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We develop a strategic trading model in which an insider exploits noise traders’ overreaction.
A feedback effect arises from the insider’s trading on fundamental information (the expected
growth rate of dividends) and nonfundamental information (insider’s inventory or noise
supply). We find that the stock price is not fully revealing; a faster mean-reverting noise
supply leads to a more volatile price; the price impact can increase with insider’s risk-
aversion; and a risk-averse insider can trade more aggressively on fundamental information
than a risk-neutral one does. Insider’s current trade and his previous inventory exhibit
simultaneously positive forecasting powers for future stock returns. (JEL D82, D84, Gl11,
G12,G14)

In this paper, we present an intertemporal asset pricing model in which a
monopolistic risk-averse insider exploits mean-reverting noise supply. Our
study is motivated by De Bondt and Thaler’s (@, ) hypothesis of
investor overreaction. These two papers find systematic price reversals for
stocks experiencing extreme gains or losses over the long term: past losers
significantly outperform past winners. They interpret these results to be
consistent with the hypothesis of investor overreaction; that is, individual
investors or noise traders tend to overreact to unexpected new information;
as new information arrives, the initial bias of noise traders due to excessive
optimism or pessimism gets corrected through their trading This overreaction
hypothesis suggests that the aggregate position of noise traders (noise supply)
tends to revert. In other words, noise traders’ overreaction implies a mean-
reverting noise supply
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There is a large body of empirical literature following De Bondt and Thaler

, ) on price reversals; however, there are few theoretical studies

on the effects of investor overreaction. In Campbell and Kyle’s (CK; @)
and (@) models, rational risk-averse investors absorb noise shocks
and thus provide liquidity to noise traders whose aggregate position is mean
reverting] As a result, rational investors generally do not exploit noise traders’
overreaction behavior and stabilize the stock price in these models, though they
can infer the noise supply in equilibrium. These results are inconsistent with

the emplfl%mwwm)mﬁoot and
Ramadorai ), in which sophisticated (rational) investors, such as hedge
funds, take advantage of the predictable patterns of noise trading and thus
destabilize the stock price.

We take a new approach to examine the effect of noise traders’ overreaction,
wherein rational investors exploit the mean-reverting noise supply and can
destabilize the stock price. To do so, we extend the strategic trading framework
of @ m) by introducing a monopolistic insider who enjoys information
advantages over market makers regarding the expected growth rate of dividends
and the mean-reverting noise supply in an infinite-horizon continuous-
time modelfl More generally, the insider trades on his fundamental and
nonfundamental information advantages. Here, fundamental information refers
to information related directly to the fundamentals of an asset, including the
expected growth rate of dividends and the dividend itself, and nonfundamental
information refers to information that is not related directly to fundamentals,
including the noise supply and informed traders’ own inventory position.

Importantly, there exists a self-reinforcing mechanism between insider’s
trading on his fundamental information and that on his nonfundamental
information in our model, which we term the feedback effect. Insider’s trading
on nonfundamental information makes it more difficult for market makers
to infer fundamental information, allowing more aggressive trading by the
insider on fundamental information than in the case in which the insider has
no advantage on nonfundamental informationl We shall demonstrate that this
feedback effect leads to several novel results.

CK establish a link between noise traders’ overreaction (proxied by a mean-reverting noise supply) and price
reversals, consistent with the empirical findings of De Bondt and Thaler.

[KyId (083) analyzes an insider’s optimal trading in a finite-horizon nonstationary setting, in which the
insider receives only a single piece of private signal regarding an asset’s payoff at the beginning of trading.
Kyle demonstrates lhe trade- off between trading aggressweness and price 1mpacl Much of the subsequent

Subrd.hmdnydm 2.)) a ]
WIWI\'I‘W 1), and)
For comprehenswe reviews, see[0Hard (1993), m [2003), and[Vived GOTD).

Note that insider’s trading on fundamental information also makes it more difficult for market makers to infer
nonfundamental information, allowing more aggressive trading by the insider on nonfundamental information.
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Specifically, we consider an infinite-horizon continuous-time model with
a risk-averse insider, competitive risk-neutral market makers, and a mean-
reverting noise supply, in which new information regarding dividends and
their expected growth rate arrives at the market continuously. The insider
has monopolistic power in observing the expected growth rate of dividends.
Following [Kyld (1989), Back (1992), [Vayanod (2001]), and Chau and Vayanos
ey, ), we adopt a smooth trading strategy for the insider because he trades
strategically by taking into account the price impact. To ensure a bounded
solution, we assume that the insider incurs a trading cost that is a quadratic
function of the quantity that he trades. For comparison with the previous
literature, we focus on the limiting case in which the quadratic cost coefficient
goes to zero.

Two recent papers also study the trading by a monopolistic insider in infinite-
horizon steady-state models, but they do not consider overreacting noise traders
or a mean-reverting noise supply. m (M) considers a risk-averse
insider who possesses private information regarding his own time-varying
endowment and trades with risk-averse market makers. In CV M), private
information on the expected growth rate of a dividend process arrives in the
market repeatedly, all agents are risk neutral, and the noise supply follows a
random walk. Strikingly, both papers show that the insider who trades infinitely
aggressively is impatient and the private information tends to be fully revealing
in the continuous-time limitE In particular, m M) shows that risk
aversion does not prevent the insider from trading infinitely aggressively on
his private information, and consequently, the equilibrium price still becomes
fully revealing.

As inm M) and CV (M), the insider is impatient in our model. It
is then unclear whether the insider would instantaneously reveal his information
advantages even in the presence of a mean-reverting noise supply. Our model
is able to study this issue rigorously. Similar to[Kyld (1983), ﬁ (1992, and
CV ), the insider in our model trades on his fundamental informational
advantage. In addition, because the insider is risk averse, he hedges the risk
of his future investment opportunities by trading against his own inventory
in the stock, as well as by reducing his trading on fundamental information
(hedging effect). Specifically, the risk-averse insider reduces (increases) his
inventory when insider’s inventory is high (low), and as a result, insider’s
inventory is mean reverting. Because the insider knows his own inventory,
he can infer the noise supply perfectly from the price. Because of their mean-
reverting features, the noise supply and insider’s inventory are both predictable
from their historical values. The insider can then estimate these variables and

Intuitively, a steady-state equilibrium ensures a constant price impact. The insider is impatient to take advantage
of his private information, because old information loses its value with perishable new information arriving.
Given a constant price impact, he tends to trade infinitely aggressively on market makers’ estimation error of the
private information in the continuous-time limit, leading to a fully revealing equilibrium.
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the total order flow in future periods more accurately than can market makers.
Hence, the insider has information advantage over market makers regarding the
future realizations of insider’s inventory or the noise supply, and equivalently,
the insider has information advantage regarding the future realizations of the
total order flow.

Because the insider in our model trades strategically and smoothes his order
over time, market makers observe a variable (equivalent to the accumulated
order flow), which is a function of the noise supply and the expected growth
rate of dividends in both the current period and the previous periodsl] As
we explain in Section 23] this historical dependency enables the insider to
trade on both his fundamental and his nonfundamental information advantages
over market makers, and consequently, the insider exploits his information
advantage regarding noise traders’ overreaction

Because of the feedback effect, the insider camouflages his fundamental
information by trading on his nonfundamental information. As the transaction
cost goes to zero, the insider’s trades on fundamental information and
nonfundamental information approach infinity in the same order. As a result,
market makers cannot distinguish between the two types of information.
Consequently, the equilibrium stock price is not fully revealing. This result
holds even when the insider is risk neutral but noise traders overreact to new
information (the noise supply is mean reverting), in which there is only a
feedback effect. This nonfully revealing result is consistent with the empirical
evidence of [Meulbroel ), but in contrast to that of m ) and
CvV (M), in which equilibrium prices are fully revealing in the continuous-
time limitf In addition, the feedback effect contributes to the “excess price
volatility” of a stock compared with the simple present value model with a
constant discount rate (see EamphdLan.d_Shﬂleﬂ (1984; [Fama and FrencH,
[1ogd) [

When the correction speed of noise traders’ overreaction increases (an
increase in the mean-reverting speed of the noise supply), the amount of noise
trading (measured by the variance of the quantity traded by noise traders) in any

Recall that in[Wangd (I993) work, uninformed investors observe the price or equivalently a linear function of
the noise supply and the expected growth rate of dividends in the current period. Because informed traders’
information advantages regarding the noise supply and the expected growth rate of dividends are perfectly
negatively correlated, informed investors trade only on their information advantage on the fundamentals, and
trading on their information advantage regarding the noise supply does not add value to them.

As market makers observe the total order flow, their estimation errors regarding insider’s inventory and the
noise supply are perfectly negatively correlated. Equivalently, insider’s trading on nonfundamental information
is either on market makers’ estimation error regarding the noise supply or on that regarding insider’s inventory.

The empirical evidence of [MeulbrocH (19923) suggests that the market infers informed trading and impounds a
large portion of it, but the market does not incorporate all of the private information into the stock price before
the private information becomes public.

To see this point, consider risk-neutral investors in both competitive and strategic models, such as those studied
by CK, Wang, and CV. Because the equilibrium price is fully revealing, the price volatility is equal to the volatility
of the fundamental value. Because of the feedback effect, the equilibrium price is more volatile in our model
than in these models when the insider is risk neutral.
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interval decreases. Because of the feedback effect, however, the insider trades
more aggressively on both nonfundamental and fundamental information,
leading to a less informative and more volatile price. Economically, we
demonstrate that rational traders can destabilize prices in the presence of
overreacting noise traders. In contrast, in the work of CK ) and

), noise trading does contribute to the excess price volatility, but when the
correction speed of noise traders’ overreaction increases, the price becomes less
volatile. Intuitively, when the noise supply reverts to its long-term value faster,
the amount of noise risk declines. Because informed traders provide liquidity
to noise traders, they would require a smaller risk premium, leading to a smaller
price variability. Informed traders thus stabilize the price in these models.

Because of the feedback effect, our model also generates interesting results
on the relationship between insider’s risk aversion and the price impact.
The traditional view is demonstrated by [Subrahmanyand (1991)) and [Baruch
(M); that is, the price impact always decreases with insider’s risk aversion,
because a more risk-averse insider trades less aggressively on his fundamental
information because of the hedging effect. In our model, their result holds only
when the amount of fundamental information is small or the insider is very
risk averse (the hedging effect dominates). When the amount of fundamental
information is large, however, arise in the risk aversion of the insider can lead to
a larger price impact (the feedback effect dominates). Strikingly, a risk-averse
insider may trade more aggressively on his private fundamental information
than a risk-neutral one does in equilibrium.

The feedback effect in our model is due to either the mean reversion of
the noise supply or the risk aversion of the insider. There are similarities and
differences in the effects of these two mechanisms on the properties of the
equilibrium. Because of the feedback effect, an increase in the mean-reverting
speed of the noise supply or the risk aversion of the insider causes the insider
to trade more aggressively on nonfundamental information, leading to a less
informative and more volatile price, as well as a smaller (larger) price impact
when the amount of private information is small (large). The main difference
is that the mean reversion of the noise supply generates a pure feedback
effect, whereas the insider’s risk aversion induces both a hedging effect and
a feedback effect. As a result, for the risk-aversion mechanism, the value of
private information is less than that when the insider is risk neutral and the noise
supply follows a random walk; the expected insider’s trade based on market
makers’ information is nonzero; and the insider can trade positively on market
makers’ estimation errors regarding the noise supply.

Our model generates unique empirical implications. First, our model predicts
that a faster correction speed of noise traders’ overreaction leads to a higher
idiosyncratic volatility of a stock[M] Second, our model predicts that a faster

Because private information is more likely to be firm specific, we should use the idiosyncratic volatility in
empirical tests and control for the price volatility due to systematic factors and industry factors.
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correction speed of noise traders’ overreaction leads to more aggressive trading
by the insider on his information advantages regarding both fundamental
information and noise supply. The second prediction is about the existence of
the feedback effect. These predictions can be tested using data on the holdings
of institutional investors (proxy for the insider) and individual investors (proxy
for noise traders). In addition, because the insider is risk averse in our model,
he trades against his inventory. As a result, insider’s order in the current period
and his inventory in the previous period are both positively related to future

stock returns, consistent with the empirical findings ofIB_Qn_nQLL_S_]_as_a.n.cLS_];ankd
(2003), [Yan and Zhand (009), and Baik. Kang. and Kind (2010). These results
cannot be obtained by previous strategic trading models, such as@ ),
[Back (]_]_9_92), Naxangs] (IZDD_]]), and CV ). Our model further predicts
that the forecasting power on future stock returns by insider’s trade in the
current period increases with the correction speed of noise traders’ overreaction,
whereas the forecasting power on future stock returns by insider’s holdings in
the previous period decreases with it.

Our paper is related to the literature on the high stock price volatility.
CK (1993) an !ggsd 11993) re ely on exogenous noise supply; Campbell
and Cochrane ) resort to a habit-formation argument; and m

) employs information uncertainty to explain the high price volatility.
We demonstrate that a feedback effect arising from insider’s trading on
fundamental and nonfundamental information contributes to additional price
volatility.

