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We study a noisy rational expectations equilibrium in a multi-asset economy populated by informed
and uninformed investors and noise traders. The assets can include state contingent claims such as Arrow—
Debreu securities, assets with only positive payoffs, options or other derivative securities. The probabilities
of states depend on an aggregate shock, which is observed only by the informed investor. We derive a
three-factor CAPM with asymmetric information, establish conditions under which asset prices reveal
information about the shock, and show that information asymmetry amplifies the effects of payoff skewness
on asset returns. We also find that volatility derivatives make incomplete markets effectively complete,
and their prices quantify market illiquidity and shadow value of information to uninformed investors.
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1. INTRODUCTION

Informed investors in financial markets often use their private information to extract gains from
trading in a multitude of financial assets, such as stocks, corporate bonds, and derivative securities.
This information can be partially learned from asset prices by uninformed investors for their own
advantage. Learning from asset prices in realistic multi-asset economies is complicated by the
joint effects of non-normality of asset payoff distributions, complex payoff structures of derivative
securities, and interdependence of asset prices arising because each price may contain information
about the payoffs of other assets. Therefore, despite the fact that asymmetry of information across
investors is a prominent feature of financial markets, its impact on equilibrium asset prices in
multi-asset economies remains relatively unexplored.

In this article, we develop a new tractable approach for studying asset prices in multi-
asset noisy rational expectations equilibrium (REE) economies with realistic asset payoffs and
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2 REVIEW OF ECONOMIC STUDIES

asymmetric information. Our approach provides a bridge between risk-neutral asset pricing and
models with asymmetric information, and sheds new light on the effects of information asymmetry
on asset prices. In particular, we derive a three-factor extension of the standard Capital Asset
Pricing Model (CAPM) to economies with asymmetric information, derive conditions under
which prices of assets (such as debt, equity, and derivatives) reveal information about hidden
economic shocks, and show that information asymmetry amplifies the effects of higher order
moments of asset payoffs on asset returns. We also uncover a unique economic role of volatility
derivatives. We show that these derivatives make incomplete markets effectively complete, so that
investors achieve Pareto optimal asset allocations. Moreover, their prices quantify both market
illiquidity and the shadow value of information for uninformed investors. The latter results
complement the widely-used interpretation of market volatility indices such as VIX (i.e. the
risk-neutral volatility of S&P500 stock index) as “fear gauges” of financial markets.

We consider a multi-asset economy with two dates and a finite but arbitrary number of random
states. The probabilities of states are functions of a state-dependent aggregate risk factor multiplied
by an aggregate shock. This risk factor is a key fundamental variable, such as aggregate output
or any other source of systematic risk, that determines asset prices and expected payoffs. The
assets can be state contingent claims such as Arrow—Debreu (AD) securities, assets with only
positive payoffs, and derivatives. The economy is populated by two types of price-taking rational
investors, informed and uninformed, with constant absolute risk aversion (CARA) preferences
over terminal wealth, and noise traders with exogenous jointly normally distributed asset demands.
The informed investor observes the aggregate shock, whereas the uninformed investor uses asset
prices to extract the information about the shock, which is obfuscated by noise traders. The
investors trade assets at the initial date, and asset prices are determined from the market clearing
conditions.

We start by studying markets where the number of states equals the number of assets,
henceforth complete markets, and extend the methods of risk-neutral valuation and portfolio
choice to these complete markets with asymmetric information. We show that the risk-neutral
probability measure is unique and the asset prices are given in closed form by expected discounted
payoffs with respect to risk-neutral probabilities. The tractability of our analysis is further
facilitated by the assumption that the probabilities have the same structure as in logit models
widely employed in econometrics so that their log-ratios are linear functions of the risk factor.
Consequently, because investors have exponential CARA preferences, the risk factor and wealth
affect the expected utility of the informed investor in a similar way, which makes their portfolios
linear in the aggregate shock.

We then derive an approximate linear three-factor CAPM with asymmetric information. This
three-factor model helps us isolate the effects of asymmetric information on asset returns. The
first factor in the model is the payoff of the market portfolio, as in the standard CAPM. The second
and third factors are the aggregate risk factor and its square, which we interpret as the factor’s
realized volatility.

Next, we extend our analysis to a subset of realistic incomplete-market economies where the
number of states exceeds the number of assets. These economies include economies with one
risky asset as in the previous literature (e.g. Grossman and Stiglitz, 1980; Breon-Drish, 2015),
the latter economies with added derivatives, and economies with risky corporate debt and equity.
Asset prices in these economies solve a system of non-linear equations and are less tractable than
in economies with complete markets.

We provide several further applications of our model that shed light on the effects of
information asymmetry on asset prices. First, we provide an answer to a fundamental question:
which assets help mitigate the information asymmetry in the economy? We show that the
information about the aggregate shock is impounded into asset prices only via the informed
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CHABAKAURI ET AL. MULTI-ASSET NOISY RATIONAL EXPECTATIONS EQUILIBRIUM 3

investor’s demand for those assets that make up a replicating portfolio for the aggregate risk factor.
Investing in this replicating portfolio allows the informed investors to trade on their information
and transfer more wealth to more likely states. The amount of wealth invested in this portfolio
depends on the aggregate shock. The information about the shock then becomes incorporated
into asset prices via the market clearing conditions. The assets which are not included in the
replicating portfolio are informationally irrelevant in the sense that their presence in the economy
does not contribute towards revealing more information. We also demonstrate an informational
analogue of the irrelevance of capital structure according to which, absent additional frictions,
the information jointly revealed by the prices of risky corporate debt and equity does not depend
on the face value of debt.

We also identify realistic situations when securities are not informationally irrelevant. In
particular, we consider an economy with costly defaults on corporate debt that destroy a fraction
of the firm’s value, and allow investors to trade AD securities on default states, similar to credit
default swaps. We find that the informativeness of prices (measured by the posterior variance of
the aggregate shock) is a decreasing function of the face value of debt and the cost of default.
The intuition is that default becomes more likely as the face value of debt increases, and hence,
more AD securities are needed for the replication of cash flows and more information is revealed
through their prices. Other realistic situations where derivatives are not informationally redundant
include the cases in which noise trader demands are correlated across markets or derivatives help
hedge the exposure to the aggregate risk factor.

The multi-asset nature of our setup also allows us to uncover the important economic role of
volatility derivatives. These derivatives are widely traded in financial markets, and adding them
to our model makes it both more realistic and tractable. The analysis of these derivatives when the
payoff of the underlying asset is not normally distributed is unique to our model. Specifically, we
study a security with a payoff equal to the squared payoff of the underlying, which we interpret
as a volatility derivative. We show that introducing this security in an incomplete market with
one risky underlying asset makes this market effectively complete, that is, allows informed and
uninformed investors to achieve Pareto optimal asset allocations. Moreover, the asset prices in
the resulting effectively complete market are available in closed form.

Furthermore, we show that the prices of volatility derivatives, given by risk-neutral variances
of asset payoffs, determine the shadow value of information and illiquidity in financial markets.
We define the shadow value of information as the amount of wealth that an uninformed investor
is willing to give up to become informed. When the market is complete, the value of information
is proportional to the risk-neutral variance of the aggregate risk factor, which can be interpreted
as the price of a volatility derivative.

We define market illiquidity as the matrix of asset price sensitivities to noise trader demands
and show that illiquidity is proportional to the risk-neutral variance—covariance matrix of asset
payoffs. Such a relationship between illiquidity and risk-neutral variance is in line with empirical
findings in Chung and Chuwonganant (2014) who show that liquidity (defined as the inverse of
illiquidity) is negatively related to VIX.

We build on the role of volatility derivatives discussed above to develop a new method for
studying the effects of asymmetric information on asset prices. We consider an incomplete market
with a single risky asset and then make it effectively complete by adding a volatility derivative.
To facilitate the comparison of incomplete and effectively complete markets, we exclude noise
traders from trading the derivative; even then we show that the equilibrium is not fully revealing
because the derivative is informationally irrelevant (in this particular case). For several broad
classes of asset payoff distributions, we find asset prices in the effectively complete market in
closed-form. Using our new method, we also show that asset risk premia are decreasing functions
of payoff skewness and the asymmetry of information amplifies the sensitivity of risk premia to
skewness.
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4 REVIEW OF ECONOMIC STUDIES

Finally, we demonstrate the generality and robustness of our results by extending our analysis
in several directions. First, we show that when the market is complete the model can be solved
for general probabilities of states and distributions of shocks and noise trader demands. Second,
we extend the analysis to economies where noise traders are replaced by noisy endowments
of investors and show that the equilibrium prices have the same structure and the quadratic
derivatives play the same role as in the baseline analysis. Third, we study economies with
multiple heterogeneously informed investors. We show that quadratic derivatives make the market
effectively complete, prove the existence and uniqueness of a symmetric equilibrium, and derive
prices in closed form. Then, we extend the analysis to the case of multi-dimensional economic
shocks. As in other extensions, the prices are in closed form and have the same structure as in the
baseline analysis. Moreover, the security that effectively completes the market has payoffs given
by quadratic forms of the aggregate risk factor. Our final extension considers economies in which
informed investors receive a signal about the aggregate shock instead of observing it directly.

1.1. Related literature.

Our article is related to a large literature on noisy REE models, which was pioneered by
Grossman (1976), Grossman and Stiglitz (1980), and Hellwig (1980). These early works typically
consider economies with CARA investors and one risky asset with normally distributed payoffs.
Admati (1985) extends these models to the case of multiple securities and Wang (1993)
develops a dynamic model. Palvolgyi and Venter (2014) prove the uniqueness of equilibrium
in Grossman and Stiglitz (1980) in the class of continuous prices and find multiple equilibria
with discontinuous prices. Diamond and Verrecchia (1981), Vives (2008), Garcia and UroSevic¢
(2013), and Kurlat and Veldkamp (2015) discuss further extensions and applications of CARA-
normal models. Davila and Parlatore (2021) study the effect of trading costs on the acquisition
and aggregation of information. Cespa and Foucault (2014) study an economy in which investors
learn information about an asset also from the information about other assets and show that such
learning may lead to liquidity crashes. In contrast to this literature, we allow for multiple assets
with more general payoff distributions.

Breon-Drish (2015) studies an economy with CARA investors and one risky asset without
normality. He obtains a general characterization of prices in terms of inverse functions and proves
the existence and uniqueness of equilibrium when the asset payoff conditional on the informed
investor’s signal has a distribution from the exponential family. He also obtains closed-form
exponential-linear asset prices when payoffs have a binomial distribution, and uses conjugate
prior for the economic shock similar to ours. Relative to the latter paper, we study a muti-asset
economy with multinomial distributions. We show that (effective) market completeness offers
significant additional tractability and closed-form prices. We provide new economic results on
the informational irrelevance of assets, the role of quadratic derivatives, effective completeness,
value of information, and liquidity.

Malamud (2015) studies an REE with AD securities in a continuous-space complete-
market economy and shows that the equilibria with non-CARA preferences are fully revealing.
Albagli, Hellwig, and Tsyvinski (2021) consider a noisy REE model where the information is
dispersed across all investors, preferences are general, and investors face position limits. Our
model differs from their setup in that our investors are either informed or uninformed and their
trades are unconstrained. Han (2018) studies numerically dynamic information acquisition with
ex ante identical investors but without derivative securities, and shows that the marginal cost of
information precision is proportional to risk-neutral variance. In contrast to Han (2018), we derive
the value of information and show that this value is reduced by market incompleteness. Although
our model is one-period, investors are not ex-ante identical and solutions are in closed form.
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Bernardo and Judd (2000) solve models with general distributions and preferences numeri-
cally and demonstrate that the REE in Grossman and Stiglitz (1980) is not robust to parametric
assumptions. Breugem and Buss (2019) study portfolio and information choice of investors
concerned about their performance relative to an index. Glebkin, Malamud, and Teguia (2020)
study asset prices in a model with non-normally distributed payoffs and market power, but without
asymmetric information. Similar to our model, they find that illiquidity is proportional to the
risk-neutral variance of asset returns. Banerjee, Marinovic, and Smith (2021) study a disclosure
problem with asymmetric information where managers disclose the asset payoff when its value
exceeds an endogenous threshold. Other related models that do not rely on the normality of asset
payoffs include Barlevy and Veronesi (2000), Peress (2004), and Yuan (2005) among others.

Our model is also related to works on the informational role of derivatives. Brennan and Cao
(1996) consider a CARA-normal model with one risky underlying asset and a quadratic derivative
written on it. They show that the derivative effectively completes the market and does not reveal
any information which is not already in the price of the underlying asset. We show that the latter
result extends to economies without payoff normality. Moreover, the quadratic derivative in our
model plays a unique role by allowing us to obtain closed-form prices whereas in their work
introducing this derivative does not affect the price of the underlying asset. Other related models
in this literature include Back (1993), Biais and Hillion (1994), Vanden (2008), and Huang (2014)
among others.

2. MODEL
2.1.  Securities markets and information structure

We consider an economy with two dates t=0 and t=T, and N states wi,..., @y at the terminal
date, where N >2. The probabilities 7,(¢) of states w, are normalized exponential functions of
the aggregate shock ¢ € R adopted from logit models in econometrics:

ean-i-b,,a

(&)= ==
i+bje
Zj:l e

=1,...,N, (1)

where a, and b, are state-dependent variables. Variable b, determines the effect of shocks on
probabilities and can be interpreted as an aggregate risk factor of fundamental importance for the
economy, such as aggregate output or other source of systematic risk. With such interpretation,
probabilities (1) intuitively imply that, for example, bad shock ¢ <0 makes states with higher
output by, less likely than states with lower output. We also interpret variables b;, as the sensitivities
of probabilities m,(¢) to shock ¢. Below, we discuss economic settings where probabilities (1)
arise endogenously and factor b emerges as a source of information asymmetry. By b(w) we
denote a random variable with realizations b,, in states w,. We assume that b(w) is an injective
mapping, so that its values are different for different states, and hence, factor realizations b, are
analogous to states.!

There are M >2 assets traded in the economy: a riskless bond in perfectly elastic supply
paying $1 at date 7 and M —1 state-contingent risky assets in zero net supply with terminal
payoff Cy,(w) in state w, where m=1,...,M — 1. The risky assets may include AD securities,
assets with only positive payoffs, options or other derivatives. All assets are non-redundant in the
sense that each asset’s terminal payoff cannot be replicated by trading in other assets. We denote

1. Assuming that function b(w) is injective is without loss of generality because the states such that b(wy) =b(w,,)
can be lumped together into one state.
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6 REVIEW OF ECONOMIC STUDIES

T
the vector of M — 1 risky asset payoffs in state w by C(w)= (C 1), ..., Cy_; (w)) , and use Cy,

and C as shorthand notation for Cp,(w) and C(w). The bond price is set to pg=e~"", where r is
an exogenous risk-free interest rate. We denote the vector of observed date-0 prices of the risky
assets by p=(@1,...,Pu— I)T. These prices are determined in equilibrium, defined below.

The economy is populated by three types of investors, informed and uninformed, labeled /
and U, and noise traders. There is a continuum of identical investors of each type that act as price-
takers. Fraction i /2 of all investors are informed and fraction (1 —£)/2 are uninformed, where h €
(0, 1), and fraction 1/2 are noise traders. Investors / and U have CARA preferences over terminal
wealth with risk aversions y; and yy, respectively. Noise traders submit exogenous normally
distributed demands v=(vy,...,vy,_1) | ~N(0, X)) for risky assets, where X, € RM—Dx(M=1)
is a symmetric positive-definite matrix.

Both investors I and U know all asset payoffs in all states, Cy,(w;,). Before the markets open,
investor / observes shock ¢. Investor U observes only asset prices p at date t =0 and knows how
the equilibrium prices, given by some function P(g,v) € R¥~!, depend on shock & and noises v.
Investor U has the following conjugate prior probability density function (PDF) over &:

(ZJ[‘V:I eaj-i-bjx)efO.S(xfuo)z/aoz

00 N ai+bix ) ,—0.5(x—u0)? /02 g,
f_oo< j:lej )j )e (x—Ho /de

Pe(x)= 2)

Below, we discuss economies where PDF ¢, (x) arises endogenously.

For fixed parameters a, and b,, we choose (¢ and ag such that e has any desired mean 1
and variance %2- We refer to the distribution of ¢ as generalized normal N (ug,aaz) with mean
E[e] =, and variance var[e] :082, and note that it can be rewritten as a weighted average of
PDFs of normally distributed random variables. The relationship between (uo,ag) and (ug, %2)
is given by equations (A.1) and (A.2) in the Appendix.

Our economy also has an equivalent interpretation as an economy where the aggregate risk
factor b has an arbitrary prior distribution 7, and the informed investor receives a conditionally
normal signal e=b0§+u, where u~N (Mo,ag). Then, Bayes’ law and the formula for total
probability give rise to probabilities (1) and distribution (2), where a,=In(7,) —O.Sng%.
According to this interpretation, learning via & about factor b is the source of the asymmetry
of information, which justifies the interpretation of b as an aggregate risk factor.

Allowing shocks ¢ to be conditionally normal and noise trader demands v normal variables
captures in a tractable way the fact that these variables can be either positive or negative, which
makes their normality less restrictive than the normality of asset payoffs in the related literature.
Moreover, v and ¢ in reality are likely to be sums of smaller zero-mean shocks, in which case
they are approximately normal by the central limit theorem.

