always positive.

The informativeness and the unconditional volatility of prices are
strictly increasing in n.

(iii) Net trading by informed agents in period n is Ax, = X, — Xp—1 =
Adn(l) - pn) - an—lApn‘
Proof.
(1) The least possible value for a, is the unique 4’ that solves the

3D

(iiD)

implicit cubic equation @ = p~'(z; ! + 7, H-1 where 11 = 7, +
t(d)? [d is the stationary trading intensity if prices were to
remain at the period 1 level and no more private information
was forthcoming (that is, if @, = 4/, for all »]. I show now by
backwards recursion that Aa, is strictly positive for any #. First,
from Proposition 3.1, ay > ay_1 since (ty)~! > (tn41)~! = 0.
Now, Aa, > 0 if Aa,1 > 0 again from Proposition 3.1 because
Ty =Ty + Ty Z:l_—_-l(Aat)z-

The precision t, is strictly increasing in n since Aa, > 0 for all
n. The result for Var p,, follows.

Denote by x, = fol X, (Sin, pn) di. According to our convention

fo1 Sin di = v and therefore x,, = a,(v— py). It follows that Ax,, =
Xp — Xp—1 = Aay(v — pp) — an—1Ap,. Note that the martingale
property of prices implies that (v — p,) and Ap,, are orthogonal.
[

Equilibria share the feature with the static model that agent 7 buys
or sells in period n according to whether his private estimate of v,
Sin, is larger or smaller than the current market price p,. As we know,

the

current price p, is a sufficient statistic of all past plus current

prices due to competitive market making. The competitive market
making sector in period n observes the noisy limit order schedule

Ly () : Ly(Pn) = Zn + Gn-1Pn—1 — Anpn, and sets p,.13

13 Market makers trade according to Y, = —(AXy + tn) = —dn(Pn — pa-1), With dp = (Ap)™" — ap.
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The trade intensity of generation # of informed agents (a,) de-
pends positively, ceteris paribus, on three magnitudes: the degree of
risk tolerance p~!, the total precision of signals Z;;l T¢,, and the pre-
cision of prices in period # + 1 in the estimation of the fundamental
value v. The first two effects are as in the static model. The third ef-
fect means that the closer p,41 is to v, the more intensely informed
speculators want to trade. In the last period (), py+1 = v and then
trading intensity reaches its maximum value. The third effect is eas-
ily understood. Short-term speculators have information about v but
can not hold the asset until v is realized. The return of generation .
n agents is (Pny1 — Pn)Xin. Traders can anticipate the information in
Dn, and the closer p,.; is to v (that is the more informative is P41
about v) the better they can predict p,; (since they receive private
signals about v). As » increases so does the precision of prices as
estimators of v and consequently the desired trading intensity of in-
formed agents a,. In other words, the expected return to informed
trading E{pu+1 — Pn | S, Pn} is increasing relative to the risk faced,
Var{pn+1 | Sin,» Pn} as n increases.

In the case of concentrated information arrival, trading intensities
are always less than the static level, a, which is reached in the last
period. The trading intensity ay equals the static level a because in
the static model the trading intensity does not depend on the pre-
cision of prices @ = p~'t,,. The result that the trading intensity of
speculation a,, is increasing with » (small at first and catching up
close to the liquidation date), even when private signals are only re-
ceived in the first period, is reminiscent of a result of Dow and Gorton
(1993). The authors consider an infinite-horizon model with a stock
which yields random dividends in each period. Some agents may re-
ceive information in advance about the dividends of a certain period
(the event date). Short-term informed traders are risk neutral and face
transactions costs. The outcome is that short-term traders, when far
away from the event, will not act on their information since short-term
trading reduces the profitability of speculation.

It is worth emphasizing that noise trading does affect the intensity of
trade via the precision of prices. For example, with N = 2 (and t,, =
0) an increase in noise trading decreases the trading intensity a; of
the first generation in the unique equilibrium. Instead of a camouflage
effect [as in Kyle (1985)], an increase in noise trading increases the
noise in the first period return p, (with respect to ) and the response
of first period risk-averse informed speculators is a decreased trading
intensity.