Our paper is also related to the literature on multidimensional information
under both strategic and competitive paradigms. [Rochet and Vild (1994)
investigate a static Kyle-type model in which the insider knows the noise
beyond his fundamental 1nformat10n Because this is a static model, there is
d (2009) and [Manzano and Vived (2011))
] ) work by allowing the informed traders
to observe the noise supply Because the price is a linear function of the
fundamental information and the noise supply, the estimation errors on the
fundamental information and the noise supply are perfectly correlated. As
a result, there is no feedback effect. [Amador and Weill (2010) consider an
economy in which workers observe a private signal regarding productivity
and learn monetary shocks from public prices. They show that the feedback
effect between aggregate price and labor supply may lead to a reduction in
the price informativeness. [Goldstein, Ozdenoren, and Yuad (IZQ_L]]) study the
informational feedback from the trading of currency speculators to policy
decisions of central bankers. They show that the learning process from the
aggregate trading of speculators can give rise to coordination motives among
speculators, leading to large currency attacks and introducing nonfundamental
volatility into exchange rates. These papers do not study the feedback effect
between the trading on fundamental information and that on nonfundamental
information in an infinite-horizon model.
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1. Model Setup

We consider a continuous-time model over an infinite horizon (—o0, 00). There
is one consumption good and two financial assets: a risk-free bond and a risky
stock. Three types of investors exist in this economy: an insider, noise traders,
and market makers.

1.1 Assets and fundamental information

The bond yields an exogenous and constant rate of return r (r > 0). Each share
of stock generates a flow of dividends at an instantaneous rate D, at time ¢.
Adopting from CK (@), we assume that D, follows a Brownian motion with
a time-varying mean, according to the processes

dD,=a;l,dt+opdBy;, (1)

dl;=—a;I,dt —mopd By, ++/2n—n*0pd By;. 2)

Here, «; is a positive constant, and Bj, follows a standard Brownian motion
process. The process I; reverts to zero. n and op are positive constants, with
0 <n <2; By, isastandard Brownian motion process independent of Bj,; and the
parameter oy measures the reverting rate. oy I; can be interpreted as the expected
growth rate of dividends, which is observed only by the insider, whereas D;,
is public information known to all investors in the economy. The information
processes in Equations () and @) ensure the following equations:

E{ls|D(—00,1]}=0, E{Dy|I(—00,1]}>0, 5=0. 3)

Equation (B) means that the history of the D; process cannot forecast the future
values of I; but the history of the I, process can forecast the future values of
p,[7

Following CK (@), we define the fundamental value V, as the discounted
value of expected future dividends, conditional on all available information in
the economy up to time #:

V.=E |:/Ooexp(—rs)D,+Sds|.7-"(t)i|, 4
0

where F(t) denotes the o-field generated by {(Djy, I;):s € (—0o0, t]}@ In the
Appendix, we show that V; is a linear function of D; and I;. We thus term

The assumption that the mean-reverting speed of /; and the coefficient of 7 in the drift of D; are equal may seem
restrictive. However, as shown by @3, given Equation @ and the fact that D; and I;
follow a continuous-time VAR process, the two-dimensional processes of Dy and I; are uniquely determined after
rescaling. [Wang (I993) considers an information structure given by d D=1dt+b1d B anddI=—aIdt+byd By,
where B and Bj are two independent standard Brownian motions. We can prove that after a reacaling exercise,
the processes in Wang are equivalent to Equations (I and .

In CK, because of the CARA utility function, the risk aversion of investors increases the expected return on a
stock by reducing the stock price via a separate risk premium term rather than an increase in the discount rate.
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D, and [; fundamental information. In particular, as I; is known only to the
insider, it is termed private fundamental information@ Because the ratio of the
instantaneous variance of I, to that of D, equals 2n, we interpret parameter n
as a measure of the relative amount of private fundamental information.

1.2 Noise traders, the insider, and nonfundamental information

Following CK (1993) and [Wang (1993), we assume that the supply of noise
traders (hereafter noise supply) follows a mean-reverting process:

dU[:_aU[dt'FO'Ustt, (5)

where a and oy are positive constants and Bs, is a standard Brownian motion
process independent of By, and By,. Amean-reverting noise supply is commonly
adopted in the literature. As discussed already, we interpret a mean-reverting
noise supply as the overreaction of noise traders to new information, in which
parameter a measures the mean-reverting or the correction speed of noise
traders’ overreaction.

The insider has monopoly power over I;. He has an exponential utility of the
form:

1
U(Cr)=—;exp(—pt—)/cr), (6)

where p is the time-preference parameter; y is the risk aversion coefficient; and
C, isthe consumption rate at time 7. The insider chooses C, and a trading strategy
to maximize his expected utility over an infinite time horizon, conditional on
his information set.

Kyle dl%ﬂ)JB_agH M),M;Langd (IZLXL]]), and CV M) demonstrate that
the insider adopts a smooth trading strategy in the continuous-time limit because
he trades strategically by taking into account the price impact. Following these
papers, we consider the form of insider’s trading strategy to be

dX,=6,dt, (7

where X, denotes his stock inventory at time t Hence, the insider chooses the
order rate 6;, whereas X; is a state variable. The insider does not observe noise
traders’ inventory U; directly. Because he observes the history of the dividend,
the private fundamental information, his own inventory, and the stock price up
to time ¢, he can infer U, perfectly from the price. Hence, the information set of
the insider at time ¢ is F; (), the o -field generated by {( D, I, Us): s € (—00,1]}.

It is intractable for us to solve the model in discrete time when the insider
is risk averse. For tractability, we solve the model in continuous time. To

We simply refer to /; as fundamental information whenever it does not cause confusion in the rest of the paper.

The intuition for this smooth-trading strategy is as follows. Suppose the price before trading is P—. After the
insider submits an order of d X, the price is given by P_+d P. The market impact cost on the trade is then given
by d Pd X, which is in the order of (d1)3/2.1f there were a diffusion partin d X, then d Pd X would be in the order
of dt, increasing the market impact cost significantly.
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ensure a bounded solution, we assume that the insider incurs a quadratic trading
cost whose rate is given by %k@tzdt at time ¢, where k is a positive constant.
[Subrahmanyan] (1998) has considered this type of cost, and interprets it as a
tax associated with insider’s trade size. In essence, the adoption of this cost
function is a modeling device allowing us to obtain tractable interior solutions.

As X and U contain information that is not related directly to the fundamental
value V, we term them nonfundamental information.

1.3 Market makers and the stock price function

Market makers are risk neutral. At each time ¢, the insider and noise traders
submit market orders to market makers, who observe the accumulated order
flows w and dividend information D up to time ¢, where {w;=X;+Us,s €
(—o00,t]}. They set the stock price competitively, at which they trade with the
insider and noise traders, conditional on their information set F,(¢), the o -field
generated by {D;,w;:s € (—o0,t]} at time . They earn zero expected profits.
In the Appendix, we show that the equilibrium stock price is given by

o0 D P
Pz=E|:/ eXp(—rS)DmdSIfM(t)}=—Z+M1f7 (®)
s=0 r

where = r(rm[) and I, = E[L,| Fyu (1)].

The first component in the price function represents the discounted value of
expected future dividends based on dividend information at time ¢. The second
one represents the discounted value of expected future private fundamental
information based on market makers’ information set. As /, follows a mean-
reverting process, the parameter © depends on both r and «;. Risk-neutral
market makers allow us to focus on the impact of the feedback effect on the

price dynamics under information asymmetry. A model in which market makers

are risk averse is considered by |Guo and Kyld (2012).

2. Equilibrium

This section solves for the equilibrium of the economy. An equilibrium consists
of an insider’s trading strategy {6;};e(—occ,00), his optimal consumption rate
{C}ie(—o0,00)» and a price function {P;};e(—o0c,00)- Given the pricing rule and
market makers’ updated beliefs, the insider chooses his consumption and
order rates optimally by taking into account the impact of his trades on the
equilibrium price. Given insider’s trading strategy, market makers then solve a
Kalman filtering problem to update their expectations about the underlying state
variables, setting the price efficiently. We consider only a linear equilibrium,
in which insider’s order rate is a linear function of his state variables. Similar
to m M) and CV M), we consider a steady-state equilibrium in
which these functions are time independent.
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2.1 Insider’s candidate strategy and market makers’ filtering problem
Market makers learn about the values of private fundamental information 7,
noise supply U, and insider’s inventory X, given the history of dividends and
order flows to time ¢. In equilibrium, the order flows observed by market makers
are affected by their beliefs about I, U, and X, so they must first figure out
the trading strategy of the insider. We conjecture that the sufficient set of state
variables at time ¢ consists of I;, U,, and X 5 and market makers’ Condltlonal
expectations of these variables, I,, U,, and X,, where I, E[L|Fu(®], U,
E[U,|Fu(t)], and Xt E[X:|Fu(t)]. We confirm this conjecture later.

Lemma 1. [7, and )?t satisfy the condition:

U, —U)=—(X,—X)). 9)

Proof. E[w|Fyu®]l=w=X,+U,=X,+U, or (U,—U,)=—(X,—X,). M

According to Lemma [Il given the order flow, if market makers increase
their estimation of U,, then they will lower their estimation of X, accordingly.
Conjecture that insider’s order rate is a linear function of market makers’
estimation errors of 7, U, and X:

6,= filli— 1)+ fo(U, — U+ fX,, (10)

where f|, f», and f3 are constants. When the noise supply follows a random
walk and the insider is risk neutral, insider’s trade reduces to 6, = f;(I; — E) as
in CV’s M) work. For simplicity, we shall omit subscript ¢ in the rest of the
paper whenever it does not cause confusion. We next summarize the solutions
to market makers’ filtering problem.

Proposition 1. Market makers’ beliefs, (T, U , X )T, evolve according to

dl —a1(1+m1) ah1 —f3h1 1
dU | = | —mea; —a(l—h)) —fsho U |dr
dX —m30y ahs f—=hy) | \X
hy mi
+| hy |dw+ | my |dD, (11)
h3 ms3

where the updating rules h=(h1, ha, h3)T and m=(my, my, m3)T are
3 x 1 vectors determined by

hy m fi oo 0 —nop 2
hy my|=|%| foma 0 |+|c2 0 x(l/g’f 1/?72>. (12)
h3 ms f3 0 0 0 D
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The variance-covariance matrix

S=E||(U-U|(-1T, U-U, X-X)|Fu®) (13)
X -

<))

is determined by

—_

T, =ATE A, A=< ; _01), 2;:(2”(” 212(’)). (14)

So1(t) ()

(e

¥, is given by
R = = _ire T
d¥i=aoT+%al +2—[Zq0" +q1](g) ' [Eq0" +a1] . (15)

5 2no3 0 T _ h ap
Q_< 0 of) P \p—a-p o)
(0 —nag _ 012] 0 _ _(—a; O
ch_(aé 0 )’ %-—(O o2) o -a)
The steady-state equilibrium is defined by the condition that d ¥, =0. d Z; =0 if

and only if X, =%* =AT2_)_*A for all time t, where £* is a 2 x 2 matrix. In the
steady-state equilibrium, X* can also be expressed as a function of # and m:

where

20,27, = (Znaé —h%oé —mfcr[z)), (a+a)E],=— (h1h205+m1m203),

2a%3,=[(1-h3)og —m30p]. (16)

As shown in Equation (1)), market makers update their beliefs about I;, U,,
and X, given both their prior beliefs about /,_4,, U,_4;, and X,_4, at time t —dt
and the new information at time ¢, including the order flow dw, and the dividend
surprise d D;. We term the constants /& and m the updating rules of market makers
with respect to the order flow and dividend surprise, respectively. Note that the
drift part of (T, U , X ) reflects market makers’ prior beliefs about (I;,U;, X,),
adjusted by their prior beliefs about dw, and d D, attime ¢ — dt. Insider’s trading
generates an endogenous relation between private fundamental information and
nonfundamental information based on market maker’s information set. Market
makers then use order flows and dividends to update their beliefs on U and
X (nonfundamental information), leading to nonzero m, and m3. Because the
insider trades positively on his fundamental information advantage, market
makers perceive that they underestimate private fundamental information given
a buy order, leading to a positive #;. Lemma [l implies that h,+h3=1 and
np=—mas.

Equation (I2) links the updating rules 4 and m with the steady-state variance-
covariance matrix X. 4 and m can be understood as the regression coefficients
when /;, U,, and X, are regressed on dw, and d D;, given market makers’ prior
beliefs at time 7 —dr. To further understand market makers’ updating rules, we
restate I, U, and X in the following corollary.

257

GTOZ ‘G auUNnC Uo Ssausng JO [00YdS alenpels) Buoy Burey) e /B10°S [euIno pioxo's//:0ny wolj pepeoumoq


http://rfs.oxfordjournals.org/

The Review of Financial Studies | v 28 n 1 2015

o~ o~

U, X )T can also be expressed as

ami+hi fi  —(a+ fz3— f)h
dt+ (X]Wl2+h2f1 —(a+f3 —f2)h2
armz+hs fi  —(a+ f3— f2)h3

Corollary 1. The process of

(
d/]\ —a;y 0 O
du |=| 0 —a 0
dxX 0 0 f3

I—1 m|op O h]O’U dB]
(U U)dl+ myop 0 hyoy dB,
msop 0 h3GU dB3

<) )~

The drift parts of d T, dU ,andd X can be decomposed into two components.
The first component is related to the mean-reverting speeds of I, U, and X,
and the second component is related to market markers’ estimation errors of /
and U.As U —U = —(X- X ), we do not need to include X — X in the above
process. Interestingly, market makers’ updated beliefs depend on both (1 — 1) )
and (U — U ), even though U is uncorrelated with I. The reason is that the
insider trades on his fundamental and nonfundamental information advantages.
Consequently, both 7 and U are incorporated into 1. In contrast, when a =0 and

y =0, as in CV (M) fo=f3=0and Tis given by
d1=—a11+(a1m1+h1f1)(1—I)dt+m10DdBl+h10UdB3,

where T does not depend on U.

