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ABSTRACT

We study return predictability using a model of speculative trading among
competitive traders who agree to disagree about the precision of private informa-
tion. Although traders apply Bayes’ Law consistently, returns are predictable. In ad-
dition to trading on long-term fundamental value, traders also trade on perceived
short-term opportunities arising from foreseen future disagreement, as in a Keyne-
sian beauty contest. Contradicting conventional wisdom, this short-term speculation
dampens price fluctuations and generates time-series momentum. Model calibration
shows quantitatively realistic patterns of return dynamics. Consistent with empiri-
cal evidence, our model predicts more pronounced momentum for stocks with higher
trading volume.

ALTHOUGH RESEARCHERS HAVE DOCUMENTED SHORT-RUN time-series mo-
mentum in equity returns, they have found it notoriously difficult to explain
theoretically why this pattern can occur in a competitive market. We present a
dynamic model of competitive trading based on flows of new private informa-
tion. The model generates time-series momentum endogenously by relaxing
the rationality assumption in only a minimal way.

As new information arrives, all traders apply Bayes’ Law consistently and
optimize correctly, with the single exception that each trader symmetrically
assigns a higher precision to his own signal than to other traders’ signals. As a
result of this relative overconfidence, each trader anticipates that, upon ob-
serving new information in the future, others will correct their mistakes by
adjusting their valuations toward unconditional levels and toward his own
level. To profit from this perceived short-run return predictability, traders
make speculative trades which bet against other traders’ expectations. This
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dampens prices relative to traders’ own long-term valuations and leads to time-
series momentum even if traders’ signals are empirically correct on average.

For example, suppose all traders have positive signals such that they all
agree that the fundamental value is $30. Since each trader believes that oth-
ers are putting too much weight on both their current and future information,
each trader believes that other traders will revise their expectations downward
in the future. As a result, each trader would want to trade on this short-term
profit opportunity by selling today at price $30 and plan to buy at better (lower)
prices later. This internalization of future disagreement reduces the price to-
day below $30, even when all traders correctly agree that $30 is an accurate
estimate of fundamental value. As Keynes puts it, “it is not sensible to pay
25 for an investment of which you believe the prospective yield to justify value
of 30, if you also believe that the market will value it at 20 three months hence.”

While this short-term trading faithfully reflects the logic of a Keynesian
beauty contest, its empirical implication contradicts Keynes’s unmodeled in-
tuition that short-term speculation amplifies volatility and leads to mean re-
version in prices. In contrast, our theory implies dampened price fluctuations,
dampened volatility, and therefore momentum—exactly the opposite of what
Keynes expected. We first confirm our insight using a two-period model with
closed-form solution. We then obtain a quasi-closed-form numerical solution to
an infinite-horizon discrete-time model. Price dampening is more pronounced
in the infinite-horizon dynamic trading model than in the two-period model.
The intuition that prices are dampened because of speculative trading suggests
the hypothesis that increasing the frequency of trading will increase momen-
tum. Indeed, we show that increased trading frequency magnifies speculative
trading in a Keynesian beauty contest and leads to larger momentum.

With belief heterogeneity, empirical prices and quantities depend on both
traders’ beliefs and the empirically correct model specification which ulti-
mately govern the dynamics of fundamentals and information. For example,
when traders’ beliefs about the decay rates of signals are different from the
empirically correct parameter, the expected returns are described by a struc-
tural model which is linear in state variables including the current levels of
prices and dividends as well as exponentially weighted averages of these vari-
ables in the past. We calibrate model parameters and obtain positive return
autocorrelation over short periods of one to two years and negative autocor-
relation over longer horizons, matching empirically observed return patterns.
Time-series return momentum arises from price dampening, and return mean
reversion arises when traders believe that the signals decay at a slower rate
than the empirically correct parameter implies.

Our results contribute to the theoretical literature concerning whether dif-
ferences in beliefs or expectations can generate price drift (defined as positive
return autocorrelation). The rational expectations paradigm of Muth (1961)
implies that price changes are unpredictable because prices aggregate funda-
mental information correctly when traders are correct on average, even when
individual traders make mistakes. It may thus seem reasonable to attribute
return predictability, including momentum, to irrational behavior or bounded
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rationality. However, when return anomalies are motivated by behavioral bi-
ases, Fama (1998) suggests that a Pandora’s box is opened, undermining mod-
eling parsimony by enabling one plethora of behavioral biases to explain an-
other plethora of anomalies. We therefore explore the suggestion of Morris
(1995) and drop “the common prior assumption from otherwise rational be-
havior,” based on the idea that even rational agents may have heterogeneous
beliefs. We do so by assuming overconfidence, as in Aumann (1976).

Allen, Morris, and Shin (2006) attribute price drift to iterating expectations
in a market where traders are assumed to share a common prior but observe
different information. Banerjee, Kaniel, and Kremer (2009) point out, however,
that in such a noisy rational expectations model, when traders are allowed to
learn from prices, returns should exhibit mean reversion, not momentum, due
to the noise in prices.

Importantly, Banerjee, Kaniel, and Kremer (2009) also show that for het-
erogeneous beliefs to generate price drift, it is necessary for traders to dis-
agree not only about the joint distribution of signals and fundamental value
but also about the joint distribution of the signals themselves. Our two-period
and infinite-horizon models satisfy both of these necessary conditions. Even
when traders are correct on average, our model generates positive return au-
tocorrelation by assuming that traders receive new signals over time, disagree
about how to interpret the signals both in the present and in the future, and
correctly understand how this disagreement plays out in prices. In our frame-
work, these conditions are sufficient to generate price dampening and return
momentum. The return predictability is related to perceived order flow pre-
dictability from traders’ short-term speculative trading based on disagreement
about the information content of future signals. Banerjee, Kaniel, and Kremer
(2009), in their Example 3 (p. 3718), describe a model in which noisy asset
supply has independent increments and traders receive signals only at date O,
correctly interpret their own signals and noisy supply, and believe that other
traders’ signals are uninformative; this example does not generate price drift
(Kyle and Wang (2021)).!

Our model is similar to Kyle, Obizhaeva, and Wang (2018), who show that
strategic traders rationally smooth their trading in continuous time to reduce
permanent and temporary price impact. The models differ in that we assume
a competitive model of trading in discrete time. Assuming perfect competi-
tion and discrete trading allows us to make direct comparisons with existing
literature, which also assumes perfect competition and discrete time. Assum-
ing discrete-time trading also allows us to show that momentum is more pro-
nounced when trading opportunities are more frequent.

Hong and Stein (1999), Barberis and Shleifer (2003), and Greenwood
and Shleifer (2014) generate return predictability by assuming that traders
follow simple trading rules and do not extract information from prices.

LIn private correspondence, Banerjee pointed out that positive return autocorrelation can be
obtained if their Example 3 is modified to assume that supply has small variance and follows an
AR(1) process rather than a random walk.
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Gruber (1996), Lou (2012), and Vayanos and Woolley (2013) derive time-series
momentum from the aggregate amount of money chasing returns. Detemple
and Murthy (1994), Basak (2005), Jouini and Napp (2007), Dumas, Kursheyv,
and Uppal (2009), Xiong and Yan (2010), Cujean and Hasler (2017), Atmaz and
Basak (2018), and Ottaviani and Sorensen (2015) derive return predictability
from the interaction of beliefs aggregation and wealth effects. Andrei and Cu-
jean (2017) study word-of-mouth communication instead of beliefs aggregation
as a mechanism that generates return predictability. In our model, return pre-
dictability is unrelated to traders following simple rules, wealth effects, the
flow of money into the market, and word-of-mouth communication. Instead,
we assume that traders follow optimal strategies, there are no wealth effects,
the asset is in zero net supply, and traders infer other traders’ information
from prices.

Consistent with the empirical evidence presented in Internet Appendix Sec-
tion IV,? our model implies that time-series momentum is more significant
when disagreement among traders is larger and assets are more actively
traded. Lee and Swaminathan (2000) and Cremers and Pareek (2014) find mo-
mentum to be stronger for stocks with higher volume and more short-term
trading. Zhang (2006) and Verardo (2009) show that momentum returns are
larger for stocks with higher analyst disagreement. Moskowitz, Ooi, and Ped-
ersen (2012) document time-series momentum in liquid futures contracts. Our
findings may also be relevant for empirical research on return predictability in
models with heterogenous beliefs, such as Greenwood and Shleifer (2014) and
Buraschi, Piatti, and Whelan (2022).

This paper is structured as follows. Section I presents a two-period model
and describes intuition behind price dampening. Section II considers a com-
petitive dynamic model with discrete trading and further clarifies mechanisms
generating price dampening. Section III analyzes predictions for holding-
period return and calibrates the model parameters. Section IV concludes.
Proofs are in the Appendix.

I. A Two-Period Model

To explain the economic intuition behind price dampening and time-series
momentum, we first present a simple two-period model.

A. Model Setup

Consider a two-period model of competitive trading among N traders with
different beliefs. A risky asset with random liquidation value v ~ MO, 1/7,)
is traded for a safe numeraire asset. The total supply of the risky asset is zero.

2 The Internet Appendix may be found in the online version of this article.
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Traders trade in periods 1 and 2, and the payoff v is realized at period 3. At
periods ¢ = 1 and ¢ = 2, each trader n observes private signals i,;,

ine i= T2 (T} ?0) + ey, (1)

with e,; ~ MO, 1). The asset payoff v and 2N private-signal errors ey, ..., en:
with ¢t = 1, 2 are independently distributed.

In equilibrium, prices are functions of the average of traders’ private sig-
nals.? Therefore, each trader n can infer from the equilibrium price the average
of other traders’ private signals, denoted i_,;:

i—nt = ﬁ Z imt- (2)

To generate trading, we assume that traders agree to disagree about the pre-
cisions of private signals 7,,. Each trader is “relatively overconfident,” believing
that his own signal has high precision 7, = 7y and other traders’ signals have
low precision 1,, = 77, for m # n, with tzy > 77, > 0.4

Each trader has the same exponential utility function with constant absolute
risk aversion (CARA) parameter A. At each period ¢ = 1, 2, trader n’s problem
is to choose the optimal inventory S,; to maximize his expected exponential
utility function of terminal wealth at time ¢ = 3,

Er [_e—A W] (3)

where EY[...] denotes trader n’s expectation conditional on all signals at period
t =1, 2, and terminal wealth W,3 is

Wiz = Wh1 + (Po — P1) Sy1 + (v — P2) Spa. 4)

The prices P; and P, are set to clear markets each period.

Let var}[...] denote trader n’s variance operator conditional on all signals at
period ¢ = 1, 2. The projection theorem for normally distributed random vari-
ables implies that the conditional error variance is related to signal precision

3 For expositional simplicity, we assume there are no public signals in the two-period model.
Including public signals does not change any of our main results.

4We deviate from the standard approach in the literature, which assumes that a signal has
the form value-plus-noise and these informativeness is given by the variance of the noise term.
Instead, in equation (1), we rescale signals by the standard deviation of noise terms r,}/ 2, so that
the coefficient on the noise term is exactly one. If we assume i, := (1, + 1)~1/2 (r,}/z(rvl/zv) + ent),
then it can be shown that varli,;] = 1 and thus traders do not disagree about the variance of
signals. We show that the dynamic dampening effect arises and returns still exhibit momentum
in this setting because traders disagree about the coefficient on v in the signals. To make the two-
period model comparable to our continuous-time setting where a trader can estimate the diffusion
variance (quadratic variation) with high accuracy (see Footnote 9), we rescale signals so that the
coefficient on the noise term is exactly one in the two-period setting.
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7, at time ¢ = 1 and 2 by

7= (Var?[v])_1 =11+ (m+WN-1)1)t). (5)
Trader n’s expected value of v at time ¢ = 1, 2 is
L2 t t
B[] = ~— (r;” YN -1 Zi_ns), (6)
t s=1 s=1

which puts weight proportional to ‘L’PII/ % on trader n’s own private signals i,, and
to rg/ 2 on others’ private signals i,,;, m # n.

B. The Equilibrium with Myopic Conditional Mean-Variance Optimizers

Instead of maximizing terminal utility (3), we first solve for equilibrium
prices when myopic traders hold conditional mean-variance optimal portfolios
and have no hedging demand.’

THEOREM 1 (Equilibrium with Myopic Conditional Mean-Variance Optimiz-
ers): Att = 1, 2, (i) trader n’s myopic mean-variance optimal inventory is

E'll [Pz] - P . Erzl [v] — 132
Sp1 = ——==, Sne = > (7
A var/ [P2] A vary [v]
and (ii) the prices P, and P, are
N 5 N N
Bi=3 Y BB =Cf Y B, B=3% Y Eib, (8)
n=1 n=1 n=1
where the coefficient ég satisfies 0 < ég < 1 and is given by
S Ty 1/2 1/2 2
o ._1—t—2(1—}v)(rH —7) 9
PROOF: The proofis in Appendix subsection A. O

Since traders do not have any hedging demand, equation (7) implies that
each trader’s optimal inventory at ¢ = 1 is his short-term speculative position.
Equation (8) implies that the equilibrium price at ¢ = 1 is a weighted average
of traders’ expectations of the fundamental value v with weights summing to
a constant C, that is less than one.