Proposition 3.1 characterizes implicitly the equilibrium but does
not give a closed-form solution. Simulations conducted for a range of
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parameter values for the two leading examples yield some insights
into the dynamics of the market.'4

In both cases a unique equilibrium always has been found and,
consistent with Proposition 3.2, a,, is increasing in #. The pattern that
emerges from the simulations in the case 7., = 0 for t = 2,..., N,
is the following: Aa, is increasing in » (starting from n = 2 since
Aa; = ay), but at first the increase is very small and is noticeable only
when close to the end of the horizon N. The conditional volatility of
prices is found to be increasing with 7, slowly at first and faster when
close to the end of the horizon (it may decrease from period N to
the liquidation stage N + 1). In the first rounds of trade the precision
of prices is almost flat and informed agents only vary their positions
slightly from period to period. When closer to the end of the horizon,
the net trading intensity of informed agents increases and contiguous
generations want to have increasingly different positions in the risky
asset, since the precision of prices is increasing.!> Market depth is
nonmonotonic in #. It increases first due to the reduced net trading in
the second period (in the first period only the first generation trades);
it flattens out (at a high level) later since net trading by informed
agents is very small and decreases close to the end of the horizon
due to increased net informed trading activity.

In the constant flow of information case (t,, = t,,, for all ¢) the
emerging patterns are more complex.'® The temporal evolution of
trading intensities a,, is typically concave and then convex and cor-
respondingly the net trading intensities Aa, evolve according to a
U-shaped form with mild decreases at the beginning and sharp in-
creases close to the end of the horizon. For intermediate values of
the parameters (p, %2, , a,f), the conditional volatility and market depth
are nonmonotonic, with a pattern of decreasing-increasing-decreasing
or U-shaped for the first, and increasing-decreasing-increasing or in-
verted U-shaped for the second. Otherwise, that is, for low or high
values of the parameters (p, 082] , 03), the conditional volatility is de-
creasing and market depth increasing in 7. Notice that market depth
[(A)~! = t,/T4Aay] must be increasing in n for low 7 since then

1 Simulations have been performed systematically in the following ranges of parameter values: p in

[1,4],02in[.05, 2], af] in[.1, 2], letting 6 = 1. The length of the horizon has been considered up to
N = 25. The program Mathematica was used to run the simulations, and in all of them equilibrium
has turned out to be unique (that is, starting the simulation with different initial conditions to find
a solution to the equilibrium parameter equations leads to the same equilibrium).

15> Market makers lean against the wind in general (d, positive), although at the end of some
simulations dy may be negative (market depth has decreased and trading by the last generation
of informed agents is intense).

16 Simulations have been extended for this case to cover p = .1 and p = 40, 02 = .005 and o2 = 40,
and 07 = .05, and o/ = 40.
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Aa, is decreasing and t, is increasing always in 7. For larger n,
Aa, increases and may give rise to nonmonotonic patterns. Simi-
larly, the conditional volatility [Var(p, | pn—1) = (Tp—1)"! — ()7} =
1.(Aa,)?/t,_17,) must be decreasing for low 7 and nonmonotonic
for larger n. Figure 1 shows a pattern for a specific case (simulated
for the values N = 25, 62 = 1, p = 2.5, 62 = 1.05, o = .05; the
short-term case is represented by the continuous lines).

The qualitative simulation results for n = 1, ..., N, as well as the
analytical results obtained, are summarized in Table 1, which also
compares the equilibrium with short-term traders with the long-term
case, treated in the next section.

Long-Term Investment

Trading with a short investment horizon contrasts with trading by
long-term agents. Long-term informed agents maximize the expecta-
tion of the utility of final wealth. The final wealth of informed agent 7 is
Win = Z?/:_ll(l?t-u — )X+ @W—py)Xin = Zﬁvzl 7;r. Informed agent
i wants to maximize E{U(W;y)} = —Eexp{—p W;n}. The following
proposition characterizes the equilibrium.

Proposition 4.1. With long-term informed agents there is a unique
linear equilibrium:

Xn(gin, pn) = an(gin - pn),

n
with a,, = p~! (Z ‘L’EI) .
t=1

1

Corollary. Aa, =p~ 1,

Proof. See Appendix. u

Remark 4.1. The long-term trading intensity at any period is always
larger than in the short-term case. That is,

n n -1
p ! Z Ts,) > p! ((Z fs,) + (Tn+1)_l)
t=1 t=1

for any n < N, since then (t,,41)~! > 0. Indeed, short-term trading
makes agents less responsive to private information since risk-averse
short-run agents in period » have information about v but care about
Dn+1, which is a garbled signal of v because of noise trading. Only
when n = N, pyy1 = v and the two intensities coincide: ay =
p (X1, Te,). Note that the final trading intensity ay is also the (across
periods) aggregate net trading intensity: Ziv=1 Aa; = ay. Therefore in

-1
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(14)

Aa,
1.8 ¢+

14 4

(1B)

(10

Figure 1

The temporal evolution of short-term (with continuous lines) and long-term (with dotted lines)
trading magnitudes in the case of a constant flow of information: trading intensity (1A), net trading
intensity (1B), market depth (1C), conditional price volatility (1D), and ?rice precision (1E). The

parameter values of the simulation are p = 2.5; af = 1.05; af =0.050, =1; N =25.
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Figure 1
Continued.

terms of net trading intensities the long-term and the short-term cases
differ in the temporal distribution of the same aggregate. Further, it is
clear that as » increases and agents receive more informatijon the price
precision (t, = t,4+ 1,072 Y/, t2) and ex ante volatility (Var p,,) will
increase. Both will increase more with lower risk aversion or noise
trading, and with higher precision of information.