2.2 Insider’s investment opportunities

To characterize insider’s investment opportunities, we define the instantaneous
excess dollar return of the stock as d Q =(D —r P)dt+d P, which is the return
on the zero-cost strategy of buying one share of stock by borrowing fully at the
risk-free rate. Given the process of (I U ) in Equation ([ and the conjectured
trading strategy d X =[ f1(1 — D+ H(U—TU)+ f3 X|dt,itis easy to calculate Q,

v —/I\), U - U ), and X. The results are summarized below.

Proposition 2. Let Y7 =(] — T U-U ,X), where ‘T’ denotes the transpose.
The process Y is of the following form:

dYy anYdt+§9d[+bydB

—(l+myp)oy (a+ f3)h f3h —hy
= —moog —a+(a+f3)h2 f3h2 Ydt+| —h, | 0dt
0 0 0 1
—(op+myop) +/2n— 77 op  —hoy
+ —mo0p (1—]’12)0’1] dB, (17)
0 0 0

where dB = (dBl, dB,, dB3)T. The excess return d Q is given by
dQ=dP+(D—rP)dt=ayYdt+)0di+b,dB, (18)
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where A = uh | measures the price impact, and ag and b are functions of m, h,
and f:

T T
aQ:[O%ﬂLmlal, —AMa+ f3), —)»f3] . bo=("P+umiop, 0, roy) .

This proposition is a direct result of Proposition [[} and thus we omit its
proof. (I — LU-U , X) are the state variables governing insider’s investment
opportunities. Note that (ag Y +A0)dt represents insider’s expected return. This
proposition demonstrates how insider’s trading influences the expected values
of dY angl\ d Q. One unit increase in 6 causes /&; and /i, unit decreases in [ — I
and U — U, and X dollarincreasesin Q. As A is positive, Equation ([8)) illustrates
that the insider perceives his buy order to increase the expected return. As in
Kyle’s (@) work, A measures the price impact, which is defined as the inverse
of the order flow necessary to induce the price to rise or fall by one dollar, that

is, A= %—5 = ,ug%g =uh, and market depth is defined as the reciprocal of A.

2.3 Insider’s maximization problem

Let W, denote insider’s wealth, 6; his order rate in the stock, X, his inventory
in the stock, and C; his consumption rate at time ¢. The insider’s optimization
problem is given by

1
maxE[—/ —exp(—,os—yCS)dsl}'I(t)],
6.¢} r Y

1
s.t. dW:(rW—C—EkOZ)dHXdQ. (19)

Note that the control variable of the insider at time ¢ is 6;, whereas X, is a state
variable.

Let J(W,Y,t) be the value function, which satisfies the following Bellman
equation:

1
0 = maxE |:——exp(—,0t—yC,)dt+dJ(W, Y,t)|_7-',(t)],
: Y

1
s.t. dW:(rW—C—EkGZ)dHXdQ,

lim E[J(W,Y,t+5)|F;(t)]=0, (20)
§—>00
where F;(t)={(Dy, I, Uy):s € (—00,]}. The solution to this problem is given
below.

Proposition 3. The optimal value function of the insider is given by

1 YTLY
JW, Y, t)=——exp| —pt —Zo—y | rW+Vo+ , 21
ry 2y
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where Zo=—(r—p)/r, and Vy= 5y tr(bTLby) represents the annualized
steady-state value of private fundamental information. The optimal order rate
0 is given by

ryAX+YTLe

g=—-—""—. 22
ryk (22)

The optimal consumption rate is given by
1 1 .
C=— ryW+yVo+ZO+§Y LY |, 23)
14

where L satisfies the following equation at steady state:

0=rL—ry(izap)—ry(agii)—(aj L+Lay)+(ry) (bybo)isi] )

Lc Ai3\ [ L¢ r .
Lbybl L k = = Lbyboil
tLbybyL=ry <ryk k ><ryk k> +ry)Lbybots

+(ry)isbyby L, (24)

whereiz=(0, 0, I)T, andag, by, ay, ¢, and by are defined in Proposition[]

Equation 22)) verifies the conjectured form of insider’s trading strategy. The
insider’s order rate depends on I — 1,U— U and X. Notice thatinsider’s trading
strategy depends only on 7 — / 1n|K;dd (1989),[Bacd 1992, and CV (M) We
now explain the implication of this strategy. The insider trades positively on his
fundamental information advantage, I — I, so f1 > 0. Because the insider is risk
averse, he tends to hedge the inventory risk by trading against his inventory
(f3 <0); that is, he reduces (increases) his inventory when it is high (low).
The risk-averse insider also reduces his trading on fundamental information
compared with a risk-neutral insider (a smaller f7), as those of]

(1991) andBarucH ©2002). We term this effect the hedging effect.

We now discuss the intuition of insider’s trading on U —U. Because the
insider observes the price, he caninfer U perfectly. The insider can then estimate
future order flows more accurately than can market makers, because of the
mean-reverting properties of U and X. As a result, the insider can trade on both
U—U and X — X, which is equivalent to trading only on U —U U [19 We refer to
insider’s nonfundamental information advantage as U — U.

Importantly, there exists a self-reinforcing mechanism between insider’s
trading on fundamental information and that on nonfundamental information,
which we term the feedback effect. Insider’s trading on nonfundamental
information makes it more difficult for market makers to infer fundamental

16 | emma 1 shows that U —L7:—(X—)?).
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information, allowing more aggressive trading by the insider on fundamental
information than in the case in which the insider has no advantage on
nonfundamental information[] When the feedback effect is sufficiently strong,
we demonstrate that a risk-averse insider can trade even more aggressively on
fundamental information (larger f;) than a risk-neutral one does. The next
section shows that the feedback effect is the key to understand the results on
price informativeness, liquidity, and price volatility.

The insider in our model trades strategically and smoothes his order over
time. Using Equations @) and (I0), we obtain that based on the information
set of market makers, observing w;, is equivalent to observing

U+ / LA L, +(fo— f5)Us Jds. 25)

Notice that this variable is a linear function of the noise supply U and
the expected growth rate of dividends / in both the current period and the
previous periods. This historical dependency enables the insider to trade on
both his fundamental and his nonfundamental information advantages over
market makers separately. In contrast, the competitive informed investors of
m (@) trade only on their information advantage on the fundamental
information, and trading on their information advantage regarding the noise
supply does not add value to them. Intuitively, conditional on the uninformed
traders’ information set, observing the price is equivalent to observing a linear
function of the noise supply U and the expected growth rate of dividends [ in
the current period. Consequently, according to Lemma 4.1 of] m @), the
informed investors’ information advantages on / and U are perfectly negatively
correlated.

We next examine the limiting case in which the insider is risk neutral (y =0).
We assume that p=r, because if p #r, a risk-neutral insider either consumes
everything instantaneously or postpones consumption permanently.

Corollary 2. When the insider is risk neutral, the solution to Equation )
is given by

1 -1 -
J(W,Y,t)=—exp(—rt) <rW+ v0+§YTLY). (26)
r
The optimal order rate 6 is given by
rAX+YTLt
0= —m—. 27)
rk
The optimal consumption rate is given by
-1 -
C:rW+V0+5YTLY, (28)

Note that insider’s trading on fundamental information makes it more difficult for market makers to infer
nonfundamental information as well, allowing more aggressive trading by the insider on nonfundamental
information.
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where V= %tr(b? Lby) and L satisfies the following equation at steady state:

- - T
_ o Lt ais\(Lc ai
0=rL—r(isal)—r(agil)—(al L+Lay)—rk <r_/§+£> <r_l§+%) . (29)

This corollary is used to examine the equilibrium properties in the next section
when the insider is risk neutral, in which only the feedback effect exists.
Equations (12)), (I&), @2), and @4) determine the equilibrium. We can then
solve insider’s consumption from Equation 23). When y =0, we can solve the
equilibrium more conveniently with Equations (I2)), (I&), @), and @9).

3. Price Informativeness, Market Liquidity, and Price Variability

In this section, we present our main results regarding the equilibrium properties,
such as the price informativeness, market liquidity, and price variability. For
comparison with m M) and CV ), we focus on the limiting
case in which the quadratic cost coefficient approaches zero. Some of our main
results, such as the price is not fully revealing, will obviously go through when
the cost coefficient is a positive constant.

We define the price informativeness by RI=1— %ﬁ%, that is,
the proportion of private fundamental information I, being incorporated into
the price due to the insider trading at time . Because we study only the steady-
state equilibrium, R/ is constant over time and is in the range between zero
and one. The constant price informativeness implies that new information
is incorporated into the price at a constant rate. Using Equation (I€), a
simple calculation shows that Var(I;|Fy(t))= [2770[2) —h%aé —m%ag] /Qay)
and RI = [h%oz +m%<72 (2770%).

Similar to @ ), we measure the stock price variability by the
instantaneous variance of the price. Differentiating the stock price process in
Equation () yields

1 ~
dP,=—dD,+pudl,. (30)
r
The instantaneous variance of the price is given below.

Proposition 4. The instantaneous variance rate of the price is of the form:

2 2 2
o2=Var[dP|Fyl/dt= [‘;—Q +202 (o — S+ w} . 3D

The variance comprises three parts. The first part JI%D = 0123 /r? is the
instantaneous variance of the present value of future dividends based on D;
the second part 2,u2(77612) — X a7) represents the instantaneous variance of the
present value of I; based on D and w; and the third part 2m, ,wa) /r represents
the adjustment due to the correlation between d D and d 1.
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3.1 Fully revealing equilibrium with a risk-neutral insider

There are two ways of studying the equilibrium properties in the continuous-
time limit with a risk-neutral insider. CV ) start with a discrete-time
setting in which there is no trading cost. They arrive at the continuous-time
limit by taking the time interval to be zero. We start with a continuous-time
model directly and then take the quadratic cost to be zero. To obtain compatible
results, we impose that @ =0 and y =0 as in CV, namely, the noise supply follows
a random walk process and the insider is risk neutral.

Proposition 5. When a=0, y =0, and the quadratic cost is small (k — 0), the
limiting behaviors of the equilibrium are given by

~ _V/2n—n*op

hy—h=Y""T"2 =, (32)
oy
~ [r+2(1—n)ay]
~/?f1—>f1=‘/%, £=0, f3=0, (33)
1
ri? 0 r
e, T s 2
- r+2(1—1) -
L— o "o ol Vemuv/Cn—mdopou, (34
ru 0 0

LI Sl (35)
— n=—=
vk fi

where L and V; are defined in Corollary 2l

This proposition shows that Xy, the conditional variance of market makers’
estimation error of fundamental information, (I, —1;), goes to zero as k
approaches zero, leading to a fully revealing equilibrium in the limit. Note that
because the insider reveals perfectly his private information, market makers
can infer the values of d B; and d B,. Market makers know that the shock to
I is —nopd By ++/2n—n*0pd B,, they can deduct the shock related to d By
using the dividend surprise nopd B;. Hence, m; converges to —n. As a result,
hy converges to a constant 4 and depends on only the instantaneous variance
rate of the d B, part in the dI process. The insider’s trading intensity on the
fundamental information, f, goes to infinity in the order of 1/+/k. Because
the insider trades only on his fundamental informational advantage, f, and f;
are both zero, and market makers need to update only their beliefs regarding
I. Hence, the expressions related to the nonfundamental information, such as
Y12, X2, hy, m,, are absent.

By rearrangement, insider’s value function has a simple form in the limit:

1
J(W,Y,t)=—exp(—rt) [rM+rXV+,u\/ 2n— nz)aDUU:I ,
r
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where V is the fundamental value defined in Equation @). The value function is
determined by two parts. First, M+ XV =M +(D/r+uI)X represents insider’s
wealth with the stock evaluated at the fundamental value V, where M denotes
insider’s position in the bond. The second part represents the value of his
private information. We obtain a positive value of private information, because
the insider trades infinitely aggressively though his profit per share goes to zero.

Intuitively, the steady-state equilibriums of [Vayanod (2001l), CV (2008),
and this special case of our model ensure that the price impact is constant.
The insider is impatient because the value of old information decays with
new information arriving continuously and he discounts future consumption
at a rate of r. Hence, even a risk-averse insider (as that of m )
tends to trade infinitely aggressively on market makers’ estimation error of
the private information in the continuous-time limit, as he can walk along
the residual supply curve infinitely fast. Consequently, the insider reveals his
private information instantaneously. We next demonstrate that the price no
longer reveals private information instantaneously when the insider also trades
on his advantage over nonfundamental information.

3.2 Nonfully revealing equilibrium with a mean-reverting noise supply
and a risk-neutral insider

Here, we consider the scenario in which insider’s trading on nonfundamental
information is caused by the overreaction of noise traders or the mean reversion
of the noise supply (a). We impose that the insider is risk neutral (y =0). In
this case, the equilibrium is driven only by the feedback effect. We focus on
the case in which the trading cost approaches zero. To obtain semi-closed-
form solutions, we consider a special case in which a is small We then
use numerical solutions to study the case of a general @ when k is small. We
summarize the results in the following proposition.