5 The results are equivalent to the results if we assume that traders must consume their period
t trading gains at period ¢ (¢ = 2, 3), so they choose optimal inventory S,; (t = 1, 2) to maximize
E'll[fe’A Wn2] and E} [—e~AWn3], where W2 and W,,5 are Wy,g = Wy,1 + (Py — P1)S,,1 and Wy,3 = (v —
Py) Spa.
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In our setting, traders agree to disagree about the interpretation of signals in
the present, and they also agree to disagree about how to interpret the signals
arriving in the future. More specifically, each trader n observes both i,; and the
average of others’ signal i_,; (¢ =1, 2), and he believes that both his current
and future signals have high precision and other traders’ current and future
signals have low precision. As a result, even if all traders happen to agree
about the fundamental value at time ¢t = 1 (so Ef[v] = Ef*[v] > 0 for all m #
n), trader n’s current expectation of the average of others’ future expectations
ET[E;"[v]] is lower than his own current and future expectations Ej'[v], ¢t =1,
2, where the average of others’ expectations at ¢, E;"[v], is defined as

N
E, "[v] := zﬁ Z E[v]. (10)

m=1,m#n

To see this, in Appendix subsection A we show that trader n’s expectations of
others’ expectations next period can be written as

E![E;"[v]] = (1 - (r;/Q LI/Q) )E”[ 1— 1(E'{[u] — E;"[v]). (11)
72 72
At time ¢ = 1, trader n’s estimate of 152 is
} N
B[ P] = E’f[]lv ZEZ[U]i| - ( i+ (N =D 1/2) 1l
n=1
(12)

If all traders happen to agree about the fundamental value at time ¢ = 1 (so
Ellv] = E'[v] > 0, for all m # n), we obtain

N N
Ei[P] = (1 - %(1 -8 (- fg/2)2>11v S Eipl < LY Efpl.  (13)
n=1

n=1

Equation (13) implies that each trader n expects the price to fall below funda-
mental value in the next period. In addition, at # = 1, each trader n expects his
own optimal inventory next period to be

al N — D, . WN-Dr1y ., n
EI[SnQ] = W(TI}I/2 — T£/2> El[U] + Tl(El [U] — El [U]) (14)

Equation (14) implies that, if all traders happen to agree about the fun-
damental value at time ¢ = 1 (so E7[v] = ET'[v] > 0 for all m # n), then each
trader expects to buy next period because each trader expects prices to fall
next period. Each trader believes that others make the mistake of attributing
too much precision to their current signals. Each trader expects that, upon
observing new information in the future, others will adjust their valuations
toward unconditional levels, and thus each trader expects others to sell and
prices to fall at ¢ = 2.
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Therefore, even if the price at¢ = 1 were equal to the consensus fundamental
valuation (P, = + YV Ev)), all traders would want to hold short positions

(Sp1 < 0) at¢ = 1 because they would all expect prices to fall below fundamen-
tal value in the next period. With myopic mean-variance optimizers, the equi-
librium price P is traders’ average expectations of next-period price P,. Since
all traders expect prices to fall below fundamental value in the next period
(equation (13)), it follows that

A=Y E[E]= (120 ) (37 0) ) T

n=1 n=1

N
Cox Y E
n=1

(15)

where the dampening factor C'g defined in equation (9) satisfies 0 < ég <1

To summarize, all traders internalize at ¢ = 1 their perceived disagreement
about future valuations. If prices were equal to the consensus fundamental val-
uation, all traders would want to hold short positions at ¢ = 1. As a result, the
equilibrium price is dampened in the first period relative to traders’ average
contemporaneous expectations about fundamental value, ]%, ZI,LI El[v]. The
price-dampening effect increases (C'g falls) when the magnitude of disagree-
ment 7y /77, increases. Since traders have no hedging demand in this setting
with myopic conditional mean-variance optimizers, the key driving force of
price dampening is traders’ short-term speculation due to their disagreement
about future valuations, not hedging demand.

C. The Equilibrium of the Two-Period Model

We now solve for the general two-period trading model where trader n
chooses the inventory S,; (¢t = 1, 2) to maximize his expected utility (3). The
following theorem characterizes the equilibrium in the two-period model.

THEOREM 2 (Equilibrium of the Two-Period Model): (i) At ¢t = 2, trader n’s op-
timal inventory S, and the price Py are

Eyv] -
Avarl[v]’

N
ZE v). (16)

n=1

Sn2 =

ZIH

(it) At t = 1, trader n’s optimal inventory is

var} [Ej[v]—P; ] +varg[v]
Sn’l = n n n n n 2
A (varl [Py](var} [E3 [v]]+varg [v])—(cov} [Py . E5[v]]) )

» ((E’{[Pz] _p)- cov’ [Py , E3[v]—Py] (B} [Ez ] _pz])>_ (17)

var} [E§ [v]—Pz ] +var}[v]
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The price P is a weighted average of traders’ expectations of the fundamental
value v with weights summing to a constant Cg, which is less than one:

N N N

_ 1 n cov [Py , E§[v]—Ps] 1 n 1 n

Pi=4 Y EiR) - o ] (rv S Eill - § ) ES [P2]>
n=1

(18)

Il
2
2=

N
> Ejl.

n=1

PROOF: The proofis in Appendix subsection B. Equation (A21) is a closed-form
expression for the dampening factor Cj. O

In equation (17), trader n’s short-term speculative position is increasing in
his short-term expected price change, E7 [P;] — P;. Hedging demand is decreas-
ing in his expectation at ¢ = 1 of the next period’s return, E}[Ej [v] — P»]. Math-
ematically, this monotonicity results from the two factors expressed as ratios
of variances and covariances both being positive:

var} [P] var; [E5 [v]]> (cov} [P2 . E5[0]])",

(19)

2 2
covi[Pz, Ej[v] — P,] = % W-1) (1}11/2 + (N — 1)12/2) (1}1/2 - rLl/Z)Z > 0,

7174N?

where the parameters r; and 12 are defined as in equation (5). Economically,
at t = 1, disagreement about the precision of future signals (ty # t7,) gener-
ates positive perceived autocovariance of returns for trader n, cov} [P, , Ej[v] —
Py] > 0. Therefore, in trader n’s optimal demand of equation (17), the coeffi-
cient on next period’s return E}[Ej[v] — P2] is negative. Assume that trader n
observes positive signals about the asset and thus would like to hold a long po-
sition. Due to disagreement about future valuation, each trader believes that
others make the mistake of attributing too much precision to their signals and
thus each trader expects the next period’s return E}[E;[v] — P;] to be posi-
tive. Therefore, the hedging component in equation (17) is negative. The nega-
tive hedging demand reduces traders’ demand, which, in equation (18), further
pushes down the price at ¢t = 1 relative to the case with myopic traders.

Without disagreement, hedging demand does not generate price dampening
because a common prior (ry = 17,) implies cov} [P, , E5[v] — P;] = 0.

Equation (18) shows that the price P; is a weighted average of traders’ esti-
mates of the fundamental value of the asset (1%, 25:1 El[v]) and traders’ esti-

mates of next period’s price (]%, anv:l E7[P2]). Because traders expect prices to
fall below fundamental value in the next period, the weight on zlv ZI,LI Ellv] is
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Figure 1. Cz and ég against 7 /77,. (Color figure can be viewed at wileyonlinelibrary.com)

negative while the weight on 5 Z 1 E7[P2] is greater than one. We have

N
cov} [Py . B [v]— [ 1 n
P =% ZE [P2) = 7 mw ( ZE — % ZEl[P2]>
n=1

N
51 np w1 1 12 _ _1/2 covi [P, Ej[v]-Py] B[
_CgN ZEl[v] Ty (1 N) ( TH L ) var’ [E5 [v] P2]+var"[v] Z 1l

(20)

Different from the case with myopic mean-variance optimizers (equation (15)),
the first line of equation (20) states that price P; is the average expectation of
the price P, adjusted for the extra trading due to hedging demand related to
traders’ expectations at ¢ = 1 of the next period’s return (E7[Ej[v] — P]). The
first term in the second line is the same as the second line of equation (15) in
the myopic case. It shows that the average expectation of P, at ¢ = 1 is damp-
ened relative to the average expectation of fundamentals, 1%/ 25:1 El[v]. The
last line combines terms and shows that price P; is further dampened relative
to the average expectations of fundamentals, zlv ny:l E}[v], compared to the
myopic case; we prove analytically that the coefficient Cq satisfies 0 < C; < 1.

PROPOSITION 1: The price-dampening factor Cg satisfies 0 < C, < C'g <1l 1In

addition, both Cg and ég decrease in the disagreement level ty /11, holding fixed
the total precision ty + (N — 1)1z

PROOF: The proofis in Appendix subsection C. a
Figure 1 shows that price-dampening factors C, and C, decrease in the

disagreement level 7y /7..% This is because traders trade more aggressively

6 Figures 1, 2, and 3 depend only on parameter values of 7, 7z, and N. In all three figures, total
precision is fixed, with 1y + (N — 1)r;, = 4 and N = 100.
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against one another with greater disagreement. As illustrated in Figure 1, the
difference between C, and Cy is quite small for a large range of parameter val-
ues. This suggests that the magnitude of the additional dampening effect from
hedging demand at ¢ = 1 is small, and the main driving force of the dampening
effect comes from traders’ short-term speculation on their disagreement about
future valuation.

As in the simple myopic case, traders agree to disagree about the interpre-
tation of signals in the present, and also about how to interpret the signals
arriving in the future. All traders internalize in the present their perceived
disagreement about future valuations. In aggregate, the equilibrium price be-
comes dampened in the first period relative to traders’ average contempora-
neous expectations about the fundamental value, 1% Zflvzl El[v]. The price-
dampening effect increases (C, decreases) in the magnitude of disagreement
TH / TrL.

For example, even if all traders expect the fundamental value to be $30 at
t = 3, each trader also expects others to interpret new information incorrectly
and thus to revise expectations upon receiving a new signal. If prices were
equal to the consensus fundamental valuation of $30, all traders would expect
prices to fall in the short run and thus would trade on short-term profit op-
portunities by “selling” today to buy at better (lower) prices in the next round.
The internalization of future disagreement dampens the price today by driv-
ing it below $30, even when all traders correctly agree that $30 is an accurate
estimate of fundamental value.

There is also a static dampening effect. At ¢t = 1, 2, traders’ average val-
uation in equations (8) and (18), & Zflvzl E!'[v], differs from what it would
be in a model with a common prior where the same amount of information
g + (N — 1) 17, is known to be split equally across traders. Each trader believes
that signals of others have lower precision, and this disagreement pushes
down the weight on each private signal in the average valuation ]%, Zijzl E!'[v].
Specifically, the average valuation can be expressed as

N . N t N t
ZlV ZE?[U] = rl;/z (N 7}11/2 N 1/2) Zzlns = TL CJ ~NTH + 2 Zzlnss (21)

n=1 n=1s=1 n=1s=1

Cri=(Fo” + 52 ") G+ Nt w) (22)

When traders are relatively overconfident (zz > t7), Jensen’s inequality im-
plies C; < 1. In Internet Appendix Section I, we show that static dampening of
private signals in the averages of expectations shows up in an analogous one-
period model; it is unrelated to dynamic trading. In Internet Appendix Sec-
tion VII, we develop a model in which static dampening does not occur but
prices are dampened and returns exhibit momentum patterns due to C; < 1.
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D. Return Autocorrelations
D.1. The Myopic Case with t, =0

To see how price dampening implies time-series return momentum, it is
helpful to first study the myopic case with 7;, = 0. In the special case of t;, = 0
the coefficient on v in the signal i,,; collapses to zero and the coefficient on the
noise term stays at one. This case implies that each trader believes that all
other traders trade on noise as if it were information. Using equation (11), it
can be shown that each trader n’s expectation at ¢ = 1 of the average of others’
expectations at ¢ = 2 is

E[E;"[v]] = Z—;E;" [v]. 23)

Since 71 = 1,(1 + ) and 12 = 7,(1 4 27), equation (23) implies that trader n
believes that others’ average valuations tend to mean-revert toward the un-
conditional level of zero. We have

(24)

The coefficient on other traders’ valuation E;"[v] in E} [P,] is dampened by
a factor of 7!, compared to the coefficient on E;"[v] in the fundamental value
of the asset, #E}[v] + 2-2E;"[v]. The coefficient on trader n’s own valuation
E?[v] in E}[P,] is not dampened and is the same as the coefficient on E?[v] in
the fundamental value }VE’{ [v] + Z%EI" [v]. In the myopic model, the equilib-
rium price at ¢ = 1 is the average of all traders’ expectations of next period’s
price, P, = zlv ZQ’ZI E’l‘[l%], and hence it follows that the price at ¢ = 1 is damp-
ened relative to traders’ average expectations about the fundamental value,
1E” [v] + IQ EI" [v]. The dampening coefficient on ]%,E” ] + & = E "[v] in Py
is N 4 N1 2 which is greater than :—; and less than one, 1mply1ng that the
coefﬁment on other traders’ valuation E;"[v] in P, is dampened by a smaller
magnitude compared to that in E [P,]. It follows that trader n’s expectation of
the price change is

E}[Py] — Py = S22 (B [v] — E;" [v]). (25)
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Since traders are ex ante identical and the prior mean of v is zero, it follows
that Py = 0. Under trader n’s belief, it is straightforward to show that

cov” I:pg — pl y pl — Po] = Eg [(Erll [}52] - pl)(pl - po)] — Eg [Pg — pl]Eg[pl — Po]
= E{[(E}[P:] — PP ]

= Wbl Dt B (B o] — E; " ol) (B o] + (N — DE; " o])]-
(26)

The second line of equation (26) follows from the law of iterated expectations
and Ef [Pg - Pl] = 0. The third line of equation (26) follows from equation (25).
Since each trader n believes that his signals have high precision and other
traders’ signals have low precision, the coefficient on v in the difference be-
tween trader n’s valuation and the average of other traders’ valuations is pos-
itive,

N
1/2_1/2 1/2_1/2
_ /4 . . 7,71, 1/2_1/2 1
Eilv] —E"] = Gt — i) = =% (TH/ oPoten — gy ) em1>-
m=1,m#n

(27)

Equation (27) implies that the difference between traders’ valuations E [v] —

E;"[v] increases in v. In addition, E7[v] + (N — 1)E{"[v] also increases in the

fundamental value v. As a result, the covariance between E7[v] — E{"[v] and
Ei[v] + WV — 1)E;"[v] is positive,

Ef[(E1 o] - E;"[0]) (Bi o] + NV - DE{"])] = % > 0. (28)

Substituting equation (28) into (26) yields

cov” I:pz —131 , Pl —P():I = (N_l)(m_TEV)(;?Q;DH-HZ)TI%T” > 0. (29)
172

To summarize, agreement to disagree about future valuations dampens the
price in the first period relative to traders’ average expectations about the fun-
damental value. In the simple myopic case, the price dampening implies that
trader n’s expectation at date 1 of the price change from date 1 to date 2 is pro-
portional to the difference between traders’ valuations E7[v] — E{"[v], which
tends to be positively correlated with the fundamental value v as well as with
the price at date 1, implying time-series return momentum.