Remark 4.2. The net trading intensity at period », Aa,, depends di-
rectly on the precision of period » signals. The more precise they
are the higher is Aa,. If the precision is constant (the constant flow
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of information case), then, for any #, Aa, is constant and equal to
the static trading intensity @ = p~'z,,. That is, given the constant
flow of private information into the market informed traders desire to
modify their positions in a constant way. The consequence is that
a constant amount of information is incorporated into the prices,
T, = 1, + 1,na?, the price precision growing linearly with 7. This
contrasts with the short-term case in which the net trading inten-
sities Aa,, even when the precision of private information is con-
stant across periods, vary in different periods. Further, market depth,
(An)~! = 1,/T4AGy, Will also increase linearly with 7, since t,, grows
linearly with » and Aa, is constant, and the conditional volatility,
Var(py, | Pno1) = 1u(Aay)?/th_1T,, Will decrease with .

Remark 4.3. If private information is received only in the first period
then Aa, = 0 for n > 2 and there is no informed trading after the
first period. Indeed, then the equilibrium strategy for informed agents
is to take a position in period 1, with a trading intensity equal to
the static one, and hold to it until the end (a buy-and-hold strategy).
Market makers stabilize prices at the first period level p; absorbing
noise trading in periods n = 2, ..., N. Risk-averse informed specu-
lators do not learn anything new after the first period and therefore
keep the same position until the liquidation of the risky asset. For-
mally, X,,(si1, pn) = a(sit — pn), pn = p1 = M1z1 + (1 — Aiay)v, with
Z=mv+ i, M = 15a/T, 1 = T, + 1,a° for n =2,...,N. The
unique (linear) equilibrium replicates the static benchmark. This pro-
vides a foundation for the static rational expectations model: adding
more rounds of trade is superfluous. The fact that the static equilib-
rium is also a long-run equilibrium should not be surprising. After
all, long-term traders condition on prices, are risk averse and, after
the first round, no new private or public information is forthcoming
with market makers absorbing noise trade. If we compare with the
short-term trading case, the long-term (and static) trading intensity a
is spread among the NV periods in terms of the net trading intensities
of short-run agents: 3 ¥ | Aa, = a.

It is worth remarking that the existence of a competitive market-
making sector is crucial for the result. Indeed, according to Brown
and Jennings (1989), in a two-period version of the model without
a competitive market-making sector, no general existence results can
be proved (equilibrium is guaranteed to exist provided second period
prices are fully revealing). Further, in a related model, Grundy and
McNichols (1989) show that equilibria in which second-period prices
add information about the fundamental value coexist with equilibria
in which they are noisy measures of first-period prices.
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5. Short Horizons and Price Informativeness

In this section I compare the degree of information incorporated in
prices when informed traders have short and long horizons. In the
short-horizon case a new generation of one-period lived informed
traders comes to market (and inherits the private information of an
agent of the previous generation) every period or, alternatively, traders
are myopic. In the long-horizon case informed traders live for the
whole span (V periods). In both cases, there is a constant (unit) mass
of informed traders every period, and they have the same precision
of private information.
Price informativeness in period N is given by

N
=T+ Ty Y (Ad)?

t=1

and the total net trading intensity is Zf'zl Aa; = ay lequal to
p’l(Zf‘V: 1 Te,)] in both the long-term and the short-term cases. In con-
sequence, Ty will be larger or smaller in the short-term versus the
long-term case according to the relative temporal distribution of the
(positive) net trading intensities, Aa,. Indeed, Ty will be smaller the
more equally distributed are the increments Ag;, the minimum being
reached for equal increments every period. In other words, Ty can
be thought of as an inequality index of the variables Aa, (which to-
gether add up to ay). The precision Ty is larger the more unequally
distributed are the increments Aa;.}” We will comment also on relative
price precisions for # periods before the last (n < N).

Consider the two leading examples. First, the case of once-and-for-
all information reception (that is, 7,, = 0 for t = 2, ..., N); second,
the case of a constant flow of information (z,, = t,, for all o).