Proposition 6. When y =0, a — 0, and k — 0, there exists a linear, nonfully
revealing equilibrium, and the limiting properties are given by

—_~

—_— >
o= VkEn+aZy, Tin—Zhn, Ino—, (36)
- I a
fi+af af
f_) —’ f_)_—’ (37)
1 NI Tk
h—h+ahy, hy—hy, my—iram, my—>in,  (38)
> >
Zu_Zu  _f (39)

18 ck (03 find empirically that the mean-reverting speed of the noise supply is small.
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~ / - —_~ D r2 o~ ~
Wherehl = —Zr] Un b ;;l-i =-n, fl / —v—“['-'—z(hll_n)al] s 211 = —v—hlfTU . 222 > O, l’lz > O,
ﬁ>0,ﬁ<0,&>0, andm>0.Also,ﬂ<O, ifn< 1;@:0, ifn:l;ﬂ>0,
if n > 1. The instantaneous variance rate of the price 05 is given by

) o [2mopm
op—=>0, +| — |a,
f r+og

2
where a; = L _2pu? —naD is the fully revealing price variability.

Note that the expressions for 2/171, l’fl, my, and ]71 take the same form as in the
benchmark case in which the insider is risk neutral and the noise supply follows
a random walk process. Because the insider does not trade on nonfundamental
information in the benchmark case, X1, hy, my, f1 , and f2 represent the
deviations of the solutions from those in the benchmark case. The insider now
trades on his information advantages on both fundamental information and the
noise supply, so there is an endogenous correlation between these two types of
information, that is, ¥,, converges to a nonzero constant X,. In addition, the
insider uses dividend and order flow information to update his beliefs on the
noise supply; that is, 4, and m, converge to two constants. X, the conditional
variance of market makers’ estimation error of the noise supply, also converges
to a finite constant Xy, /a

This proposition shows that as k approaches zero, f; and f, approach infinity
in the same order of 1/ \/_ E but X, the conditional variance of market makers’
estimation error of the fundamental information, remains positive as long as a
is nonzero. We thus arrive at an equilibrium price that is not fully revealing.

The feedback effect between insider’s trading on his informational advantage
over the noise supply and his trading on his informational advantage over
fundamental information explains the nonfully revealing result. Though the
insider does not observe noise directly, as he knows his own inventory, he
can back out perfectly the noise supply from the price. Because the noise is
mean reverting, knowing the noise supply in the current period gives the insider
information advantage over market makers regarding the future realizations of
the noise supply. For example, when market makers underestimate the noise
supply in the current period, they tend to overestimate the noise supply in future
periods, inducing the insider to trade negatively on U — U (f> <0). This in turn
allows the insider to camouflage his fundamental information by trading on his
nonfundamental information, leading to more aggressive trading on / — I than

We omit the discussion related to market makers’ beliefs on insider’s inventory X, which can be derived from
Proposition[T]

This is a key result that leads to a nonfully revealing price. If f; were infinity but f, were finite, then the price
would also have been fully revealing. Even if f; were to approach infinity faster than f,, the price would have
been fully revealing.
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in the benchmark case of a random noise (f; >0). Strikingly, Equation (39)
shows that as the trading cost goes to zero, market makers’ estimation errors,
[-TandU-U , tend to be perfectly correlated. This result is due to insider’s
infinitely aggressive trading on these two types of information P It means that
market makers cannot make any distinction between insider’s trading on his two
types of informational advantages when the trading cost goes to zero, leading
to a nonfully revealing equilibrium.

Note that when the noise supply follows a random walk, as in M)
and CV’s M) work, the insider can also infer the noise supply in the previous
period from the price. Because noise is random, knowing previous noise does
not give the insider information advantage on future noise. Hence, the insider
will not trade on noise.

This proposition also shows that because of the feedback effect, the price is
more volatile than in the case in which the noise supply follows a random walk
process. In other words, through the feedback effect, the overreaction of noise
traders contributes to the “excess price volatility” of a stock compared with
the simple present value model with a constant discount rate (see Campbell
and Shiller, ; R ). When the correction speed of
noise traders’ overreaction increases (an increase in the mean-reverting speed
of the noise supply), because of the feedback effect, the insider trades more
aggressively on both nonfundamental and fundamental information, leading
to a less informative and more volatile price. Economically, we demonstrate
that rational traders can destabilize prices in the presence of overreacting noise
traders. In contrast, in CK’s dlﬂ%j) and Man,gjsl (]121’1) work, noise trading
does contribute to the excess price volatility, but when the correction speed of
noise traders’ overreaction increases, the price generally becomes less volatile.
When the noise supply reverts to its long-term value faster, the amount of noise
risk declines, so rational investors would require a smaller risk premium in
providing liquidity to noise traders, leading to a smaller price variability.

Because of the feedback effect, our model also generates interesting results
on the relationship between the mean-reverting speed of the noise supply a and
the price impact A.

Corollary 3. Suppose a — 0 and k — 0. If the amount of private fundamental
information is small (n < 1), then A declines as a increases; if the amount of
private fundamental information is large ( > 1), then A rises as a increases.

Recall that A=ph;. When the amount of private information is small (a
small 1), the insider has less incentive to camouflage his private fundamental

This perfect correlation can be seen from Equation (2. As the trading cost k goes to zero, both fi and f,
converge to infinity. As in Proposition [@ denote that f1=f; /~/k and h=5 /{E. Because both A and hyp
converge to finite numbers, we obtain that £ f1+X12 f, — 0 and 213 f] + Z23 f> — 0. Rearrangement yields

»
that <L —

P . . -~ -
I Z—; — 0, which means that the correlation between / — 7 and U — U converges to 1 or -1.
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Figure 1

Effects of the mean-reversion coefficient of noise supply Panels A-F plot price informativeness, price
variability, value of private information, price impact, insider’s trading intensity on fundamental information,
and insider’s trading intensity on noise supply. We set r=0.04, y =0, op =0.2, oy =5, and a; =0.025. The solid
and dashed lines correspond to n=0.1 and n=1.5, respectively.

information by his trading on nonfundamental information. As a increases,
the increase in his trading aggressiveness on fundamental information is
relatively small, leading to decreases in /4 and A. Hence, the feedback effect
is weak. When 7 is large, the insider has more incentive to camouflage his
private fundamental information by his trading on nonfundamental information.
As a increases, the increase in his trading aggressiveness on fundamental
information is relatively large, leading to increases in &; and A. In this case, the
feedback effect is strong.

To demonstrate the robustness of both the semi-closed-form solutions and
our logic, we also present the results for a general a using numerical solutions.
Figure [l shows the comparative statics regarding a for n=0.1 and n=1.5,
respectively. It illustrates that because of the feedback effect, an increase in a
leads to increases in the magnitudes of both f; and f,. A rise in a leads to a
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less informative and more volatile price and a larger expected profit for the
insider. In addition, a rise in a leads to a smaller price impact for n=0.1 but a
larger price impact for n=1.53 A

3.3 Nonfully revealing equilibrium with a risk-averse insider

We consider the scenario in which insider’s trading on nonfundamental
information is caused by the risk aversion of the insider. The equilibrium is
now more complicated because insider’s trading is driven by both the feedback
effect and the hedging effect, induced by insider’s risk aversion. We first study
a special case in which both insider’s risk aversion (y) and his trading cost
coefficient (k) approach zero from above. We also impose that the noise supply
follows a random walk as in CV’s model (a =0). Using numerical calculations,
we then obtain the results for a general y when k is small. We summarize the
semi-closed-form solutions as follows.

Proposition 7.  When a=0, y — 0, and k — 0, there exists a linear, nonfully
revealing equilibrium, and the limiting properties are given by

—_~

X

211—>“/E§1/1+)/&, Zp— X, 222—>7, (40)
fi+v fi Y2

leT_, fzéﬁ, »B=v 41

hi—hi+yh, hy—hy, my—i+ym, my—>in,  (42)

Zu_Zo S (43)

X Iy Si

~ —_~ ~ _ —~ h
wherehlz—\’znw A =—n, fi= /MLM Y= 1f , %11 >0,m; >0,
1

f2>0 f3<0 andh2>0 Also, h; <0if n<1; hy=0if n=1; h; >0if n> 1.
The annualized steady-state value of private information is given by

~ L33(T
Vo— Vo+ Yoy =/ (2n—n*)opoy + _r v v, 44)
where L33 <0. The instantaneous variance rate of the price is given by
2uodm
2 2 pML
op—o. +| ———)y,
P Pf r+o; 4

2
where o (= 2 —2u? a’—lnalz, is the fully revealing price variability.

In other words, when the correction speed of noise traders’ overreaction increases, the rational risk-neutral insider
destabilizes the stock price, contributing to the excess price volatility.

It is noteworthy that for general values of a, we find that when 5 <, the price impact increases with a and
when 7 < 1, the price impact declines with a, where 7 can differ from the threshold value of one in Corollary[3]
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Note that the expressions for EFITI, fz], my, and fl take the same form as those
in the benchmark case in which the insider is risk neutral and the noise supply
follows a random walk process. Xy, ki, my, fi1, f2, and f3 in the present
case represent the deviations of the the solutions from those in the benchmark
case. Because the insider now trades on his advantages on both fundamental
information and his own inventory (alternatively, the noise supply), there is an
endogenous correlation between these two types of information; that is, X5,
converges to a nonzero constant X,. In addition, the insider uses dividend and
order flow information to update_his beliefs about the noise supply; that is,
hy and m; converge to two constants. X, the conditional variance of market
makers estimation error of the noise supply, also converges to a finite constant
n/vH

We have shown that in the limiting case, in which the transaction cost and
insider’s risk aversion approach zero, the stock price is not fully revealing.
Insider’s trading intensitieson [ — / TandU — U or f; and f>, go to infinity in the
same order of 1/+/k, but his trading intensity on his inventory, f3, converges to
afinite constant. The insider trades at a higher rate on market makers’ estimation
error of his inventory or his advantage over market makers on nonfundamental
information (due to the feedback effect) than on his inventory itself (due to the
hedging effect).

Because of the feedback effect, the insider camouflages his private
fundamental information by trading on his nonfundamental information, and
vice versa. Market makers cannot distinguish between insider’s trading on
these two types of private information. Equation {3) shows that as trading
cost goes to zero, market makers’ estimation errors of I, and U, tend to be
perfectly correlated, because of insider’s infinitely aggressive trading on these
two types of information. Hence, the price converges to be nonfully revealing;
that is, X;;, the conditional variance of market makers’ estimation error of
fundamental information, converges to a positive number. Although the stock
price is not fully revealing both in our model and in (@% model, the
mechanisms are different. In ) work, the risk aversion prevents
the informed traders from taking large positions to exploit uninformed traders’
estimation errors. If the informed traders were risk neutral, however, the price
would be fully revealing. In our model, because of the feedback effect, the
insider’s trading intensities on market makers’ estimation errors regarding both
the private information and the noise supply approach infinity in the same
order. Because market makers cannot distinguish between the two types of
information, the price is not fully revealing.

This proposition shows that the stock price is less informative as the insider
becomes more risk averse. As a result, the price volatility increases with
insider’s risk aversion. Economically, this result means that the risk-averse

Similar to Section[32] we omit the discussion related to market makers’ beliefs regarding insider’s inventory X,
which can be easily derived from Proposition I}
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insider can destabilize prices in the presence of noise traders, as conjectured by
Kyle m, page 1320). As Vj <0, the value of the signal is less than that when
the insider is risk neutral. Hence, risk aversion decreases the value of private
information. In addition, our model represents the first continuous-time Kyle-
type model in which the expected informed trade based on market makers’
information is nonzero; that is, E[6,|Fy(¢)]= f3X, #0, because of the hedging
effectP3

Because of both the hedging effect and the feedback effect, our model also
generates interesting results on the relationship between insider’s risk aversion
y and price impact X.

Corollary 4. If the amount of private fundamental information is small (1 <
1), then X declines as y increases; if the amount is large (1 > 1), then A rises as
y increases.

The traditional view is demonstrated by [Subrahmanyam (1991)) and [Baruch

); that is, the price impact (1) always decreases with insider’s risk aversion
(y). In our model, A can increase with ¥ when the amount of fundamental
information () is large and the insider is not very risk aversed On the one
hand, a higher y leads to less aggressive trading by the insider on fundamental
information because of the hedging effect. On the other hand, because of the
feedback effect, a higher y causes the insider to trade more aggressively on his
information advantage regarding his future inventories, which can camouflage
more effectively his private fundamental information] As a result, the insider
can trade more aggressively on his private fundamental information.

Recall that A=ph;. When n is small, the insider has less incentive
to camouflage his trading on fundamental information by his trading on
nonfundamental information, leading to a weak feedback effect. As the hedging
effect dominates, %, A, and insider’s trading intensity on the fundamental
information all decline (h, <0 and f; <0). Notice that insider’s trading
intensity on the fundamental information is smaller than that when the insider is
risk neutral, because the hedging effect dominates. When 7 is large, the insider is
more incentivized to camouflage his private fundamental information by trading
on his nonfundamental information. As y rises, insider’s trading intensity on

[Baruch @00F) extends the Kyle model by incorporating a risk-averse insider. Because the insider knows exactly
the value of the risky asset, he does not hedge his inventory.

When the insider is very risk averse, the hedging effect dominates, because the inventory risk, which is a quadratic
function of insider’s inventory, plays the first-order effect. The price impact then declines with insider’s risk
aversion.