D.2. The General Case

Traders use models with correct structure but with possibly incorrect param-
eters. While traders’ possibly incorrect parameters affect prices, the properties
of return dynamics, such as autocorrelations at different horizons, also depend
on empirically correct model specification of private information. Therefore,
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the properties of return dynamics are functions of both traders’ (subjective)
parameters and empirically correct (objective) parameters.

In this subsection, we first show that each trader believes that returns ex-
hibit momentum in the general case in which traders may not be myopic and
77, may not be zero. We then show that there is also positive return autocorrela-
tion under empirically correct beliefs that traders are symmetrically informed
and correct on average.

PROPOSITION 2: Each trader believes that prices exhibit momentum, defined
as the covariance of price changes being positive in both the myopic model and
the general two-period model:

cov™ I:Pg — Pl , 131 — P():I > 0, cov” [v — PQ , pQ —131] > 0,
(30)
cov™ [P2 — P1 , P1 — P()] > O, cov” [U —P2 , P2 —Pl] > 0.

If traders are “correct on average” in the sense that the empirically correct pre-
cision of each trader’s signal is T, := Z%,IH + Z%IL, then returns exhibit momen-
tum:

COUI:PQ—PI, Pl—P():I >0, COUI:U—pz, Pz—Pl] >0,
(31)
COU[PQ—Pl , Pl—Po] >O, COU[U—P2 s Pg—Pl] > 0.

PrOOF: We include the proof of cov” B, - P, P —130] >0 and cov'[P; —
P, P, — Py] > 0 below. The proof of cov"[v —P,, P,—P;]1>0 and cov'[v —
P, , P, — P;] > 0 is similar and is in Appendix subsection D. Equations (A29)
and (A30) present closed-form expressions for return covariances under empir-
ically correct beliefs. |

Positive return autocovariance comes from the dampening factor Cy in the
equation for price P; satisfying 0 < C4 < 1, not C; = 1. Assume traders observe
positive signals. Each trader n anticipates that the price at ¢ = 2 is lower than
his own valuation (Ej[v]) and expects to buy at ¢ = 2 since trader n believes
that others make the mistake of attributing too much precision to their sig-
nals. In aggregate, the equilibrium price becomes dampened in the first period
relative to traders’ average expectations about the fundamental value.

In the myopic case, using equation (12), it can be shown that

. . _1)(<2 _1) 12 er
By - By = Y o ) (B0 - B o)), (32)

Substituting equation (32) into the second line of equation (26), we have

ég(N’”(”?;fo V) g [(E2 o] — B [ol) (B2 o] 4+ (N — DE;"[o])].

(33)

cov” [152 -B . P —150] =
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Similar to the special case 17, = 0, the coefficient on v in the difference be-
tween trader n’s valuation and the average of other traders’ valuations is
positive. The covariance between E][v] — E{"[v] and E}[v] + (N — DE;"[v] is
positive:

E5[ (B} o] — E;" o)) (B} o] + OV = DE"0])] = 5 (r/* - 7%)" (5 + OV = Dr%)” > 0.

(34)
Substituting equation (34) into (33) yields
. . . . S (N D2 (V1) 2 4 L2 12 212
cov' [P Py, P - By =25 Dl va?) (Pa) g (gp)
172

In the general two-period model, due to the negative hedging demand, the
equilibrium price P; is further dampened relative to the average expectations
of fundamentals, compared to the myopic case. It follows that

N
2 n n
_ 5 5 3 1 1/2 1/2 cov? [Py, Ej[u]-P] 1
Erll[Pz] -b = E’11 [Po] — Py + %(1 - N) (TH - ) var’l"[}lﬂ'zl[v]fPQZ]Jrvar’Z’[v] N Z Erll [v].
n=1
(36)

At t = 1, disagreement about the precision of future signals (t # 17) gener-
ates positive perceived autocovariance of returns for trader n, cov} [P, , E5[v] —
P;] > 0. Therefore, the coefficient on v in Ef[P;] — P; is a larger positive num-
ber than that of the myopic model. Similar to the myopic case, we show that
cov'[P, — Py, Py — Pyl = Ej[(E}[P;] — P)P;]. Using equation (36), we show
that the autocovariance of returns in the general two-period model is

cov' [P — P, P — Py

. N2
CN-D(?~2) v, covt [Py . Bi[0]-Ps]
N3y var} [Ej [v]—P; | +var}[v]

= %COV”[PZ —Pl s Pl —Po] + varg[E'f[v]
g
(N - DE;" o]
37

From the myopic case, the first term of the second line of equation (37) is posi-
tive. The second term of the second line of equation (37) is also positive because
the perceived autocovariance of returns for trader n, cov}[P;, E[v] — P], is
positive. Therefore, the return covariance in the general two-period model,
cov' [Py, — Py, P — Py], is positive.

To summarize, in the general two-period model, the price at date 1 is further
dampened due to hedging demand. This implies that trader n’s expectation at
date 1 of the price change from date 1 to date 2 increases in v with a larger
coefficient on v than in the myopic model. Therefore, trader n’s expectation at
date 1 of the price change from date 1 to date 2 is positively correlated with
the price at date 1, implying time-series return momentum in the general two-
period model.
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Figure 2. Autocorrelation of returns for different disagreement levels tz /7. (Color figure
can be viewed at wileyonlinelibrary.com)

The equilibrium prices and trading strategies are determined by traders’
expectations based on their beliefs. Prices are the same functions of signals i,;
under both traders’ (subjective) parameters and empirically correct (objective)
parameters:

p—c, 1 iE TUl/2(t1/2+(N— 1/2) ZZ L
SN ] 0 H nl,
(38)
N L1/2
=% Y Bl = (o + (V-1 1”)( Zzn1+NZzn2)
n=1

Traders’ distributions for signals are different from the objective distribution
of signals. Under the empirically correct parameters that all private signals
have the same precision, the average of private signals under the empirically
correct belief is

N

Z <rH+(N 1)TL> 1/2U + L 1 Zent (39)

n=1

Substituting equation (39) into (38), we show analytically that, under empiri-
cally correct parameters, return covariances covlv — P, , P, — P;] and cov[P; —
P, , P, — Py] are also positive.

Figures 2 and 3 depict how return autocorrelation changes with the disagree-
ment level 7y /77, while holding fixed the total precision of the signals. Since the
price-dampening effect increases (C,; decreases) in the magnitude of disagree-
ment 7y /17, return autocorrelation tends to increase in the disagreement level
under both traders’ beliefs and the empirically correct beliefs, as illustrated in
Figures 2 and 3.

E. Iterated Average Expectations

In this subsection, we discuss how price dampening is related to iterating
average expectations. Let E; denote the average expectations operator E;[-] :=
% > ._1 EP[]. We say that “average expectations iterate” if E;[Es[v]] = E1[v].
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Figure 3. Autocorrelation of returns under empirically correct parameters for differ-
ent tg/77,. (Color figure can be viewed at wileyonlinelibrary.com)

With myopic mean-variance optimizers, equation (8) implies that average
expectations do not iterate when there is price dampening (C; < 1):

N
Erll [PQ] = El[EQ[U]] = égEl[U] < El[U]. (40)

n=1

B =
In the general two-period model, equation (20) similarly implies that average

expectations do not iterate when there is price dampening (C; < 1):

cov; [Py , E§[v]—P]
var} [E§ [v]—P; | +var}[v]

P, = E{[Ez[v]] - (E1lv] — E1[Ez[v]]) = CoE1[v] < Eq[v].
(41)

For expectations to iterate in equations (40) and (41), it must be the case
that C; = C; = 1 and thus P, = P; = E;[v]. This requires tz = 7, which im-
plies that traders share a common prior and also share common information
because each trader infers sufficient statistics for other traders’ information
from prices. Allen, Morris, and Shin (2006) find that average expectations do
not iterate when traders condition on different noisy signals. In their noisy
rational expectations model, returns exhibit mean reversion, not momentum.

In models without a common prior, the following proposition provides condi-
tions under which average expectations do iterate.

PROPOSITION 3:

(1) If traders agree about the conditional distribution of v given signals,
then E'{[EY [v]] = E'[v] for any m and n and thus average expectations
iterate, E1[E;[v]] = E1[v].

(it) If traders agree about the joint distribution of signals, then EY [Eg‘ [v]]
E7'[v] for any m and n and thus average expectations iterate, E1[E3[v]]
E1 [U]

(iit) If traders agree about the conditional distribution of v given signals
or they agree about the joint distribution of signals, then we have
P, = ET[P,] for any n and thus traders believe that there is no return
predictability.

PROOF: The proofis in Appendix subsection E. O
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Proposition 3 is similar to proposition 2 of Banerjee, Kaniel, and Kremer
(2009, p. 3716), which says that if traders have correct beliefs about the joint
distribution of signals but disagree about the joint distribution of signals and
prices, then there is no price drift. Our Proposition 3 provides conditions un-
der which traders believe there is no drift. If traders’ beliefs are correct, this
trivially also implies no autocorrelation under correct beliefs.

In general, when expectations do not iterate, there may or may not be price
dampening and drift. In Internet Appendix Section VI, we construct a model
in which the average of expectations do not iterate, but under some conditions
there is no price dampening or price drift.

II. A Dynamic Model

We next describe a competitive model in which information arrives continu-
ously but trading takes place at discrete intervals. The dynamic steady-state
model can be calibrated to generate quantitatively realistic empirical patterns
of return dynamics. In addition, extending to a dynamic trading model allows
us to show that return momentum is more pronounced when traders trade
more frequently.

The price aggregates traders’ heterogeneous beliefs and private information.
Given their beliefs, traders behave in a rational manner. They collect pub-
lic and private information, construct signals from available information, ap-
ply Bayes’ Law to predict returns, and calculate optimal holdings. However,
traders are collectively irrational in that each of them is relatively overconfi-
dent, believing that the precision of his own private information flow is greater
than other traders believe it to be.

A. Model Setup

Both fundamentals and information evolve continuously over the time in-
terval ¢ € (—o0, 00). Trading takes place at discrete dates ¢ = kh, where h > 0
is the time interval between each round of trading, and % indexes time peri-
odsk=---,-2,-1,0,1,2,.... Varying h allows us to examine how trading
frequency affects equilibrium prices and quantities, with continuous informa-
tion flows remaining the same. There are N risk-averse perfect competitors
who trade a risky asset against a risk-free asset at price P, at times ¢ = kh.
The risky security is in zero net supply, and the risk-free asset earns constant
risk-free rate r > 0.

The risky asset pays dividends at continuous rate D(¢). Dividends follow a
stochastic process with mean-reverting stochastic growth rate G*(¢), constant
instantaneous volatility op > 0, and constant rate of mean reversion ap > 0,

dD(¢) := —ap D(t) dt + G*(¢) dt + op dBp(¢). (42)
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The growth rate G*(¢) follows an AR-1 process with mean reversion «g and
volatility oq:”

dG*(¢) := —ag G*(¢) dt + o dBg(@). (43)

The dividend stream D(¢) is publicly observable. The growth rate G*(¢), marked
with a star superscript, is not observed by traders. Each trader uses available
information to estimate its value. The model parameters ap, op, o, and o are
all common knowledge among traders.

If the dividend D(¢) and the growth rate G*(¢) were observable, then the price
would equal its fundamental value from a generalization of Gordon’s growth
formula,

D) G*(t)
r+ap  (r+ap)r+og)

F@¢) = (44)
Since traders do not observe G*(¢), their valuations replace G*(¢) with an esti-
mate based on available information.

Each trader n observes a continuous stream of private information dZ,(¢),
with precision 1, about the unobservable growth rate G*(¢),

dr,(t) := /2 &

TG dt + dB,(#). (45)
Each increment dI,(¢) in equation (45) is a noisy observation of the unobserved
scaled growth rate G*(¢). The scaling factor Q2 is defined in equation (51) so
that 7, can be interpreted as the rate at which traders learn from signal dI,(¢).
Since our model is stationary, 2 is constant. Since traders learn from prices
that reveal other traders’ signals, the definition of  depends on how traders
learn from both signals and prices.?

The symmetry of the model implies that traders infer from the equilibrium
price the average of other traders’ information flow about the growth rate,

N
dl,0) =55 > dl,@®. (46)

m=1,m+#n

Each trader n is certain that his own private information I,(¢) has high
precision 7, = 7y, and the other traders’ private information has low preci-

7We use a CARA-normal setting and thus G*(¢) can be described as a growth rate in dollar
terms (not a percentage growth rate). The unit of the dividend D(¢) is dollars per share per time
($/s/T) and the unit of the growth rate G*(¢) is dollar per share per time squared ($/s/T?).

8 In addition to scaling the drift term by o, we scale it by Q1/2. The scaling is chosen so that
linear regression of G*(¢) on dI,(t) has constant incremental instantaneous R? equal to 7, dt.
Traders learn from their own private signal at a constant rate t,,, which measures the percentage
rate at which new information reduces variance, reflected in equation (60). Without this scaling, if
our model were nonstationary, traders would learn more about G*(¢) in markets in which the prior
variance of G*(¢) is large and less in markets in which it is small.
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sion 1, = 17, for m # n, with 7 > 17 > 0.° Since this disagreement is common
knowledge, relatively overconfident traders agree to disagree about the pre-
cisions of their signals. This disagreement generates trading. Traders believe
that they can make profits at the expense of others, even though it is common
knowledge that aggregate profits are equal to zero.