2.2.  Investors’ optimization and definition of equilibrium

Each investor i=1, U is endowed with initial wealth W; ¢, and allocates it to buy o; units of the
riskless asset and 6; ,,, units of the risky asset m. By 6;=(6; 1,...,6;, w—1)" we denote the vector
of units of risky assets purchased by investor i. The value of riskless assets held by investor
i is given by W; o— p T 6; but does not play any role in our analysis. After observing prices p,
the uninformed investor updates the prior PDF (2) conditioning on the information that shock ¢
and noise v satisfy equation P(g,v)=p. Investors I and U maximize their expected utilities over
terminal wealth:

maxE[—eﬂ” Wit
0

). 3
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maxE[—efyUWUf
Oy

P(s,v):p], 4

respectively, subject to their self-financing budget constraints

Wir=Wioe +(C—ep)T6;, i=1U. Q)

Definition of equilibrium. A competitive noisy rational expectations equilibrium is a vector of
risky asset prices P(g,v) and investors’ portfolios of risky assets 0, (p;e) and 0;;(p) that solve
optimization problems (3) and (4) subject to self-financing budget constraints (5), taking asset
prices as given, and satisfy the market clearing condition:

ho; (P(e,v);e)+(1—h)0;;(P(e,v))+v=0. (6)

Remark 1 (Particular cases). Our model incorporates the economies with one risky asset in
which asset payoffs are normally distributed as in Grossman and Stiglitz (1980) or drawn from
more general distributions as in Breon-Drish (2015). Lemma A.2 in the Appendix demonstrates
that the latter economies can be obtained in the limit N — oo of our N-state economy with asset
payoffs Ci(w,)=C), +(Cy— C,)(n—1)/(N —1) and distribution parameters

C n2 C n C n
B e R e LG )
20’0 o o

where C,, and Cy converge to the lower and upper limits of payoff C; with PDF ¢¢(x).

3. CHARACTERIZATION OF EQUILIBRIUM

In this section, we first consider our baseline economy where the number of assets equals the
number of states, M =N, and find the equilibrium in closed form. Then, we consider a more
general economy with M <N assets and derive the equilibrium in terms of inverse functions. We
use the latter economy to establish conditions for the effective completeness of financial markets
and to study the impact of market incompleteness on asset prices.

3.1. Economy with M =N securities

We start with an economy where the number of assets equals the number of states, thatis, M =N,
which we label as a complete-market economy.> Our methodological contribution is to show that
market completeness substantially simplifies the derivation of equilibrium, so that asset prices
and investors’ portfolios are available in closed form.

Due to market completeness, we look for equilibrium prices p in the following form:

p=[rC@)+a C+ -+ Clon e, ®)

where 7N are the risk-neutral probabilities of states w,. The risk-neutral probabilities exist and
are unique in equilibrium because investors / and U are unconstrained and can eliminate any
arising arbitrage opportunities (e.g. Duffie, 2001, p. 4).

2. The realizations of shock ¢ can be interpreted as a continuum of states of the economy in addition to states wy,.
However, N non-redundant assets still suffice to replicate any contingent claim in our economy because the payoffs of
such claims do not vary across ¢ for a fixed state wj,. In other words, e-states can be clumped together so that only w,
states matter for replication. Furthermore, noise trader demands do not contribute to market incompleteness because they
affect date-0 prices but do not affect future payoffs.
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8 REVIEW OF ECONOMIC STUDIES

Informed and uninformed investors agree on the risk-neutral probabilities because these
probabilities are uniquely determined from equation (8) as functions of prices p. However,
investors assign different real probabilities to states w,. In particular, investor U’s real posterior

probabilities are givenby 7}/ (p) =E [nn(s) |P(e,v)= p] . The expression for 7t/ (p) can be obtained
by rewriting investor U’s expected utility (4) as follows:

E[—e W |Pe,v)=p| = ~ X, (E[mu(e)lP(e, v)=p]e 7o Wira)

— _ZIIZZI ]Trll/(p)e_yUWU,T,n.

€))

Taking probabilities m,(¢) and 71,;/ (p) as given, investors’ optimizations can be solved using
the methods of complete-market portfolio choice. The informed and uninformed investors have
different state price densities (SPDs), which are given by discounted ratios of risk-neutral and their
real probabilities (e.g. Duffie, 2001, p. 11): n,‘i”e_’T /mn(e) and n,‘jNe_’T /7l (p), respectively. The
first order conditions (FOCs) of investors equate their marginal utilities and SPDs (e.g. Duffie,
2001, p. 5) and are given by:

—rT —rT

RN
e

7 (€)

RN
mNe

i (p)

y[e_VIWI,T,n = yUe_VUWU.T,n =0,

(10)

)

where ¢; are Lagrange multipliers for investors’ budget constraints. From equation (10), we find
optimal wealths W; r. Then, we use these wealths to recover optimal portfolios from budget
constraints (5). Lemma 1 below reports investor I’s portfolio.

Lemma 1 (Investor /’s optimal portfolio). Investor I’s optimal portfolio of risky assets is
given by:
re QT l@p)-a
ey 2 D)D)
Vi Vi

(1)

where Qe ROW—DxW=D j¢ 0 matrix of excess payolffs with elements Q2 y = Cy(wy) — Cr(wy), A=
Q Uby—by,....by_1—by) T eRY "V d=(a; —ay,...,ay_1 —ay) " €R"~! and T(p)eR¥ 1 is
the vector of log ratios of risk-neutral probabilities, given by:

RN RN T
a@)z(ln(”LN),...,1n(”N;Nl)) . (12)
Ty Ty

Equation (11) decomposes portfolio of risky assets 6,*(p;¢) into two terms, which we label
as information-sensitive and information-insensitive demands, respectively. The information-
sensitive demand is linear in shock ¢, and the portfolio is separable in ¢ and prices p, as in
the related literature (e.g. Grossman and Stiglitz, 1980; Breon-Drish, 2015). The information-
insensitive demand depends on risk-neutral probabilities, which can be found analytically as
functions of prices p by solving risk-neutral pricing equations (8). Hence, portfolio (11) is in
closed form in terms of shock ¢ and price p, which are observable by investor /.

We also observe that portfolio (11) features variables a,, —ay and b, — by, normalized relative
to state wy. The normalization arises because adding a constant to variables a, and b, that
determine the probabilities of states (1) does not affect these probabilities, and hence, should not
affect optimal portfolios and equilibrium asset prices.

Vector A in portfolio (11) has the following interpretation. The definition of A in Lemma 1
implies that A satisfies equations b, =Xxo+C (wn) " A, where Ag is a constant. Therefore, A is a

220Z 8unf 90 UO Jesn sOIWou09T JO [00YdS uopuo Aq 2/ LE4y9/1800ePI/PNISl/S601L 0 | /I0p/3|o1e-a0ueApe/pNn]sal/woo dno olwapede//:sdiy Woll papeojumo(]



CHABAKAURI ET AL. MULTI-ASSET NOISY RATIONAL EXPECTATIONS EQUILIBRIUM 9

replicating portfolio for the aggregate risk factor b, up to a constant Aq. In Section 3.3 below, we
provide detailed discussion of portfolio A and separability of portfolio (11) in shock ¢ and price
p in a more general incomplete-market economy.

The linearity of portfolio 6 in the aggregate shock ¢ and its separability in & and prices p are
the key sources of tractability of our model. The latter properties of portfolio 8;* along with the
market clearing condition allow us to characterize asset prices in terms of a sufficient statistic
that is linear and separable in the aggregate shock ¢ and noise trader demands v. In turn, the
linearity of the sufficient statistic and joint normality of noise trader demands greatly simplify
learning from prices by uninformed investors, which ultimately allows us to obtain asset prices
in closed form.

Specifically, substituting 6,*(p; ¢) and 6,;(p) into the market clearing condition (6), we find
that

hie
—+v+H(p)=0, (13)

Vi

where H(p) is a function of asset prices p, discussed below, which is given by:
* h —1(~ ~
Hp)=(1-hejp)=—-"! (W) -7). (14)
1

and V(p), @ are as in Lemma 1. Substituting prices p into equation (13), investor U learns the
sufficient statistic s=hAe/y;+v. This sufficient statistic is equal to function —H (p), which we
label as the informational content of prices. Next, investor U finds posterior probabilities of states
by computing conditional expectations 7" (p) = ]E[rrn(e)|hke /vi+tv=—H (p)]. Lemma 2 reports
these probabilities.

Lemma 2 (Posterior probabilities of states). The posterior probabilities of states wy
conditional on observing the sufficient statistic s=hie/y;+v are given by:

! 1 b242bu(po/od —maT = HG) )
T = expyan+=
" Gp) "2 W2AT Sy v +1/0k

; 15)

where function H(p) is given by equation (14), and G(p) is a normalizing function.

We observe that probabilities (15) are proportional to an exponent of a quadratic function of
sensitivities b,, which is similar to a moment generating function E[¢?7?] of a normally distributed
variable z. This similarity emerges because, as discussed in Section 2.1, noise v and shock ¢ are
(conditionally) normally distributed, and state probability 7,(g) has an exponential-linear form.
Consequently, Bayesian updating of the latter probability gives exponential-quadratic posterior
probability (15).

We then find the equilibrium as follows. From the FOC (10) for investor U we find investor U’s
optimal portfolio 6, (p) in terms of probabilities (15), similar to finding investor I’s portfolio (11).
We observe, that probabilities (15) themselves depend on portfolio 6 (p) via the informational
content of prices H(p). Hence, portfolio 6;;(p) solves a fixed-point problem [equation (A.15)
in the Appendix], which we do not show here for brevity. The fixed-point problem turns out
to be linear, and hence, we find portfolio Oj(p) in closed form. Then, we find the equilibrium
risk-neutral probabilities and asset prices from the market clearing condition (13). In this article,
we focus on equilibria in which asset prices are continuous functions of the sufficient statistic s,

220Z 8unf 90 UO Jesn sOIWou09T JO [00YdS uopuo Aq 2/ LE4y9/1800ePI/PNISl/S601L 0 | /I0p/3|o1e-a0ueApe/pNn]sal/woo dno olwapede//:sdiy Woll papeojumo(]



10 REVIEW OF ECONOMIC STUDIES

and the sufficient statistic is the only information revealed by prices.? Proposition 1 reports the
equilibrium.

Proposition 1 (Equilibrium with M =N assets). (i) There exists unique equilibrium in which

prices only reveal the sufficient statistic s=hAe/y,+v. In this equilibrium, the vector of risky
asset prices P(e,v) and risk-neutral probabilities " are given by:

P(e,v)

|71 Cn+ a5 Cln) 47 Clon) |7, (16)

RN evn
T, = =, 17
e 4

where probability parameters vy, are given in closed form by:

v, =a +1 (I=m/yu bﬁ+2(uo/0§)bn Clwn) " (E-i-Q)s )
n n 2h/yl+(1—h)/)/[/ hz)‘TEv_l)\/Jﬁz‘i‘l/O’g h/]/l‘i‘(l—h)/]/U’
_ hd—=h Tz .

vive BATES A2 410}

where E is an identity matrix, Q,E € RV=DXN=D"4nd p»=Q~Yby—by,....by_1—by)".
(ii) Portfolio 0, (p; €) is given by equation (11) and portfolio 05 (p) is given by

. -1(hQQ ' @W(p)-a) Q' @(p)—a) 10/ (Yuod)x
0 =\F — , 20
v ( +Q) ( (I=h)y Yu +h2ATE;1A/y,2+1/002 20

where 3(p) e RN~V is given by (12) and has elements v, — vy in equilibrium, and d@,a€R¥~! have
elements a, —ay and a, —ay +O.5(b% - bl%,)/(hz)»—r x>, ! )»/J/,2 + l/crg), respectively.

Proposition 1 extends the no-arbitrage valuation approach to economies with asymmetric
information and provides asset prices in closed form in terms of expected discounted payoffs
under risk-neutral probabilities, familiar from the asset-pricing literature. These risk-neutral
probabilities are functions of the sufficient statistic s such that the log-likelihood ratios of any
two states, given by In(r"/m5Y), are linear functions of s. Consequently, the sufficient statistic
emerges as a state variable that affects optimal portfolios, asset prices, and asset returns, similar
to the related literature (e.g. Breon-Drish, 2015; Albagli ef al., 2021). The resulting equilibrium
prices are non-linear functions of the sufficient statistic, in contrast to CARA-normal noisy REE
models (e.g. Grossman and Stiglitz 1980; Admati 1985, among others].

The tractability of equilibrium prices and portfolios allows us to study the sensitivities of
optimal portfolios to prices p, which we report in Proposition 2 below.

3. Palvolgyi and Venter (2015) use our characterization of equilibrium asset prices to study the uniqueness of
equilibrium in Proposition 1. They show that our complete market equilibrium is unique among all equilibria with
continuous prices. Pdlvolgyi and Venter (2014) demonstrate the existence of multiple discontinuous equilibria in a
Grossman and Stiglitz (1980) economy, which may also exist in our model. Finding such equilibria in multi-asset
economies is a challenging task and is beyond the scope of our work.
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CHABAKAURI ET AL. MULTI-ASSET NOISY RATIONAL EXPECTATIONS EQUILIBRIUM 11

Proposition 2 (Slopes of asset demands). The sensitivities of investors’ portfolios of risky
assets to prices p are given by:

007 (pe) ~ (VarRN[C]) et

ap % ’ @b
1

005(p) _ (g /y+(=)/y)haaT 5! (Vaf“”[cl) e’ )

o (h/yi+(0 =)y T =y Aty /od v ’

where var™[-] is the risk-neutral variance-covariance matrix and 36} /dp fori=1,U are matrices
with elements 367, /Opy, in rows n and columns m. Furthermore, the informed investor’s demand
for risky asset m is a downward-sloping function of that asset’s price py,, holding other prices

fixed.

The portfolio sensitivities in equations (21) and (22) can be also interpreted as matrices of
demand slopes. The sensitivities of portfolio 8,*(p; €) to prices p in equation (21) are determined
by the inverse risk-neutral variance—covariance matrix. Consequently, the informed investor’s
demand for risky asset m is a downward sloping function of that asset’s own price p,, because
the elements on the main diagonal of a positive-definite matrix (VaerN[C])_1 are all positive [see
Proof of Proposition 2].

The sensitivities of portfolio 6;(p) to prices p in equation (22) are given by the negative of
the product of two matrices that capture the information and substitution effects, respectively.
Investor U’s demand for asset m can be an upward sloping function of p,, because the product
of these matrices in (22), in general, is not positive-definite and may have negative elements
on the main diagonal. Intuitively, high asset prices can be interpreted as positive information
about shock ¢, in which case the uninformed demand for asset m may increase through this
information effect.* Admati (1985) finds a similar result in a multi-asset CARA-normal model.
Our analysis extends the finding of Admati (1985) to economies without normality and reveals
the important roles of portfolio A and the risk-neutral variance of asset payoffs in generating these
effects.

Similar to Admati (1985), the equilibrium is unique despite possibly upward sloping
uninformed demand. The intuition is that for the uninformed demand to be upward sloping there
should be a sufficiently large fraction of informed investors in the economy so that the information
effect is sufficiently strong. However, as shown in Proposition 2, the informed investors have
downward sloping demands. As a result, the aggregate demand is downward sloping because the
information effect is subdued by the substitution effect after aggregation. At a more technical
level, the equilibrium is unique because uninformed portfolios and log-ratios of risk-neutral
probabilities solve a linear system of equations that has a unique solution [see the Proof of
Proposition 1].

4. A sufficient condition for investor U’s demands to be downward sloping is that the first matrix (in parentheses) on
the right-hand side of (22), which captures the information effects, is sufficiently close to the identity matrix E. The latter
condition is satisfied when, for example, it is difficult to learn from prices because there are few informed traders (2~ 0)
or noise trader demands are very volatile (X 120). Then, the slopes are approximately given by —var™~[C]~!e'T /yy,
which implies downward sloping demands, as shown in the previous paragraph. Section IA6.1 of the Supplementary
Appendix provides an example of a market with upward sloping asset demands. In that example, investors have identical
risk aversions, and hence, differences in preferences are not necessary for generating upward sloping demands.
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3.2.  Capital asset pricing model with asymmetric information

In this section, we derive a capital asset pricing model (CAPM) with asymmetric information
and study its economic implications. Our CAPM provides a bridge between risk-based models
of asset pricing in the no-arbitrage tradition and models with asymmetric information, and also
highlights how information aggregation alters asset returns. The existence of a state price density
allows us to derive this CAPM as a simple corollary of the results in Section 6.1 of Cochrane
(2005), which we report below.

Corollary 1 (Asymmetric information CAPM). Let R; =C;/P; be the gross return of asset i.
In the complete market the asset risk premia are given by

RN

T
EY[R]]—e'T = —cov’ (Ri, — ) (23)

where T /7tV is the ratio of risk-neutral and investor U’s probabilities of states, and the
covariance is computed under investor U’s probability measure V. Furthermore, let R* be
the projection of the rescaled state price density (t™ /7 V) /EN[7™ /7 V] on the space of tradable
assets in the Euclidean space with scalar product EV[XY]. Then

cov? (Ri,R*)
varV[R*]

Corollary 1 presents the CAPM from the point of view of an uninformed investor or an
econometrician, and demonstrates that the asset risk premia are determined by the covariance of
returns with the state price density and admit a beta representation (24), similar to standard risk-
based models discussed in Cochrane (2005, pp. 101-102). Following Cochrane (2005, p. 109),
we observe that return R* in (24) can be interpreted as a return of a factor-mimicking portfolio
for the state price density. We also note that the risk premia in our analysis are contingent on the
sufficient statistic s because the posterior probabilities 77 given by equation (15) are functions
of s.

The risk premia in (24) non-linearly depend on the aggregate risk factor b, which complicates
the analysis of asset returns. To isolate the effects of asymmetric information on the risk premia,
following Cochrane (2005, p. 161), we derive an approximate linear three-factor model by
linearizing the SPD. Corollary 2 reports our results.

EY[R]—€¢T = EV[R*]—eT). (24)

Corollary 2 (Conditional three-factor CAPM). The SPD has linearization

RN

T
oy e =go(s) (1 +

n

Cln)'El-vls] 1 h/y by —2b,EV[b]
(A=h)/yu+h/yr 2 =h)/yo+h/vi 2ATS, 0/ y2 +1/0?