5.1 Concentrated Arrival of Information

In this case with long-term agents there is informed trading only in
the first period (see Remark 4.3), and equilibrium informativeness of
prices T corresponds to the static equilibrium level. Short horizons
imply that informed agents will trade in every period. Will this imply
that more information ends up being incorporated in prices with short-
run agents who trade on the basis of their private information?

17 For example, one inequality index is the Herfindahl (H) concentration index of an industry with
n firms; it is equal to the sum of the squares of the market shares of the firms. Concentration is
maximal in the monopoly case and diminishes with the number of firms and with more equal
shares. In the model of this article net trading intensities play the role of market shares.
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I will show now that, independent of the length of the horizon
N, the information revealed by prices with short-term traders will
be bounded above away from the static (long-term) case t. This is
easy to understand since the long-term case involves the maximum
inequality in the temporal distribution of the net-trading intensities:
informed trade is concentrated in the first period.

Proposition 5.1. With t,, = 0 fort = 2,..., N, the precision of the
Sfinal price pn, Ty, with short-term traders is bounded above and away
(uniformly in N) from the precision of the static (long-term) rational
expectations price t .

Proof. Fix N, then ‘t( ) =1, + ruA(N) Now, A(N) Z 1(Acz(N))2
= @)+ S8 < @+ (a— Y = 20 (a

(N)) < a* — 2a(a — 9) < a*. The first inequality holds since
¥, Aa(N )= a— aiN ); the second since agN ) is in the interval [, alz)]
[the lower bound comes from Proposition 3.2 (i); the upper bound is
obtained since a( ) is increasing in a$"’, and 4" reaches its maxi-
mum poss1ble value a when N = 2]; the last inequality follows since

d(a— a )) is positive. u

Remark 5.1. The result also holds for any period before the last, since
in the long-term case the price precision is constant from the first
period, while in the short-term case it is increasing up to its value
at n = N. In short, the informativeness of prices is higher in the
long-term case period by period.

The formal intuition for the result is very simple. The precision of
prices depends on the sum of the squares of the net trading intensity
of informed agents (Aa(N)) (‘L'(N) =T,+ 1, Zn 1(Aa(N))Z). The ag-
gregate net trading intensity of informed agents across periods equals

the static or long-run intensity of trade, that is, Z Aa(N) =alt

follows then Zn_l(Aa(M)2 < a?, since Aa( ) is posmve. The accu-
mulated price precision will have to be smaller than the long-term
precision. In summary, in order to make prices informative it is better
to trade once (as with long-term traders) than to spread net trades
over more periods.

Let us review the chain of facts which explains the result. First of
all, the precision of prices depends on the net trading intensities of
informed agents (Aag,N)). Second, short-term traders desire to trade
more intensely as » increases (a,, is increasing in #), but always below
the static intensity a, since for larger n the next-period price (the
short-run benefit) is closer to the fundamental value v, about which
they have information. This means that Aa > 0 for all n. Third,

149



The Review of Financial Studies /v 8 n 1 1995

in the last period short-term traders desire to trade according to the
static trading intensity, ay = a, because trading intensity when facing
the liquidation period is independent of the precision incorporated
in prices (and therefore it does not matter whether or not there is
price information from the past). This means that Zf;zl AaY = a.
Finally, long-term traders use a buy-and-hold strategy, concentrating
their trade in the first period according to the static trading intensity
a, because they are risk averse and after the first period no new
information (public or private) is forthcoming about v.

In essence, risk-averse short-term traders hold back on trading since
they have information about v, but their return is the next-period
price, which is a noisy measure of v. Long-term traders, in contrast,
can wait until the liquidation period and trade only when they receive
information.

By analogy with an inequality index, the more periods there are,
and the more even trading intensities with short investment horizons
are, the worse is price precision. If the long-term intensity is spread
among more trading periods, the accumulated precision of prices (de-
pending on the sum of the squares of the net trading intensities) will
tend to diminish. For example, and only for illustrative purposes, if
the static trading intensity were to be spread evenly among the V pe-
riods then precision (“concentration”) attains its lowest possible level,
a@*/N, and is decreasing in V.

The simulations performed with short-term traders show indeed
that the price precision tends to decrease with an increase in the
horizon [that is, 3-N_ (Aal")? is decreasing in N). Increasing the
horizon actually hurts the precision incorporated in prices with short-
term traders.