Each trader also makes inferences about the growth rate G*(¢) from
the publicly observable dividend stream D(¢) modeled in equation (42). To
streamline notation for the information content of dividends, define dI(z) :=
(ap D(¢) dt + dD(t))/op, where dBj := dBp and

Qo?
10 1= —2. (47)
%p
Then, the stochastic process
G*(@)
212

is informationally equivalent to the dividend process D(¢) in equation (42).
Assume that it is common knowledge that the Brownian motions dB,, dBg,
dBi, ..., dBy are independently distributed. Traders agree on the precision g
of public information in equation (48).

Since each trader believes his own signal has high precision tyz and others’
signals have low precision 17, the symmetry implies that traders agree on the
total precision t of information flows in the model,

ti=1+tw+WN-1)1. (49)

Let E}, [- - -] denote the expectation of trader n calculated with respect to his
beliefs about parameter values using information at time ¢ = kh. This infor-
mation consists of the history of continuous flows of public signals dIy(;), con-
tinuous flows of private signals dI,(j) with j € [—o0, £], and discrete sequence
of prices P;, where j < k. Let

G,t) = E}[G* ()] and G, := E},[G*(kh)] (50)

9 A typical way of modeling private information, dI,() = G*(t) dt + 1, 1/2 dB,(t), would multi-
ply the diffusion term dB,(¢) by 7, 1 2, which measures both the standard deviation of noise and
the precision of the signal. Our approach in equation (45) instead multiplies the drift term by its
reciprocal rr}/ 2, Rescaling signals by the factor r,}/ % does not affect the equilibrium when traders
agree about r,} /2 but does affect the equilibrium when traders disagree about its value. Using the
typical approach in continuous time, a trader can estimate the diffusion variance, and therefore
7,, with high accuracy by measuring the quadratic variation of df,(¢) over short time intervals.
This would conflict with our assumption that traders always disagree about the precision of their
private signals. The information structure defined in equation (45) has the appealing feature that
traders infer the correct diffusion variance var[ dB,(¢)] = d¢. By assuming that r,}/ 2 multiplies the
drift term in equation (45), traders disagree about how to interpret parameters of the drift terms,
which are much more difficult to estimate empirically.
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denote trader n’s estimate of the growth rate at time ¢ and at discrete times
t = kh, respectively. We use similar notation for other continuous and dis-
crete variables.

Define Q as the steady-state error variance of trader n’s estimate of G*(¢),
scaled in units of the standard deviation of its innovation og,

Q :=var [M} .

oG

(51)

The variable © has no time subscript 2 because it is constant in our steady-
state model, where the total precision of traders’ private information flow is
fixed. Except for symmetrically disagreeing about the precisions ty and 17, of
signals, traders agree about all parameter values. Since symmetry implies that
all traders agree about the variance €2, it has no subscript n.

Each trader chooses optimal consumption and portfolio holdings to maximize
an additively separable exponential utility function with risk aversion A and
time preference p:

E}, [ / et U, @) dt]. (52)
t=kh

The optimization problem is complicated by the fact that consumption ¢, (¢) is
chosen continuously while portfolio holdings S, ;, change only at discrete trad-
ing times ¢ = kh. For analytical tractability, we simplify the problem slightly
by assuming that when trading occurs at round j, each trader chooses both
portfolio holdings S, ; and a consumption budget hc, ;, which do not change
until the next trading round. Thus, traders do not use new public or private
information unfolding between trading rounds to adjust consumption between
rounds. They cannot use other traders’ private information between trading
rounds either because there are no updated prices from which to infer the av-
erage of other traders’ signals.

With these assumptions, the optimization problem becomes the discrete-
time problem of choosing consumption budget &c, ; and holdings S, ; at trading
times ¢ = jh to solve

[e.¢]

max | D e Uy, (e, ) | (53)

[Cn_j,S,l_j].j:k,k+1 AAAAA 00 o

subject to the budget constraint at each trading round j + 1,
W js1 = € (Wyj — henj — Sn jPy) + SnjDjs1 + SujPjs1, (54)
where D i+1 defines the future value of dividends between trading rounds j and

J+1

. (+Dh '
Dijy=e" / e 7 WD) de, (55)
Jjh
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and U, j(c,;) solves the nested consumption subproblem between trading
rounds j and j+ 1,

3

Us j(en.j) i= max Ej, |:— / e " g AT du} (56)
Cpl- 0

subject to consumption budget Ac, ; allocated for the period between rounds j

and j + 1,

h
he, ;= f e "c,(jh +u) du. (57
0

Equations (53) to (57) summarize the optimization problem. As we prove in
Lemma A1, Stratonovich-Kalman-Bucy filtering implies that trader n’s esti-
mate G, ; of the growth rate at period £ can be conveniently written as the
weighted sum of the three sufficient statistics Hy, H,, and H_, ;, which
summarize the information content of dividends, trader n’s private informa-
tion, and other traders’ private information, respectively, with

kh
H,; = / et *h=0 qr ¢), n=0,1,...,N, (58)
t=—00
N
H,p=55 ). Hwr n=1...N (59)
m=1,m+#n

These formulas for sufficient statistics have an intuitive interpretation. The
signal H, ; is a sufficient statistic for trader n’s own information flow. The av-
erage signal H_, ; is a sufficient statistic for other traders’ information flow.
The importance of each bit of information d,, decays exponentially at rate
ag + t, the sum of the natural decay rate og of the growth rate and the speed
t at which traders learn about it. Although trader n does not observe other
traders’ private signals directly, the sufficient statistic H_,; can be inferred
from prices.
This filtering also implies that the steady-state error variance is

Gt)-G®)7] 1
Q:var[ }—20@_’_1, (60)

oG

and trader n’s expected growth rate at ¢t = kh is

G, i= E}L[G(RR)] = 06 212 (101/2 Hop+ o/  Hyp+ (N = 1) 7, /? H,k)
(61)
When forming his estimate, trader n assigns weight rol/ % to the public signal
H, j, weight ‘L’PII/ 2 t0 his own signal H, ;,, and a smaller weight r]f/ % t0 each of the
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other traders’ signals H,, 1, for m # n. Trade occurs as a result of the symmet-
rically different weights used by traders in construction of their estimates.
Define the aggregate sufficient statistic Hj, at period &, with common weights

1/2
7,7, as

N
N-1
H, = 13/2 Hoy ) + Z 711/2 H, . where 711/2 = zlvffll/2 + ng/z‘ (62)

n=1

Then the average estimate of the growth rate G}, in period % is proportional to
H, k-

N
Gk = ]lv Z Gn,k =0q 91/2 Hk. (63)
n=1

B. The Equilibrium of the Dynamic Trading Model

As in the two-period model, in Appendix subsection G, we solve for the equi-
librium prices where myopic traders hold conditional mean-variance optimal
portfolios. In this subsection, we solve for the dynamic trading model in which
trader n chooses consumption and holdings to solve his optimal optimization
problem (52). Each trader’s optimal inventory is proportional to his own risk
tolerance and the difference between his valuation and the average valuation
of other traders, which he infers from prices. The following theorem character-
izes equilibrium for the discrete-time dynamic model.

THEOREM 3 (Equilibrium of the Dynamic Trading Model): There exists a
steady-state competitive equilibrium with symmetric linear strategies and with
positive trading volume if and only if the three polynomial equations (A85) to
(A87) have a solution, and traders’ demand curves are downward sloping. Such
an equilibrium has the following properties:

(i) There is an endogenously determined constant Cy, > 0, defined in equa-
tion (A82), such that trader n’s optimal inventories S, ;, at period k are

Sn,k = CL (an - an,k)- (64)

(it) There is an endogenously determined constant Cg > 0, defined in equa-
tion (A80), such that the equilibrium price at period k is

D B}
p = D Gy,

T r+4ap +Ca (r+ap)r+ag)’ (65)
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Figure 4. Present value of dividends and liquidation value from the perspective of a
trader. The thick (thin) solid curve PV, ( (PV_, ) is the present value when trader n sells the
stock at price equal to his own valuation of fundamentals (the average of other traders’ valuations).
The dashed curves PV,  are the present values when trader n sells the stock at the market price
at time T' = fh for trading frequencies 2 = 0.1, 1, 2, and 5.

PrROOF: The dynamics of main state variables H, ;, and H_, ; and the proof of
Theorem 3 are presented in Appendix subsection H. a

Competitive traders immediately adjust inventories to optimal levels. With
relative overconfidence (g > 77,), extensive numerical analysis suggests Cg <
1 in the dynamic model. In the limit 2~ — 0, we prove Cg < 1 when ty > 1.
Pricing formula (65) implies that the price is dampened relative to traders’
average valuation. Under trader n’s information set, the stochastic processes

for estimates G, (t) and G_,(¢) := 5 ZZ:I,m#n G (t) are
dG,(t) = —ag G,(¢) dt + “dB-terms”, (66)
12 12\
G, (6) = ~(aa + (" = 7*) ) G0 &t 67)

+ (ro + rLl/z (212/2 + (N - 2)rL1/2>)(Gn(t) — G_,(8)) dt + “dB-terms”.

Trader n believes that his own growth rate estimate G, (¢) will mean-revert
to zero at rate ag; his expectations satisfy the law of iterated expectations.
Trader n believes that other traders’ growth rate estimates G_,(¢) follow a
more complicated path, namely, that they will mean-revert to zero at rate ag +
(zh/% — rLl/ 22 S o and they will tend to drift toward trader n’s estimate G,,(¢).
If G,(t) = G_,(¢), then trader n believes that other traders’ estimates G_,(¢)
. 172 _1/2y2
will mean-revert to zero at rate ag + (/" — 7;,/7)* > ag.
Figure 4 illustrates the intuition behind the dynamic price-dampening ef-
fect. For simplicity, we assume that at ¢ =0 all traders have the same
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buy-and-hold valuations of $30.1° However, the price is lower than the aver-
age of their valuations due to the dampening effect. The figure shows trader
n’s hypothetical expected buy-and-hold valuation at ¢ = 0 under the assump-
tion that he buys the asset at ¢ = 0, holds it until time T = fh, and then sells
it at some hypothetical price. While calculations are made under trader n’s be-
liefs, they are symmetrically identical for all traders. Different buy-and-hold
valuations PV, , PV_, ¢, and PV, ; on the vertical axis are plotted against var-
ious holding horizons 7' = fh on the horizontal axis (for trading frequencies
h=0.1,1, 2, and 5). A formal analysis of expectations dynamics is provided in
Internet Appendix Section II.

The thick solid horizontal line PV, ; is based on the assumption that trader n
holds the risky asset until date T' = fh and then sells it for what he expects
at t = 0 that his valuation of fundamentals will be at time 7. Since, given
his beliefs, trader n correctly applies Bayes’ law, the martingale property of
his valuation (the law of iterated expectations) implies that the present value
PV, f is a constant equal to $30 for any horizon T'.

The thin solid curve PV_, ¢, just below the line for PV, ;, is the present value
of the risky asset based on the assumption that trader n holds the asset until
time T = fh and then liquidates his position at what he expects at ¢ = 0 the
average of the other N — 1 traders’ valuations of the fundamental value will
be at time T'. Trader n believes that the other traders’ estimates of the growth
rate will mean-revert to zero at rate ag + (TI}I/ Z_ rg/ )2 which is faster than the
mean-reversion rate ag that he attributes to his own estimate. Thus, PV_, ;
will first fall toward its unconditional level (of zero) and then in the long run
rise back to catch up with trader n’s own (correct, in his opinion) estimate of
the fundamental value equal to $30. These buy-and-hold valuations deviate
from the horizontal line at $30.

Figure 4 shows that prices are dampened relative to traders’ valuations. The
four dashed curves PV, ; correspond to the present values of the risky asset
when trader n holds the risky asset until time T' = fh and then sells it at
the market price at time T assuming trading frequencies 2 = 0.1, 1, 2, and 5.
Consistent with the equilibrium result 0 < C¢ < 1, the initial price Py := PV,
is lower than the consensus valuation of $30, even if all traders agree about
this valuation at # = 0. Indeed, if prices were equal to the consensus funda-
mental valuation of $30, all traders would expect prices to fall in the short
run and thus would want to hold short positions. As a result, the price Py at
t = 0 is dampened relative to the average of traders’ estimates of fundamental
valuations. Traders agree to disagree about the dynamics of their future val-
uations, and internalization of this future disagreement dampens the market
price in the present. Figure 4 also shows that price dampening becomes more
pronounced with more frequent trading. When A becomes smaller, traders ex-
ploit profitable trading opportunities more frequently. In contrast, if A — oo

10 The buy-and-hold value of $30 corresponds to G, (0) = G_,(0) = 0.105, D(0) = 1. Parameter
valuesr,A, N, ap, ag, op, oG, TH, and 77, are given in Table II. Details of present-value calculations
are given in equations (IA14), (IA15), and (IA18) in Internet Appendix Section II.
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Figure 5. C; and Cg against time interval In[A]. (Color figure can be viewed at wileyonlineli-
brary.com)

and traders can only buy and hold the risky asset, then C; = 1 and the price
is exactly equal to traders’ average valuation of fundamentals.

As in the two-period model of Section I (see equation (22)), there is also a
static dampening effect. The average valuation without a common prior differs
from what it would be if the same precision 7y + (N — 1) 77, were known to be
split equally across traders. The average of traders’ estimates of the growth
rate Gy, defined in (63) and related to equilibrium prices (65), can then be
expressed as

N
Gy = o Q'? (Tol/z Hop+Co(Fu + I%UL)I/2 ZHn,k>v (68)

n=1

where Cj is as defined in equation (22). The constant C; measures the bias in
how the weight of each private (but not public) signal is dampened in the aver-
age valuation G, due to relative overconfidence among traders; it is defined as
the ratio of the average of the square roots to the square root of the average pre-
cision. When traders are relatively overconfident (g > 1), Jensen’s inequality
implies C; < 1. The dynamic dampening due to C; < 1 is quantitatively more
important than the static dampening due to C; < 1.