0( ! ) (25)
((1=h)/yy+h/v)?

where go(s) does not depend on state wy,. Consequently, when either y; or yy is small, the asset
risk premia are given by:

EV[Ri1—e' T~ B1; A1+ Paiha+ BaiAs, (26)

where B1;, Bai, and Ba; are the multiple regression coefficients of R; on factors C(w) ' E[—v|s], b,
b%, and a constant, and the factor risk premia are given by A1 =(EY[C(w;)] —pe’T)T]E[—v|s],
Ay =EV[b] —EX[b], A3=E[p*]-E™[H?].
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The three-factor model (26) is the main result of this section. The betas in (26) can be interpreted
as time-series regression coefficients of asset returns on factors in a setting where returns each
period are determined from our one-period model, as in the mean-variance CAPM. We also note
that model (26) is conditional on the investors’ ability to observe the sufficient statistic s. Hence,
betas should be estimated as functions (e.g. polynomials) of s, similar to Cochrane (2005, p. 144).

Next, we discuss the factors. The first factor C(w) " E[—v|s] is analogous to the payoff of the
market portfolio in our model. In particular, from the market clearing condition (6), the exogenous
supply of risky assets in the economy is given by —v. The uninformed investor does not observe
—v, and hence, evaluates the payoff of the market portfolio by using the best estimate E[—v|s].
The other two factors, the aggregate risk factor b and the volatility factor b2, capture the effects
of asymmetric information on the SPD.

The risk factor b can be any macroeconomic or financial variable that determines payoffs
of other assets in the economy and about which some investors have better information (e.g.
a signal ¢ =bo§ +u, where u~N (,uo,ag)) than the others. The examples include factors with
economy-wide impact, such as aggregate output, stock indices, and oil prices. Other examples
include future returns or prices of commodities, currencies, or financial assets on which derivative
contracts are traded, in which case the three-factor CAPM (26) describes returns in specialized
markets restricted to derivatives written on those commodities and assets.> For example, if b is
the price of oil in one year from now, and some investors receive a signal about b so that they can
predict it better than the others, then equation (26) describes returns of derivatives written on b.

The three-factor model (26) reduces to the standard mean-variance CAPM in three special
cases of our model in which 1) there are no informed traders (h=0), 2) exogenous asset supply
is deterministic (X, =0), and 3) shock ¢ is known to everyone (o =0). This is because factors
b and b? cancel out in the SPD (25) in these three special cases when h=0, ATEV_ x> o0, or
og— 0, respectively. Hence, these factors would not be priced.

Finally, we evaluate the contribution of the information-specific factors to asset returns. For
tractability, we focus on the returns of AD securities. We also assume that the informed and
uninformed investors have the same risk aversion so that the effects of information asymmetry
are not confounded by other sources of investor heterogeneity. Lemma 3 presents the expected
returns and comparative statics.

Lemma 3 (Expected returns of AD securities). Suppose, both investors have identical risk
aversions, y; =yy =Y. Then, the expected return of the AD security with payoff 1(w=a,) is given
by:

U _ T _ _TRU 2
B[Ry = T8 o7 _ Py Clom BV 0.5ty BB Ty
R TERN [exp{—yC(w)TIE[—VIS] +0.5¢(b —]EU[b])z}]

where t:h/(hz)LTEv_l)»/yz + l/crg) quantifies the asymmetry of information. Moreover,
OEV[R,1/0t >0 if and only if (b, —EV[b])? > varV[b].

5. Dew-Becker, Giglio, and Kelly (2021) study the returns on straddles with payoffs max(b — K, 0)+max(K — b, 0)
and strangles with payoffs max(b—Kj,0)+max(b—K3,0) written on 14 commodities and 5 financial assets futures (e.g.
oil, gold, silver, British pound, and Swiss franc) using factor models that include the returns and squared returns (interpreted
as realized volatility) on the futures prices of the underlying assets, and find that these factors help explain the returns.
The latter factors are similar to our factors b and b?. Ang, Hodrick, Xing, and Zhang (2006) empirically demonstrate a
conditional relationship between asset returns and the market volatility, measured by VIX. Factors based on output and oil
prices have been studied in Chen, Roll, and Ross (1986) and Ferson and Harvey (1994), albeit without volatility factors.
However, these papers do not discuss possible role of asymmetric information in generating asset returns.
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14 REVIEW OF ECONOMIC STUDIES

Equation (27) disentangles the effects of risk attitudes and information asymmetry on expected
returns, which are captured by terms yC(a)n)T]E[—v|s] and t(b, —]EU[b])Z, respectively.
Parameter ¢ quantifies information asymmetry. Larger ¢ corresponds to more information
asymmetry and =0 to no asymmetry, in which case either there are no informed investors
(h=0), or asset supply is deterministic (X, =0), or shock ¢ is known to everyone (og=0).
When t =0, expected returns are only determined by risk aversion y and market portfolio payoffs
C(wn) " (—v). Equation (27) allows for simple comparative statics showing that if two states have
the same market portfolio payoffs then, in the presence of information asymmetry, the AD security
of the state with higher squared deviation (b —IEY [b])2 has higher return, and the effect is stronger
with larger parameter ¢.

The risk premia of AD securities are given by EV[R,]—e'T =) /a—1)e" T There are
always AD securities with positive and negative risk premia because assuming that, e.g., all
risk premia are positive, 7! /7 — 1> 0, leads to a contradiction 1=} 7Y >>"" | x=1.
Next, we find out which AD securities have positive risk premia. From equation (27) we observe
that ) > ;N for sufficiently large |b,| because the ratio /7" is mainly determined by the
quadratic term (b, —EY[b])2. Therefore, posterior probabilities mY are higher than risk-neutral
ones for tail risks (i.e. when |b,| is large), and hence, corresponding AD securities have positive
risk premia. The latter effects are stronger with larger asymmetry parameter ¢.

3.3.  General economy with M <N securities

In this section, we study an economy with M securities, where M <N, which subsumes complete
and incomplete market economies as special cases. For tractability, we focus on a subset of
economies which satisfy the following condition.

Informational spanning condition: There exists a replicating portfolio for the risk factor b. That
is, there exist constant Ay and a vector of asset units A= (A1, ceishy—1) " such that

bp=xo+Clwn) " A. (28)

Condition (28) implies the existence of a portfolio of assets A that replicates the risk factor b. This
portfolio is a tradable analogue of the risk factor b, similar to factor mimicking portfolios in the
asset pricing literature. Next, we provide several plausible economies that satisfy condition (28).
First example is a complete-market economy, where M = N, and hence, there always exist constant
Ao and vector A satisfying equation (28). Second example is an incomplete-market economy with
only one risky asset with payoff C; =b/A1, where A1 is a constant. Lemma A.2 in the Appendix
shows that single risky asset economies in Grossman and Stiglitz (1980) and Breon-Drish (2015)
satisfy condition C1 =b/X1. Third example is an economy with an asset paying C1 =b/\1, and
call options on Cy with payoffs Co =max(C; —K>,0),..., Cyy—1 =max(C1; —Kj,—1,0), in which
case A,p=0, A=(11,0, ...,O)T. Fourth example is an economy with a firm that has cash flow
b and issues risky debt and equity with payoffs min(b,K) and max(b—K,0), where K is the
face value of debt. It is easy to verify that in this last example 1o=0 and A=(1,1)T because
b=min(b,K)+max(b—K,O0).
We begin with the derivation of the informed investor’s portfolio in Lemma 4 below.

Lemma4 (Investor I’s optimal portfolio). If condition (28) is satisfied, then investor I’s
optimal portfolio of risky assets is linear in €, and given by

re 07 (p)

0f (p;e)=
Vi Vi

(29)
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where vector A is such that condition (28) is satisfied, and é;*(p) is a function of p.

Lemma 4 shows that condition (28) gives rise to optimal portfolio (29) that is separable in shock
¢ and price p and linear in ¢, as in the complete market economy of Section 3.1. Consequently,
learning from prices and the derivation of equilibrium follow the same steps as in Section 3.1.
We label the first and second terms of (29) as information-sensitive and information-insensitive
demands, respectively. Next, we discuss the economic intuition for condition (28) and portfolio
(29), and the derivation of equilibrium.

First, we provide intuition for the informational spanning condition (28). This spanning
condition implies the existence of an information-independent portfolio A whose payoffs replicate
the realizations of the aggregate risk factor b. Because this portfolio is perfectly correlated with
the risk factor, it is the natural portfolio to use when trading on private information. In particular,
investing in information-sensitive portfolio Ae/y;, as part of the optimal portfolio (29), captures
the informational motive for trading and allows the informed investors to have higher payoffs
in more likely states. The latter investment strategy is similar to market timing in the real world
when those investors who can predict market booms and recessions tilt their portfolios towards
securities that do better in those economic conditions. The remaining information-insensitive
demand —@;* (p)/v; in portfolio (29) captures non-informational, risk-sharing motives.

Next, we discuss the separability of portfolio (29) in shock ¢ and price p and its linearity
in ¢. Equation (1) for real probabilities and condition (28) imply that the PDF of the payoff
vector C(w) conditional on shock ¢ is a distribution from a multivariate exponential family, given
by ¢cle(x)=H(e)exp(A(x)+B(x)e) (Casella and Berger, 2002, p. 114) with a linear function
B(x)= A T x. Breon-Drish (2015) shows that the latter exponential family distribution with a linear
function B(x) is necessary and sufficient for the separability of portfolio 6" in the signal and prices
in a single risky asset economy. The separability in the multi-asset case can be demonstrated along
the same lines as in Breon-Drish (2015).°

Specifically, because the distribution m,(¢) given by equation (1) is from the exponential
family, it is conjugate to the exponential CARA utility so that the risk factor be and payoffs
—y,@,TC are substitutes in the informed investors’ expected utility. The latter observation and
the informational spanning condition (28) then imply that the risk factor be affects portfolio
choice in the same way as endowing the investor with a portfolio —Ae/y; in the economy with
zero shock.” Consequently, the offsetting portfolio Ae/y, that allocates more wealth to states
with lower endowment (equivalently, higher probabilities) is linear in . Furthermore, because
the replicating portfolio A is independent of states and prices and there are no wealth effects,
the investors can separably meet their informational and non-informational demands, and hence,
portfolio (29) is separable in shock ¢ and price p.

Finally, we turn to the characterization of asset prices. Substituting portfolio (29) into the
market clearing condition, similar to the complete-market economy, we obtain hie/y;+v+
H (p)=0, where H @)=1-ho;p)— h@ (p)/y: is the informational content of prices. Investor
U finds the posterior probabilities followmg the same steps as in the complete-market case. Given
these probabilities, we derive the portfolios of investors, and then the asset prices from the market
clearing condition. Proposition 3 reports the equilibrium.

6. In Section IA2 of the Supplementary Appendix, we show that the informational spanning condition (28), and
hence the linearity of function B(x), can be relaxed in a setting where noise trader demands are replaced with random
endowments, and show the robustness of our results in that setting.

7. High probability of a given state has the same effect on portfolio choice as having low endowment in that state
because both cases imply higher marginal utility of an extra unit of wealth in that state.
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Proposition 3 (Equilibrium with M <N assets). (i) Let the informational spanning condition
(28) be satisfied. Then, there exists unique price vector P(g,v) that is a continuous, differentiable,
and invertible on its range function of sufficient statistic s=hie/y,;+v. Price vector P(g,v) is
the unique solution of equation

(1=h)po/(yuod)A
WATE W yP+1/03

! (grfp(e, v)) (A —nyf; ! (e’TP(e, v))
+

Vi Yu =(E+Q)S+

(30)

where E is the identity matrix, Q is a matrix given by equation (19), E,Q e RM=DxW=1" 4,4
functions f;.fy :R¥ =1 — RY=1 are invertible on their ranges and given by

ZJI'V=1 C(w))explaj+ C(w;) " x}

filx) = (€29
Zj-vzlexp{aj+C(wj)Tx}
2
e C@explaj+ 3 s +Cl@)) " x)
= AT Wy +1/0d J
fU(x) = - ; = /yl /UO . (32)
U S A ANT
> jciexplaj+3 TR A AT 1/08 +C(wj) ' x}
(ii) The informed and uninformed investors’ optimal portfolios of risky assets are given by
e fI—I <eer>
0 (p;e) = — ————%, (33)
Vi Vi
—1 —1
. —1 [ hOf; (e’Tp) fu (errp) p,o/(yyog)k
0;(p) = (E+0) - + e B
(I=h)y: Yu AT Ay +1/0

Portfolios (33) and (34) have similar structure as their complete-market counterparts. Furthermore,
both in incomplete and complete markets prices are non-linear functions of the sufficient statistic
hie/y;+v. However, in incomplete markets, in general, the prices are not available in closed
form and satisfy non-linear equations (30). Solving and analysing these equations, in general, is
a challenging task when the number of unknowns is large. The intractability of the incomplete-
market equilibrium is in stark contrast with our complete-market equilibrium where prices are
available in closed form.

Next, we introduce a measure of effective market incompleteness which we use in our analysis
below. This measure sheds light on the risk-sharing motives in the economy and quantifies the
deviation from Pareto optimality. Risk-neutral probabilities in incomplete markets (i.e. M <N),
in general, are not unique. In particular, consider the following two probability measures:

RN, 7Tn(S)eXP{—VIWl,T,n} U ”;lJ(P)eXP{—VUWU,T,n}
" Z_;Vzlnj(g)exp{_yIWI,T,j}’ " Z}Vzlnj[/(p)exp{_yUWU,T,j}

(35)

The first order conditions for investor optimizations (3) and (4) imply that p=e~" TR C
and p=e™" TgrvU [C], respectively, where the expectations are under the measures (35). Hence,
probabilities (35) can be interpreted as risk-neutral probabilities.
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We define the measure of effective incompleteness as the symmetric Kullback-Leibler (KL)
divergence of the two risk-neutral measures (35), given by

TRNU RN,/

Tc‘zER”’U[ln( - )] +IERN”[1n(;:RN’U)]. (36)

The KL divergence (36) is always non-negative, and takes zero value if and only if the
probability measures (35) coincide (e.g. MacKay, 2017).% We also observe that the probability
measures (35) coincide if and only if the probability-weighted ratios of marginal utilities are
state-independent, so that

ﬂn(E)eXP{—Vz WI,T,n} .
r¥(p)exp{—yuWu,rn}

exp(¢}, (37

where 7 is state-independent. Therefore, investors achieve Pareto-optimal allocations in markets
in which & =0. Following the literature, we call such markets effectively complete (e.g. Amershi,
1985; Ingersoll, 1987, p. 192; Brennan and Cao, 1996).

We also note that complete markets are always effectively complete but the converse is not
necessarily true because the number of available securities required to achieve Pareto optimal
allocations might be smaller than the number of states of the economy, as we demonstrate
in Section 4.2. An important distinction between completeness and effective completeness of
financial markets is that the latter requires specification of investor preferences whereas the
former is preference free and only requires that the available assets span all possible contingent
claims.

Next, we derive the measure of incompleteness ¥ in Lemma 5 and study its properties.

Lemma 5 (Measure of effective market incompleteness). The measure of effective market
incompleteness defined as the symmetric KL divergence (36) of the informed and uninformed
investors’ risk-neutral probabilities is equal to

var™Y[p] — var®™/[b]

WATE v+ 1/0d

7(\:

(38)

where the variances are under the risk-neutral probabilities (35), respectively.

Lemma 5 has several economic implications. The first implication is that the asymmetry of
information is in itself an important source of market incompleteness. It is known that without the
asymmetry of information the market is effectively complete even when investors have different
risk aversions and M < N (see Rubinstein, 1974). Second, equation (38) shows that the extent of
the risk-sharing imperfection is characterized by the wedge between the risk-neutral variances of
the risk factor b under the risk-neutral measures of investors U and . Third, Lemma 5 implies
that var®™-Y[b] > var®™/[b] because k > 0, and hence, investor U faces higher uncertainty. Finally,
Lemma 5 implies that the risk-neutral measures (35) coincide if and only if var®™Y[b] = var™/[b]
because then ¥ =0.

Lemma 5 also pins down the source of risk-sharing imperfections in the economy. First,
we note that the informational spanning condition (28) and the risk-neutral measures (35)

8. Lemma A.9 in the Appendix shows that the probability measures (35) and divergence ¥ are functions of the
sufficient statistic s, and hence, are observed by both investors I and U. Section IA6.2 of the Supplementary Appendix
derives measure ¥ in a CARA-normal economy and discusses its comparative statics.
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imply that EX®Y[]=EX[b]=p, and hence, investors U and I agree on the valuation of the
replicating portfolio for the risk factor b. Next, we observe that the risk-neutral variances var®™U[b]
and var®™'[b] in (38) can be interpreted as the informed and uninformed investors’ subjective
valuations of a non-tradable quadratic derivative with payoff (b—7p)2, respectively. Therefore,
because var*™Y[b] > var®™/[b], as discussed above, there are potential gains from trade if investor
I could sell this derivative to investor U. Equation (38) then implies that market incompleteness
arises due to the different subjective valuations of this derivative and inability to trade it. The
intuition is that buying the derivative at a price lower than var®™-Y[b] compensates investor U
for the disutility of higher uncertainty due to being uninformed. Consistent with this intuition,
in Section 4.2 below, we show that allowing investors to trade quadratic derivatives makes the
market effectively complete and it is the informed investor who sells the quadratic derivative to
the uninformed.

4. ECONOMIC APPLICATIONS

In this section, we provide several applications of our model to market microstructure, corporate
finance, and asset pricing. In Section 4.1, we study the informativeness of derivative prices,
introduce a new concept of informationally irrelevant securities, and explore the informational
content of corporate debt and equity. Then, in Section 4.2, we study volatility derivatives and
show that they make financial markets effectively complete and their prices quantify the value
of information. In Section 4.3, we derive new closed-form asset prices in effectively complete
markets and study the effect of payoff skewness on prices and returns. In Section 4.4, we study
the effect of financial innovation on market liquidity.