Increasing the number of trading periods with short-term traders
does not help information revelation through prices and, in the con-
text of our model, does not matter with long-term traders. With short-
term traders prices do not converge to the fundamental value as N
tends to infinity (indeed, their informativeness is bounded above by
the static rational expectations precision). Nevertheless, it is possible
to show that in a semi-strong informationally efficient market conver-
gence of prices to the underlying value of the asset as the number of
periods N becomes infinite does occur provided trades are notional
until the fundamental value v is realized (that is, traders’ orders be-
fore the realization of v are not executed and can be modified; trade
happens according to the outstanding orders when v is realized at
some random time). In Vives (1992) an information tdtonnement is
considered in which theoretical prices are quoted by a competitive
market-making sector with the purpose of revealing the joint infor-
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mation of informed agents (that is, with a price discovery purpose).
The information tdtonnement is seen to reveal the fundamental value
at “normal” rate of 1/N'/2. The basic reason is that in the information
titonnement the precision of prices depends on the (accumulated)
gross trade intensities of informed speculators and not on the (ac-
cumulated) net incremental trade intensities, which are necessarily
bounded.

A corollary to Proposition 5.1 is that total volatility up to period
N with short-term traders [Zﬁvzl Var(p, | pro1) = (t,) 7' = (zy) "M is
bounded above and away from the long-term case ((t,)~! —t~!). This
reflects that, up to period N, less information has been incorporated
into prices with short-term traders.

A comparison of the temporal evolution, for n =1, ..., N, of some
magnitudes of interest in the long-term and short-term cases is pro-
vided in Table 1. An interesting result is that the distribution of to-
tal volatility over time is quite different in the two cases. With long
horizons information is incorporated in prices in the first period and
therefore prices are more volatile at the beginning and less at the end
than with short horizons. Indeed, conditional volatility has a U-shaped
temporal evolution (including the liquidation period N to N+1). With
short-term traders (conditional) volatility slowly grows over time [with
the only possible exception the liquidation period (from N to N + 1)
according to the simulations].

5.2 Constant Flow of Information

Let us now consider the case in which informed traders receive signals
of equal precision every period. In this case, with long-term traders,
the net trading intensities are equal across periods to the static trading
intensity a; meanwhile, with short-term traders, net trading intensities
differ across periods. The outcome is that the result of Proposition 5.1
is reversed: long-term trading induces a lower final-price precision.

Proposition 5.2. With 1., = t.,, for all t, the price precision of the
final price with short-term traders is bounded below and away (uni-
formly in N) from the long-term case.

Proof. Fix N. The minimum of erN) =T1,+1, Z’,\::l (Aatl ))2 subject to

Zfl’:l AaY’ = Nais attained by setting Aal)’ = a, which is precisely
the long-term solution. Now, let Aaﬁ,N) denote the short-term solution.
Then

r,(VN) (short-term) — r,i,N) (long-term)
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N
=7 (Z(Aaﬁ{”)z - Naz)
n=1

N
Ty <(a§N))2 —a+) (M) — (N - 1)a2> ,

n=2

which is bounded away from zero since aiN ) < aiz) < a. The first in-

equality follows from the expressions: afN) = p 7 ((ze,) ! +(r2(N )-1y-1

and rZ(N) =1,+ 1:,,((6151\[))2 + (aéN) - agN))z), noting that agN) is increas-
ing in agN) and a,(ZN) reaches its maximum possible value when NV = 2
(equal to 2a). The second inequality is obvious. L

Again the formal intuition of the result is very simple. In the present
case the long-term solution of equal increments Aa{™ minimizes the
price precision. The chain of facts which explains the result follows.
As before, the precision of prices depends on Aa$}", and AdM >0
for all # and for both the short-term and the long-term cases. Now,
in the last period both short-term and long-term traders desire to
trade according to the intensity, ay = ,0‘1(27: 1 Ts,), because the
trading intensity when facing the liquidation period is independent of
the precision incorporated in prices. This means that Z’,Zzl Aal =
p‘l(ZﬁV: 1 T¢,) in both cases. Finally, long-term traders spread their
net trade according to the constant flow of information, while short-
term traders also take into account the differences in the precision of
prices; this results in an uneven temporal distribution of net trading
intensities.

In the present situation, increasing the number of trading periods
does help the precision of the final price 7y, since with long-term
traders 1y increases linearly with N. Indeed, as N grows without
bound prices converge to the fundamental value ». This should not
be surprising given that traders receive a constant flow of information.

As before, a corollary to Proposition 5.2 is that total volatility, up
to period N, in the short-term case is bounded below and away from
the long-term case. This reflects that, up to period N, less information
has been incorporated into prices with long-run traders.