Figure 5 shows how the constants C; and Cg depend on the time interval A
between trading rounds.!! The coefficient C; increases with A and ultimately
converges to one, as trading opportunities occur at less frequent intervals (A
gets large) and it becomes more difficult for traders to take advantage of short-
term opportunities. When A approaches zero, traders trade more aggressively
against each other’s perceived mistakes. The coefficient C; becomes flat when
In(h) < —2. Thus, the results of the discrete-time model converge to those of the
continuous-time model approximately when A < 0.135 years, corresponding to
about seven weeks in this example. As expected from its definition (22), the
static coefficient C; does not depend on A.

1 Tn Figures 5 and 6, parameter values r, A, N, ap, ag, op, and og are given in Table IL. In
Figure 5, ty and 77, are given in Table II. In Figure 6, t = 2.2, h = 0.01, 0.5, and 2.
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Figure 6. C; and Cg against 7 /7 holding fixed z. (Color figure can be viewed at wileyon-
linelibrary.com)

Figure 6 illustrates how constants C; and Cs depend on the level of dis-
agreement 1y /77,. Holding total precision fixed, C; and Cg; gradually decrease
as disagreement ty/7;, increases. Both more disagreement and more trading
opportunities lead to more pronounced price dampening C; < 1 since traders
have greater incentives to engage in short-term speculation. Figures 5 and 6
show that more disagreement also amplifies the effect of C; < 1, since it mag-
nifies the effect of Jensen’s inequality. The price-dampening effect of C; < 1 is
usually much greater than the effect of C; < 1.

PROPOSITION 4: A common prior (tg = 11.) implies no price dampening, with
Cq = 1 and Cj = 1. Relative overconfidence (tg > 11,) implies

172 _1/2

2 1
O<}Lin(1)CG§<1+A%M> <1, and 0<Cy<1. (69)

r+ag

PROOF: The proofis in Appendix subsection J. O

PROPOSITION 5: The risk-tolerance parameter 1/A scales trading volume but
has no effect on prices or on the constants Cq and Cj.

PrOOF: The proof is in Appendix subsection K. This proposition implies
that price dampening arises due to specific features of information processing
rather than risk-sharing. O

II1I. Return Predictability

We next derive a structural model for return dynamics and examine its time-
series properties. To study return dynamics empirically, we introduce a set of
empirically “correct” beliefs describing the true data-generating process.
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A. Inference under Correct Beliefs

We first introduce empirically correct parameters. Let “hats” distinguish em-
pirically correct parameter values from the possibly incorrect beliefs of traders.

In a symmetric model, it is natural to assume that all signals have the same
precision, and thus no trader interprets information flow correctly. Therefore,
assume traders correctly believe that total private precision is 7 and public
precision is 7y, but—in contrast to traders’ overconfident beliefs that their own
signals have precision 7y and other traders’ signals have precision 7;, —all

private signals n = 1, ..., N have symmetrically the same empirically correct
precision
N-1
8, =% = w (70)

In the general case, the empirically correct total precision is = %y + N y;
this may differ from what traders believe the total precision to be,
T =10+t + N — 1) 7z. In Section III.C, we calibrate the model to generate
both short-term momentum and long-run mean reversion by considering the
more general case in which traders may have incorrect beliefs about the decay
rate of the signal. Below we show that «g + t < d¢ + £ implies long-run mean
reversion in returns.

In this subsection, except for 7,, n =1, ..., N, we assume that traders
have empirically correct beliefs about all other model parameters (f = r and
dg = ag). In Appendix subsection L, we derive filtering formulas using an ap-
proach similar to that in Section II.A. The mathematical formulas are different
because the analysis distinguishes between the true precision of signals #; and
traders’ incorrect beliefs ty and ;. The history of each information flow I,,(¢)
can be summarized by the same sufficient statistic H, ; as in equation (58)
because traders use the correct decay rate ag + t to deflate past information
(I:In,k = H, ;). We can also define the aggregate sufficient statistic H, as alinear
combination of H, ;,,n =0, ..., N,

N
H,=1y"Ho,+ Y %" Hyp (71)

n=1

The aggregate sufficient statistic Hj, is defined similarly to H, in equa-
tion (62), but the coefficient on H,, ;, is 611/2 in (70) rather than ‘611/2 in (62).

Let E,[. . .] denote the empirically correct expectation operator given all in-
formation at time ¢ = kh. Under correct beliefs, the estimate of the steady-state
error variance is the same  as in equation (60), but the estimate of the growth
rate at time ¢ = kh is

Gk = Ekh[Gx(kh)] = 0@g 91/2 ﬁk. (72)
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The estimate of the growth rate Gk is defined like G}, in equation (63), but
it depends on the aggregate sufficient statistic Hj, rather than the aggregate
sufficient statistic Hj.

Even though equilibrium prices and strategies depend only on traders’ ex-
pectations based on their inconsistent beliefs, the objective empirical prop-
erties of prices also depend on empirically correct parameters. From equa-
tion (65), the price P, at time kh depends on the dividend D, and traders’
sufficient statistics H, about the growth rate; it does not depend on H,. But,
to construct returns, one must project the dynamics of D, and H, into the fu-
ture by modeling how information flows dl,(¢), n =0, 1, ..., N, will unfold
after time kh. This projection must be done under correct parameter values for
precisions. The true evolution of these processes also depends on the correct
forecasts of growth rate G, from equation (72), which themselves depend on
the sufficient statistics Hj, defined in (71), not on H,. Since the model is sym-
metric, the sufficient statistic H, can be obtained from traders’ statistics H,,
and Hj, which in turn can be inferred from current dividends and prices.

B. Return Autocorrelations

Let R, . r denote the cumulative net holding-period excess return, measured
in dollars per share, from buying one share at trade date ¢ = kh, financing the
purchase at the risk-free rate, and selling the asset f trades dates later at
t+T =G+ h,

kh+T

Rk,k+f = Pk+f — erTPk =+ erT /tikh eir(tikh)D(t) dt (73)

The holding-period return sums capital gains and dividends. It can be ex-
pressed as a linear combination of current and past dividends and prices.

As explained in Section I.D of the two-period model, the properties of return
dynamics are functions of both traders’ (subjective) parameters and empiri-
cally correct (objective) parameters.'?

THEOREM 4 (Expected Holding-Period Returns for the Case ég = g and £ =

7). Assume dg = ag and t = 1. The expected holding-period return over period
T = fh from timet = kh to (k + fh is

r+oaoap

Epp[Risir] = ,31(T)<Pk _ D ) — Bo(T)H, . (74)

(1) Iftraders have a common prior (tyg = 1), then coefficients satisfy Bo(T) =
B1(T) = 0. The price is a martingale, and the expected return is zero.

12 In Internet Appendix Section VIII, we examine return autocorrelation as a function of traders’
beliefs. We show that dynamic price dampening leads to time-series return momentum, and mo-
mentum is more substantial when traders can trade more frequently.
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Figure 7. Autocorrelations and variance of holding-period returns. Autocorrelations of
holding-period returns, corr[R;_; 1 , R 4], over holding periods T' = [k and variance of holding-
period returns, var[Ry, ;. ], against Cg for T' = fh. (Color figure can be viewed at wileyonlineli-
brary.com)

(it) If traders are relatively overconfident (ty > 1), then coefficients satisfy
Bo(T) > 0, and B1(T') > 0 is monotonically increasing in the horizon T.

PROOF: The proof is in Appendix subsection L. In the benchmark case with
common prior ty = 17, expected returns are zero for all horizons. |

Otherwise, holding-period excess returns Ey, [R %+r] depend on two terms
capturing (i) time-series momentum related to the deviation of the current
price P, from its unconditional value D, /(r + ap), and (ii) overreaction to the
history of public information.

The first term in equation (74) is related to price dampening and time-series
momentum. In Appendix subsection L, we prove that the coefficient 81(T") is
positive and can be decomposed into two terms, where the first term is positive
due to static dampening (C; < 1) and the second term is positive due to dy-
namic dampening (Cg < 1). Since 81(T') is positive, future returns are expected
to be positive when the current price P, in (65) is above its unconditional expec-
tation, which suggests positive past returns, and future returns are expected
to be negative when the price is below its unconditional expectation, which
suggests negative past returns.

The second term is proportional to the public signal. Traders put too much
weight on public signals relative to the dampened weights on private signals.
This overreaction to public information H ;, aggregated over a long period of
positive or negative news, is expected to be corrected going forward.

We next examine return autocorrelations corr[R;_;; , R, r], assuming
for simplicity equal leads and lags f =1 or T =T, = T. Derivations are in
Internet Appendix Section V. The left panel of Figure 7 depicts return autocor-
relations corr[R;,_; , Rp 1] for horizons T' = [h; plots are presented for differ-
ent trading intervals.!® The return autocorrelations are positive and decreas-
ing with trading frequency A, implying that the short-run momentum is more

13 In Figure 7, parameter values r, A, N, ap, ag, op, and og are given in Table II. Parameters
7y and 17, are given in Table II and trading intervals are 2~ = 0.1, 0.2, 0.5, and 1 in the left panel.
Parameter r = 2.2 and the holding period is 7' = 1/12 in the right panel.
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significant when traders trade more frequently. This result is consistent with
Figures 4 and 6, where price dampening is also more substantial for smaller
h. In Internet Appendix Section IV, we present empirical results showing that
time-series momentum tends to be more pronounced in securities with higher
trading volume. Lee and Swaminathan (2000) point out that momentum tends
to be stronger for stocks with higher turnover. Cremers and Pareek (2014) find
more substantial time-series momentum in stocks with more short-term trad-
ing. Moskowitz, Ooi, and Pedersen (2012) show that more liquid contracts in
equity index, currency, commodity, and bond futures markets exhibit greater
momentum. Zhang (2006) and Verardo (2009) find that momentum returns
are larger for stocks with higher analyst disagreement. The predictions of our
model are consistent with these stylized facts.

The right panel of Figure 7 plots the variance of holding-period returns
var[R;, ;4] against Cg by varying the disagreement level /77, while hold-
ing 7 fixed. The panel shows that return volatility is smaller when investors
become more overconfident (tz/7; increases and thus Cg; decreases).'* This
implies that traders’ short-term speculative trading tends to dampen, rather
than magnify, price fluctuations.

C. Model Calibration

In this subsection, we calibrate model parameter values to fit empirical re-
turn dynamics. To generate both short-term momentum and long-run mean
reversion, we assume that traders may have incorrect beliefs about the de-
cay rate of the signal (¢g + T # ag + 1), and they agree about the instanta-
neous volatility of the growth rate (6 = 6). In this general case, the expected
holding-period excess return from time ¢ to ¢ + T is presented in the following
theorem.!5

THEOREM 5 (Expected Holding-Period Return for the Case d¢g + T # ag + 7):
Assume Gg + T # ag + 1. The expected holding-period return over period T =
fh from timet = khto (k+ f)his

t
B[Rt +T)] = pu(T) (P(t) = %) — Bo(T) e~ (Get D =0 qf ()

ap u=—00

t
+ BoT) (P(u) _ D) ) e @etD=w qy, - (75)
r+op

Uu=—00

147t can be shown analytically that the instantaneous return variance increases in Cg from
equation (A102).

BIfag +t # ag + 7, then H,(t) # H,(¢) and the relationship between the two sufficient statis-
tics depends on the entire history of information flow (the history of publicly observable dividends
and prices), as shown in equation (A95). Therefore, we assume a trading interval 2~ — 0 for the
calibration.
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Coefficients p1(T), Bo(T), and Bo(T) in equation (75) are defined as

A1/2
B1(T) : = ({2(7‘) TI_ _ §1(T)) (r+ap)(r+oag)

/2 Cqog Q2
~1/2 _1/2 1/2 ~1/2
T T, — T T,
Bo(T) : = 5o(T) g —"—, (76)
T
puT) = o) T @0 H T80 =D+ ap) (4 o) 77
2(T') :1= &2 111/2 Coop 2172 )

where {1(T) > 0 and o(T') > 0 are defined in equation (A107).

The coefficient 81(T') might be positive or negative depending on parameter
values. The coefficient 8y(T") is positive if and only if fll/ 2 rol/ 2 ‘L'Il/ 2 fol/ % In ad-
dition, the coefficient B2(T') is negative if and only if ag + t < &g + . A positive
B1(T') or a positive Bo(T') is related to time-series return momentum. A negative
B1(T), a negative Bo(T'), or a positive Bo(T') implies mean reversion in returns.
Therefore, different from the case in which @g + £ = g + t and thus B2(7T') = 0
(equation (74)), in the general case, the expected holding-period excess return
also depends on the past deviations of prices from the unconditional valuation
(B2(T) # 0); the importance of each past component decays exponentially at
rate dg + ©. As a result, the general case can generate rich patterns of return
dynamics.6

We next calibrate model parameter values to fit well-known empirical re-
turn autocorrelations. We consider a sample of all common stocks listed on the
NYSE and Amex during the period January 1965 through December 2006 with
at least two years of prior data.!”

Let i subscript stocks and & subscript months. Let R;,_19 1 ; denote the annual
return for the year prior to the end of month %, and R s 12.; denote the
annual return over the year ending at the end of month & + f.

Column (1) of Table I presents time-series average slope coefficients from
monthly cross-sectional regressions of one-year returns for one to five years
ahead (f = 12, 24, 36, 48, 60 months) on lagged one-year returns,

Model A Rpip 12kiri =ap12 +br1oRe 1200 + ki 1211 (78)

16 Qur structural model essentially imposes testable nonlinear microfounded economic restric-
tions on VAR models of expected returns such as Goyal and Welch (2003), Ang and Bekaert (2007),
Cochrane (2008), Van Binsbergen and Koijen (2010), and Rytchkov (2012). These restrictions are
sufficiently flexible to be consistent with the rich patterns of short-term momentum and long-term
mean reversion.