A risk-averse insider hedges his inventory risk, so he reduces (increases) his inventory in the stock when his
inventory is high (low), leading to a mean-reverting insider’s inventory. Because a more risk-averse insider
trades more aggressively against his inventory, his inventory reverts to its mean more quickly. Hence, the insider
can forecast his own future inventory more accurately, or he gains a greater information advantage regarding
his inventory over market makers. Consequently, a more risk-averse insider trades more aggressively on his
information advantage regarding his future inventory.
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Figure 2

Effects of insider’s risk aversion Panels A-G plot price informativeness, price variability, value of private
information, price impact, insider’s trading intensity on fundamental information, insider’s trading intensity
on noise supply, and insider’s trading intensity on his inventory. We set r=0.04, a=0, op=0.2, oy =5, and
a7 =0.025. The solid and dashed lines correspond to n=0.1 and n=1.5, respectively. For illustration purpose, we
present f3 x 10 for the case of n=1.5.

his fundamental information increases by a relatively large amount (f] > 0),
leading to increases in h; and A (h; > O)@ In this case, the feedback effect
is strong. As a result, a risk-averse insider can trade more aggressively on his
fundamental information than a risk-neutral one does.

To demonstrate the robustness of both our results and the logic, we next
present the results for a general y using numerical calculations. Figure2shows
the comparative statics regarding y for n=0.1 and n=1.5, respectively. It
confirms that because of the feedback effect, an increase in y leads to an
increase in f, in both cases. Under both the hedging effect and the feedback
effect, arise in y leads to a less informative and more volatile price, and a lower

As the expressions for f and f, are complicated, we are unable to determine their signs analytically, even though
we have closed-form solutions. However, numerous of our calculations show that these results are valid.
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value for the private information. In addition, a rise in y leads to a decline in
f1 and a smaller price impact for a small n but a rise in f} and a larger price
impact for a large r;

To summarize, the results in Sections 3.2] and B3] illustrate the conditions
under which the feedback effect escalates. When the risk aversion of the insider
or the mean-reverting speed of the noise supply increases, the insider trades
more aggressively on his nonfundamental information, camouflaging more
effectively his private fundamental information. Hence, the insider trades more
aggressively on his fundamental information. Because we are concerned about
the impact of insider’s trading on price efficiency and liquidity that are related
directly to the fundamental value, we can measure the strength of the feedback
effect by the part of insider’s trading intensity on his fundamental information,
which is induced by his trading on nonfundamental information. When the
amount of private fundamental information is large, as the insider becomes
more risk averse or the mean-reverting speed of the noise supply increases,
he tends to trade relatively more aggressively on his fundamental information,
leading to an escalated feedback effect and a larger price impact.

It is interesting to compare the two mechanisms associated with the mean
reversion of the noise supply and the risk aversion of the insider, both of
which induce the feedback effect that leads to nonfully revealing equilibriums.
Because of the feedback effe/gt, anincrease in a or in y causes the insider to trade
more aggressively on U — U, leading to a less informative and more volatile
price, as well as a smaller (larger) price impact when the amount of private
information is small (large). The main difference is that the mean reversion in
the noise supply generates a pure feedback effect, whereas the insider’s risk
aversion induces both a hedging effect and a feedback effect. As a result, for
the risk-aversion mechanism, the value of private information is less than that
when the insider is risk neutral and the noise supply follows a random walk, the
expected insider’s trade based on market makers’ information is nonzero, and
the insider can trade positively on U — U. The insider trades less intensively on
fundamental information when the hedging effect dominates. When the noise
supply follows a mean-reverting process and the insider is risk neutral, the value
of private information is higher than that when the insider is risk neutral and
the noise supply follows a random walk, the expected insider’s trade based on
market makers’ information is zero, and the insider trades negatively on U — U.
In addition, the insider trades more intensively on fundamental information than
in the benchmark case of a random noise.

We have thus far focused on the limiting case in which the quadratic
cost coefficient approaches zero. Using numerical calculations, we have also
solved the equilibrium for general parameter values of insider’s risk aversion,
the mean-reverting speed of the noise supply process, and the cost function

Notice that for general values of y, we find that when 1 > ng, the price impact increases with y and when n <1,
the price impact declines with y, where 7 can differ from the threshold value of one in CorollaryHl
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coefficient. We have found that our main results are robust: the equilibrium
price is not fully revealing, the price impact can increase with insider’s risk
aversion, and a more risk-averse insider can trade more aggressively on his
private fundamental information than a less risk-averse one does. The numerical
techniques and procedures are available from the authors upon request.

4. Empirical Implications

30

31

In this section, we explore the empirical implications of our model. These
implications concern the impact of noise traders’ overreaction on the
idiosyncratic volatility of a stock, on insider’s trading, and on the relationships
about insider’s current trade, his previous inventory, and future stock returns.

4.1 Overreaction of noise traders and feedback Effect

Since De Bondt and Thaler (@, @), there is a large body of empirical
literature on price overreaction. There are, however, few empirical studies on
noise traders’ overreaction. Our model yields rich and testable implications
about the impact of the overreaction of noise traders on equilibrium properties,
such as the volatility of individual stocks and the insider trading, which can be
useful in guiding future empirical work.

The first implication is about the relationship between the correction speed
of noise traders’ overreaction and the idiosyncratic volatilitym ),
[Campbell and Shilled (1988) , and [Fama and FrencH (1988) show that stock
prices are too volatile to be explained by the fundamentals. CK (@) show
theoretically that introducing noise trading is helpful to explain the “excess
price volatility”. They also provide supportive empirical evidence. The recent
empirical studies of |Andrade et all (2008). [Brandt et all (2010). and Foucault
et al. ) further demonstrate that retail trading (proxy for noise trading)
contributes to price Volatility

In the presence of noise traders’ overreaction, the amount of noise trading is
an increasing function of the instantaneous volatility of the noise supply (o,)
but a decreasing function of the correction speed of noise traders’ overreaction
(a). The above studies, however, have not distinguished between the effects of
o, and those of a on the price volatility. It is intuitive that a larger o, leads
to a larger price volatility, but the effect of a is ambiguous. Controlling for
o,, when a increases, CK predict that the price volatility declines because
rational investors provide liquidity, whereas our model predicts that the price
volatility increases, because of the feedback effect. [Foucault et all (2011 find
that the decline in the magnitude of return reversals is associated with a drop in

Because private information is more likely to be firm specific, we should use the idiosyncratic volatility in
empirical tests and control for the price volatility due to systematic factors and industry factors.

[Barber et all 2009) suggest that individual investors behave like noise traders.
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the return volatility. According to the investor’s overreaction hypothesis in De
Bondt and Thaler (@ ), the magnitude of return reversals increases with
a. Hence, the empirical evidence in [Foucault et al] (2011) may imply that the
return volatility is positively correlated with a, consistent with the prediction
of our model (see proposition[G).

Cross-sectionally, controlling for other factors, our model predicts that the
idiosyncratic volatility of individual firms should increase with the correction
speed of noise traders’ overreaction. Following [Barber et all (2009), we can
proxy noise traders by individual investors. We can run a time-series regression
to estimate the mean-reverting speed of the aggregate position of individual
investors of each firm as a proxy for the correction speed of noise traders’
overreaction. We can then run cross-sectional regressions to test this prediction.

The second implication is about the insider trading. When studying
insider’s trading behavior, insider’s trade is typically regressed on his private
fundamental information, which is usually proxied by future returns or earnings,
as in[Kallunki, Nilsson. and Hellstroml (2009) work. Our model predicts that a
faster correction speed of noise traders’ overreaction (a larger a) leads to more
aggressive trading by the insider on his information advantages regarding both
the fundamental information and the noise supply (larger magnitudes of f; and
/>, see proposition[@). Importantly, this hypothesis serves as a direct test of the
existence of the feedback effect.

Because institutional investors are more likely to be informed investors, we
proxy the insider by institutional investors. In particular, we proxy insider’s
trading_by the chan oe in institutional ownership, as do Bennett, Sias, and

Following|Kally
information in the current perlod by earnings or returns in the next period, and
proxy the noise supply by the aggregate holdings of individual investors.

4.2 Insider trading, inventory, and stock return

This subsection derives more empirical predictions by studying the
relationships concerning insider’s current trade, his previous inventory, and
future stock returns. We discretize the processes of ¥ = (I I U - U X )
and Q by sampling the time periods evenly. Recall that insider’s optimal trading
strategy is given by

=[Ai =D+ (U —-U)+ f3X]dr. (45)

Using PropositionP] we obtain that 7 — T, U—-U , and X satisfy the differential
equations:

It+t _§+t I _Z
Ui —Usie =e'rt U - Ur tUiyr, (46)
Xt X,
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where

—a;(1+my)—hi fi (a+ f3— f2)h 0

Ay=| —hafi—maay —a+(a+f3—f)hy 0|,
h f2 f3
T
u,+f=/ e T BLAB(t+5),
5=0
—(nop+miop) +/2n—n*op  —hioy
By = —m0p 0 (1—=ha)oy
0 0 0

The insider’s order flow at time ¢ is defined as X, — X(,_). We then compute
the excess dollar return Q, — Q;_, of the stock from Equation (I8) and the
expression for Y in Proposition2] Q; has the following solution (seee. g.m,
|I § %]):

Qt+r—Qt=1//T(Yz+r_Yz)+v{t,r}a (47)

where the constant vector ¥ satisfies ¥ (ay+¢fT)=al+Af" and vy =
ftt” (by, —¥"by)dB. In the multivariate regression of

Otie— Qi =B1(X;i = X; )+ o X +€p4e, (48)

the coefficients are given by

B [ Var(X,—X,_.)  Cov(X,—X, 1. X,_)]"
,32(1') B Cov(X;— X7, X;—1) Var(X,—;)
COU(QH.T—Q;,X,—X,_T)
X[ Cov(Qrre— 01 X 2) } “9)

Panels A and B of Figure [3 plot 8;(t) and B,(t) against holding-horizon
t for different mean-reverting speeds of the noise supply (a). This figure
illustrates that both B(r) and B,(tr) are positive for different 7’s; that is,
both insider’s trade at time ¢, X; — X;_., and his inventory at time f — 7, X,_,
are related positively to future returns. Because the risk-averse insider trades
against his inventory position, X, —X,_, and X,_, are negatively correlated
due to the hedging effect, which strengthens each other’s explanatory power
in the multivariate regression. As a result, the coefficients, 8;(t) and B(7),
are larger than those obtained by regressing Q;,; — Q; on X; — X,_, and X,_,
separately

Empirically, [Bennett, Sias, and Starkd ©2003), [Yan and Zhang (2009),

and M) decompose the institutional ownership

32 Mathematically, if dependent variable X 1 and independent variable X, follow normal distributions and if X
and X, are negatively related, then the above result can be easily verified.
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Figure 3

The forecasting power of insider’s order in the current period and his inventory in the previous period
Panels A and B plot B;(r) and B(t) against holding-horizon 7 for different mean-reverting coefficients of
noise supply (a), where 81 (t) and B,(t) are estimated from Equation @3). We set r=0.04, o p =0.2, oy =1500,
k=0.001, ay =0.25, and n=0.1. The solid, dashed, and dotted lines correspond to a=1/12, a=1/4, and a=1/2,
respectively.

into the change in institutional ownership (CIO), which proxies for the
private information on the stock payoff (fundamental information), and the
lagged institutional ownership (LIO), which proxies for the demand shock
(nonfundamental information). They find that both CIO and LIO are positively
related to future stock returns P Our model provides potential explanations for
these empirical results, whereas other models, which are developed separately
under fundamental information such as those bym @) and CV ),
or under nonfundamental information, such as that by ), are
inconsistent with themPq

Because our model focuses on the impact of noise traders’ overreaction. We
next derive additional new empirical implications regarding the impact of the
correction speed of noise traders’ overreaction, a, on the forecasting powers on
future returns by insider’s trade in the current period and his inventory in the
previous period. Figure Blillustrates that 8, (t), the forecasting power on future
stock returns by insider’s trade in the current period, increases with a, whereas

m J01l) also find that LIO is positively related to future stock returns, and that CIO is
marginally significantly positive, with a ¢ value of 1.75. The significance levels of CIO and LIO are fairly close.

In strategic trading models without nonfundamental information, such asm {983) and CV 2009), the insider
is risk neutral and his trade in the current period is given by (I —I). His current trade and his previous inventory
are positively correlated, because (I —I) follows a continuous-time AR(1) process. Because the current trade
incorporates more recent information than the previous inventory, after controlling for the current trade, the
inventory in the previous period does not forecast positively future stock returns. In inventory models such as
[ayanod @00T), we expect the trade in the current period to forecast future returns negatively. Because of the
risk-sharing motive, the insider demands liquidity, the current stock price is pushed up (down) by a buy (sell)
order, which tends to be mean reverting to compensate the risk-averse market markers for providing immediacy
service.
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B2(7), the forecasting power on future stock returns by insider’s holdings in the
previous period, decreases with a. Intuitively, because noise trading pushes the
stock price away from the fundamental value and the insider is risk averse, the
insider hedges the noise risk. If the noise supply reverts to its mean faster, then
the insider is less concerned about the noise risk. As a result, the hedging effect
declines, and the insider trades less against his inventory, leading to a smaller
B2(7). On the other hand, because of the feedback effect, the insider trades more
aggressively on his fundamental information (in the spirit of Proposition [6)),
leading to a larger f; and a larger B;(t). In short, the empirical implication
is that when the correction speed of noise traders’ overreaction increases, the
forecasting power on future stock returns by insider’s trade in the current period
increases, whereas the forecasting power by insider’s holdings in the previous
period declines.