4.1. Information revelation in asset markets

In this section, we study how learning about the aggregate shock depends on the characteristics
of traded securities. In Proposition 4, we derive conditions under which certain assets do not
contribute to learning about shock €.

Proposition 4 (Informational irrelevance). Consider an asset m such that two conditions are
satisfied. First, the replicating portfolio A for the risk factor b, defined in equation (28), does
not invest in this asset, that is, A, =0. Second, the noise trader demand vy, for this asset is such
that cov(vy,, vip) =0 for all k #m. Then, removing this asset from the market does not affect the
posterior distribution of shock & conditional on observing asset prices.

Proposition 4 demonstrates that assets with corresponding position A,, =0 in the replicating
portfolio A are informationally irrelevant in the sense that removing such assets from the
economy does not affect the information that can be extracted from asset prices when noise
v, 1s uncorrelated with noises v; in other markets. The informed investor’s portfolio given by
equation (29) sheds light on informational irrelevance. This equation implies that the informed
investor’s demand for asset m depends on shock ¢ if and only if A, #0. Otherwise, if A,, =0,
the informed investor’s demand for asset m does not contain any additional information about ¢.
Intuitively, asset m is not part of the replicating portfolio for the risk factor, and hence, is not used
for the informational trade.

The informativeness of prices also depends on the covariances of noise trader demands across
markets. Consider an example with two risky assets and perfectly correlated noises vi =v,.
Taking the difference of the market clearing conditions (13) for the two markets we find that
A =M)e/vi+(v1—wm)+(1, —1)TH(p) =0. Shock ¢ can then be perfectly learned from prices
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if A1 #A; and is given by e =y,(—1, l)TH(p)/()\l —Xp). The effects of the informed investor’s
demand and noise correlations on the learning from prices are captured by vector A and matrix
¥, in equation (15) for posterior probabilities, respectively.

The informational irrelevance of derivatives is a generic property of economies with one
underlying asset with payoff C; =b/A; and M — 1 derivative securities written on this asset.”
In such economies, the informational spanning condition (28) is satisfied with the replicating
portfolio A=(X1,0, ...,0)T. Prices then reveal the sufficient statistic Ae/y,+v=(r1e/y,+
V1,12, ...,Vy_1) | . Assuming that noises vy, are i.i.d., only the first element A;e/y,+v; of the
sufficient statistic provides information about ¢. Hence, the number of assets does not affect the
posterior distribution of ¢ and posterior probabilities 7,/(p). The derivative securities are thus
informationally irrelevant (in this particular case).'? Informational irrelevance also implies that
derivatives prices are not fully revealing when noise traders do not trade in derivatives markets
(i.e.v;=0fori>?2).

As shown in Section 3, assets with A, #0 are used by investor / for replicating the aggregate
risk factor be. From equations (33) and (34) we observe that assets with A,, =0 are still held by
investors for reasons unrelated to information, such as trading against noise traders. Moreover,
we note that portfolio A does not depend on payoff distributions.!!

We now apply the results of this section to study the informational content of risky debt and
equity. Consider a firm with cash flow b, in state w,. The real probabilities of states m;,(¢) and
PDF ¢, (x) of shock ¢ are given by equations (1) and (2), respectively. Suppose, investors trade
the firm’s debt and equity with payoffs min(b, K) and max(b — K, 0), respectively, where K > 0 is
the face value of debt. The informational spanning condition is satisfied for debt and equity with
the replicating portfolio A =(1, 1) T because b=min(b, K)+max(b—K,0). The prices of debt and
equity can be obtained by solving equation (30). Portfolio A=(1,1) T does not depend on K, and
hence, the sufficient statistic, the posterior distribution of ¢, and the posterior probabilities of
states also do not depend on K. As a result, the face value of debt K is irrelevant for the amount
of information jointly revealed by the prices of debt and equity.

The informational irrelevance emerges because the number of units of debt and equity that the
informed investor buys to satisfy the informational demand and replicate the risk factor b does
not depend on the face value of debt K. The informational irrelevance is not a consequence of
the capital structure irrelevance theorem for firm values in Modigliani and Miller (1958) because
the latter result relies on arbitraging away value differences across firms with different capital
structures, which the informational irrelevance does not require. Consequently, the irrelevance
does not hold in our setting for firm values in incomplete markets even absent informational
asymmetry.

Similar to the Modigliani—Miller theorem, the economic value of the irrelevance conditions in
Proposition 4 is that they help identify plausible situations when the capital structure is relevant for

9. As demonstrated in Lemma A.2 in the Appendix, condition C;=5/A; is satisfied in the single risky asset
economies with payoffs drawn from normal distributions as in Grossman and Stiglitz (1980) or from distributions that
belong to the exponential family as in Breon-Drish (2015). Therefore, adding derivatives to the latter economies does not
reveal any additional information.

10. Our model also allows for plausible situations when derivatives are not informationally irrelevant. The latter
situations may arise when noise trader demands are correlated or derivatives help replicate the risk factor b as, for example,
in the economy with risky debt and costly defaults that we study below.

11. Consider, for example, a firm with cash flows b and three tradable securities with payoffs C; =b—g;(b),
Cr=g1(b)—ga(b), C3=g2(b), where g;(b) and g,(b) are arbitrary continuous functions. The replicating portfolio for
cash flow b is given by A=(1,1, 1), because b= Cj +C, 4+ C3, and does not depend on the distribution of cash flow b or
functions g1(b) and g2(b). The latter result is similar to how replicating portfolios for options in a binomial model do not
depend on real probabilities of states of the economy.
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the informativeness of asset prices. For example, our analysis of debt and equity relies on costless
default on debt whereas in reality firms may face considerable bankruptcy costs (e.g. Altman,
1984; Andrade and Kaplan, 1998). Hence, the irrelevance result breaks down in the presence of
costly defaults, as we show below.

Consider a firm with cash flow b, in state w, such that b| <by <... <by. The firm loses
fraction x of its value in the case of default so that the final payoffs of debt and equity are
given by min(b, K) — x b1, . gy and max(b—K,0), respectively. The cash flow b can no longer be
replicated by trading only debt and equity. In addition to debt and equity, we allow the investors
to trade AD securities with payoffs 1{,—,}, where n <N —2. These securities help achieve
protection in default states, and in this respect are similar to credit default swaps. The firm cash
flow can be replicated as follows:

b=x Y bnl{w=a,)+min(b.K)— xblk))+max(b—K.0),
n:b, <K

debt with costly default equity

and hence, the replicating portfolio is given by A=(xb1,..., xb5,0,...,0,1, I)T, where 7 is the
largest integer such that b, < K. From equation (16) for asset prices we then observe that these
prices depend on the face value of debt via portfolio A, and hence, debt and equity are no longer
informationally irrelevant.

In Section IA6.3 of the Supplementary Appendix, we evaluate the informativeness of prices
using posterior variance var[e|s] and its approximation when ag is small and/or b, has low
variability. Our analysis reveals that the informativeness of prices is a decreasing function of the
face value of debt K and the cost of default . The intuition is that default becomes more likely as
the face value of debt K increases, and hence, more AD securities are needed for the replication
of cash flows and more information is revealed through their prices.

4.2.  Effective completeness and volatility derivatives

We now apply our model to study the economic role of volatility derivatives. These derivatives
are widely traded in financial markets, and hence, adding them to our analysis makes it more
realistic. Our analysis has three main economic implications. First, we show that introducing
volatility derivatives to incomplete markets facilitates risk sharing to the extent that investors
achieve Pareto optimal asset allocations. Second, the prices of volatility derivatives quantify the
shadow value of information to uninformed investors defined as the amount of wealth that these
investors are willing to give up to become informed. Finally, we establish the direction of volatility
trading by showing that the informed investors sell volatility derivatives to uninformed investors.
Proposition 5 below provides necessary and sufficient conditions for effective completeness and
sheds light on the economic role of volatility derivatives.

Proposition 5 (Conditions for effective completeness).

(i) Suppose, the market is incomplete, that is, M <N, and the informational spanning condition
(28) is satisfied. Then, the market is effectively complete if and only if there exists a replicating
portfolio for squared risk factor b2 That is, there exist constant Ao and vector » e RM =1 such that
b2—k0+C(wn) )»foralln—l ., N.

(ii) If the quadratic derivative wzth payoffs b,zl is tradable, then investor I holds a short position
and investor U hold a long position in this derivative.

(iii) If the market is effectively complete, the prices of risky assets are given by equation (16), asina
complete market, with the only difference that vectors A, v € RM~!, and matrices E, Q € RM~-D>#-D
are of lower dimensions. Moreover, the CAPMs in Corollaries 1 and 2 also hold.
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Proposition 5 confirms the risk sharing analysis in Section 3.3. As discussed in Section 3.3, the
measure of market incompleteness (38) implies that investor U has higher subjective valuation
of non-traded assets with quadratic payoffs % than investor / when the market is incomplete.
Therefore, allowing investor / to sell quadratic derivatives to investor U generates gains from
trade and improves risk sharing so that the market becomes effectively complete.

We demonstrate the implications of Proposition 5 in a simple economy with one asset that
has payoff C; =b/x;. The proposition implies that the market can be effectively completed by
introducing a derivative security with a quadratic payoff such as C12 or (C; —EX™[C1)?. The last
security is similar to a simple variance swap (SVIX) introduced in Martin (2013). The prices
of this security and the underlying asset are then given in closed form by var**[C;le™'T and
E*[C1le™"T, respectively. Therefore, we interpret assets with quadratic payoffs as volatility
derivatives.

The intuition for why quadratic derivatives achieve effective completeness is that these
securities have the functional form that allows investors to reach Pareto optimal allocations.
To derive the latter functional form, we take logs on both sides of equation (37) for the marginal
rates of substitution and, after simple algebra, find that the market is effectively complete if and
only if yuWy r.n—viWirn —f¢=In (n}l’(p)/nn(s)). The expression yyWy 1.0 —vViWi.r.n —7¢ can
be interpreted as the payoff of a portfolio that invests in bonds and y,0;; —y,6," units of the
risky assets. Hence, effective completeness is feasible if only if the log-ratio of probabilities
In (n,f (p)/nn(s)) can be replicated by a portfolio of tradable assets [see Lemma A.8 in the
Appendix]. Moreover, the log-probability In(zY (p)) is a quadratic function of b, [see equations
(15) and (A.32)], and hence, Pareto allocations of wealth are quadratic functions of b,,. Therefore,
the existence of a replicating portfolio for b% is essential for Pareto optimality.

Finally, we apply our results to study the valuation of information. Conditional on observing
the sufficient statistic s, we define the shadow value of information as the amount of wealth W
that an atomistic uninformed investor is willing to give up to become informed. Proposition 6
reports value W in effectively complete markets.

Proposition 6 (Shadow value of information). Suppose, the market is effectively complete.
Then, the amount of wealth that an atomistic uninformed investor, who does not affect asset
prices, is willing to give up to become informed is given by

—~ 1 RN b
ool (39)
2v0 22T 2y 0y +1/0f

where the variance is computed under the unique risk-neutral measure.

Proposition 6 sheds further light on the economic role of volatility derivatives. In particular,
consider an effectively complete market with two securities, a security with payoff C;{ =b/A1 and
a volatility derivative with payoff (C; —E®™[C;])%. Then, according to Proposition 6, the price of
volatility derivative quantifies the value of information and also shows by how much investor /
is better off than investor U. The latter result complements the widespread use of the volatility
index VIX as the “fear gauge” in financial markets, which increases during times of uncertainty
when information is more valuable.'?

12. Equation (A.67) in the Appendix generalizes the value of information for the case of incomplete markets
where the volatility derivative is not traded. The information value (A.67) features the risk-neutral variance of risk factor
b computed under the risk-neutral measure of investor U. Moreover, the value of information is reduced by market
incompleteness because incompleteness constrains the use of information to fewer assets.
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4.3. Closed form asset prices and payoff skewness

In this section, for a broad class of payoff distributions, we derive new analytic expressions for
asset prices in effectively complete markets and study the effects of payoff skewness on asset
prices and returns. Our benchmark is the economy with one risky asset with payoff C; that
has a continuous unconditional PDF ¢.(x). The informed investor observes a signal e =C| +u,
where u~N (,uo,aoz). The uninformed investor learns about & from prices, and noise traders
submit exogenous demand vq. This economy is a special case of our economy in Section 2 with
distribution parameters a, and b, given by equations (7) when N — oo, as noted in Remark 1.
From equation (7), we observe that the informational spanning condition (28) is satisfied because
by=Cl(wn)/0g.

Following Section 4.2, we make the market effectively complete by adding a volatility
derivative with payoff C]2. Asset prices then can be obtained by taking N — oo limit in equation
(16). We assume that the noise traders do not trade in the derivative. As a result, the prices in
the economies with and without the derivative depend on the same scalar sufficient statistic s =
he/ (y,aoz) +v1. The equilibrium in the effectively complete market is not fully revealing because
the derivative is informationally irrelevant'? (as defined in Section 4.1), that is, b= C; / 002 +0-C %

We illustrate the tractability of our model by providing analytic price P, (s) of the asset with
payoff C; in effectively complete markets for the following distributions of Cy:

(x— ﬁc 1)2 .
oc(x) = wy exp| — — , xeR, (Mixture of Normals), 40)
Z «/ Uc i ( 2Uc2,l
U k1 x? ,
ocx) = —x"" “exp| — — éx ], x>0, (Generalized Gamma), “1
A 20¢

2 (x—1ic)? < x—ﬁc>
(x) = expl — — O o— , xeR, (Skew-normal), 42)
@c(x) ,_27'[80 p( 2O'c2 oo

respectively, where wi+---+w; =1, w;>0, A is a normalizing constant, 6 ;>0 and 6->0
are scale parameters, ﬁc, ;» 8 and [t are shift parameters, and k > 1 is an integer power, « is a
skewness parameter, and ®(x) is the standard normal cumulative distribution function (CDF). We
note that: mixture of normals (40) is widely employed for non-parametric estimation of general
PDFs (Greene, 2008, p. 416); generalized gamma (41) has positive support and incorporates
exponential (k=1, 6. — 00), gamma (o¢ — 00), Rayleigh (k=2), and truncated normal (k=1)
distributions; and the skew-normal distribution (42) extends the normal distribution to allow for
skewness [Azzalini (1985)]. Proposition 7 reports asset prices for distributions (40)—(42).

Proposition 7 (Analytic prices). Asset prices for distributions (40)—(42) in effectively complete
markets are given by Pcou(s)=Pc(lhcom, Ocom)» where fLeom = )/10025‘/]1 — 10,

90

Ocom = s
_(=h/n i
h/yi+(1=h)/yy 1+h2/ (y,zazag)

(43)

13. The volatility derivative is made informationally irrelevant only to have a one-dimensional sufficient statistic
s. In general, this derivative is not informationally irrelevant as, e.g., when b=C;/ 002 +C ]2
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and function Pc(u,0) is given for each distribution by equations (44)—(46), respectively.
(i) When ¢c(x) is a mixture of normals (40), the pricing function P-(ju,0) is given by:

i WG2 Fiic0” o p( 1(M—ﬁc,z)2)
Wi 33 5 =2 | 2
( I+U )/ 2 (Tc,l"'a2
. 44)
1(M—ﬁc,z)2)

P P(__Az—z
=1 /O c21+" 2 G to

(ii) When @c(x) is a generalized gamma PDF (41) with an integer power k the pricing function
Pc(u,0;k) is given in terms of Pc(u,0;k—1) by the following recursive formula:

PC(M’U)_

~2 2
olo n k—1 .
L s ———— ), ifk>1,
33+02<a2 +Pc(u,0;k—1)> 4
Pe(p,05k)= 5202 - . (45)
(M ) 3 oco %_5) L ifk=1,
oc F+o? \/32—1—0 \/362—1—02 o

where a(x)zexp(—O.sz) / (\/ 2 CI>(x)), and ®(x) is the standard normal CDF.
(iii) When ¢c(x) is a skew-normal PDF (42) the pricing function Pc(i,0) is given by:

Pt o) Hotiico® | Ggo’  smn@) S| GE sem(@)(u—fic) 46)
C Ma - ~2 2 ~2 2 ) PO ~2 2 P ~2 2 ’
oc+o o +o 5 o050 oc+o o olo
2 Gl+02 o’  Gl4o2

where 6(x)=exp(—0.5x2)/ («/ 2 CD(x)), O (x) is the standard normal CDE, and sgn(x)=x/|x|
when x #0 and sgn(0)=0.

Proposition 7 expresses asset prices in terms of elementary functions and inverse Mills
ratio 5(x)=exp(—0.5x2)/ (\/E CI>(x)>, widely employed in statistics. Panels (a), (b), and (c)
of Figure 1 plot prices P.om(s) when asset payoff Cy is drawn from distributions (40)—(42),
respectively. These panels show that non-normality of payoff C; makes asset prices non-linear
functions of the sufficient statistic s=he/ (y,ag) +v1. In particular, Figure 1(a) demonstrates that
even a small change in s can lead to large price changes (see also Breon-Drish, 2010). Therefore,
more general distributions give rise to effects that are not captured by CARA-normal models,
where prices are linear functions of s.

Figure 1(c) plots price Py (s) for the standard normal distribution with zero skewness and
the skew-normal distribution for which the distribution parameters are chosen in such a way that
payoff C; has mean pc=0 and variance 0C2 =1, as for the standard normal, but has skewness of
0.75.'* Equation (46) decomposes the price for the case of a skew-normal distribution (42) into

14. The mean, variance, and skewness of a skew-normal random variable are given by wuc=7c+0c/2/7a,
JCZ =0, (l —2a2/rr) skew:0.5(4—rr)(67 2/71)3/(1 —5?22/71)3/2, respectively, where ¥ =a/+/1+a? (e.g. Azzalini,
1985). We calibrate the parameters so that uc =0, oc =1, and skew =0.75.
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FIGURE 1
Asset prices in effectively complete markets.