17We conduct our analysis using the sample period of 1965 to 2006 to exclude the financial
crisis period. We also exclude companies incorporated outside the United States, Americus Trust
Components (Primes and Scores), closed-end funds, and real estate investment trusts.
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Table I
Regression Tests of Return Momentum and Reversal

This table reports time-series averages of slope coefficients estimated from monthly Fama-
MacBeth cross-sectional regressions of Models A and B over 444 months from January 1965 to
December 2001 (2 =1, ..., 444). Model A is a regression of one-year returns from month 2 + f — 12
to & + f on one-year lagged returns from month 2 — 12 to k2. Model B is a regression of cumulative
returns over f months from month % to £ + f on lagged one-year returns from month %2 — 12 to
k. The coefficients are time-series means. The ¢-statistics in parentheses use the Hansen-Hodrick
correction.

Time-Series Average Slope Coefficients by, 15

Model A Model B
Coeff t-Stat Coeff t-Stat

f (months) (1 (2) (3) (4)

12 0.0463 (2.9338) 0.0463 (2.9338)
24 —0.0302 (—1.6528) 0.0109 (0.3326)
36 —0.0190 (—1.0088) —0.0110 (—0.2509)
48 —0.0265 (—1.5759) —0.0549 (-1.1776)
60 —0.0366 (—-2.1726) —0.1076 (—1.5957)

The methodology follows Fama and MacBeth (1973). Standard errors are
computed using the correction of Hansen and Hodrick (1980). Estimated slope
coefficients are positive and significant for 12 months, negative and insignifi-
cant for 24, 36, 48 months, and negative and significant for 60 months. These
results are similar to the estimates of Lee and Swaminathan (2000) (column
(1) of table VIII). They suggest time-series momentum in year 1 and reversal
by year 5.

Column (3) of Table I presents time-series average slope coefficients from
monthly Fama-MacBeth cross-sectional regressions of cumulative returns
R}, 1., 7 for one to five years (f = 12, 24, 36, 48, 60 months) on lagged one-year
returns R, 191,

Model B Rppiri =ari2 +br12Rr120: + erbtri- (79)

The coefficients reveal similar short-run time-series momentum and long-run
mean reversion.

To calibrate the structural model, we find model parameters that match the-
oretical regression coefficients to corresponding empirically estimated values
in column (3) of Table I.

Proposition 5 implies that the risk-aversion parameter A scales trading
volume but has no effect on prices; we therefore assume A = 1. We assume
r=0.01 and ap = 0.04, implying 1/(r + ap) = 20.® We also assume dividend
volatility op = 0.5 and instantaneous volatility of the growth rate og = 65 =

181f the growth rate is zero, then P(¢) = D(t)/(r +ap). We assume that a firm pays out all
earnings as dividends, then the P/E ratio is approximately 1/(r + ap). If r = 0.01 and ap = 0.04,
and hence the implied P/E ratio is 20. The median of the Shiller P/E ratio for the S&P 500 is
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Table I1
List of Given and Estimated Parameters

The table reports the given parameter values for » , A , N, ap, op, ag, og, 4, and t7,. The bottom
two lines report the estimated parameters @ and 7.

Parameter Description Value
Risk-free rate 0.01
A Risk aversion 1
N Numbers of traders 100
ap Mean-reversion rate of dividend 0.04
op Instantaneous volatility of dividend 0.5
ag Traders’ mean-reversion rate of G(¢) 0.2
oG Instantaneous volatility of G(¢) 0.1
Ty Precision of trader n’s signal 0.3
17, Precision of others’ signal 0.02
ag Empirically correct mean-reversion rate of G(¢) 0.292
7 Empirically correct total precision 6.034

0.1.' There remain six parameters: N, 1z, 17, ag, 4, and . As intuition sug-
gests, the magnitude and horizon of return momentum and reversal are de-
termined by the level of disagreement ty/7;, and the difference between em-
pirically correct beliefs and traders’ beliefs about the information decay rate
(g —agand T — 7).

To further reduce the number of free parameters, we assume N = 100,
g = 0.3, 17 = 0.02, and ag = 0.2; traders are overconfident and they actively
engage in short-term trading against others in a Keynesian beauty contest.
The mean-reversion rate ag = 0.2 implies that the growth rate G(¢) mean-
reverts about In(2)/0.2 ~ 3.5 years.?’ We calibrate the two remaining param-
eters by matching empirically estimated values in column (3) of Table I to
theoretically predicted regression coefficients. The calibrated parameter val-
ues are ¢g = 0.292 and ¥ = 6.034. The calibrated parameter values imply that
B1(T) > 0, Bo(T) < 0, and By(T) > 0 in equation (75). Consistent with our pre-
vious discussion, a positive 81(T') is related to time-series return momentum,
and a negative B2(T') and a positive Bo(T') imply mean reversion in returns. The
implied values of the two price-dampening factors are C; = 0.96 and C; = 0.54.
Time-series momentum arises from both effects, but the dynamic dampening
effect of C is much larger than the static dampening effect of C,;. Time-series
mean reversion arises because traders think that the signals decay at a slower
rate than the empirically correct parameter (ag + 1t < @g + ). Table II sum-
marizes the exogenously given and calibrated parameter values.

15.76 and the current Shiller P/E ratio is 30.2. As illustrated in Internet Appendix Section III, the
calibration results are not sensitive to the particular choice of op.

19 Rountree, Weston, and Allayannis (2008) document that the average (median) standard devi-
ation of quarterly earnings per share is 0.72 (0.19). Koren and Tenreyro (2007) document that the
standard deviation of growth rates varies between 0.02 and 0.15.

20In Internet Appendix Section III, we also calibrate the model assuming «g = 0.1, implying
that the growth rate mean-reverts in about In(2)/0.1 ~ 7 years.
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Figure 8. Theoretical regression coefficients and empirically estimated coefficients.
Theoretical regression coefficients (solid curve) and empirically estimated coefficients (dots) for
different holding periods of Ty = f/12 years (or f months). (Color figure can be viewed at wileyon-
linelibrary.com)

Figure 8 shows that the regression coefficients in our calibrated model
closely match the empirical numbers. The 10 dots correspond to 10 empiri-
cal slope estimates from regression Model B for f = 6, 12, 18, 24, 30, 36, 42,
48, 54, and 60 months. The solid curve depicts the theoretical regression coef-
ficients for the calibrated model for f = 6, 12, 18, 24, 30, 36, 42, 48, 54, and 60
months. These theoretical predictions closely track all 10 empirical estimates.

In Internet Appendix Section III, we discuss how our calibration results are
affected by parameter values. The calibrated parameter values for ¢ and 7
are affected by different values of disagreement 15 /71, ag, and o as expected.
When exogenous values of g, 77, N, ag, and og change, we show that the
model can still generate empirically realistic patterns with different calibrated
parameter values for ¢g and .

IV. Conclusion

When traders disagree about future valuations, a competitive market ag-
gregates this disagreement in a manner that induces time-series momentum
in returns. We clarify the underlying mechanism by first using a two-period
model and then developing a dynamic trading model in which traders have
heterogeneous beliefs about how to interpret continuous flows of privately ob-
served information and trade at discrete trading rounds.

Even though all traders apply Bayes’ law consistently, they believe that
they regularly spot opportunities at the expense of others. Even though prices
fully reflect the average of all signals at each point in time, the prices are
dampened relative to the average of traders’ buy-and-hold valuations. Price
dampening occurs as a result of traders taking advantage of perceived short-
term speculative trading opportunities rather than trading solely on long-term
valuations of fundamentals. Contrary to the Keynesian intuition, this short-
term speculative trading, when internalized by the market, leads to price
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dampening, not excessive volatility. When trading rounds occur less frequently,
opportunities to engage in short-term speculation are reduced, and there is
less dampening. We calibrate model parameter values to demonstrate that
our model can generate quantitatively realistic empirical patterns of return
dynamics.

Initial submission: August 3, 2016; Accepted: May 18, 2021
Editors: Stefan Nagel, Philip Bond, Amit Seru, and Wei Xiong

Appendix A: Proofs

A. Proof of Theorem 1

If each trader holds conditional mean-variance optimal portfolio at each pe-
riod, then

“ E7 pz 7p1 v E[v] ys)
I%z{][pz]’ S”2 - AZVZr [vﬁ

nl =

(A1)

The market-clearing condition ZZ::I Sp=0 ¢t=12) implies equilibrium
prices

ZIH

iE [ ] iE (A2)

n=1 n=1

ZIH

Simple calculation shows that E [P,] is given by

N N
mpﬂzE{%Ej%m}—i§§: ”(1ﬂ+W' )W)mwy
n=1 n=1 (A3)
It follows that

5 N 5 9 N . N
1=%Zﬁ%kﬂ=ﬁ—%0—%ﬂéﬂ;ﬁﬂ)%Zﬁmw=%%2ﬁmw
n=1 n=1
« . (A4)
where the coefficient C, satisfies 0 < C, < 1 and is given as in equation (9).

At t = 1, trader n’s estimate of his own next-period estimate and the sum of
all traders’ next-period estimates are

. (tg + (N — D)7,

Ef[v] = Ef[v], (A5)
2

ME%M=%MM

8509017 SUOWIWIOD dANERID 3(ed1dde 3y} Ag pousenob ae o iLe YO 88N JoSajni o} Afeiq1 aulju A3]IA UO (SUONIPLOD-PUE-SLLLBYWD" A3 1M AReiq Ut |UO//SdIL) SUONIPUOD PUe SWwie 1 811 39S *[£202/T0/TT] uo Ariqiauliuo A)im ‘9Be|(0D yonsed - Aung Ag GETET" HOITTTT OT/I0p/0D" A8 1M ARIq 1 BUI|UO//SANY WO PaPeOjUMOQ ‘T ‘€202 “T9ZI0VST



Beliefs Aggregation and Return Predictability 463

N N N
Ei[Y_E5[]] =Bi[E5ll+ >0 EFWl]=Ejll+WN-DE{[xly 3 Efw]
n=1 m=1,m+#n m=1,m#n

(A6)
In addition, since YV , Ej[v ]— ( V2L (N -1 m)Zn 101 +in2), we
have

1/2
1D B[] = 11;2 ( Y (N - 1/2) Zznl—i-E Zlng

N (A7)
= 2 Y B+ (V- D ) B,

Equation (A6) and the last line of equation (A7) imply

E’{[Ei"[v]]=rL(E”[v]+ Z E7[v]) + <é(rl}1/2+(N )1/2) ~1)E}p]

m=1,m#n

= (1-(u*- rL1/2> %)E'f[v] = %(E’{[v] —E;"[0]).

(A8)

This completes the proof of equation (11).

B. Proof of Theorem 2

Att =1, 2, trader n chooses quantity S,; to maximize the expected utility of
terminal wealth E'[—e 4 W], At ¢ = 2, the optimal inventory is S,2 = (Ej[v] —
P,)/(A varj[v]). The market-clearing condition Zgzl S,2 = 0 yields the market-
clearing price at t = 2:

N N
=& Y B =2 (7 + N - D) E D G i) (A9)
n=1 n=1

At ¢ = 1, trader n chooses optimal demand S,,; to maximize

ne 1 p2
E} |:— exp (—A <Wn1 + Py —P)Su1 + M))} (A10)

2A var}[v]
where P, — P; and EJ [v] — P, can be expressed as

P, — P, = (P, — ET[P]) + (E][P] — P1),
5[] — Po = (E3[v] — Ef[v]) — (P2 — E}[P2]) + (B} [v] — ET[P]).

(A11)
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Defining

= [P, — E}[Ps] . Ej[v] — E}[v]]. (A12)
the solution for problem (A10) can be obtained using

E; L—a(%%%y'cy)} I O ) (A13)

VI +aCx| '

where y is a 2 x 1 vector of zero-mean normally distributed random variables
with covariance matrix T,

5. |: var] [Py] covi[Py , Ej [v]]:|7

Al4
covi [Pz, Ej[v]] var}[Ej [v]] (Al4)

Ais ascalar, Bisa2x 1 vector, C is a 2 x 2 symmetric matrix, and [ is the
2 x 2 identity matrix. Define «, A, B, and C as follows:

(E:[v] — E}[P])°
2A variv]

"ol — E[P,] 1 1 -1
Avari] P C'_Avarg[v]x|: 1 1| (A®

w=A, A=W+ (B[P —P)Su+ (A15)

B := wBSnl +

where ¥ :=[1, 0] and ¢p := [-1, 1]'. The first-order condition for S,; im-
plies

E! [Py]—P, 7E"[jmf Py s ACs) 10p
nl = AwBE(I+AC):) s (A17)
It can be shown that
Y EUI+ACE) 1gp _ cov? LPZ . E5[v]-P5]
var}[v] var} [Ej [v]—Py | +var}[v] (A18)

var} [Py] (var} [Ej [v]]+varg [v])—(covi [P: , E5[v]] )2

var! [Ej [v]—P; | +var}[v]

YpS(I +ACS) 'yp =

Substituting equation (A18) into (A17) yields trader n’s optimal inventory as
given in equation (17) in Theorem 2. The market-clearing condition Zﬁle S =
0 yields

N

N
= & Y EIP] + o f,;[ﬂ;fj,][v]< ZE”[PZ] ZE’;[U]). (A19)
n=1

n=1

It can be shown that P; can be written as Cy x 3 YV E*v], where the coeffi-
cient Cy is
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2
_ 12 _1/2
! Ty 1 ( 12 1/2 2 Nr1<er+(N 1)TU(‘EH 7 ) >
Cg—_+—]7 TH +(N—1)‘L’L - — K —
(D) 9 N‘[l(NQ-HN—I)TU(TI_I/Z—TE/Z) )-&-(N—l)zrf(r}l/z—rg/z)

(A20)

1, Tvq( 172 12\2 _ 0| W
< -4 v -1 < =4 = -1 =1. A21
<T+ IZN(TH + (N - 1)} ) <t (W =) (A21)

Equation (A21) implies that C; < 1 if 7y > 17, and C, = 1 if ty = 17.. Thus, P;
is a weighted average of traders’ valuations, with weights summing to less
than one.