Table 1 expounds some qualitative comparisons of the short-term
and the long-term regimes (including both analytical and simulation
results as I have pointed out before). In the latter, trading intensities a,,
grow linearly with 7, while in the former, first increase in a concave,
then in a convex way and are always below the long-term benchmark.
The result is that net trading intensities Aa,, are first below and at the
end above the long-term constant net trading intensity. In fact, both
solutions are close for low or high values of the parameter vector
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(p, ‘7521)- For low values of (p, 082]) trading intensities are very high in
both cases and the first-period prices almost reveal v. For low values
of o2 trading intensities will also be very close in both cases, since
prices are very informative about ». For high values of (p, 06'21 ) trading
intensities are very low in both cases. For high values of o2 prices
contain very little information about v in any case. The outcome,
supported by the simulations, is that for both low and high values of
the vector (p, 0821, a,f) short-term and long-term equilibria are close in
terms of the temporal pattern of price precision, market depth, and
conditional volatility. Indeed, for these parameter constellations price
precision and market depth increase linearly in # and conditional
volatility is decreasing in # in the two cases. The simulations show
that as the values of the vector (p, 0821 , crlf) increase, market depth turns
from linear to nonmonotonic (increase—decrease—increase pattern) to
inverted U-shaped to linear again; and conditional volatility turns from
decreasing to nonmonotonic (decrease—increase—decrease pattern) to
U-shaped to decreasing again.'®

Figure 1 displays one instance of the intermediate case (with the
values N = 25, 05 =1, p=2.5, 0221 = 1.05, 05 = .05; the dotted lines
represent the long-term case). Conditional volatility in the long-term
case, and relative to the short-term case, is larger first and smaller later
(although this does not show up in Figure 1D, before period 4 the
dotted line is above the continuous one). This is typically the case,
according to the simulations, for reasonable values of the parameters.

Remark 5.2. The fact that (according to the simulations) short-term
net trading intensities are first below and then above the constant long-
term case, together with the result in Proposition 5.2 that the long-term
price precision ends up (for n = N) above the short-term one imply
that price precisions with short-term traders are first below and then
above that with long-term traders. In fact, for reasonable values of the
parameters, it is the case that (as in Figure 1E) only for the very last
periods is the short-term price precision above the long-term one.

It is worth remarking that the departure of price precision of the
short-term case from the long-term one can be substantial for plausible
parameter ranges. The simulations show that the difference (zy(short-
term) — Ty (long-term)) has an inverted U-shaped dependence on the
value of any parameter of (p,d7,07) (fitting the other two), and
that the ratio (ry(short-term) — ty(long-term)) /Ty (long-term) is either

18 A sequence of figures describing the evolution of a,,, Aa,, (A,)~", and Var(p,/ p.—1) as the vector
, afl ,072) increases from low to high values (with patterns at both extremes similar to the long-

term case) is available on request.

153



The Review of Financial Studies /v 8 n 1 1995

increasing or has an inverted U-shaped dependence on any parameter
of (p, 082l , 03) (fixing the other two). The ratio can reach high values
for plausible parameter constellations. For example, it is more than 5
for the values (N = 25, 67 =1, p = 2.5, 02 = 1.05, 02 = 1.025). (It
is .8 for the example in Figure 1.)

The analysis of the two leading examples makes clear that in gen-
eral the result is ambiguous and depends on the temporal pattern of
private information reception, with concentrated and constant flow
being polar cases. By continuity, and with respect to long-term trad-
ing, lumpy patterns of private information arrival (close to the pure
concentrated case) will imply short horizons decrease the informa-
tion content of prices, while diffuse patterns (close to the constant
flow case) will imply short horizons increase the information content
of prices close to the end of the horizon. The ambiguity arises from
the fact that information precision depends on the distribution of net
trading intensities, being lower for more evenly distributed intensities.
With concentrated information arrival long-term trading provides the
most unequal distribution and therefore maximum price informative-
ness. With a constant flow of information long-term trading provides
the most equal distribution and therefore minimum final price infor-
mativeness. Nevertheless, it is worth pointing out that if short-term
agents did not have access to the private signals of previous peri-
ods then in the short-term case the final trading intensity would be
ay = a while in the long-term case it would be ay = Na. The re-
sult of Proposition 5.1 holds here a fortiori — the long-term precision

is strictly larger than the short-term one: 1, + Nt,a* > 1, + 1,4°> >

N N . N N
T, 4+ Ty zn:l(AaﬁZ )2, since et AadY) = a.