5. Conclusion

This paper develops an infinite-horizon continuous-time model with a risk-
averse insider and a mean-reverting noise supply or overreacting noise
traders. The insider enjoys both fundamental (the expected growth rate
of dividends) and nonfundamental (noise supply or insider’s inventory)
information advantages over market makers. A feedback effect arises from the
insider’s trading on nonfundamental information and fundamental information.
Specifically, insider’s trading on his nonfundamental information camouflages
his private fundamental information, thus allowing the insider to trade more
aggressively on his fundamental information. This effect is caused by the mean
reversion of the noise supply or the risk aversion of the insider.

Because of the feedback effect, the equilibrium stock price is not fully
revealing, although the insider may trade infinitely aggressively on his private
fundamental information. This result holds even when the insider is risk neutral
but the noise supply is mean reverting. In contrast, the price is fully revealing in
previous strategic trading models in infinite-horizon, such as m )
and |Cha.u_an_d1a¥angf] dZDD_S), where the feedback effect is absent. As the
insider becomes more risk averse, the price impact decreases for a small amount
of private fundamental information but increases for a large amount. When the
feedback effect is sufficiently strong, a risk-averse insider can trade even more
aggressively on his fundamental information than a risk-neutral one does. When
the correction speed of noise traders’ overreaction increases, the stock price in
our model becomes more volatile, whereas that in [Campbell and Kyld (1993)
andm M) becomes less volatile in the absence of the feedback effect.
Because of the feedback effect, an increase in the insider’s risk aversion can also
cause the price to be more volatile. Hence, the feedback effect is a mechanism
that destabilizes the stock price.

Our model generates several unique empirical implications. We show that
a faster correction speed of noise traders’ overreaction leads to a higher
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idiosyncratic volatility of the stock price, as well as to more aggressive trading
by the insider on his information advantages regarding both the fundamental
information and the noise supply. We demonstrate that both insider’s order
flow in the current period and his inventory in the previous period can forecast
positively future stock returns, consistent with recent empirical evidence. We
also illustrate that when the correction speed of noise traders’ overreaction
increases, the forecasting power of insider’s trade in the current period on
future stock returns increases, but the forecasting power of insider’s holdings
in previous periods declines.

For tractability, we assume that there is only one monopolistic insider.
We believe, however, that most of our results, particularly the feedback
effect, should remain qualitatively the same, even with multiple insiders.
In this case, each insider would still trade on his own signal about the
fundamental information, which is correlated across insiders. Insiders would
still be better informed about the noise supply than would market makers.
Hence, just like in the case of one insider, each insider would also trade on his
information advantage regarding the noise supply, still allowing him to trade
more aggressively on his fundamental information advantage. The nonfully
revealing price should hold when the transaction cost goes to zero, because
insiders would still trade on both types of information advantages. Considering
multiple insiders would represent an interesting extension of this model, but
the technical difficulty is that we would encounter the infinite regress problem
when insiders’ private signals are not perfectly correlated.

Appendix A: Derivations of the Fundamental Value and the Price
Function

We derive the fundamental value in Equation @ and the price function in Equation (8). The

D .
processes of y= ; | are given by

dy,=ayy,dt+cydBy, (Al)

0 oy op 0 dBl .
hy )= ,Cy= ,and dB= . b sed
where a, <0 —a1> cy (—HUD 277—?720D> an <de ¥r can be expressed in

an integral form as

N
)’r+s:}3s)’t+/ eay(x_r)cydBHr,
=0

Bui(s)  Bials)

where By = = (/321 (s)  PBaals)

s>0.

). Because D, cannot predict 7,5, we must have B21(s)=0 for

Solving differential equation df;/ds=ay s, with boundary condition By = < (l) ?) , yields

Buls)=1, Bals)=1—exp(—ays), Pals)=exp(—ays).
Denote F(¢) as the o-field generated by { Dy, I, : s € (—00,t]}. We obtain

E[Dys|F 1= B11(s) Dy +Pra(s)1;.
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Because E[D;|Fy(t)]=D;, we have
E[Dss | Fu@)]1=B11(s) Dy +Br2(s) E L |1 Fm (D).

Thus, we obtain

P, =E |:/ Ocexp(—rs)D,J,Sds\.ﬂ,,(l)]

+00 D ~
=/_0 {exp(—rS)Dt+6XP(—FS)/312(S)E[1[IfM(t)]}dS=Ttﬂtlz,

00 D,
Vi=E / exp(—r$) Dyysds| F (1) | = —+ul;,
0 r

9
where = Torap)

Appendix B: Proof of Proposition 1

We solve the filtering problem of market makers given insider’s trading strategy. Suppose that the
optimal order rate of the insider is given by

0=r"y+g"ye, (A2)

where y=(1,U.X)", ye=(T.U.X)", f=(fi. fo. f)7. and g=(—f1.— f».0)", with T denoting
the transpose. Conjecture that y, satisfies the following stochastic process

dyc=acy.dt+hdw+mdD, (A3)

where a. is a 3 x3 matrix, h=(h1,hy,h3)", and m=(m,ma,m3)". Using Equation (&), the
process of y can be written in the following form:

dy:(a0y+eoy(.)dt+adeB,

—ay 0 0 0 0 0 —nop 0O 0
where ag=| 0 —a 0],e=| 0 0 0, oy=+v2n—n%p 0 0], and
fi L f -fi —f» 0 0 oy O
dB;
dB=|dB;
dB3

Applyiﬁg Ito’s lemma to w=X+U yields
da):(ny+gTyc—aU)dt+(O, 1, O)odeB.
By the rearrangement of Equation (&3), we have
dy.=(ary+eryc)dt+oy dB,

where aj =hf T —ah(0,1,0)+a;m(1,0,0), e; =hg" +ac, oy = (mop,0,hoy ) is a 3 x 3 matrix, and
0=(0,0,0)"". Because y, is observable, observing dw is equivalent to observing

dsi=(fTy—aU)dr+(0, 1, 0)oTdB.

35 By verification, we shall show that y. indeed follows such a process.
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Y

c

Let ¢=(¢i, D)T. Stack y and y, together and let Zy = (

¢ , the posterior mean of Zy, denoted by 2y = (§C> , is given by@
c

). Conditional on the observation of

dye=(ao+eo)yedi+[Zqq +qizs]a5, dB, (Ad)
dyc=[(ac+hgT+th)yf—ahﬁ+a,m7]dt+qzuq;1d§, (AS)
0 —nod
fii fh—a fi oZ 0 2 b
where q0=<al 0 0 ) Gss = é/ o'lz) s qizs=| of 0 s G225 =
0 0
hlclzj mlolz) —al

3 2 = Iy
hz(TU myop |, and dB=d§— T
h3cré mgag o1

ye in Equations (&4) and yields
0 = Z‘q()Tﬂ'qlzs_qus,

0 ac+hgT +hfT —ah(0,1,0)+a;m(1,0,0)—ay—eo.

Rearranging these equations, we have

—ar(l+my) ahy —f3hi
ac=| —moay —a(l=hy)  —f3h
—m3o ahs Sf3(1—h3)
and
hlo'lzj mlalz) 0 —17012)
hoo 2| o5 T 2
20y maop | =Zqp +| o 0
h3012/ m3a[2) 0 0

Let O;=E,; |:(Z Y — V4 v ) (Zy, — 2yt )T | F M:| denote the variance-covariance matrix.

% 0
0 o0
equilibrium, focusing on the steady-state solution d O, =0. We next prove that X is given by

calculation, it is given by 0,:(

0=apT+Zaj +2—[2qq +q12:](@s) ' [Zq0+q151",

2n63 0 0
where2=| 0 o2 0
0 0 0

Following M), the steady-state solution for d O; =0 is given by

T

_ ap eo apy eq 2 21
0_0<a1 fl) +(a1 €1>0+(917 92)

T T T

4o qlzs —1 4o qlzs

-0 + s o + ,
o)+ (o) J [0 (%) (2]
36 See Lipster and Shiryaev (2001) or Appendix A of [Wang ([993).
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(A7)
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>. We consider only a steady-state Bayesian-Nash
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where £21 = 0) (r and §2; =0y, a)TC =mm aD+hhT . Using partitioned matrices, we have

_ T
Saj +agT+2=[2qd +q1:5](a5) T [Zad +q1z] (A8)
— T
0=a1Z+2] —[q2:1(s) "' [Zad +a125] . (A9)
0= 22— (q225)(qss) " g2y (A10)

We first verify that Equations (&%) and (AIQ) hold. By matrix manipulation it can be shown
that qzm(q”)’lqzm=J),(.U}T( =mm O‘D+hhTUU—.Qz Hence, Equation (&IQ) holds. We know

that a1 X=(h,m)qo %, 91T=(h,m)qm, and [g2z51(gss)™ [EQ() +q1zs] =[q2z51(gss)™ [(12:‘:] =
(h,m)q],,. Equation (BZ) means that goX +q/., —q7, =0. Therefore, Equation (&3 holds. As
aresult, X satisfies:

_ T

0=d¥=ap=+Zay” +2—[Sqd +q1:5](a59) "' [Zad +a125]
=002+200T+-Q 7q2:s(qxs)_lq2:s,

T

=aoZ+EaOT+.Q—mm olz)—hhTalzj.

From Lemma 1, we obtain that X — X= -U +l7 , leading to the solution

s=ATZA,

- O

where A= <(1) _01> and ¥ is given by

- & - = < e T
0=aoS+3aj +2—[Zqf +a1](g) ' [2qd +a1] . (A1)

- (2903 0O T_ h o (0 —noj (0 ©
Where()-( 0 UE/ >4y = fr—a—f; 0 s q1= 512/ 0 »qs= 0 (712) , and

o= —Qy 0
o —a)’

Plugging Equation (&7) into Equation (AT yields

0=ao=+Eal +2—mmT o} —hhT o},

where =(h1,h2)T and m =(m1,m2)T. By rearrangement, T= <§“ ?2) is given by
21 22

2041211:[2710[, hloU m%ag} (a+a1)212:7[h1h205+m1m20[2,],

205y = [(1 —hd)o? _mggg] .
AsdU+dX =dw, using Equation (&3), we obtain

1=hy+h3, O=my+ms.
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Appendix C: Proof of Proposition 3

We solve the optimization problem of the insider. Proposition [2] gives the expression for dY.
Conjecture that the value function of the insider is of the form

1 1
J(W,Y,t)=——exp<—pt—ryW—<1>0—EYTLY), (A12)
ry

where L is a 3 x 3 symmetric matrix and @ is a constant. By calculation, the Bellman equation in
Equation @0) reduces to

1 1 1
0=max——exp(—pt —y C)+J;+ 5tr(Jyy17y1)$)+JW(rW—C— E1<92+X;\0+Xa§1/)
oy

1
+JYT(ayY+§6)+EJWWXzbEbQ+J;WbebQ, (A13)

where Jy=—ryJ, J;=—pJ, Jy=—LYJ, waz(ry)zJ, Jyy:(—L+LYYTL)J, and Jyw =
ryLYJ.ag, bg, ay, ¢, and by are defined in Proposition
The first-order condition (FOC) with respect to the consumption rate C yields
—Jw+exp[—pt —yC]=0. (Al14)

By rearrangement, we obtain
1 1 r
C=rW+— <I>0+EY LY |. (A15)
14

The FOC with respect to the order rate 6 yields
—JYTLe—ryJO.X —k0)=0

Rearrangement gives

Le+ryAis 0

ryk

o=YT

o

i3= (A16)

1

Substituting the optimal C and 6 into the Bellman Equation AT3) yields
L7 lor 1 2 T
0=(r—p)— Etr(by Lby)+|r(®o+ EY LY)— ErykG —ryXapY

1 1
+ E(yTLbybhy)— YTLayY+§(ry)2X2b£bQ +ryXYT Lbyby,

where 71 denotes the trace of a matrix. Note that this equation is the sum of two terms. The first
is independent of Y and the second is a quadratic function of Y. A solution to this problem is that
these two terms are both zero. We then have

1
(r—p>+r<bo—5zr(b£Lby)=o, (A17)
1 1 1
o=y" [ErL—r)/i3a§+ E(r},)Z(i3i3T)(b£)bQ)—Lay+§Lbyb;L+rthbei3Tj| Y

fLYT [(LE+ryXiz) (LS +ryiz)]Y. (A18)
2ryk
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Solving Equation (AT yields ®y:

dg=— TP rp) —1r (b Lby). (A19)

Because the right-hand side of Equation (AI8) is a scalar, it is equal to half of the sum of this
expression and its transpose. L then satisfies the following equation:

0=rL—ry(isa)—ry(agij )—(ay L+Lay)+Lbyby L+(ry)*(b{bo)izis")

L i3\ (Lt wis)' . .
—ryk( yk . )(erJrT) +(ry)Lbybgis" +(ry)isb,by L. (A20)

Simple calculation yields the results in Proposition[3}
C.1: The optimality of the solution to the Bellman equation

The last step is to show that the solution to the Bellman equation is optimal. Following Back (2010),
we require two technical conditions on the solution to the Bellman equation:

E[NW,.¥,,92Y] G, <0, (A21)
lim E,[J(W;,Ys,5)]=0, (A22)
§—>00

where N(W.,Y,t)=—exp(pt)J(W,Y,t), E;(.) denotes the conditional expectation based on
the insider’s information set at time ¢, and G= (ry) (i3i3 )(bTbQ)+LbbeL+ryt3bTb L+
ryLbybgil .