C. Proof of Proposition 1

From equation (20), we have

. 2 . _—
Co=Cp—2(1-2) (r,},/z - 15/2) coviPo . Bl D] (A22)

72 N var? [Ej [v]—P; | +var}[v]’
where cov} [P, , E5[v] — P;] > 0 from equation (19). This implies C; < é’g. From

equation (A21), it is straightforward to see that C, satisfies 0 <C, < 1 for
Ty # 17,. Using direct calculation, we show analytically that dCg/ dtg < 0 and

dég/ dtg < 0, holding the total precision vy + (N — 1)7z, fixed. This implies that
both C, and ég decrease in 7y /77, holding the total precision fixed.

D. Proof of Proposition 2

Equations (35) and (37) of the paper present closed-form expressions for re-
turn covariance of the myopic model cov” [B, — P, , P, — By] and return covari-
ance of the general two-period model cov*[P, — Py , P; — Pyl.

Under traders’ beliefs, the return autocovariance is given by

cov'[v — Py, P, — Pi] = Ef[(E}[v] — P)(P, — Py)] — Efj[v — P]EG [P, — Py]
= YIRS [(Eilv] - E;" ])(EL 0] + (N — 1)E;"[v]

—Cy(E} vl + (N — DE"[v])]. (A23)

The coefficient on v is positive in E§[v] — E;"[v],

2

Ejlo] — By lol = %~ (r” = 77/%)n1 = i-n1 + in — i2)
o212 12 172 _1/2\_1/2 1 N
= iT(rH -1 )(2(rH — 1)1 v + (en1 +en2) — o3 Z (em1 +em2)>.
m=1,m#n

(A24)
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In addition, E5[v] + (N — 1)E; " [v] increases in the fundamental value v. There-
fore, the covariance between Ej[v] — E;"[v] and E5[v] + (N — DE; " [v] is posi-
tive,

Ej[(E5l0] — By []) (B3 o] + (N - DE;"])] = % (5 — 7/) (o * + WV - Dr%)” > 0,

E5[ (o] — Ey"[0]) (Ef ] + OV — DE;" )] = 22 (o — 7/)(of* + OV - D)%),
(A25)

Substituting equation (A25) into (A23) yields

2, (2 C, 2 2
cov'fv—Py, P —P|] = Nogy (?2 — T—f) (r,}/z + (N - l)tLl/z) (N — 1)<l’1}/2 — le/z) .
(A26)

In the myopic model, we replace C, by C’g in equation (A26) and show that

cov"[v -P. B —Pl] = w(NjL N — 1)(1’11,/2 — IL1/2>2) (ré/z

N?’tll’zz

2 2
+ W -17") (5 -57) =0 (A27)

Under the empirically correct parameters that all private signals have the
same precision, prices have the same expressions as those under traders’ be-
liefs (equation (38)), but traders’ private signals are

. B 1/2

D= (%) (21/20) + ez,

o +(IN-1)1, 172 1/2

Lt = (%) (t,7%0) + epmt, for all m # n. (A28)

Using the empirically correct parameters, the return autocovariances are

cov[Py — P, Py — Pyl =

,Cq ( < 2 Cg> (24 -15?) (z+ VD)

31 2 71 N

2
N 1 G (o*+v-177)
2 1 N ,

2 C
covlv — Py, Py — Py = (5 - ?f)z\%z (N2 (g + @V = 1)

- (1:;1/2 + (N — 1)t£/2>)
X (r}l/z + (N — 1)r£/2>(1 +2(tg + (N — D). (A29)

Simple calculation shows that covlv — Py, Py — fl] > 0 and cov[P, — P, , P; —
P;] > 0. In the myopic model, we replace C, by C, in equation (A29) and show
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that the return autocovariances are given by
COVI:F)Q _Pl s Pl _PO]

2 2
WN-1) (=) (o> + W -1)}?) (N+2'EH+2(N*1)2IL+(N71)<1’;/2+I1/2) >z3
N31:1122

>0,
cov[v -B, B —Pl]

rv(N+(N—1>(r;/Z—zL“2)2>(r;/2+<N—1>zg/2)(N1/2<rH+(N—1>rL>1/2 (> +@v-1)7%))

Nz‘rl‘rg

> 0.
(A30)

E. Proof of Proposition 3

If traders agree about the conditional distribution of v given signals, then for
t =1, 2, we have EJ[v] = E{*[v]. Thus, E}[Ej'[v]] = E}[E5[v]] = E}[v], where
the last equation follows from iteratlon of trader n’s expectations. It follows
that B[ 2 Y0 Erv]] =Efl]l = £ 3N_ ET[v], and thus P, = E}[P,].

If traders agree about the Jomt distribution of signals, then
E}[ES'[v]] = ET'[ES' [v]] because E3'[v] is some known function of ob-
served signals that trader m wuses in his filtering. It follows that
E}[ES[v]] = Em[E’"[v]] ET'[v], where the last equation follows from iter-
atlon of trader m’s expectations. We thus have that Ef[+ N E}[vl] =
N ET[v], and hence P; = E}[P,].

F. Filtering Formulas for the Dynamic Model

In this subsection, we derive Stratonovich-Kalman-Bucy filtering formulas
for @ and G, .

LEMMA Al: Define the total precision of information flows as © := 19 + g +
(N — 1)11. Then the scaled steady-state error variance Q2 and trader n’s estimate
G of the growth rate at time t are

o1 Wl[G*(t) —Gy()
oG

:|=2(xc;~|—‘[, (A31)

Gut) = E}[G* )] = 06 @' (7" Ho®) + 1{* H,(6) + (N = 1))” H_,(®)).
(A32)
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PrOOF: The stochastic process dG*(t), dI,(t), dI_,(), and dly(¢) can be
rewritten as

dG*(¢) := —agG,(t) dt — ag (G*¢) — G,(t)) dt 4+ o¢ dBg(?),

(A33)
dr,(t) := 1/2 UGnggtJ? dt+ 1/2 Gét)Q?/Z(t) dt + dB, @),
dlo(t) == 1y/* Sl dt +7y/* TEHD dr + dBo(t),
(A34)

1/2 1/2 G*
A, @) =17 2y At + 17 CUG0 @+ g Z dB,,(@).

m=1,m+#n

Since trader n’s forecast of the error G*(t) — G, (¢) is zero given his infor-
mation set, the last two terms in the information processes are indepen-
dently distributed Brownian motions from the perspective of trader n. Let
I(u) denote trader n’s information set. Trader n’s estimate at time ¢ + dt,
G, + dt) :=E"[G*(¢t + dt) | I(w)|;E% ], can be decomposed into two terms:

Gt + ) =E'[¢'® [T, " |+ B[ de® T[] "] (A35)

The first term reflects the expectation about the past growth rate G*(¢) at time
t given new information dly(¢), dI,(¢), and dI_,(¢). The second term reflects
the expectation about the change in growth rate dG*() = G*( + dt) — G*(¢)
at time ¢ given new information dly(¢), dI,(), and dI_,(¢). The first term
E"G*@) | Iw)[5-% ] can be calculated as follows:

U=—00

E' (G 11w, Y | =B [Gu@) + (G (1) = Gu) | G, ©) . dlo(@),
AL, (), dI_,(@)]

7)"? Gu(t) t/? G, (t)
=G,¢)+E |:G t)—G,@)| dlp®) — W de, dIn(t)—W dt,
1/2
1" Gn(t)
dI—n(t) — W dt:|
(A36)
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12 Gt
=G, () + aGszl/%Ol/Q( dlo(t) — ’(;—() dt)

- Q2
% Gt
+aG91/2TI§/2( dr,(¢) — HTI/(Z) dt) (A37)

1/2
1/2 .7 Gu(t)
+O’GQI/2(N ) (dI—n(t)— I;’GW dr ].

The last equation is obtained using the projection theorem for normal variables
and equation (A34). The second term E"[ dG*(¢) | I(x)[;-% ] can be calculated
as follows:

E'[ dG*@) | 1@)[,"" | = B"[~a6Cu(®) dt + G (1) + agGa(t) dt | Gu(t),

dlo(¢), dI, @), dI_,@)]
= —agG,(t) dt — agE"[(G*(t) — G, (1)) dt | G, (@),

dlo(¢) , dI,@), dI_,@)].
(A38)

The second term in equation (A38) is as calculated in equation (A37). It can be
ignored since it is of order smaller than d¢. Plugging equations (A37) and (A38)
into equation (A35), we find that the estimate G, (¢) is defined by the Ito6 differ-
ential equation

1/2

dG, (t) = —ag Gy(t) dt+ZaGs21/2 1/2<dI(t)—G(t) o

n=0

dt) . (A39)

Rearranging terms yields

dG(t) = ~(aG + ) Gu(t) dt + 06 V() dl + i/ dl, + NV - e} dL,)

(A40)
From equation (A40), we obtain the solution for the estimate G,,(¢):
t
G,(t) = 0G91/2[ 7(ag+z)(t u) (‘1:1/2 dIO(u)+ 1/2 dr,(w)
+ (N - 1)7}?dl,(w)) du. (A41)
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Define the sufficient statistics or “signals” H,,(¢) by

t
H, () := / e et =) g1 (), n=0,1,...,N. (A42)

=—00

The estimate G, (¢) can be conveniently written as the weighted sum of these
sufficient statistics as in equation (A32). The mean-square filtering error of
the estimate G, (¢), denoted by aé Q(t), is defined by the Riccati differential
equation

2 dQ(t) - _9 ZQ(t) 2 4Q(t)2 il Tr%/2 ’ (A43)
oG a = —40G O; +o5—0g ; —ogﬂ(t)l/Q .

Using the steady-state assumption dQ(¢)/ dt = 0, solve this equation for
the steady-state value Q defined by 2 = Q(¢) to obtain equation (A31). Equa-
tion (A32) implies that, in discrete notation, trader n’s estimate of the growth
rate at time ¢ = kh is

G = Ep,[G*(kD)] :aGszl/Z(fg/ZHo,k + 1 °H,  + (N — )fl/ZH,n,k). (A44)

O

G. The Equilibrium with Myopic Conditional Mean-Variance Optimizers

Similar to the two-period model, we first solve for the equilibrium prices
when traders are myopic and hold the conditional mean-variance optimal
portfolio:

y Eqn [Pkﬂ + Dk+1] — P,
Sur= — — . (A45)
A var}, [Pk+1 + Dk+1:|

The equilibrium price P, is given in the following theorem.

THEOREM Al (Prices with Myopic Conditional Mean-Variance Optimizers):
Suppose each trader holds the conditional mean-variance optimal portfolio at
each period. Then the price P, is

y D . G
B, = 3 k

= Co —m—F——, A46
r+aD+ G(r+ap)(r+aa) (A46)

where Gy, defined in equation (i 63), is the average of traders’ expected growth
rates at time kh. The coefficient Co satisfies 0 < C; < landis given by

-1
. __ ,—Th _ 9
CG — (1 i 1 e N 1 (T}].I/Q _ .(Ii-/Q) /'L') ) (A47)

e(rJrvt(; Y _ 1 N
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PRrROOF: The proof of Theorem Al is presented in Appendix subsection H. [

The pricing formula (A46) resembles an average of traders’ valuations of
fundamentals (44), with one important difference. The coefficient Cg satisfies
0 < Cs < 1. This dampens prices relative to traders’ average valuation. The
endogenous parameter C; measures price dampening just like the coefficients
C; < 1 and C,; < 1 in the two-period model in Section I.

PROPOSITION Al: A common prior (ty = t1) implies no price dampening, with
Cs = 1. Relative overconfidence (tg > t1) implies 0 < Cg < 1. The coefficient Cg
increases in the trading interval h and decreases in the disagreement ty /1y,
(holding total precision t fixed).

PROOF: The proof of Proposition Al is in Appendix subsection I. O

Proposition Al implies that price dampening becomes more pronounced with
more frequent trading. When % becomes smaller, traders exploit profitable
trading opportunities more frequently. If 2~ — oo, then Cs; = 1. This implies
that if traders can only buy and hold the risky asset, then the price is ex-
actly equal to traders’ average valuations of fundamentals. The dampening
effect C; < 1 occurs because traders internalize their future disagreement
about the growth rate. Each trader agrees to disagree with others about how
to interpret private signals in the present and how to interpret private sig-
nals in the future. When internalized, this future disagreement dampens the
current market price relative to average valuation. Each trader expects that,
as time passes, other traders will revise their mistaken current valuations of
fundamentals toward unconditional levels, before they eventually converge to-
ward his own “correct” valuation. He tries to profit by trading ahead of antici-
pated short-term revisions of others’ expectations, even when this means trad-
ing against his own long-term valuation. This short-term speculative trading
dampens current prices relative to the average of traders’ valuations. In equi-
librium, this leads to a Keynesian beauty contest. Yet, contrary to common
intuition, this short-term speculative trading tends to dampen, rather than
magnify, price fluctuations.