Notes: Panels (a), (b), and (c) show the effectively complete market price Pcom(s) when payoff PDF ¢c(x) is a mixture of normals (40),
a generalized gamma (41), and a skew-normal (42), respectively. Panel (c) shows price Pmm(r) for the case of zero skewness (solid blue
line) and positive skewness 0. 75 (dashed red line). For panel (a) 6¢c 1 =0c =1, fic,1 = —fic,» =3, w; =wp =0.5; for panel (b) 50 =1, =2,
k=3, for panel (c) uc =0, (7( =1. The remaining parameters are: ug=0,0g=1,0p=1,h=0.5,y,=yy=1,r=0,T=1.

two terms, where the first term is the price when the payoff is normally distributed and the second
term isolates the effect of skewness and shows that skewness is priced. The comparison of prices
on Figure 1(c) shows that skewness introduces non-linearity and convexity in asset prices and
gives rise to higher prices than in the case of normally distributed payoffs when |s| is large.
Next, we study the impact of payoff skewness on asset risk premia for a general payoff

distribution. Specifically, we derive the unconditional risk premium EU[C]—Pcom(s)e'T,
averaged over different values of s, which captures the effects of skewness that do not depend on
particular realizations of s. To focus on the effects of the asymmetry of information, we assume that
the informed and uninformed investors have the same risk aversion y . First, using the tractability
of effectively complete markets, we obtain an expansion of asset prices in terms of all higher
order moments of general payoff distributions [Lemma A.12 in the Appendix]. Then, assuming
that payoff volatility o is small, in the latter expansion we keep only the terms associated with
skewness and obtain a relationship between the risk premium and skewness, which we report in
Proposition 8.

Proposition 8 Suppose, y;=yy=1y. Then, the unconditional risk premium of the risky asset,
averaged over the realizations of s, is given by:

3
EV[C;]—P. T 2°C S , 47
(€= Peon(0eT = =23 (ol B ) roted “

where m3 is the skewness of payoff C1 under the prior cash flow distribution ¢(x). Consequently,
the unconditional risk premium is negatively related to the skewness of the asset payoff. Moreover,
the effect of skewness on the risk premium is amplified by the asymmetry of information.

Equation (47) reveals that the risk premium is a decreasing function of skewness and that assets
with negative (positive) skewness on average have a positive (negative) risk premium. The two
components in brackets on the right-hand side of the equation decompose the skewness effect
into two terms, the effect of the random asset supply and the effect of asymmetric information,
respectively. The first term implies that the relationship between the risk premium and skewness
holds due to noisy asset supply even without the asymmetry of information. However, the second
term demonstrates that the asymmetry of information amplifies the sensitivity of the risk premium
to skewness.
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The relationship between the risk premium and skewness arises because positive skewness
makes low payoffs less likely, and hence, makes holding the security less risky and decreases
the risk premium. Similarly, negative skewness increases the risk premium. The latter effect is
amplified by learning from prices. For example, in the case of positive skewness, the uninformed
investors would attribute a large negative sufficient statistic s to noises vy and u rather than to low
payoff C1, and hence, would require lower risk premium than in the absence of learning.

Albagli et al. (2021) find similar results in a model with risk-neutral investors, position limits,
and heterogeneously informed investors. They also discuss large empirical literature documenting
a negative relation between the risk premium and skewness. Breon-Drish (2015) considers a
single-asset binomial model with more general distributions for € and supply shocks and derives
conditions under which uninformed demand curves bend backwards, in which case asset prices
react more strongly than in a setting in which all traders are informed. Our Proposition 8
complements the latter results by showing that the relationship between the risk premium and
skewness also holds in a no-arbitrage setting with risk averse and asymmetrically informed
investors and for general payoff distributions.

4.4. Liquidity and financial innovation

In this section, we study the effects of asymmetric information and financial innovation on
market liquidity. We first define market illiquidity in terms of sensitivities of asset prices to noise
trader demands, similar to the literature (e.g. Kyle, 1985; Xiong, 2001; Vayanos and Wang, 2012;
Cespa and Foucault, 2014)."> Specifically, illiquidity is a matrix dP/dv with price sensitivities
P, /dv,, as elements in rows n and columns m. Proposition 9 presents illiquidities in the
effectively complete and incomplete markets.

Proposition 9 (Price impacts). In effectively complete markets the illiquidity is proportional
to the risk neutral variance—covariance matrix of asset payoffs. In incomplete markets the
illiquidity is proportional to the harmonic average of variance—covariance matrices evaluated
under subjective risk neutral probabilities of informed and uninformed investors. The illiquidities
in the effectively complete and incomplete markets are given by:

IPeom ¢ "Tvar™[CI(E+Q)

— , 48
v h/yi+(=h)/yy @
' _ -1
0Pinc — efrT <ﬁvarRN,1[C]1+MVMRN,U[C]1) (E+0), (49)
ov Vi Yu

where matrix Q is given by equation (19). Moreover, if information is symmetric and/or asset
payoffs C are normally distributed then effectively completing an incomplete market by adding a
quadratic derivative with zero noise trader demand does not affect the illiquidity of the underlying
asset.

Equation (48) demonstrates that the price impact of noise traders is proportional to the
risk-neutral variance—covariance matrix var®™*[C] when the market is effectively complete. For

15. In contrast to Kyle (1985) the investors in our model are non-strategic. Deriving illiquidity when investors
are strategic is not tractable in our model. Glebkin et al. (2020) derive illiquidity in a setting with strategic traders and
non-normal payoffs but with symmetric information. Similar to our results in Proposition 9, they find that illiquidity is
proportional to the risk-neutral variance of asset payoffs.

220Z 8unf 90 UO Jesn sOIWou09T JO [00YdS uopuo Aq 2/ LE4y9/1800ePI/PNISl/S601L 0 | /I0p/3|o1e-a0ueApe/pNn]sal/woo dno olwapede//:sdiy Woll papeojumo(]



26 REVIEW OF ECONOMIC STUDIES

example, in a simple market with only two tradable assets C and C% and no noise traders in the
market for the quadratic derivative the first asset’s illiquidity is proportional to var**[C} ]. For this
asset, we define its liquidity as the reciprocal of illiquidity, given by 1/var®™[C]. The novelty of
our analysis is that it links liquidity directly to the risk-neutral rather than physical variance as in
the related literature (e.g. Vayanos and Wang, 2012). The inverse relationship between liquidity
and risk-neutral volatility is in line with empirical findings in Chung and Chuwonganant (2014).

The price impact of noise traders can be decomposed into substitution and learning effects,
which correspond to terms var®™[C] and var®™[C]Q in equation (48), respectively. The first term
shows that a demand shock v; to asset [ affects prices of all assets correlated with asset I. This
is because the change in the price of asset / leads to portfolio rebalancing across all assets. For
example, if shock v; is positive, the price of asset / increases, and hence, investors partially
substitute asset / with asset m positively correlated with asset /. This substitution then increases
the price of asset m.

The second term, var**[C]Q, arises due to the difficulty of disentangling the effects of noise v
and shock €. If noisy demand v; increases the prices of some assets, such increases may be partially
attributed to a positive shock e. Hence, noisy demand v; affects the posterior distribution of ¢,
and through this distribution affects the prices of assets other than /. Thus, learning from prices
generates contagions by spreading demand shocks across assets. The latter effect of learning is
similar to the mechanism in Cespa and Foucault (2014) where investors learn information about
an asset from the information about other assets, which may lead to liquidity crashes. Finally,
we observe that matrix Q given by equation (19) has a hump-shaped coefficient proportional to
h(1—h). Consequently, the learning effect vanishes when investors have the same information
(i.e. h=0o0rh=1).

Proposition 9 also shows that illiquidity is unaffected by introducing quadratic derivatives
when investors have symmetric information or asset payoffs are normally distributed. The
latter result holds because absent information asymmetries the market is effectively complete
even without quadratic derivatives (see Rubinstein, 1974) and the prices of assets with
normally distributed payoffs are the same in incomplete and effectively complete markets [see
Proposition IA6.3 in the Supplementary Appendix] provided that noise traders do not trade in the
derivatives market.

Next, we study the effect of completing the market on illiquidity in the economy of
Section 4.3 where investors trade a single risky asset with payoff C; and the informed investor
receives asignal e =C| +u, u~N (1o, og). Investors can also complete the market by introducing
a security with quadratic payoff C % Figure 2(a) shows the illiquidity of the underlying asset with
payoff C; in the effectively complete and incomplete markets when the payoff is drawn from a
mixture of normal distributions (40).

From Figure 2(a), we observe that the effect of introducing a quadratic derivative has an
ambiguous effect on (il)liquidity, which goes up or down depending on the sufficient statistic s.
To isolate the economic determinants of liquidity, we differentiate the market clearing condition
(6) for the underlying asset with respect to noise v and obtain the following expression for liquidity,
defined as the reciprocal of illiquidity:

1 90 20"
=— 1-h)— h, (50)
oP/dv ap ap

where 6 and ;* are the units of the underlying asset with payoff C; held by uninformed and
informed investors, respectively. Equation (50) decomposes the liquidity into a weighted sum
of investors’ demand slopes, given by —d0;s/dp and —36,"/9dp, respectively. Figures 2(b,c)
plot investors’ demands as functions of the price of the underlying asset in the incomplete
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(a) (b) (c)
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FIGURE 2
Illiquidity and trading strategies of uninformed and informed investors when payoff C; is drawn from a mixture of
normals distribution.

Notes: (a) The illiquidities for the asset with payoff C; in the effectively complete and incomplete markets as functions of the sufficient
statistic s. The illiquidity is measured as this asset’s price sensitivity to noise trader demand v. (b,c) The trading strategies of uninformed
and informed investors (for £ =0), respectively, in the underlying asset in incomplete and complete markets as functions of the price of the
underlying asset. The PDF of payoff C; is a mixture of normals (40) with parameters 6¢. =0¢,=1, fic.1 =—Mc.2=3, wi =w, =0.5. The
remaining parameters are: ug=0,09p=1,00p=1,h=0.5, y,=yy=1,r=0,T=1.

and complete markets. The informed investor’s strategy is shown for ¢ =0. We observe that
completing the market has opposite effects on the demand slopes of informed and uninformed
investors. Consequently, the overall effect of completing the market on liquidity (and illiquidity)
is ambiguous.

The latter ambiguity is due to two forces pulling liquidity in opposite directions. As discussed
in Section 4.2, the informed investor sells quadratic derivatives to the uninformed investor, and by
doing so compensates the uninformed investor for the uncertainty in the market. Consequently,
on the one hand, the uninformed investor trades more aggressively in the risky asset so that the
trading strategy becomes more sensitive to asset prices. On the other hand, the informed investor,
who takes more risk by selling the quadratic derivative, trades less aggressively, which decreases
liquidity.

5. EXTENSIONS AND ROBUSTNESS

5.1.  Complete markets with general distributions.

In Section IA1 of the Supplementary Appendix, we extend our no-arbitrage complete-market
methodology to an economy with general probabilities of states 7, (¢), distribution ¢.(x) of the
aggregate shock, and distribution ¢, (x) of noise trader demands. We obtain closed-form solutions
in the general case. We also consider a special case where noise trader demand is drawn from
a mixture of normal distributions (40). Using analytical expressions, we show that in the latter
economy the asset price is a non-monotone function of the sufficient statistic and also identify a
security which makes an incomplete market effectively complete.

5.2.  Noisy endowments and financial innovation.

In Section IA2 of the Supplementary Appendix, we extend our analysis to economies in which
noise traders are replaced with noisy endowments at the final date. These endowments prevent
prices from fully revealing the shock & that determines state probabilities (). The main
advantage of this new setting is that it allows us to analyse the welfare effects of a financial
innovation and to relax the informational spanning condition (28).

We assume that the state probabilities 7r,(¢) are given by equation (1) and that there are no
noise traders in the economy. The informed investor receives state-dependent noisy income at
date T, which is generated by claims to non-tradable assets, and is given by
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er.n=Wo.(@+Bbn+1n), (51)

where o is a constant, 8~N (0,05), n~N (0,0,72), where variables 8 and n are uncorrelated
with each other and with shock ¢. The structure of endowments (51) is motivated by the CAPM
and captures the endowment’s exposure to the aggregate risk factor . The exposure coefficient 8
(analogous to CAPM beta) is known to the informed investors but not to the uninformed investors.
The endowment may represent a net asset or liability. Therefore, 8 can have either sign, and we
model it as a normally distributed variable.

First, we show that a security with payoff b2 effectively completes the market and the asset
prices, derived in Proposition IA2.1 of the Supplementary Appendix, are analogous to those in
our main analysis. Hence, our results on the effect of asymmetric information and the role of
quadratic derivatives are robust to introducing noisy endowments. Second, in Proposition IA2.2
we derive equilibrium in an incomplete market and replace the informational spanning condition
with a weaker condition C =g(b), where g(x) is a monotone function. We also study the welfare
effects of financial innovation.

5.3.  Information aggregation with multiple types of investors.

In Section IA3 of the Supplementary Appendix, we study an economy with K types of investors
that have different risk aversions and each type receives a signal e; = ¢ +x;, where x; ~ N (0, 1/7;),
and t; is the signal precision. The investors maximize their expected CARA utility conditional
on observing asset prices p and the private signal e;.

We conjecture and verify that investors’ optimal portfolios are separable in prices p and signals
e;, and can be decomposed as 6 (p; ;) =61 ;(p)+Ak;e;. We show that asset prices in this setting

are functions of the sufficient statistic given by ?:)»ZZKZ 1kie;+v, where constants k; solve a
system of non-linear equations. We show that this system of equations has at least one solution,
and exactly one solution in the symmetric equilibrium where investors’ risk aversions y; and
signal precisions t; are exactly the same.

Similar to our baseline setting, we show that the quadratic derivative makes the financial market
effectively complete. Moreover, asset prices in the latter market are available in closed form and
have similar structure to asset prices in our baseline setting. When the market is incomplete, asset
prices can be characterized in terms of inverse functions, similar to Proposition 3 in our baseline
analysis.

5.4. Multidimensional shock ¢.

In Section IA4 of the Supplementary Appendix, we generalize our model to incorporate
multidimensional shocks ¢ € R¥. We consider an economy where the probabilities of states 7, (&)
and the prior PDF of shock ¢ are given by

ean+b,Te
() = ——m8M8——, =1,...,N,
n(e) N aitbe
j=1¢
(ZN: ith, x>e—0~5(x—M0)T20_1(x—uo)
Pe(x) =

BT 1 ’
Jrx (Z}L] T X>e—0.5(x—u0)T20 X=h0) gx

where ¢,b,, uo € R, and Ty € R¥*X is a positive-definite matrix. When the market is complete,
we show that the risk-neutral probabilities, asset prices, and investor portfolios have the same
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structure as in our baseline analysis in Section 3, with the main difference that the replicating
portfolio A is replaced by a matrix A.

Similar to the baseline setting, we impose the informational spanning condition when the
market is incomplete. This condition requires the existence of K tradable portfolios A € R —1D*¥
that replicate the risk factor b (up to a constant vector Ag € R¥), so that

b =Ag+C(w) " A. (52)

We show that only one security is needed to effectively complete the market. The payoffs
of this security are quadratic forms of the risk factor realizations b, € R¥ and are given by
b,;r(thTEv_ IA/y,2+EO_ 1)_1b,,, where A is the matrix of replicating portfolios such that
condition (52) is satisfied. In the economy with a scalar shock (K =1) the latter payoff reduces
to a quadratic derivative b2 /(h*AT T 1A+ 1/002), as in Section 4.2.

5.5. Noisy signals of shock e.

Our baseline model in Section 2.1 assumes that the informed investors observe the realization
of economic shock ¢, whereas in reality they may observe a signal given by €=¢+z, where
~N (O,GZZ). Section IAS of the Supplementary Appendix shows that the latter economy with a
signal is equivalent to our baseline economy where the probabilities of states and the distribution
of shock are given by

e (ZN 1e’c‘ij+zjx)e*0~5(x*lto)2/(%2+az2)
n n J:
@) =————, ()= — . (33)
Z}V—l editbiE fOO (Z;V 1eaj+bjx>670.5(X*M0)2/(U§+0'22)dx
— oo\ 2=

where a, =a,+0.5(b, —+—,1,L0/<7§)2/(1/UZ2 + 1/002) and Zn =b,/(1 —+—az2/ag). The probabilities
and the shgck distribution in (53) have the same structure as in the baseline analysis, and the
risk factor b is proportional to b. Hence, our results remain valid in this extension.

6. CONCLUSION

We develop a tractable REE model with multiple risky assets with realistic payoff structures. Our
model provides a tractable setting for studying the effects of information aggregation on asset
prices where prices and portfolios are available in closed form. We derive a three-factor CAPM
with asymmetric information, which provides a bridge between standard risk-based models of
asset pricing and models with asymmetric information.

Our results yield necessary and sufficient conditions under which the informed demands
for derivative securities reveal information about the underlying asset. Absent any additional
frictions other than the asymmetry of information, these conditions imply the irrelevance of the
face value of debt for the total amount of information revealed by the debt and equity of a firm.
The conditions for the irrelevance of the capital structure also help identify situations in which
the capital structure is not informationally redundant. In particular, we show that the irrelevance
of capital structure breaks down in the presence of bankruptcy costs. Our analysis also uncovers
an important role of volatility derivatives. These derivatives make incomplete markets effectively
complete, and their prices quantify market illiquidity and the shadow value of information for
uninformed investors.
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A. APPENDIX: PROOFS

Lemma A.1 (Prior mean and prior variance of ¢ and prior probabilities). Let ¢ have PDF (2). Then, its mean (i,
and variance 03 in terms of (uo,croz) are given by:

12
e = : (A1)

N Hj ’
1explai+—
Z/_l P( j 2002

P 12 2
Yiiexp| a5 Jub | Siiexp| g+ 5 |y
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Proof of Lemma A.1. We compute . =E[¢] and o*s2 =var[e] with PDF ¢, (x) given by (2), and after straightforward
integration, we obtain equations (A.1) and (A.2). W

(A2)

[
S

where ;= bjaoz + 1o

Lemma A.2 (Special cases). Let payoff C have general unconditional continuous PDF ¢c(x). Suppose, the informed
investor receives signal ¢ = Cy +u, where u~N (o, ag). Then, the latter economy is a limiting case (when N — 00) of
our N-state economy with C1(w,)=C, +(Cy—C,)(n—1)/(N —1) and distribution parameters

Ci(wp)? Ci(wy Cyi(wn
Y P e T N e L0 (A3)
20 i o

when N — oo and C,, and Cy converge to lower and upper limits of payoff C.