We first prove Equation (AZT). Because Y follows a multidimensional Ornstein-Uhlenbeck
process, Y is normally distributed conditional on Y;, where Y,T:(I, —z,U, —ﬁ,,X,). Hence,
Et{[YSTGYS]Z} < o0 is satisfied. Plugging the expression for C in Equation into the wealth
process in Equation @0 yields

T Zo k., 17
dW=(ay XY —-Vog— ——-0"——Y" LY)dt+XbpdB, (A23)
y 2 2y
WhereaM=|:‘t—,1+um1a1+)xf|, —Aa+ f3— f2), O]T.FromPropositionweknowthatdY:
AyYdt+bydB, where
—ay(1+m1)—hy fi (a+f3— fa)h 0
Ay=| —hyfi—ma —a+(a+fz—f)ha 0 |,
h S f3
—(mop+miop) +/2n—n*op —hyoy
and by = —mpop 0 (1—h3)oy |- Substituting the above expressions into
0 0 0

N(W;,Y,,t) and applying Ito’s lemma gives

1 s _ N _
N(WS,Ys,s)=A1exp<fryW,fEY,TLY,f‘/ YZTFledz—/ YZTdeBZ)
t t

1 N _ N _
:Alexp(fryW,ngtTLY,ff YIF dez> X exp (f/ YZTngBZ),
t t

where s >t, A;= %exp[fzonyo7(r7p)(s7t)], Fi =LAy +ry[(0,0, l)TaAT/I Lf—ffT
Fy=ry(0,0,)"bo+Lby,and fT=(fi, fo. f3).
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By Holder’s inequality, we obtain

s ~ 12
E/(IN(W;,Ys,s)| < Ajexpl—ry W, — Y[ LY,] x |:E,exp(—2/ y! desz)}
t

s 172
x E, [exp(—Z/ YZTFl dez)] .
t

Because ff 72YZT F»d B, is a martingale and Y; follows a normal distribution conditional on the
information set at time 7, we obtain

s 5
E,exp|:—2f YZTdeBZi|<oo, E,exp[—Z/ YZTF|YZdzi|<oo, E,{[YSTGYS]2}<oo.

t t
Therefore, E;[N(W;, Yy, s)] < oo and E,[N(Wy, Ys,s)*] < co. Holder’s inequality then ensures that

172
1

= -2
E(N(Ws,Ys,)2 YT GY ) <{EAN(Ws, Y5, )* I x EALY] GY,17}} " <o0.

We next show that limy_ o E; [J(W, Yy,s5)]=0. By rearrangement, Equation (AT4) yields
—%exp[—ps —yCsl=rJ(W,Y,s).

The Bellman equation is then given by

0=E [rJ(W,, Y, s)dt+dJ(Wy, Yy, s)].
Taking expectation at time ¢ yields

0=E;[rJ(Ws,Ys,s)dt+dJ (W, Ys,5)].
By Equation (BZ]), rearranging the above equation gives

E [J(W,, Y, s)]|=exp[—r(s —t)]E [J(W;, Y;,1)]. (A24)
Taking the limit of s — oo yields
.;l_i>noloE’ [J(Ws,Ys,5)]=0.

Given the two conditions in Equations (B2} and (&22), we now proceed to demonstrate that
the solution to the Bellman equation gives an upper bound on the value function of the optimization
problem ([3). We prove the verification theorem, that is, the consumption rate C; and the position
in the stock X, attaining the maximum in the Bellman equation are optimal. In every state at time
s, the value function J(W;,Y;,t) satisfies

5
J(Ws,Ys,S)=J(W,,Y,,t)+/ dJ, s>t
t

Calculating the insider’s expected utility yields

1
E; [*/ feXP(fpsfst)dS]
t Y
01 0]
=Ez|:—f *eXP(—pS_VCx)dS]*'J(Wt,Y171)+E1 [/ dJ(W.c,Yx,S)j|
t Y t

o _
=J(W,,Y,,t)+E,{/ des—[ryXSb§+YSTLbyJ],-dBS}, (A25)
t

where I-_I:7%exp(fps7yCS)+J,+%tr(]yybyb$)+]w(rW7C7 $k6%+XM0+XalY)+
JE(ay Y +20)+ 5 Jww X2l bo+ 1y, Xbybo.
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Because N(W;, Yy, s) is a continuous function, Equation (A2T) implies that there exists an Ag
so that E; [N(WS,YS,S)QYSTGYS] < Ay for any s €[t,o]. Taking integral from ¢ to 7y and using
Equation (A2 yields

0 T 0 4o
E; / J°Y' GYds 5/ exp(—2ps)Aods§2—[exp(—2pt0)—exp(—2pt)]<oo.
t t P
It implies that the stochastic integral
10
/ lry Xsb+Y,| Lby]Jsd By
t

is a martingale. Therefore, E,{flto [rstbg +Y[] Lby1J5d B;}=0 and Equation reduces to

01 o _
E, [—/ ;exp(—ps—ycs)ds]+E1 [J(tg,W,O,Y,O)]=J(W,,Y,,t)+E,{f Hyds}.
1 t

Note that the integrand on the right-hand side has a maximum value of zero according to the
Bellman equation. For a general consumption rate C and the optimal position in the stock X, the
expression must be negative or zero everywhere in the integral, meaning that

) 1
E; [*/ ;eXP(*PS*VCs)dS]+Ez [J(Wyy. Yy, 10)] < T (1, Wi, Y).
t

Taking the limit of 7o — oo and using the monotone convergence theorem and condition (A22), we
obtain

0]
E, [—/ feXp(—ps—ycs)dt] <J(W,,Y,,1),
t Y

for any admissible C and X, and the equality holds for C* and X* attained in the Bellman equation.

Appendix D: Proof of Corollary 2

We first conjecture the value function and then solve for the FOCs and the Bellman equation by
letting =0 and p =r in the corresponding equations in the proof of Proposition[] We use the same
notations as in Proposition[Bl As y goes to zero, 1/y exp(—pt —y C) converges to infinity. Hence,
we interpret the insider’s utility function as 1/y exp(—pt)[exp(—y C)— 1]. Using L’Hospital’s rule,
we can rewrite Equations (A12), (AT3), (A1), and (A20), which give the optimal solution of the
insider. His value function reduces to

1 _ _
J(W,Y,1)=—exp(—rt)(rW+Vp+0.5YTLY), (A26)
r

where L=L/y is a 3 x 3 symmetric matrix, Vj is a constant, and L is defined in Proposition[3
The FOC with respect to insider’s order rate 6 yields:

= . 0

Le+ra
0:YT7§ 1: 13, iz=|0
" 1

The Bellman equation then reduces to

= = T
_ . . - L M3 L M3
0=rL— y— Y@l L+Lay)—rk[ =+= ) =+ ,
r r(l3aQ) r(agiy )—(ay ay)—r py X 7 X
and Vj is given by
_ 1 -
Vo= Ztr(b;Lby).
Plugging the expression for V; into Equation (&T3) yields

C= W+1YTZY+ : tr(bT Lby)
) o OV SO
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Appendix E: Proof of Proposition 4

Using the excess return process d Q in equation (I8, we have
2
o} =bhCovdB.dB bo=[ 22 +umiap] +rou .
r

Substituting the expression for %1 into Equation (@) yields

2

o 20pp
U[%:r—?+2u2(n0[2,—211a1)+

r

(myop).

Appendix F: Proof of Proposition 5

We study the limiting behavior of the results in Propositions 1 through 3. We prove by “conjecture
and verify” that the economy converges to the one of fully revealing; that is, we first assume that
the economy converges to the one of fully revealing and then verify that the results in Propositions
1 through 3 are satisfied.
‘We assume that as k — 0,

LS VEA— T fa= im0 (a27)
N , , .
We first examine market makers’ filtering problem. As the insider trades only on / —IA, we solve
market makers’ updating belief regarding the fundamental information. Assume that /; and m
converge to }Tl and i as k— 0. Equations ([3) and (@ give the expressions for &, m, and X.
Substituting Equation (A27)) into Equation yields

ny— —1.
Because Equations (I2) and {I8) hold when k — 0, we obtain
R V=r2 72, S fi-hiof 0. (A28)
Rearranging Equation (A28) yields

~  hjo?
Z]]—) INU.
il

After solving market makers’ filtering problem, we next solve the insider’s problem. We assume
oL (En L Lo -
that L—L=| Ly Ly Ly | ask— 0, where L isasymmetric matrix. Plugging the relevant
L3 L3y L33
parameters into the Y process defined in Proposition2] we find that as k — 0, Y defined in Equation
(T2 converges to the following process.

d(I —=D=—1—na;(I —Ddt —h10dt+v2n—n2opd B, —hioydBs,
and the excess return process d Q given in Equation (I8) converges to
dQ=dP+(D—rP)dt=ajYdt+10dt+b,dB,

where ag and by are given by

T T
¢1Q=(a(71—77/wlly 0, 0) s bQ=(UTD—;u70D, 0, pv2n—n?op) .
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As k— 0, the limit of insider’s order rate given in @7) satisfies the following equation:

=
|
=

nX+YTLy - -
ﬁe:%»ﬂ ol 7=|-=|. (A29)
0 1

Equation @9) reduces to

Dm0, [r-mus | Dm0, Dn=n—0.

2[r+(1 ) ]L Nfz 0, L asr
- — —r — U, —_—— >
2 Gl s ! 13 r+(l—n)ay

where a; = O‘T’ —nuog. Rearranging the above expressions yields

R,
F2(—may ru
L— 0 0 0
ru 0O O
Equation requires that
—Lihi+L3—0, (A30)
ruhy—L3ihy—0,  —Lphy —Lyhy+Lay; 0. (A31)

Simple calculations show that Equation &3} holds. Rearranging Equation (B30) yields

7 plr+2(1—may]
1 7}; .

It can be shown that the certainty equivalent annualized steady-state value of private information
is given by

- 1 r~ .
Vo— ;tr(bylby)ﬂi\/ (2n—n*)opoy-

Therefore, we have shown that as k — 0, the price tends to be fully revealing, but the value of
private information is positive.

Appendix G: Proof of Proposition 6

We study the behavior of the results in Propositions[[lthrough 3 when k and a are small, by letting
k and a converge to zero and imposing the condition that y =0. Notice that the equilibrium in this
case is driven only by the feedback effect. Our proofs are divided into two steps. First, we prove
by contradiction that the equilibrium does not converge to a fully revealing one as k goes to zero
for any a >0. Second, we prove by “conjecture and verify” that the equilibrium converges to a
nonfully revealing one.
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G.1: Proof by contradiction
Conjecture that we still have a fully revealing equilibrium as k — 0 for any a >0, which implies
that £ — 0. Plugging this expression into Equations (I2) and (I8} yields

op
my——n, h;— (271—772):.
U

When a >0, X, is a finite number, as ¥y < % From Holder’s inequality, we obtain that
<P Epr 0. (A32)
Using Equation (I2)), we obtain
my—0, m3—0.
Using Equation ([8) and hy+h3 =1, we further have
hy—0, h3—1, 2a222—>05.
We also obtain from Proposition [ that

hoZ =21 fi+Z1(fr—a)

A33
haof =S fi+In(f2—a). (A33)

Note that the above equations imply that f; and f> cannot be finite. As the insider is risk neutral,
f3=0.
a

From Proposition we obtain that ag =[ay, —ah,0], where a, = o and

—(1—na; ah; O

ay—| O —a 0
0 0 0
Corollary Plsimplifies to
Ly L Lg 0 0 as 11 fif2 0
r| Lo Ly Ly|—-r{0 0 —air | —rk| fifr f22 0
L3y L3y L3 a, —air O 0 0 0
=2(1=n)as L1y ahiLyy—aLp—(—=na;Liz —(1—=n)a;Ls
—(\ahiLiy—aLip—(—narLliy  2(ahiLiz—aly) ahiLiz—aLy; | —0.
—(1—mn)esL13 ahiLiz—aLy 0

We thus obtain L33z — 0. Similarly, we have
rLiz—ras+(1—n)ajL13—0, rLy+ari—(ahiLiz—alLy3)—0,
rLy —rkf12+2(l —nayLi;—0.

Simplification yields

rkf?

Liz—ru, Ly3—>0, Lj—»>——-——.
13 2 23 11 r2(—ma

(=hjL31+L33)+rh
s

Plugging them into Equation @7) yields that f3= — 0. We also obtain

rLiyy—rkfi fa—(ahiLyy—aL)+(1—n)oy L1z —0, (A34)
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rLyy —rkf? —2a(hi L1z — L2)— 0, (A35)
—hi1Lia+Losz— rkfa, (A36)
—hiLy+Ly3—>rkfi. (A37)

Substituting Equation (A37)) into the expression for L1; yields

(rie—hy L)? = rk[rLig+2(1 —pay L 1.

As k—0, we obtain rpu—h;L;;—0. Rearrangement yields L — % Thus, f;—
[Ir+2(1 —n)ay] ﬁ, which is proportional to 1/«/%.