A question may arise about the robustness of the results to the in-
troduction of discretionary liquidity traders. For example, in the case
of concentrated private information arrival with long-run agents the
market is infinitely deep after the first period, and therefore liquidity
trading would tend to be concentrated in those periods. Nevertheless,
I conjecture that the result for this case (Proposition 5.1) holds. Here
is the argument. Suppose that in every period there is some propor-
tion of nondiscretionary liquidity traders which have to trade in the
period for exogenous reasons [as in Admati and Pfleiderer (1988), for
example], but that there also exist discretionary liquidity traders who
can choose in which period to trade. Then in the long-term case the
price will be more informative than in the benchmark case with no
discretionary liquidity trading, since the nature of the equilibrium will
be unchanged and in the first period only the liquidity agents with
exogenous constraints will trade, with the others shifting trade to later
periods. Now, with short-term traders, for whatever temporal pattern
of liquidity trading, the final precision incorporated in prices must be
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less than the long-term one since in the long-run case noise trading
is at its minimum in the first period.

6. Concluding Remarks

This article presented a competitive model of asset pricing with pri-
vate information in a (semi-strong) informationally efficient market.
The effect of short investment horizons on the informativeness of
prices was addressed. In the process I have characterized in closed-
form the equilibrium of a dynamic market with risk-averse long-term
traders with non-nested information sets. We have seen how short
horizons impinge negatively or positively on the information con-
tent of of prices depending on the temporal pattern of information
arrival (concentrated versus diffuse). A basic fact is that short-term
trading does not change the across-periods aggregate net trading in-
tensity of informed speculators. It just spreads the long-term trading
intensity among the different trading periods leading to a diminished
(increased) final price informativeness when long-term speculators
concentrate (spread evenly) their trading with once-and-for-all (dif-
fuse) information reception. We can also compare price precisions
with long-term and short-term traders for any period. With concen-
trated arrival of information price precision is uniformly higher with
long-term traders. With a constant flow of information the price pre-
cision is higher at the beginning and lower at the end with long-term
traders. Obviously, if stock prices guide production decisions'® the
information content of prices and the departure of prices from fun-
damental values has welfare implications: the horizons of traders will
matter in terms of welfare losses at the economy level.

Different possible extensions are left for future research. A main
question is how robust the results will be to changes in the model
presented. We have already indicated a possible extension to incor-
porate discretionary liquidity traders. Further, the work of Dow and
Gorton (1993) in an infinite horizon context suggests that some of the
results of the present paper should be robust to stationary versions
of the model. Other extensions include the consideration of markets
with both short-term and long-term traders, endogenous information
acquisition, correlated noise trading, multisecurities markets?’, and the
effects of public signals.

19 See, for instance, Myers and Majluf (1984) and Leland (1992) for accounts of how the informational
quality of prices affects the allocation of resources.

2 See Admati (1985) and Caballe and Krishnan (1992) for, respectively, competitive and strategic
static models.
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Appendix

Proof of Proposition 4.1. The result is derived by backwards recursion.
Denote by Xj; the position in the risky asset of informed agent 7 at
period t. The final wealth of agent 7 is Wiy = Zf’:_ll(le—p,)X,»,-k(v—
DPN)Xin = Zivzl 7. Informed agent ¢ wants to maximize the expected
value of the utility of final wealth: E{U(W;y)} = —Eexp{—p W;n}.

As before, given linear strategies and market efficiency, the informa-
tion of trader i in period, N{sV, p"}, can be summarized in {3y, pn}-.
At stage N trader 7 chooses X;y to maximize

N-1
—exp {—p Z Nit} Efexp{—p7min} | Sin, DN}

=1
It follows then, as in the short horizon model, that Xy (S, pv) =
an(Sn — pn), an = ;t)'l(Zf’= 1 Te,)- Substituting the optimal period NV
strategy in the last period profit myy and letting T,y = Zf’zl Te, + TN,
we obtain

1
E{exp{—pmin} | Siv, pv} = exp | —=pan(tin) " Giv — pn)* -
2

At stage N — 1 speculator i chooses Xjy_; to maximize

N=2
~enf-r3m]
=1
N-1 pN-1y

x E{E{exp{—pmin-1}exp{—pmtin | Sin, DN} | ;7
OI', SinCe n,‘N_l = (pN - pN—l)XiN—l,
N-2
—€Xp {“P Z Tt
=1
x E{exp{—pmv_1}E{exp{—pmin} | Siv. o} 1 57 p