Proof of Lemma A.2. Consider a discretized economy with one risky asset with payoff Ci(w,)=C, +(Cy—C =
1)/(N —1), where n=1,...,N, and let the informed investor receive a signal & =Cj(w)+u, where u~N (1o, ag).

The unconditional probabilities of C(w,) are given by Prob(Ci(w,))=¢c(Ci(w,))/ (ZLV:] gaC(Cl(w,l))). The original
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continuous-space economy is a limiting case of the latter economy because as N — 0o, the distributions Prob(C;(w) <x)
and Prob(Cj(w) <x|¢) converge pointwise to the respective continuous-space distributions. We show that the latter
discretized economy is a special case of ours when parameters a, and b, are given by equations (A.3) by verifying
that in our economy Prob(Cy (wp)) = ¢c(Ci (@n))/ (ZL 0c(C (a),,))) and & = Cy(0)+u.
Consider the unconditional probability Prob(C;(w,)) in the model of Section 2:
Prob(Cy (wn))= f " i x)e )= / ~ emtbun=050-102 03 g — L g0 5o tbuci /o
o AJ A
where A and A are constants. Substituting a, and b, from equations (A.3) into the above equation, after some algebra,

we verify that Prob(C) (@n)) =¢c(C1(@n))/ Son_; ¢c(Ci(@p)).
Next, we verify that & = Cy(w)+u, where u~N (,uo,ag). Substituting @, and b, from (A.3) into equation (2) for
PDF ¢, (x), after some algebra, we obtain:

_0.5(x— 22
22/:16 0.5(x—C1(wn)—110)" /0y 0c(C1(wn))
e (ZnN:I o—0-3G—Ci(@n)—p0)? /of wc(Cl(w,,))> de

The above PDF is the convolution of the unconditional distributions of Cj(w) and a normal distribution N (110, ag), and
hence is the PDF of ¢ = C;(w)+u, where MNN(;LO,UOZ). |

@e(x)=

Proof of Lemma 1. Taking log on both sides of investor /’s FOC (10), and substituting wealth W, 7, from the budget
constraint (5), we obtain:

(9,*)T(C(w,,) —p)= yi (ln (n,, (e)) —In (ﬂ,‘f”)) +const, n=1,...,N, (A4)
(0

where const is a constant. Subtracting equation (A.4) for n=AN from the other equations in (A.4), we obtain a system of
N —1 equations with N — 1 unknown components of 6;":

RN
01T (Clen)— Cleoy)) = yi <1n(”"(8)> 71n<”;;N)> =1 N1, A5)
1

iy (e) Ty
Solving the system of equations (A.5), we obtain investor /’s optimal portfolio

T
e m1(e) y-1(e) il Ty
0, (p;e)= " [(ln(nN(e)),..,,ln( n®) ))— ln<W>,...,ln ﬂﬁN . (A.6)

Finally, substituting 77,(¢) from (1) into the above equation, we obtain portfolio (11). W

Proof of Lemma 2. Let s=h\e/y;+v denote the sufficient statistic. From Bayes rule, the PDF of ¢ conditional on s is
given by:
Guls(rly) = g RO (A7)
Lo @516 (V1000 (X)dx”
Because v~N(0,X,), s=hAe/y;+v conditional on & has a multivariate normal distribution N (hAe/y;, =,,). Hence,
substituting ¢¢(y|x) into equation (A.7), we have

exp{ —0.5 (y - h)»x/)/,)T =1 (y— h)‘x/yl) }%(X)
Gi(y)

where Gj(y) normalizes the density. Next, to find probability 7,/ (p), from the market clearing condition (13), we note
that in equilibrium s = —H (p). We focus on equilibrium where prices only reveal the sufficient statistic s. Hence, 7! (p) =

Peis(xly) = , (A.8)

E [n,, (&)|P(e,v)= p] =E[r,(e)]s=—H(p)]. Calculating the last conditional expectation, we obtain:
7/ (p) = Elma(e)ls=—H(p)]

an+bn)~ 1 o) 500 (A.9)
— n(X
/ Y “f“”%“( H(‘”))dx_ Gi(y) /_me .
where d,(x) is a quadratic function of x given by:
.
dy(x) = an+b,,x—0.5(h,\x/y,+H(p)) »;! (hkx/y,+H(p)) —0.5(— o) /o

2

_ ROy eg (x_uo/a§+bn—hﬂ -1H<p>/y,>
2 BT v +1/08 (A.10)

| b2+2b, (Mo/ag—Wz;lH(p)/y,)
+a,+ = I
2 R0Ty 0y +1/02

+8(P).
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where g(p) is a normalizing function. Substituting d,(x) from equation (A.10) into integral (A.9) and integrating, we
obtain equation (15) for 7/ (p). W

Proof of Proposition 1. First, we find the optimal portfolios of investors, and then recover the equilibrium prices from
the market clearing condition. The portfolio of investor / is given by equation (11) in Lemma 1. To find investor U’s
portfolio 6;(p), we follow similar steps as in Lemma 1: 1) take the log of both sides of investor U’s FOC (10); 2) subtract
the N'th equation from the rest; 3) solve the N —1 equations for the N — 1 positions of U’s portfolio. This gives ;;(p) in
terms of investor U’s probabilities 7Y (p)

.
o Lo nf(p)) T\
05(p) = VUQ (ln<m‘,’(p) ... In g 7(p) ¢, (A.11)

where ¥ is given by equation (12). Substituting 7Y (p) from (15) into (A.11) we obtain:

1 B0 =2B(W.T S Hp) v — o/ 7

1
0x(p)=— " {a+ —3(p }, (A.12)
o Y 2 AT /2 +1/02 @
where vectors @, E, PP eRV-1 are given by:
T = (a1—ay,....ay_1 —ay), b=(b1—by,....by_1—by), (A.13)
b = B =B, b2 —DbD). (A.14)

Substituting A = Q% and Hp)=1-ho} —hQ! (?}'—3)/)/1 from (14) into (A.12), we obtain:

—1 (= ~
b — § (“—”@) 1o/ (YuoA QH(p)
o = Yu s 1)l 1=k
v vi+ /U()
(A.15)
—1 [~ ~
e (W0)-3) g iap)-a o B
(I—hy, Yu RATE R eryed 0
where @ and matrix Q are given by:
- 0.55® _h(1—h) Tz N
a=at+ o ———7—— 20 2T 22Ty 15 /.2 2° (A.16)
h=A V2, Ay + 10y vovr RPATES My +1/0g

Solving linear equation (A.15) for portfolio 6;;(p), we obtain portfolio 6;;(p) in (20).

Next, we find the equilibrium prices. Substituting optimal portfolios 6,*(p; ¢) and 6;;(p) from equations (11) and
(20) into the market clearing condition 46, (p; )+ (1 —h)8;;(p)+v =0, after rearranging terms, we obtain the following
equation for vector v(p):

(E N Q),l Q' @p) =0 _ 1=ne'Fp)=d) (1 =hio/(ruog)r
Vi Yu RIS N2+ 1/0d

(A.17)
2 (5p)=3) e

—_—— + _
Vi Vi

+v=0.
The above equation can be further simplified by noting that

1 - 1 - ~
(E+Q)‘1;QQ"(v(p)—’d) = (E+Q)‘1(E+Q—E);Q '@(p) )
1 1

lﬁ"(ﬂ(p)—ﬁ)—(E+Q)" lsz*‘(ﬂ(p)—?i).
i Yi

Substituting the latter expression into equation (A.17), cancelling like terms, substituting @ from equation (A.16) into
equation (A.17), and solving it for ¥(p) —a we obtain

Sy L (A=Wl B0 +2u0/o)b Q(E+Q)s
2=y RATE a1 eg b (=B

(A.18)
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where a, Zw, and b® are given by (A.13) and (A.14), or element-wise forn=1,...,N—1:

~ LLoa —W)/yy  BE—b)+2(no/od)by—by) (Cl@n)— Clon)’ (E+Q)S
Up=an,—a =
Y2 w1 =h)/yy RATE Ay +1/0d h/yi+(1—h)/yy

Let v, be given by equation (18). Then, vector v(p) € RY ~1 has elements v, — vy. From the definition of vector ¥ in
equation (12), we find that 7N =evn =N / (Z}V:l e”f_”N) forn=1,...,N. Cancelling e~"¥, we obtain probabilities (17).

Finally, we show that P(e,v) is an invertible on its range function of s=hAe/y;+v, and hence, observing prices
reveals unique s. First, because the risk-neutral probabilities are unique, there is a one-to-one mapping between these
probabilities and prices. From equation (12) we observe that there is an one-to-one mapping between v and the vector
of risk-neutral probabilities. Finally, from equation (A.18), there is an one-to-one mapping between ¥ and s, which, by
transitivity, completes the proof. W

Proof of Proposition 2. We now find the derivatives of portfolios 6; with respect to prices p. Substituting afN=
1—aN—-..—7%N into the risk-neutral valuation equation (8), we obtain:

=] 7 (G = @) + 478 (Cnlon-1) = Cnlon) ) + Cuem) |7 (A.19)
where m=1,...,N—1. From the definition of vector ¥ in (12) we observe that 7~ =¢'n) (1+ZnN=_1' ). First, we
need to compute dv/dp. To do this, we find the Jacobian J, =3p/d7v and then by the inverse function theorem we have
9v/dp =Jp’1. Let J; be the Jacobian of vector (N, ..., 78 )T, that is, a matrix with (n, k) element given by 37N /3%
Differentiating equation (A.19) we find that J, = QT J,eT, and hence

LR T=Q"J, Q. (A.20)
To find J, we first calculate 37~ /8%, where 7N is given by equation (17):

RN__RN H
IR R —myy, if n#k,
~ = = (A21)
W vk | RN (RN if p=k.

for n,k=1,...,N—1, where the first equality follows from 7y =v;—vy. From equation (A.21) we find J, =
diag{m (N, .., =@, LR DTN, L 7N ), where diag . ..} is a diagonal matrix. Substituting J; into equation
(A.20) we obtain:

JyQe” =QT(diag{n{“’,...,ng}ﬁl}—(n{“,...,n,ﬁil)T(an,...,n,‘ﬁl))sz. (A22)
Recalling that € is a matrix with rows (C(w,)— C(wy)) ", and denoting E‘,, = (C,,(wl)— Cp(wy),...,Cphlwy—1)—
T
C,,(w,v)) , we find that the (n,k) element of matrix J,Q2e'7 is:

(o Qe T = Cldiag{nf, ..., a8 }Cr = CF (rR, .., R )TN, L, 7B )Gy

S (Gt = Caton) ) (Crten = Cuten) )

(2 (Cat@n = Cutem)) ™) (L (Crt@n = Cut@n) ) x)

covfN(Cy, o),

where to derive the second equality we added zero terms (Cn(wN)—C,,(wN)) (Ck(wN)—Ck(a)N)>JT,{,‘N, (C,,(w,v)—

C,,(w,v))ﬂ,‘\}” and (Ck (wn)— Ck(w,v))ﬂ,‘\f” to summations, and then removed constants C,(wy) and Ci(wy), because
they do not affect covariances.
Therefore, we conclude that Jer’T =var®N[C]. Then, by the inverse function theorem, we now find that Q- lav/op=
-1
(varRN[C ]) ¢'T. Using the latter equality and differentiating optimal portfolios (11) and (20) with respect to p we obtain
that the first of these two partial derivatives is given by equation (21) and the second is given by:
007 1 h h 1—h -1
o) _ 1 (—E—(——i——)(E—i—Q)*l)(VarRN[C]) o7 (A23)
ap 1=h\y iy
We note the following equation for the inverse matrix (E+Q)~!:
A—hhaTz !

Yo (h2,\Tz;'x/y,2+ 1/03) SR =T

(E+Q) ' =E~

which can be verified by multiplying both sides of the latter equation by E + Q. Substituting (E 4+ Q)~! above into equation
(A.23), we obtain equation (22) for 96;;(p)/ ap’.
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Finally, we demonstrate that 6/, (p;¢) is downward sloping in p,,. This result follows from the fact that matrix
(var®N[C])~! is positive-definite (as the inverse of a positive-definite matrix), and its element m of the diagonal is given
by e;(var‘“" [CD~ ey >0, where e,, =(0,0,...,1,...,0)T is a vector with mth element equal to 1 and other elements equal
to zero. Then, from equation (21) it follows that 36;",,(p; €)/3pm <0. W

Proof of Corollary 1. Let m=n"N/nVe~"". Then, equation (23) follows from equation (1.12) in Cochrane (2005, p.
14), and equation (24) is derived analogously to equation (6.4) in Cochrane (2005, p. 102) in the proof of a theorem in
Cochrane (2005, p. 101). W

Proof of Corollary 2. From equations (17) and (15) for the probabilities 7~ and 7V, we obtain

2 Gsrenp { 1 Wy B A2ba(uo/oo+hh TS s/v) | Clon)s A2
Y 2(=h/yu+h/yi  RATE A /yE+1/02 (I=h)/yu+h/vi ’
where G(s) does not depend on state w. First, we find E[¢|s] as follows:
00 1 N 00
]E[als]:/ XQe|s(x|$)dx = o Z/ xe @ gy, (A.25)
—00 1 =1V —00

where conditional PDF ¢gs(x|s) is given by (A.8), G|(s) is a normalization function, and d,(x) is given by equation
(A.10). Evaluating the integral (A.25), we obtain:
Efels]— Z /,L()/O'O +by+hAT S sy, 2P }LO/O'(%—FEU[bn]Jrh)\,TZ;lS/)/I
s =
ROTE, A/y,2)+ oz " ROTE v +1/08

(A.26)
n=I
Next, we express s in terms of E[v|s]. We note that E[v|s]=E[s—hXe/ys|s]. Then, using equation (A.26) for E[¢|s],
we obtain ) .
s_]E[v\s]JrthO/%—i_E bl +h2 % Y/yl
i RPATEZAvhH+ 1/00
Substituting s from the above equation into equation (A.24) and then using the informational spanning condition b, =
Ao+ C(wn) T A, we obtain:

(A.27)

RN 1 h b2 —2b,EV[b C(w,)"E[v
LU =go(s)exp] — = /v 2 — - 2[ ] 7+ (@) Elvis] . (A.28)
) 2(=h/yy+h/vi AT yE+1/0f  (A=h)/yu+h/v

Assuming that either y; or yp is small, and using approximation e* 1 +x for small x, from the above equation we obtain
equation (25). Three-factor model (26) and the interpretations of Si; follow from the theorem in Cochrane (2005, p. 107).
The expressions for the risk premia A; are given in Cochrane (2005, p. 108). W
Proof of Lemma 3. The price of an AD security is given by EXN[1{,—q,,]e~'T =7 XNe~'T. Hence, the return is given by
EV[1{pmw,) )/ (TRNe Ty =1V /7 RNe'T . Equation (27) follows, after some algebra, from equation (A.28). Differentiating
(27) w.r.t. t, we obtain:
JEY[R v
TR — B 101 EY (R, BV RES [0 - BV 02 T |
ot RN
= (b —EV[D]PEV[R,] ~EY R, BV (b—E"[5]?]
= [0 —EV1)> —var (b1 [EV (R, ). W

Proof of Lemma 4. Substituting probabilities 7, (¢), given by equation (1), into the objective function (3) of investor /
and dismissing terms that do not affect the optimal portfolio, we observe that the portfolio choice of the informed investor

is equivalent to:
N

meax Zexp aj+bje —y,0, (C(wj)fe'Tp)} (A.29)
j=1
Substltutmg 0,=re/y — 9,(p)/y, into (A.29) and using condition (28), we find that b,a—y,GT(C(w/)—e’Tp) (ho+
2 TpeT)e +0(p)T(C(w]) ¢'Tp). Hence, be and the component Ae/y; of portfolio 6, cancel out, and 01"‘ solves an
optimization problem that does not depend on ¢:

maxe’"p" 0 — g1(0)). (A.30)
0r

where g,(@\,) =1n(2f]=1 exp{a; +C(a),')T§,}). Hence, @* only depends on prices p. W
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Proof of Proposition 3. Step 1 (Portfolio of investor 7). Investor I’s optimization problem (A.30) yields the FOC for
the optimal 6" =1e —y,6;":

5 07)=¢"p, (A31)

where f;(x) =g} (x) is given by (31). Assuming that f;(-) is invertible (as verified below), gives @7‘ =f e Tp). Then, using
0; =1e—y,6,", we find portfolio 6, (p; &) in (33).