Plugging Equation into Equation (&34) and applying Ly3 — 0 yields
rLip— fi(=h1Li2)—(ahi1 Ly —aLi2)+(1—n)ay L1 —0.

Rearrangement gives [r+a+(1—n)a;+hy fi1L12—> ahi L1y — arp or Lip — m
Using Equation (A36)), we then have

—h —ai

——Lpp= ,

rk klr+a+(1—n)aj+h; fil

fr—

which is proportional to 1/+/k when k is small. Plugging the expressions for f and f, into Equation

@33 yields
i fi+Zifa—/2n—nPoyop, (A38)

0'2 0'2
212f1+ifz—>7u- (A39)

2 2 .
. . [ o f
From Equation (A39), we obtain that X1, — ﬁ - %/12 as k goes to zero. Because f>/f] goes to

anonzero constant, we know that X2 converges to a nonzero constant, which is contradicted with
Equation (A32). Hence, the equilibrium cannot be fully revealing.

G.2: Proof by “conjecture and verify”
We further use the expansion techniques to determine the equilibrium as k— 0 and a — 0. We
conjecture that

- En
i —VvkE+aZy, Tip—Tp, Sn— —,
— — a
fi+af afs
Si— =, h—->——=, f3=0,
Vk N
hy my l;+a@ iy +am;
and | b2 | and | my | convergeto | ha+ahy | and [ mz+am; |, respectively. We also conjecture
h3 ms3 h3+ahs i3 +ams
L11+aﬂ L12+a£ L13+aﬂ

that L — (Z+aQ: Lyy+aly  Lop+alay  Laz+alos ,WhereZandLare both symmetric
L3i+alsy Lxn+alszy Liz+alss,
matrices and L is defined in Corollary Q]
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‘We first examine market makers’ filtering problem. We let both k and a go to zero. Fully revealing
private information gives

~ o - —~ hlaz
h—>Vm-n22, wm—>-n £ <L
ou h
We then consider the limiting case of k going to zero with a > 0. Plugging the conjectured
expressions for X, &, and m into Proposition[I] we obtain

Sufi+Znh—0, Enfi+EnfHr—0, (A40)
@B — —(0Fhihy+o}iiins), Aol —a Bn, mioc}— e S, (A41)
RihoR+imim o3+ T —0, 255 — (1—hy Yol —ims2o. (A42)

Therefore, we obtain

g
™M
S

e

— ==, (A43)
X Ep fi
(I—mmio}
h—>———=— (A44)
hyoj;

Letting both @ and k go to zero in Equations @7) and @3), we obtain

L3=0, Lp—0, Liz—rp, Lp—0,

—~ — ~ |r+2( L
0. L“e%, 7> [r+2(1+my)a] i
1 r

Therefore, the value function L converges to the one derived in Proposition [J} in which a and
y are equal to zero and k goes to zero. To make economic sense, fl >(0. Hence, we require
r+2(1—n)ay >0.

After solving market makers’ filtering problem, we solve the insider’s problem. Given the
expressions for fi, f», and f3 in Equation @7), we obtain

Lyy—hiLiz—hyLay—0, Los—hiLin—hyLar—0,
Liy—hLiy—hyLi—Lithy—0. (A45)

Plugging Equation into Equation @3) and comparing the order of a on both sides of
Equation @9) gives

Lip—0, Li3—0, Ly»—0, Ly;—0, L3—0,
rutrfifo—0, [r+2(1—maslLu+2mia; Ly —r2fi fi.

Simplification yields

/: —-£ <0 fi— [r+2(1_n)a1]ﬂ+2ﬂalz\l/l
= ]7] L 2rf~1 ’

Equation reduces to

(A46)
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We next determine /25 and /3. Plugging the expression for 2 into Equations (AZ2) and (B43)
yields

20 2
~gnzch - _’%’ (A47)
ai[(1=h)of —ima%03]  fi
_ hihaol ~ .
= ———oU_ ifn#l, hy—0, ifn=1. (A4B)
(I+my)op,

Because ;> 0, from Equation (&Z3), we know that 15 > 0. Using Equation (41}, we obtain
that /3 > 0. Rearranging Equations (A47) and (&Z8) yields

~2 ~3
. —(opfi)rJob fi +atulel

mo= ) if77=1,
QoD
}7202 25
bii +bahy+by=— 2o U 1l i L0, il
fi2 Q+m)’op ap(l+m) = 7

When 1 #1, because b1 b3 <0, we know that there exists a unique solution to the above quadratic
function, which satisfies that }TZ <0(n<l)or }Tg >0 (7> 1). Rearranging Equations (AZ3) and
(BZ4) yields =1, > 0and m; > 0, respectively. Therefore, we have shown that there exists a nonfully
revealing equilibrium when a >0 even though k goes to zero. Note that if n <1, then &y <0; if
n=1,then h; =0; and if n > 1, then h; > 0. Hence, the effect of the mean version of the noise supply
on the price impact depends on the amount of private information.

We next prove that fi >0. When n<1, because L;; >0 and ZTI >0, Equation yields
that f; >0. When 1> 1, we assume that r(n— 1) <2a;. Rearranging Equation (AZ6) and using

Ly _ _
equation @D yields f; — "1 <1_ [r+2(1=n)ay I(n 1)) =0

rh 20 (2n—n?)
. .. . . . 2 . .
Applying Proposition H the instantaneous variance rate of the price o » 1s given by

2uodmy
oh—o? + ALY,
f r+og

2

2
o . . . . a1 .
where o 2 2u? —a’l na[z, <0p, is the fully revealing price variability. Because m; > 0, arise
p my

2 =
Pf
in a leads to arise in afz, . As the price deviates more from the fundamental value, it is more volatile.

Appendix H: Proof of Proposition 7

We consider the case in which the insider is risk averse. We study the limiting behavior of the results
in Propositions 1 through 3 by letting k£ and y converge to zero. To obtain results compatible with
those in CV ), we impose the condition that a=0. We prove by “conjecture and verify” that
the equilibrium converges to a nonfully revealing one. Compared with Section[3.2] the equilibrium
is more complicated and driven by the feedback effect and the hedging effect, both of which are
induced by insider’s risk aversion. We assume that the economy does not converge to the one
of fully revealing and then verify that the results in Propositions 1 through 3 are satisfied. We
conjecture that fi, f>, and f3 are all nonzero.

‘We use the expansion techniques to determine the equilibrium as k — 0 and y — 0. We conjecture
that

- p3)
n —M//;Euﬂ/@, Yp—>Xp, Xn—> >

%, = % f=>v S
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hy mi hi+yhy m+ymy
and | iz | and | my | converge to | hp+yhs | and rhvz+ym . We also conjecture that L —
h3 ms3 h3+yh73 nT3+ym3

y Lytylu Lp+yLo Lotrlao)
(L+yL)= l;y +yLat lg+y@ l£§+y@ ,where L and L are both symmetric matrices
L3i+yL3i Ls+yL3zy  Liz+yLss
and L=L/y.
We first examine market makers’ filtering problem. We let both k& and y go to zero. Fully
revealing private information gives

2

~ o —_ ~ hio

hi— 27]—172—0, mi——n, Xi— v
U fi

We then consider the limiting case of k& going to zero with a positive y. Plugging the conjectured
expressions for I, &, and m into Proposition[lyields

Sufi+Snfs—0, Znfi+Inf—0, (A49)

a1212%7(05h1h2+03)rﬁ/m72), h1h05+ﬁ@03)+01211~>0,
2 ~ 2 2 2 2 ~2
miop—>arXy, mop—>arxp, (1—hy)oyg—opmy”—0. (A50)

Rearranging Equation (B29) yields

e
M
IS

>

==, (A51)

R
™
S
=

From Equation (A30), we have

(I—may V(2n—n*opoy

~ oy ~
my— — X1, hy—>—————=——3X, X1 —>
 — V2n—ntopoy — o
S 2
Using Equation (&3T), we know that if f, >0, then %1, — —% and that if f; <0,
A/ (21]702)0DUU
MELEDTU

1
After solving market makers’ filtering problem, we solve the insider’s problem. Plugging the
relevant parameters into the ¥ process defined in Equation (I7) yields

then X, —

dY — @y +yay)Ydt+@C +yt)0di+(by +yby)d B

—(—n+yma; v fihi v fih —hy—yhy
= | —as(ma+ymy) v fshy oy fihy |Ydt+| —ha—yhy |6dt
0 0 0 1
—ymiop V2n—=n*op  —(hi+yh)oy
+| —(m2+yma)op 0 (1—hy—yhy)oy |dB,
0 0 0

where we omit the terms with the order of y higher than one.
The excess return process d Q given in Equation (I8} converges to

40— dP+(D7rP)dt:(¢;Z+yé)Ydt+u(iz~1 +yh)odi+(b], +ybh)dB,
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where @, I;E, ag, and by are given by

o

T . ~qT
2 —puay, 0, 0], ag—>[pmarmi, —wpfshi, —pfs],

ag—|[
~ ~ T T
bg — (2 —pnop, 0, pouhy) . bg—(uopmy, 0, wpoyhi) .

Ask— 0and y — 0, the limit of the insider’s order rate given in Equation 2} satisfies the following
equation:

0 T T = J?I"'}’ﬁ
NN ruthi+yh)X+Y " (L+y L)(E+yE) Ly

rh |, (A52)
_ (T ~hy
where {=| —hy | and {=| —ha
1 0

Substituting the conjectured expressions into Proposition[] letting k go to zero, and comparing
the coefficients in front of y on both sides of Equation (Z4)), we obtain

L33 -0, Lp—0, Liz—rp, Ly—0,

—~ o~ ~ +2(1+m
0. LW%{ fﬁ/mw.
1 1

Therefore, the value function parameter L converges to the one derived in Proposition] in which
y and a are equal to zero and k goes to zero.

We next derive the parameters L, fi, f>, and f3. Given the expressions for fi, f> and f3 in
Equation (A32), we obtain T o

Ly—hLiz—hLyy—0, Ly—hLi—hLn—0,
Liz—hiLu—h>Lip—Lih —0. (A53)
Comparing the coefficients of 2 on both sides of Equation @), we obtain

0=rL—r(izah)—r(agii)—(ay" L+Lay+ay” L+Lay)

—r[F ST+ f T+ Lbyby T+r2(bg bo)isil)+rLbybgil +rishg by L. (A54)

A il
where f=1 0 |, f=| f2 |. Compared with the case in which the insider is risk neutral and the
0 0

noise supply follows a random walk, the Bellman equation involves an extra term related to risk
aversion, Zl;;l;;TZ+r2(l;éTl;é)(i3i3T)+er~yl;éi3T +ri3l;5T5;TZ, reflecting the hedging effect.
Simplification yields
L33

Ly—0, Lp—0, Lip—0, Q%h?}
1

2 .
o (r+a;—ajyn) ~ “i3

L33—>——D[1+2run(ru—1)], fior——m— L33+ruh105, fho——.

= =0 el T =7

Because = simple calculation shows that ru < 1. Hence, 2run(rju—1)>—1and L33 <0.

oy
r(ay+r)’
To make economic sense, we consider only the case in which f3 <0. Otherwise, the equilibrium
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. . nf: . . .
will not be a stationary one. Because f» — — 7*3, we obtain that f> > 0. Given the expression for
J2 7 J2
2, rearranging Equations (A30) and (A3T) yields

HZ1 V2n—n?opoy|fa
— >0

211—)—7

hi arfi

(1—may | ol
h—»————X > —-(-n==.
V2n—n*oyop fi
Note that 2} <0 if n<1 and h; >0 if n> 1. Hence, A=ph; is a decreasing function of y when
n <1, but an increasing function of y when 1> 1. From Equation (A30), we obtain that m; > 0.
Lyy—rph
Rearranging Equation (&33) yields L1; — % Using Equation (B34), we obtain f|, which
Lu i Ju
is given by

2rpeym

Ly [r+20;(1—m]+2r2pef — T

fim 2r]?1

As the expressions for fi; and f> are complicated, we are unable to determine their signs for
the general case, even Eough ‘we can obtain closed-form solutions. However, our numerical
calculations show that when 1 < 1, the hedging effect dominates so that fj <Oand f> > 0. Hence, as
y increases, the insider trades less aggressively on / — 7 but more positively on U — U. In contrast,
when 7 > 1, the feedback effect is more important so that f; >0 and f>>0.

Note that when k goes to zero, the price is still not fully revealing. Therefore, we have shown
that there exists a nonfully revealing equilibrium when y > 0 and k goes to zero. We calculate the
annualized steady-state value of private information as follows:

1 - 1 ~ ~ 2 ~
Vo=51r(b;LbY)—> 57 Ly Ll +yhy) o} +Qn—m)op+ @+t +ymy)2o).

A simple calculation shows that
Vo— Vo+y Vo,

— 2
~ hyhyLip+h]“L L3z0 . .
where Vo=pu+/2n—n?0poy and &:*l ! Hr ! Aalzjﬁ % U <0. Hence, risk aversion
reduces insider’s expected utility.
Applying PropositionE the instantaneous variance rate of the price, o2, is given by

2 2 Z;Lclz)ml
op—>o, +t| —— v,
f r+oy

2
2 _°D _ 21 2 2
where a],f— 3 2u a ”UDSGPD

in y leads to a rise in 0}2,, and as a result, less private information is incorporated into the price.

is the fully revealing price variability. Because m; >0, arise
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