N—l}‘

Equivalently,
N=2
—exp {—p > ”it} E {exp{—ppiv-1} | s¥ ', pV '},
=1

where ¢;nv_1 = (pv — pv—1) Xin—1 + %Pﬂ?v(fnv)_l(:fw — pn)>

Similar arguments as before establish that a sufficient statistic for
{sM=1, pV~1} in the estimation of py — pn—1 and Sy — pw is {Siv-1,
pn-1}. The term ¢;y_1 is a quadratic form of the bivariate (column)
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vector Z = (Siy — py— M1, pv— p2) Which is normally distributed (con-
ditional on {S;y_1, pv—1}) with zero mean and variance—covariance
matrix Z (that is, u1 = E(§;’N — Dn l S‘iN—l"pN—l) and U2 = E(pN I
Sin—1, DN-1)):
¢iN—l =c+ b/Z + Z'AZ

where ¢ = (12 — pv—1)Xiv—1 + 30a3(tiv) " (11)%; b equals the (col-
umn) vector (paa(Tin) " 11, Xnv—1,1); and A is a 2 x 2 matrix with a;; =
2pa%(tiv) ™! and the rest zeros. It follows then (see, for example, Dan-
thine and Moresi, 1992, p. 16) that, since ) _ can be checked to be
non-singular and Z_l +2pA is positive definite —E{exp{—p@in—1} |
Sin_1, pn—1) equals the constant (detY))~V2(det(3.7" +2pA4))~1/2

times
1, -1 -1
—exp{—p{c—apb (Z +2pA) b}} (1)
The FOC to maximize (1) with respect to x;y_; yields — denoting the
elements of H = (Z_l +2pA4)~! by hij —

M2 — pn—1— p(hnXin_1 + b12by) =0, or

M2— pn-1 b
ph2 b2
Now, standard (but tedious) normal calculations yield the follow-

ing:
N-1 N -1
M1 = (TN—lfiN (Z Te,)) (TNTz'N—l (Z Ts,))
=1 =1

X (Sin—1 — PN-1)»

N-1
M2 — py_1= (ATN (Z Ts,)) (tnTiv—1)""Gin-1 — Pn-1),
=
N 2 ) 1
pam (3 7 (e (2 420))

=1

biy=— (g r€,> (Nz_l rg,> (t,)"! (det (Z_l +2pA))_1 :

t=1

2 -1
XiN—1 = pan(Tin) ™ M.

and

N 2 N—1
det(Z_l"'zPA) = <Z Ts,) (TNTiN—l —TN-1 (Z ‘Eg,>) (A‘ENTSN)_l.

=1 =1
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Plugging these values into the expression for x;y_; we obtain, after
simplifying,

- . —1
Xin—1 = an-1(Sin—-1 — pn—1), With ay_1 =p <Z Te,) .
=

Substituting the optimal period N — 1 strategy into the profit my_1 ;
and after some (again tedious) computations, we obtain

Efexp{—p(mn-1+ Tni)} | Sin—1, Dn-1}
1 .
=exp {—Epzaf\,_l(rm_l)_l(sw_l - PN_l)Z} .

At stage N — 2 speculator i chooses X;y_», to maximize

N-3
—expiy—p Z n,-,}
=1
times

E{E{exp{—pmin-2} exp{—p(Tin_1+Tin)} | Sin-1, pn—1} | sV 2, pV 72}

or
N-3
— €xXp {—p Z nit}
t=1

times

E{exp{—pmin_2}E{lexp{—p(Tin—1+7Tin)} | Siv—1, bv—1} | sV 72, pV 72}

Equivalently,

—exp{ P Z ﬂ,;} {exp{—pPin-2} | S,I'V—Z’ PN_Z}a

where ¢;n_> = (py-1 —pN—Z)Xz‘N—2+%pajzv_l(fz‘N—l)_l(giN—l —pn-1)*.

This is exactly of the same form as obtained in the recursion from N
to N—1 and therefore the optimal strategy will be x;v—2 = ay_2(Siv—2—
PNn_2), With ay_> = p I(Z[ _7¢,). The result follows.

Note that if private information is received only in the first pe-
riod then ay_; = a and py_1 = pn since Aay = 0 and therefore
win—1 = 0. At this point the maximization problem of speculator 7 at
period NV — 2 looks exactly the same as the problem at period N — 1,
and the optimal position will be X;y_2(Si1, pv—2) = a(sn — Pn-2).
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By backwards recursion we obtain X;(sa, p1) = a(siy — p1) at pe-
riod 1. The market price is stationary from period 1 on. At periods
n = 2,..., N, noise trading is absorbed by market makers at the
period 1 price p.

Indeed, when setting prices in periods n = 2, ..., market makers
obtain no information from the limit order book, since z, = u,, and
therefore p, = E(v/z1) = p. Both market makers and noise traders
break even in periods n = 2,..., N, since the market is infinitely
deep (A, = 0). Obviously, noise traders lose money in period 1 when
informed agents trade.
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