Step 2 (Posterior probabilities and portfolio of investor U). Substituting investor I’s portfolio (29) into the
market clearing condition, we obtain: hie/y,+v +H (p)=0, where H )= —hf}’l (€ Tp)/yi+(1 —h)8(p), analogous
to condition (13) for complete markets. Hence, the posterior probabilities can be found similar to Lemma 2, and are given
by equation (15) in which H(p) is replaced by 0 (p). Substituting b, =0+ C(w,)" A from Condition (28) into equation
(15) with H (p) instead of H(p), we obtain:

) oxp (s ! b2 +2C(w,) " (uppo/og —hanT 5, Hp) /1)
g G3(p) ) ROTE Wy +1/0d ’

where G3(p) is a normalizing function. Substituting probabilities 7,/ (p) into investor U’s objective function (9), after
some algebra, we obtain:

(A.32)

- ZnN=l 7, (p)exp { —Yu (WU,OEVT + (C(wn) - EVTP)TGU) }

1 Ao/od —haA TS Hp) /i
=— exp( yue p 0y +g — b ,
Ga(p) ( R et e

(A.33)

where G4(p) is some function of prices and g, : R¥~! — R is a function given by:

N 2

1 b5
gu(x)=In E exp{aj-i- — / +C(a)j)Tx}
= 22078 Ay +1/0d

From equation (A.33), we find that investor U’s optimization problem becomes

huofog —WA I HG Y
201 Ts—1 2 PRGN
h* (A" Zy Ay )+1/‘7()

minyye ' p Oy +gu (
oy

Let f; (x) =g}, (x), then the FOC for investor U’s optimal portfolio 8} is,

; ao/og —h TS Hp) [y
ROTEN Ay +1/0d

— yU0;> =e""p.

Assuming that fy is invertible (as verified below), and e"”p belongs to its range, we obtain
Ao/od —hAT S Hp) /v
OISy v +1/0¢

vobs =1y " (" p). (A34)

Substituting for H(p)=—hf;"! (€""p) /1 +(1—h)6}:(p) and factoring out Yub (p) we have

po/og AT E T (€ Tp) f
ROTET Ay + 1/}

b (PE+Q) = f; ' (¢p).
where E is the identity matrix and matrix Q is given in (A.16). Solving for 6;;(p) yields

—f;! (é’”'p))

)»[,L()/Gg +h2AATE;1f,_] (e’Tp)/y,2
OIS Ay +1/0d

1
05(p) = — ([E+Q)™! (
Yu

(A.35)

— 10! hof (¢"p)  fi' (¢7p) N o/ (YuoHr .
I=my Yu TS A2+ 10

Step 3 (Invertibility of f;(x) and f;;(x)). Functions f;(x) and f;(x) are special cases of function f(x; ) in equation (A.39)
below for t=0 and t=0.5/ (hZATE; Y y,2+ 1 /002). Function f(x;t) has positive-definite and invertible Jacobian by
Lemma A.3 below. Hence, by Lemma A.4 below, f;(x) and f;;(x) are invertible on their ranges.
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Step 4 (Equation for asset prices). Substituting 6, and 6;; from equations (33) and (34) into the market clearing condition
hoy(p; e)+(1—h)8;;(p)+v =0 yields, after some algebra, equation (30) for price vector P(e, v).

Step 5 (Existence of equilibrium). Finally, we show that there exists unique vector of prices satisfying equation (30).
Denote x; :ff1 (e’TP(s, v)) and xy :le (erTP(a, v)). Hence, f;(x;) =fy (xy) =e'T P(e, v). From the latter equation and
equation (30) for P(e,v), we obtain the following system of equations for x; and x;:

b (L=hxy (=R /(Yuod)n

= E+Q>S+ , (A.36)
Vi Yu ( RTE AR+ 10
Jibxr) = fulxy). (A.37)
From equations (A.31) and (A.34), we note that x; and x;; are related to portfolios:
Muo/od —aAT =T H
a=he—ydr, xy= 1% B0V g (A38)

ROTE v +1/0g
From (A.36), we find that x; =x —nx;, where n=1yyh/(y;(1 —h)) and x is given by

Yu (E +Q)S (o/o)h
1—h RATE Wy 41708

Xx=

Substituting x; =X —nx; into equation (A.37), we find that x; solves f;(x;) =fy (X —nx;). The latter equation is a special
case of equation f(x;0)=f(x—nx;¢) in (A.42) below with t:O.S/(hz(ATE;]A/y,2)+l/og), because f(x;0)=f;(x),
f(x;1)=fy(x). Hence, by Lemma A.5, equation f;(x;) =fy(x —nx;) has a unique, continuous, and differentiable solution
x;. Because P(e, v):e_’Tf,(x,), price exists, is unique, continuous, differentiable, and invertible on its range function of
x, and hence, also of the sufficient statistics. H

Lemma A.3 (i) Consider function f(x;1):RM~1 x R—RM=1 given by:

B Zjl-vzl C(wj)expla; +tbj2 + C(a)j)Tx}

(= (A.39)
f YL explaj+ b7 +Clw)) Tx)
Then, for all x and t, f(x;t) has an invertible positive-definite Jacobian given by:
af (x;t
% =var"[C], (A.40)
X

where var™ [C] is a varAiance—covariance matrix under a certain probability measure 1 (x;1).
(ii) Consider function f (x; 1) =f (x;0) — f (x —nx;1) for a fixed X and 1 > 0. Then, this function also has a positive-definite
and invertible Jacobian df (x;t)/dx for all x and t.

Proof of Lemma A.3. (i) Differentiating function f(x; ¢) with respect to x, we obtain:

) YiL1 C(@)C(@)) T explaj+1b7 4 C(w)) Tx}
ax Yo explaj+ib7 +C(w)Tx}

‘J
Z}L C(wj)expla; +th]2 +C(w))"x} Zj”:l C(w)) " expla; +tb} +C(wj)Tx} (A41)
Yo explaj+ b} +C(w)) T x) Yo explaj+ b} +C(w)) T x)

=var"[C],

where the variance var®[C] is computed under a probability measure given by ;(x; t):exp{aj+tb]-2+
C(w))"x}/ (Z}V=l exp{aj—i-tbjz-‘rC(wj)Tx}). Matrix var”[C] has elements cov™(C;,C)). It is positive-definite and
invertible because these risky assets are non-redundant and do not span a riskless asset.

(ii) Function f(x;¢) has Jacobian 9f(x;0)/dx+ndf (x —nx;t)/dx, which is the sum of positive-definite and invertible
matrices, and hence is positive-definite and invertible. H

Lemma A.4 (Gale and Nikaidd). Ler f(x):RY~! = RM=! pe a continuous differentiable function with a positive-
definite Jacobian. Then, function f(x) is injective, that is, invertible on its range, so that ¥xi,x, € RM~ such that f (x) =
f(x2) we have x| =x».
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Proof of Lemma A.4. See the proof of Theorem 6 in Gale and Nikaidd (1965). W

Lemma A.5 Consider function f(x;1): RM~1 x R — RM~! given by equation (A.39). Then, for all fixedx e R¥~!, >0
and t € R there exists unique x which solves equation

S0 =f&—nx;0). (A.42)

Moreover, solution x(t;X) is continuous and differentiable in t and X.
Proof of Lemma A.5. The proof proceeds in three steps.

Step 1. Let us fix X and show that the solution of equation (A.42) exists for all 7. For =0 equation (A.42) has solution xo =
x/(1+n). Functionf(x; 1)=f(x;0)—f(x—mnx; 1) is continuously differentiable and has an invertible Jacobian with respect
to x by Lemma A.3. Hence, by the implicit function theorem (Theorem A.1 below), there exists a unique continuously
differentiable function x(¢) that solves (A.42) in some interval ¢ € (—7_, ), where 4 > 0. Next, we show that 1, =00,
and the proof that 7_ =00 is analogous.

Suppose, ¢ is finite. Let (—7_, 1) be the largest open interval in which a unique solution exists. We show in Steps
2 and 3 below that there exists a unique solution of equation f(x; t+)=0. Because f(x;t) has a positive definite and
invertible Jacobian [see Lemma A.3], by the implicit function theorem, the solution can be extended to some 7> 17y,
which contradicts the fact that (—z_, ¢, ) is the largest interval in which a unique solution exists. Therefore, this leads to
a contradiction, and hence, 74 =+o00.

Step 2. We show thatf(x; t+)=0has a unique solution, which implies that 74 =400, as shown above. Consider a sequence
1 1 t+ and solutions x; such that

SO 0) =1 (x —nxie; 1g). (A.43)
Suppose, x; are bounded by some constant A, i.e., |xx| <A. Then, by Weierstrass Theorem (e.g. Rudin, 1976, Theorem
2.42), there exists a convergent subsequence such that x;, — x* as n— +o00. Taking limit k,, — oo in equation (A.43), by
the continuity of f(x; ) we find that?(x*; t4)=0. This solution is unique by Lemma A.4 because f(x;0) —f (X —nx; ) has
positive-definite Jacobian by Lemma A.3. Hence, f, =4-00.

Step 3. It remains to prove that x; is indeed bounded. Suppose, x; is unbounded, i.e., there exist indices k, such that
|xk, | = 00, as k, — co. We renumber elements k,, by k, and hence, assume that |x;| — 0o. Let j(k) =argmax C (w_,-)Txk.
J

Because j(k) takes only finite number of values from 1 to N, there exists index j* such that j* =j(k,) for an infinite
sequence of k, — oo. Without loss of generality, we assume that j* =1 (otherwise, we relabel states w, accordingly) and
also focus on subsequence &, and relabel its elements by k. Hence, C(w ) o > C(a)j)Txk for all j=1,...,N. Similarly,
we find a subsequence x; such that C(w; Y ot > Clwn) Txy > C((Uj)Txk for all j=2,...,N. Similarly, there exists x; such
that

Cl1) x>+ = Clom) x> Clomen) " xe == Cloy) x., (A44)

for all k, where m is the first index for which C(w,,) " x¢ — C (me)Txk — +00 as k — 00. The existence of such an index
m is guaranteed by Lemma A.7 below.

Next, we take the limit k — oo in equation (A.43). Ordering (A.44) simplifies the computation of this limit. Consider
the following probability measure 7;(x; £):

expla; +1b} +C(w) " x}
Z}Ll expfa; thbj2 +Clw)Tx}

(X )= (A.45)

Because 0 <m;(x;:1) <1, by Weierstrass theorem there exists a subsequence x; such that ;(x;;0) — n,.Jr and mj(x—
X b)) — nj_ forall j=1,...,N, where Z;V:1 nj*' = Z;V:l nj_ =1, Ognf' <land0< nj_ < 1. Next, we demonstrate that

nt =0, forj=m+1,...,N, (A.46)

71,.’ =0, forj=1,....,m. (A.47)

To derive equalities (A.46) and (A.47), we use inequalities (A.44) and the fact that C (@m) X —C (Wm+1 )T xx = 400
as k — o0, to obtain for all j > m:

. AT . T
7= lim 7(;0)< lim explaj+ Cw) x) _ - expla;+C@ni1) xil
—+00

J k—-+00 explam + C(@wm) T Xk} ~k—>+0o explam+Clwm)Tx}
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Similarly, for all j <m, we obtain:

exp{a; + b7 + Clay) T —n C () T3}

w7 = lim mi(x—nxg;tx) < lim -
I Tk k=400 exp{am 1 T 1B 1+ Clams )T E— 11 Clwmen) xe)

. expla; b} +C(@)) T =nClwn) "xi)
1m - =Vu.
™ ko0 explam + kbl + Clwmi1) TX—nClwmy1) T Xk}

Using equations (A.46) and (A.47) and taking the limit K — 400 in (A.43), we obtain:

T C@ne)+ 41 Cloy)=m] Clw)+-+7, Clom).
Transposing both sides of the above equation and multiplying by x;, we obtain:
o1 Clom) i+ 477 Clow) e =m7 Cl@1) x4+, Clom) ' xi. (A48)

From the fact that Z;V=1 rrj+ = j.v=1 rrj* =1, demonstrated above, equations (A.46)—(A.48), and inequality (A.44), we
obtain:
7 C@men) 5k 7 Cloy) T3k < C@men) 5% < Clom) 1k
(A.49)
< 77 Cl) x4, Clon) 5.

Inequalities (A.49) contradict equation (A.48). Consequently, x is bounded. Hence, as shown in Step 2 above, 1, =+00,
which proves the global existence of x(¢; x). The continuity and differentiability of x(¢; x) follows from the implicit function
theorem. W

Theorem A.1  (Implicit function theorem). Consider a continuously differentiable function ?(x;t):RM TxR—
RM=1_ Suppose, f(xp:t0)=0 and the Jacobian df (xo;t0)/dx is invertible. Then, there exiAst open sets U and V such
that xo € U, to € V, and a unique continuously differentiable function x(t):V — U such that f(x(t);1)=0.

Proof of Theorem A.1. This is a special case of Theorem 9.28 in Rudin (1976). W

Lemma A.6 Consider a sequence xi such that |xi|— 0o as k— o0o. Then, there exists index m such that sequence
|C(wm) " xx| is unbounded.

Proof of Lemma A.6. Suppose, on the contrary, there exists constant A such that |C(w,,) " xx| <A for all m and k.
Because all securities are non-redundant, the matrix with columns C(w,), n=1,...,N has rank M — 1 and vectors C(w,)
span RM-1 Without loss of generality, assume that the M — 1 vectors C(®1),..., C(wy—1) form a basis in RM-1,
Consider vector ¢;=(0,...,0,1,0, ...,O)Te R~ with /th element equal to 1 and all other elements equal to 0. Then,
there exist constants «,,; such that e;=o ;C(w1)+---+ay—1,;C(wy). It can be easily observed that x; is bounded,
because for all /
le) xi] < ler 11 C@r) Tl -+ ly—1,11| Clay—1) T x| SAM — Dmaxo, i,

which contradicts |x;| — oo. Hence, |C(w,) " x¢| is unbounded for some m. M

Lemma A.7 Consider a sequence xi such that |xi|— oo as k— 0o. Then, there exists index m such that sequence
|C(wm) T xp — C(wm+1 Y x¢| is unbounded.

Proof of Lemma A.7. Suppose, on the contrary, sequence |C (wm) X —C (a)mH)Txk\ is bounded for all m. The latter
easily implies that |C(wi) T x5 — C(a)j)Txkl <A for all i and j and some constant A. Because all assets are non-redundant,
vectors (C(w,)',1)T €R™, where n=1,...,N, span R¥. Without loss of generality, assume that the first M vectors

(C(w,)",1)T form a basis in RM. Hence, there exist unique (g, ...,ay) " such that:
a1 C(@1)+-++ayClwy) = 0, (A50)
o+ Fay = 1 ’

We solve equations (A.50) and for an arbitrary index m we obtain:

[C(wm) Txk| = (o1 4+ +an)Clwm) T3 — (o1 Clwr) Txg + -+ + 0t Clewns) T
< o [|C(@m) Txk — Clew) T+ + lotas [|C(om) T — Claong) T x|
< AmlaXIaz\,

contradicting the result of Lemma A.6 that |C(wp) " x¢| is unbounded for some m. M
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Proof of Lemma 5. Substituting the risk-neutral probabilities (35) into (36), and noting that due to the properties of
risk-neutral distributions ERN{[W; 7]1=W; ge'T, we obtain:

- ¥ (e
P fin( )+ [ 50
Substituting 7 (¢) from (1) and 7Y (p) from (A.32) into the above equation, we find:
b +2b(1o/0d +hAT 2 s/ ) _bs}
OISy v +1/0¢

?:0.51&“”*”[

o SERN"[b2 +2b(uo/o5 +hi T s /v) ]
' ROTES Ay +1/05

Using the fact that under the risk-neutral probabilities the price of a portfolio with payoff b is given by ERN-V[p] =ERN/[p],
we simplify the above expression for & as follows:

1 ERNVB] BRI 1 var™U[b]—var®™/[b]
20T My 102 2RATE Ay + 1/l

o~
K=

Proof of Proposition 4. Consider an informationally irrelevant asset m such that A,, =0 and cov(v,,,vx)=0 for all
k #m. The sufficient statistic is then given by s=(A1&/yVr+ Vi, ..o, hn—18/Vi+Vi—1, Vi An+1€/ Vi + Vint1, ..)7. Due to
normality, vy, is independent of other noise trader demands, and hence, the mth component of the sufficient statistic does
not provide any information about . Consequently, the distribution of ¢ conditional on s is the same as in the economies
with and without asset m. W

Lemma A.8 i) The market is effectively complete if and only if there exists a portfolio that replicates In (7‘[,1(8) Vet QD)),
that is, there exist w-independent ’):0 €R and % e RM~! such that

Tn(€) \ 2 -
1n(ﬂé/(p)):xo+C(wn)H_ (A.51)

ii) The equilibrium Pareto efficient portfolios are given by:
1 W(1—h)/yy—v
vihfyi+(L=h)/yy’

o = _iM (A.53)
yu h/yi+(1=h)/yu
Proof of Lemma A.8. (i) Suppose, the market is effectively complete. Taking logs on both sides of (37) and rearranging
terms, we find that yy Wy 7, —viW; rn —¢=In (n,‘,’(p)/yr,,(s)). Hence, the log-ratio of probabilities can be replicated by
a portfolio of y,6;; —y,6; units of risky assets and y,(Wy.0—p " 0;)e’T —yi(W,.0—p ' 6;)e’T — ¢ units of bond.
Suppose, there exist io €R and AeR”-! such that (A.51) holds. Hence, m,(¢) :n,f’(p)exp(io + C(a)n)T):).
Substituting 7,(¢) into investor /’s optimization (3), we obtain:

N
ho+Clon) A=y Wi,
s,p]zrr};}x |:—Zn,€/(p)e 0+Clwn) A=y Wir, ] (A.54)

n=1

0F = (A52)

maxE[_e*VlWLr
o

Substituting wealth W, 7, from the budget constraint (5) into optimization (A.54), and rearranging terms, we observe
that this optimization is equivalent to maximizing

N N
max |:_ Zn’if (p)e_Vl(C(wn)_eer)T(9[-5»/”)} =max |:_ Zn.’llf (p)e—yy(C(w,L)—e’Tp)Té] . (A.55)
n=l1

o ]

n=1

where, by a change of variable, = (s —A /v (vi/vv)- The second optimization in (A.55) is the same as that of investor
U. Hence, 65 =0*=(6; —A/v))(v1/vv), or, equivalently:

Vib; — vyl =A. (A.56)

Multiplying (A.56) by (C(w,)— e p), we obtain y,(C(w,)— e p)T 0 — vy (Clwn) —'Tp) T 6% =(C(wy)— e p)T A. The
latter equation and budget constraints (5) thenimply yu Wy 7.0 — VWi r.n —¢=In (7'[,%’ )/ ﬂn(s)), where ¢ does not depend
on w,, which is equivalent to the Pareto efficiency condition (37).

(ii) The equilibrium Pareto efficient portfolios satisfy the market clearing condition (6) and efficiency condition (A.56).
Solving the latter two equations with two unknowns, we obtain portfolios (A.52) and (A.53). W
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Proof of Proposition 5. (i) Substituting 7,,(¢) from (1) and 7Y (p) from (A.32) into In(m,(¢)/7Y), and using market
clearing H(p) = —s, where s =(hAe/y;+v), we find:

( 7 (8) ) —po LBt 2u(po/oG +IAT T (hre/yi+v) [v1)
—%n

+const, (A.57)
Y (p) 2 RATE v+ 1o}

where const does not depend on state w,. The log-ratio of probabilities in (A.57) is a quadratic function of b,. Hence, by
Lemma A.8, the optimal portfolios are Pareto efficient if and only if there exists a portfolio that replicates bﬁ.

(ii) Substituting b, =19+ C (wn) " A from (28) and bﬁ =f):0 +C (a)n)TX from the conditions of Proposition 5 into (A.57),
we find that the replicating portfolio 7 in (A.51) for the ratio In(w,(¢)/m)) is given by:

(A.58)

~_ |, to/od +hnT =5 s/ 0.5%
TS Wy 1jad ) RATES Ay 1/0d

Substituting (A.58) into the investors’ portfolios (A.52) and (A.53), we observe that investor / shorts and investor U buys
portfolio 7, which replicates the quadratic derivative.

(iii) From the FOC of investor I (A.31), we find that P(e,v)=f;(Ae — ¥,6,"). Using the expression for f;(x) in (31), we
obtain:

L Cl@pexplaj+Cle)) " (he =16}

P(e,v)= 7 (A.59)
Zj:l exp{a;+C(w)T (ke — 16/}
Using 6, from (A.52), and the spanning condition b, =2g +C(wn) " A, we obtain:
(A=h)/yyClwp)TA 1
Clwn) e —y167)=(bn—10)e — [rCen Clon) v, (A.60)

hivi+(=h)/yy  h/yi+1=h)/yy

where 2 is such that In(,(e)/7Y (p) = ko + C(w,) T A. Hence, C(w,)T A =In(m,(e)/mY (p) — Ao. Substituting C(w,) T A
and In(r,(e)/m! (p)) from (A.57) into (A.60), after some algebra, we find that an+C(w,,)T(A£—y,9,*):vn+conxt,
where v, is given by (18) in which A, veRY~! and E, Q e RM~D*M=D "and const does not depend on w,. Substituting
an+C(wy) " (he — y16)") into (A.59), we find the price.

Proof of Proposition 6. We derive the shadow value of information for a more general case of incomplete markets
and then obtain the value of information for effectively complete markets, given by equation (39) in Proposition 6, as a
special case. Because the market is incomplete and not necessarily Pareto efficient, the ratios of the probability-weighted
marginal utilities are state-dependent:

n W 7
7n(&)exp{—y; Wi.r.n} —exp(T+y). (A61)
¥ (p)exp{—yuWu,rn}

We introduce the following new measure of market incompleteness:
JTRN’ U

= )] (A.62)

which is equal to zero if and only if the risk-neutral probabilities of investors coincide, and has similar intuition as the
measure of incompleteness ¥ given by (36). It can be easily verified that measure «¥ can be expressed as

€V =E™[in(

k¥ =InE Y [exp{€()}) —E™Y [L(w)], (A.63)

where {(w,)=¢,.

Consider an atomistic uninformed investor that becomes informed and has risk aversion y; and wealth V~V,. The
prices are not affected when this investor becoming informed. From equation (33) for the trading strategy of the informed
investor, we see that y;6," does not depend on y;. Hence, y; W, is the same for all informed investors, up to a constant.
Therefore, equation (A.61) for the marginal rate of substitution also holds (albeit with a different constant ?) for the
informed investor with risk aversion y;. Taking conditional expectation E[-|s] on both sides of the latter equation, we
obtain: N

E[ma(e)exp{—yuWi,r.n}Is] — i+t
7} (p)exp{—yuWy,r.n} '

(A.64)

where ¢ does not depend on w,. We note that £, is not affected by taking conditional expectations on both sides of (A.61)
since it does not depend on ¢ [see Lemma A.9 below].
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Let J;(Wy) be the expected utility of the atomistic uninformed investor who becomes informed, under probabilities
a(e), and Jy;(Wp) be the expected utility of the uniformed investor. From the uninformed investor’s point of view, the
expected utility of the informed investor is E[J;|s]. Using equations (A.63) and (A.64), we obtain:

ElJ;|s] = —E[ZZ=1ﬂn(E)eXP{—VUWI,T,n}‘SJ=_ZZ=I”rf/(P)eXP{_)’UWU.T.n‘FZ‘Fen}
= =Y RN (pyexpll+ .} Y ml (Pexp{—yu Wy,r.n} (A.65)
= exp{&}ERNY[exp{€(@) )y =exp{l+x U}y,

where {={+ERNU[g,], Jy; is investor U’s expected utility, and E®N-Y[.] is under the risk-neutral measure of investor U
in (35). The second line of (A.65) is derived by dividing and multiplying back the preceding equation in the first line by
Zn_l T, (p)exp{ yuWuy,r,n} and then using equation (35) for the risk-neutral measure of investor U
Let W be how much investor U is w1111ng to give up to become mformed so that E[J,(Wo —W)\s]_JU(Wo) We
note that IE[J,(WO — W)|s] =E[J;(Wp)|s] exp{yUW} Therefore, E[J;(Wy — W)ls] _exp{yUW-i-E +« Y}y (Wp), and hence,
W= —(Z +«Y)/yy. It remains now to find l.
Define function F(z) =E[exp{ze} /Z./=1 exp{a;+bje}ls]. Substituting 7,(¢), 7Y (p)=E[m,(¢)|s], and 6; from (29)
into (A.64), we obtain:
Ty T
exp (@) 7067 (Clon =TI —exp(E ), (A.66)
n
Using the informational spanning condition (28), we find that Ag+¢'7 AT p=219+A1TERNY[C(w,)]=ERY[b,]. Using
the latter fact, equation (A.68) for function F'(z) in Lemma A.10 below, and taking logs on both sides of equation (A.66),
we obtain:
(W25 s/ yi+ o /o + BN [b,])?
RATES Ay +1/0}

G )+ 706 (C(w)—eTp)+

(hAT 3y s/ vi+ /0§ +bn)?
RATE Ay +1/0d
Next, we take expectation EXN-U[.] on both sides of the above equation. We notice that the first term on the left-hand side

cancels out because ERNU[C(w,)]=¢"Tp and the second term on the right-hand side trivially cancels out. Then, after
some algebra, we obtain

=0+, —ENV[e(w))).

s 1 varfNU(p, ]
2T 1ol

As shown above, W= —(0+kY) /vu, and hence, we obtain the following equation:

~ 1 var®™U[p] Y
W= 1, /2 27 (A.67)
2y ATES AR +1/0f Yo

where the measure of market incompleteness «V is given by (A.62). When the market is effectively complete, the risk-
neutral measure is unique, and hence, var®-Y[b] = var®N[p], and kY =0. Substituting the latter expressions for var®-V[b]
and kY into equation (A.67), we obtain the value of information in effectively complete markets (39). W

Lemma A.9 The measures of market incompleteness k given by (36) and kY given by (A.62), and the state-dependent
parameter £, of the probability-weighted ratio of marginal utilities (A.61) are functions of the sufficient statistic s, and
depend on ¢ only via s.

Proof of Lemma A.9. Substituting 6;° from (29) into wealth W, we find that the probability 7™ in (35) is given by:

explan+bae — G =8 (o) C(e) B expla+07 () Clwn)

S expatbie e =GN C@p] LI expla+8 () Clop)

RN,/ __

where the second equality uses AT C(wp)=by — A from the informational spanning condition (28). Hence, 7™ only
depends on s via the asset prices p. Probability 7™V in (35) depends only on s because investor U does not observe &.
Hence, ¥ in (36) and «Y in (A.62) do not depend on ¢. Finally, from equations (35) for the risk-neutral measures and the
ratio of probability-weighted marginal utilities (A.61), we observe we can choose exp{¢,}=m ™! /U which does not
depend on & as shown above. W
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Lemma A.10 Let F(z)=E[exp{zs}/Z;V=1 exp{a;+bje}|s]. Then, F(z) is given by

(h?»TEJIS/V:+M0/U§+Z)2} 1

F(z)=ex .
© p{ TS Ny 1/0d 1 Gls)

(A.68)
where a(s) does not depend on z.

Proof of Lemma A.10. Using conditional PDF (A.8), we obtain:
de
G(s)’

where G(s) does not depend on z. Finding F(z) is similar to finding integral (A.9) in Lemma 2. Integrating, we obtain
equation (A.68). W

F(x)= / explze —0.5(s—hhe/y) | T, (s—hre/y)—0.5(e — 110)? /o))

Lemma A.11 (Equilibrium prices). The prices of the asset with payoff C| that has PDF @c(x) in the effectively
complete and incomplete markets are given by

Peon($)=Pe (1103s/h=10.0com )€™, Pnc(s)=Pe (103 5)/h—pto,00) e, (A.69)
respectively, where the pricing function Pc(i,0) is given by equation
sfeen(-5)
Pelp.0)= B €1-w?
[exn(—5)]

E[-] is the expectation with respect to PDF @c(x), s:hs/(y,aoz)-i-ul, S(s) in the equation for Pi,.(s) is an increasing
implicit function of s satisfying equation

(A.70)

Pe(1og3)/h—1o.00) =Pe (1108 s/h— o+ 0 (s =5s)/(1=h).0inc) (ATD)
and the volatility parameters Ocom and oine are given by:
o o
Ocom = 0 s Oinc= 0 . (A72)
=/ I a ]
hyi+(=0)/yy 1412/ (vPo2od) 1+12/ (v} o}og)

Moreover, both prices P (s) and Piyc(s) are increasing functions of s.

Proof of Lemma A.11. By Lemma A.2, the model is a limiting case of a discrete model with parameters a, and b,
given by Equations (7) when N — oo. Therefore, we derive prices for the discrete state-space case and then take the limit
N — o00. Section IA6.5 of the Supplementary Appendix provides the full proof. W

n
Lemma A.12 (Expansion in terms of moments). Let mn:IE[(C‘%C”C) ] be the standardized moments under the
PDF ¢c(x). The pricing function (A.70) is then given by

iO:H (M—Mc)<@>"miz+1
o o o n!
Pe(p,0)=pc+oc

& M—HUc ac\"my
m(=25)(5)
> Ha (=

=0 o/ n!

(A73)

where H,(x) are Hermite polynomials satisfying a recursive equation H,y(x)=xH,(x)—nH,_|(x) with the initial
conditions Hy(x)=x and Hy(x)=1.

Proof of Lemma A.12. From formula 8.957 in Gradshteyn and Ryzhik (2007)
= "
"0 :ZH,,(X)E, (A.74)

n=0
where H, 41 (x) =xH,(x)—nH,_1(x) (formula 8.952 in Gradshteyn and Ryzhik (2007)). Then, we note that

(C1—p)? (Ci—pey o Ci—pcocp—pe  (L—pce)?
ex (—T) —e (— e? % % A ) (A75)
o 20¢ o oc o o 20

Next, we expand (A.75) using (A.74), and then substituting the result into equation (A.70), we obtain the expansion
(A73). N1
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Proof of Proposition 7. i) We derive equation (44) by substituting PDF (40) into equation (A.70), and then finding the
expectations in equation (A.70) in closed form.
ii) Rewriting the expectations under the generalized gamma distribution (41) in the pricing function (A.70) as integrals,

after simple algebra, we obtain:
+0o0 1 1 1 M
Crexpl—= (= +— |2 (f—a)c dc
/0 'e""{ 2(33+02) AT

Pelu o3k =22 R - ,
k—1 2
c exp{—i(a—g—kﬁ)q+<;—8)C1}dcl

J

For the case k=1 the above pricing function can be easily computed in closed form, and is given in equation (45) for
k=1. For general integer k> 1, denote the integrals in the numerator and the denominator of (A.76) by I; and I;_1,
respectively. Using integration by parts, we obtain the following recursive equation for /i:

Glo? m +oo 1/1 1 m !
I = 5| (= =8) 1 — ck! —(5+5 )3+ (= -8)a} ) dc
= i G [ (ool 3 (g e ()] 4o

(A.76)

= % ((% _5>Ik—1 +(k— 1)Ik—2)~
c

Dividing both sides by Ix_; and using Pc(p,0;k) =1y /Ix—1, we obtain equation (45).
iii) Under the skew-normal distribution (42) the pricing function (A.70) becomes:

+o0 C— 2 Ci -1t 2 Ci -1,
/ Clexp{—( 1=~ (Ci—Rc) }CI><a IAMC>dC1

Pe.0)= =2 202 262 Oc (ATT)
C 5 = — — .
+eo (x—p)?  (Cr—Tic)? oo = 4o
P\ T T2 T 252 “— !
—00 c o

Denote by J; and Jj the integrals in the numerator and the denominator, respectively. After some algebra and integration
by parts, we obtain:

L=’ 1 @-p? | sen@3d’  G2u+o’fic
J1 = exp —5 A2+ > _EAz/ 2_;’_’\2 — — + 32+0_2 Jo,
o +o of/ac+o /03/a2+02 c
1 0.2 00 2 o~
Jo = eXP{—*(MAzilLC)}/ exp{_(}c A;;) }q)(axAuc)dx
2 o'c+(72 —00 20 oc

1 (u—Fic)? A—Tic
JIrsexp { 1 (ﬁz //«cz) } o SEM@E -1 |
2 Gi+o /3c2/042+32
where G =620 /(62 +02), i=(G21u+02Mic)/ (G2 +02), and the computation of Jy uses the following integral 8.259.1

in Gradshteyn and Ryzhik (2007): ffooo exp(—px?)erf(a+bx)dx = (/7 /p)erf(a /2% b2+ p), where the error function is
given by erf(x)= 2&(x+/2)— 1. After some al gebra, we obtain Pc(u,0)=J;/Jo given by equation (46). W

Proof of Proposition 8. Similar to the derivation of the prices in incomplete and complete markets in Lemma A.11,
we find that EU[CI]:Pc(y,aozs/h—uo,cr,-,,c), where ojy is given in equation (A.72). Next, we consider the expansion
(A.73) in Lemma A.12 and retain only terms that have the order of magnitude ag. Hence, from the expansion (A.73) we
obtain the following approximation:

2 3 _ 2
e Mol [(—pc\? 3
Pe(u.o)=pc+ 25 (n—nc)+ 55| (F2E9) 1] +od). (A78)

Using equation (A.78), we obtain the following expression for the risk premium:

EU[C]_Pcom(S)erT = PC(VI”()ZS/h_ILO»UinC)_PC(VIO'OZS/h_IfLOv(Tcom)

myol [(VIUOZS/hfuo fuc)Z B 1}

2
2a'inc

"3 2
N — (viogs/h—po—pe)+
o

h Oj
inc mnc

2 3 2
o m3og [ (Vi0ys/h—po—jic\?2

— S ods/h—po—po)— 3 os <[ (P ) -1].
com 20C0nl Ucom
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where 0, and o, are given in (A.72). The above expression depends on a random sufficient statistic s. Next, we take
the expectation with regard to s, and taking into account that E[y; ags/ h— o —pe]=0 and var[s] :hzag2 / (y,zaa‘)—i-af,
we obtain:

3
BT oo ~— "0 M1
2 hfyi+(=h/yy
(oig(i 1 ) 1 y,zaozavz/h2>
0'02 Ji%tz: Gc'zom 1+h2/ (VIZUUZ 0.02 ) O-czom

The above expression shows that EV[C] — Py (s)e'T ~ —m3(rgA(h), where A(h) > 0. To further simplify the expression
for the risk premium, we ignore terms of the order og , and assume that y; =y; = y. Then, after some algebra, we obtain:

EY[C] _Pmm(s)erT =

_myol  hjy (V%(%«ff/hz

3
S Wiy ez ) T

h(1—h)
y203+ 24 12 /(252
oy +h*/(y=oy)

msod (

. )+oed). m

Proof of Proposition 9. Differentiating equation (30) for the incomplete market price, we obtain

d (hf,‘(e’TP> A—hf; TP
— +
v Yi Vi

):E+Q. (A.79)

Next, we use the fact that 9f ~'(y)/dy=f"(x)"!. We note that x; :f,_'(e’TP) and xy :fU_I (e’ P) are given by equations
(A.38). Then, we differentiate functions f;(x) and fy(x) using equation (A.40) in Lemma A.3 and find that f/(x;)=
var®™/[C] and f},(xy) = var®™Y[C]. Substituting the latter derivatives into equation (A.79), after some algebra, we obtain
the expression for dP/dv for the incomplete market in equation (49). Equation (48) for the complete market is a special
case of (49) when var®/[C] =var®™ Y [C] = var®N[C], because the risk-neutral measure in the complete market is unique.

Next, suppose, the investors have symmetric information. That is, the investors have common probability measure
Q. Then, the first order conditions and the market clearing imply the following equation for asset prices:

o ECLCexp(CTv/h/yi +(1 =)/ yo)]
E2Texp(CTv/(h/yi+(1=h)/y)ll

From equation (A.80) we observe that introducing a new asset m with v,, =0 does not affect the prices of other assets.
Proposition IA6.3 in the Supplementary Appendix shows that asset prices are the same in incomplete and effectively
complete markets when C is normally distributed. Hence, the illiquidity is not affected by introducing derivatives in the
latter two economies, provided that noise traders do not trade these derivatives. W

(A.80)
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