We next discuss trader n’s expectations about his and others’ stock positions
in the next period. Suppose trader n thinks that he can sell the stock at time

(k + 1)h at price equal to his own valuation of fundamentals, F,, ;.1 = Z’j{l) +

Gn]z+1
(r+ap)(r+ag)

given as in equation (A45), replacing the price 1_3k+1 with F,, 1,,1. It can be shown

that the price at time kh is B, = rf—(’;D + WJ);W At time (k& — 1)h, trader

n expects his conditional mean-variance position at time kh, Ef,_,,,[S, ], is
proportional to

Then his conditional mean-variance optimal portfolio at time kh is

2
E?kfl)h [Gnk - an_k] = e—()[gh (%(TEII/Z — T£/2> (1 — e_fh)Gn_k,l

asUBd 17 SUOLWWOD) BAIRID 3|qedl|dde ayy Ag pausenob ale sajolLe O ‘38N JO 3|1 10} Areiq 1 UljUQO AS|IAN UO (SUOIIIPUOD-PUE-SWLLIBYWOD AB | 1M Ale.q 1 jBulUO//SANY) SUOIIPUOD pue sWe | 8Ly 88S *[£202/TO/TT] uo Ariqiauluo A|ia ‘961100 yonteg - Aund Ag GETET  HOITTTT OT/I0p/W0d A&S|1m: Areaq iUl |uo//:Sdny wouy papeojumod ‘T ‘€202 ‘T9290VST



472 The Journal of Finance®

+e MGypo1 - G—n,k—l))- (A48)

If all traders happen to agree about the fundamental valuation at time (£ — 1)k
(i.e., Gup1 = G_pp_1 > 0), then equation (A48) is reduced to

2
El 1nlGrr —G il = %(r}{/z —~ TLW) e "(1—e™)G,,1>0. (A49)

Each trader n expects to buy (Ef,_,, [Sn,k] > 0), and others to sell, next period.
The reason is that each trader expects prices to fall in the next period, each
trader believes that others make the mistake of attributing too much preci-
sion to their current and future signals, and each trader expects that, upon
observing new information in the future, others will adjust their valuations to-
ward unconditional levels. Thus, each trader expects others to sell and prices
to fall.

Trader n’s conditional mean-variance optimal portfolio, ‘Sv'n,k,l is proportional
to

o _De G 2 i
E” rh D — By
GDh [e <r+aD + r+ap)r +ag) + k+1>:| k-1

Dy Gnr1 N-1 LE, 1[G —G il
= : — " — —P,_;. (A50
r+ap (r+ap)r+oag) N (r+ap)r+ag) b1. (AS0)

Equations (A49) and (A50) imply that, if traders agree about the fundamental
valuation at time (k — 1A (so G, -1 = G_, -1 > 0) and the price F},_; is equal

to their consensus fundamental valuation, P, ; = ﬁ‘—&; + Wag’;—(jﬂm), then all
traders would want to hold short positions at time (¢ — 1)k because all traders
would expect prices to fall below fundamental value at time kh. In equilibrium,
this short-term speculative trading dampens current prices relative to the av-
erage of traders’ valuations. The price dampening becomes more pronounced

when traders exploit profitable trading opportunities more frequently.

H. Proof of Theorems 3 and Al

We first derive the dynamics of key state variables. We then solve for
the equilibrium.

H.1. The Dynamics of Key State Variables

We next derive conditional expectations of key state variables and their
variance-covariance matrix. Define N 4 1 processes dB}(¢), dB}(¢), and
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dB} (), m=1,...,N,m #n, by

12 GE) — Gu(®)

dBj(®) = iy — ~oi— dt + dBp(t).
G'(t) = G,(®)
n 1/2
dB (t)— W dt + dB,(#), (A51)
. G*(t) = Gy(®)
dB(t) = 7, —ooain U+ dBu).

The superscript n indicates conditioning on beliefs of trader n. Since trader n’s
forecast of the error G*(t) — G,,(¢) is zero given his information set, these N + 1
processes are independently distributed Brownian motions from the perspec-
tive of trader n. In terms of these Brownian motions, trader n believes that
sufficient statistics H(¢), H,(¢), and H_,(¢) change as follows:

dHo(t) = —(ag + 7) Ho(t) dt + /2 Gétlz2 dt + dB(®),
(A52)
1/2 Gn(t)
dH, () = —(ag + 1) H,(t) dt + 75 ol d¢ + dBj(2),
og Q12
dH H d 1/2 G.(t) d aB!
() = (g + DV Ho(6) di + .7~ t+ 5 127& ().
(A53)
Combine the three sufficient statistics into the two sufficient statistics
Hy(t):=H,t)+dHo@®), He (¢):=H_,t)+dHy@®), with
Gim 0 (A54)

o +(N-1r

Define y(t) = [D(¢) , Hi(t), H¢, (t)]" as a continuous three-vector stochastic
process of all state variables. Using equation (A52), write this stochastic vector
in matrix form as

dy(t) =Ky() dt +C, dZ(¢), (A55)

where K is a 3 x 3 matrix and C, is a 3 x 3 matrix given by

—ap oaQY 2 oG QAN — D1}/
K = 0 7(167-[4’,.[1/2( 1/2 5 01/2) (N*l) 1/2( 1/2 P 1/2)
0 },/Z(rLl/erar(}/Z) —ag—t+(N=1) 2/2 1/2+ar1/2)
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op 0 0
C.=|a 1 0 (A56)
i 0 ==

and dZ(t) = [dBj(¢), dBj(¢), \/% ZZ:l,m 4, dB;,@)]" is a three-dimensional
Brownian motion.

We can also represent the process y,1 = [Dy11, H;, , . H®, , . ;]" as an inte-
gral, '
(k+1)h
Ve =€y + /k ) KL= 0 4Z(¢t). (A57)

This yields the following equations for conditional expectations and the vari-
ance of yp1:

R
Ep[ye1] =" [Dp. H , He ] var[yee] = / X0, CLe M) dr.
’ 0
(A58)
Since trading is discrete, we also need to derive dynamics for variable D, 1,

defined in equation (55). In particular, we solve for Ej, [Dk+1], varyg, [Dk+1], and
Cov[ﬁk+1 , Yp+1l. Define

(k+1)h
Vi1 =™ / e 7Ry () de. (A59)
kh
It can be shown that
(k+1)h
Fros = (K — 1)1 (e(K—rI)h _I)erhyk +/ K DR-00 47 (¢)
kh
(k+1)h
_/ e—r(t—(k+1)h)CZ dZ(t)) (A60)
kh

The expectation Ej, [Dy1] is given by the first element in the 4 x 1 vector
(K — rI)~Y(e®~"Dh _I)y, in the equation above. We can then derive

CoV[Yri1 s Frs1) =varp,[yea )& —rD) ™ — (K + rI)-l(e‘K“”h - I)CZC,;<K/ -7,
cov[Jri1 s Fri1] =<(K — D) vary, [yi] — (K —rD)'C.CL(e " — I)(K' + rl)*l)(K’ —rD)!

1— leh

r

- ((K2 — 2D HeErDh ) 4 (K — rI)-l)czc;(K' —rD71.

(A61)

asUBd 17 SUOLWWOD) BAIRID 3|qedl|dde ayy Ag pausenob ale sajolLe O ‘38N JO 3|1 10} Areiq 1 UljUQO AS|IAN UO (SUOIIIPUOD-PUE-SWLLIBYWOD AB | 1M Ale.q 1 jBulUO//SANY) SUOIIPUOD pue sWe | 8Ly 88S *[£202/TO/TT] uo Ariqiauluo A|ia ‘961100 yonteg - Aund Ag GETET  HOITTTT OT/I0p/W0d A&S|1m: Areaq iUl |uo//:Sdny wouy papeojumod ‘T ‘€202 ‘T9290VST



Beliefs Aggregation and Return Predictability 475

It fol}ows that var, [Dk+1] is the (1,1) entry of the matrix cov[y,, 1, yz+1], and
cov[Dy 1, yri1l is given by the first column of the matrix cov(y;, 1 , Ypi1l-

H.2. Solution of the General Dynamic Model

We next solve for the equilibrium. We conjecture that the price in period & is
a linear function of D;, and G, of the form

D B}
p,— D Gy,

T r+oap e (r+ap)r+ag)’ (462)

Trader n’s problem (52) can be rewritten in discrete-time form as (53), where
U,,; is obtained by solving the maximization problem (56) subject to con-
straint (57). The first-order condition yields

) 1 A

where A is the Lagrange multiplier. If £ = 0 in equation (A63), then c(jh) =
—%In%. Thus,

1
c(jh +1t) =c(jh) + Z(r — p)t. (A64)
Substituting (A64) into constraint (57), we have

. rh r—op
=—"" e -
c(jh) 1—e*’hc Y APl — e Th)

(1 — (rh + l)e_’h>. (A65)
From equations (A64), (A65), and (56), we get

h
U,;=—h exp <—A1_’ﬂvcn,j>¢(r, o0, h), (A66)

where ¢(r, p, h) is defined as

1—e -
@(r,p,h) = 5 exp (r(lr— ep_rh) (1 —(1+ rh)e_rh)) =1- 3ph+O(h?).
(A67)
Trader n’s problem (53) is then equivalent to
max 1 Z—he_”(j_k)h exp —Alcn ; (A68)
[enj].J=k.k+1,....00 kh 1—eh ’J

[y j].j=hk+1.....00 =k

subject to the budget constraint (54).
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We conjecture and verify that the value function has the quadratic exponen-
tial form

Vk(Wn,k s H,Cl’k , Hink) = —exp (1//0 + WWnk + %I/Inn(H,CLk)Z + %wxx(Hink)Q
+ YocHy JHC ). (A69)

The five constants v, Yw, Yun, ¥xx, and v, have values consistent with a
steady-state equilibrium. The terms v,,,, ¥\, and ¥, capture the value of fu-
ture trading opportunities based on current public and private information.
The value of trading on innovations to future information is built into the con-
stant term .

The Hamilton-Jacobi-Bellman (HJB) equation for the discrete problem is

Arh
Vk(Wn,k , H’ik s Hin,k) = cmgx |:—h exp <_1—e—rhcn’k> + e_phEZthJrl
n.kSnk -

(Wn,k+1 ) Hc HC n’k+1)]’ (A70)

n,k+1 > —

where the dynamics of wealth satisfies (54) and the dynamics of H;, and H¢ ,
can be obtained from equations (A52) and (A54). Define

Xp+1 - = [Dk+1 s ﬁkﬂ > Hrcl,k+1’Hin,k+1] - [EZh[DkJrl] ’ EZh[DkJrl]’
Ep[H; ] ElHS 0] (ATD)

where Dk+1 is as defined in equation (55). Then, E},[V,,1] can be obtained
using

o |:ea <A+B’x+%x/Cx> i| _ 1 o (Af %aB’)I(IJraCE)’IB) (AT2)

VI +aCx| '

where x is an n x 1 normal vector with mean zero and covariance matrix ¥, A is
a scalar, Bis ann x 1vector, C is an n x n symmetric matrix, and [ isthen x n
identity matrix. The value of ¥ can be obtained from the previous section.
More specifically, vary, [lv)kﬂ] is the (1,1) entry of the matrix covly,,1 , Vi1l
in equation (A61), cov[Dk+1 , ¥r+1l 1s given by the first column of the matrix
cov[yr,1, Yri1l in equation (A61), and vary[y,,1] is given in equation (A58).
Define «, A, B, and C by

A =y + yye™ (Wok — hen — SpiPs) + ¥wSni (EZ}L [Dk+1] + BinlDia]

r+ap

Coa Q2 (0> +WN-D1*) (man T17¢ n [gge
+ N(r+ap)(r+ag) ( kh[ ”qk+1]+(N_DEkh[H*”'k*l])

+ %I/”m( Zh [Hrcz.kﬂ])z + %I/’xx( Zh[Hin.kH])z + I/fanfl.kHan!kH,
(A73)
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02,2 09y
a=-1, B = Yywy¥BS, 1 + ¢B, c=| ¥ " where
O2x2  Cax2
Yon  Vnx CoogQ2(cY2 L (N=1)cM/2) (A74)
C2x2 :|:1pnx Ve | VB = YB1+ = GN(F+5D)(7‘+O(G) “— VB2,

IpBlzl:ﬁ’]-’OvO]a wBQZ[Oa()’]-’N_l],v

B = [0 2 O VB [Hy pr] + Ve BRn[HS 1] Ve BR[HS, 0] + VB, [HrcL.k+1]:| .
(A75)

Taking the first-order condition with respect to ¢, » in the HJB equation (A70)
yields

Cok = _% ((r —p)h +1In (%EZthJrl))- (A76)
Substituting (A76) into the HJB equation (A70) yields
Vi=e (1 - 2B, [V (ATT)

Taking the first-order condition with respect to S, ;, yields

g En [Pk+1 + Dk+1] —e"P, + ¢TI - C)yp (A78)
ko —ywp = — CE) Ly '

It can be shown that optimal quantity S; , is linear in the state variables H} ,
and Hﬁn‘ ,- Define constants cg1, cq2, €n1, Cx1, Cr2, and cy2 by

0 QY2 (efnGh 7e—nDh) oGQV? (<r+aa Ye~r+eph _(p 4 gp e~k +0tD*0tG)
Cd1'= —wTaa Cqz2 ‘= (ap—ag)r+ap)r+ag) ’
e legtrh (e”’ (r;/Z (to+t)+IN-D)tyg TLI/Z)HN* l)rLl/2 (ro+r}/2:L‘/2+(N—1)rL))
Cnl = )

(% +WN-15”)e
(A79)
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e G I (e 1)/ (ro+ ey P+ (N-1)7)

Cno =
n (1111/2+(N71)r£/2)r ’
e’(“G“)h(e’h—1)(N—1)1:L1/2(To-&-(N—l)TI_lI/zrgﬂ-&-rH)
Cyl =
x (ré/z-&-(N—l)rg/z)r ’
e’(“G”)h(e’h(N—l)rI}/Z(r0+r111/2rL1/2+(N—1)rL)+r111/2(ro+fH)+(N—1)rHrL1/2)
Cy2 = .

(ré/z-F(N—l)rI}/z)r

Then ¢p, defined in equation (A75), can be written as ¢p = ¢pmH, , +

¢B2Hin.k’ where eB1:=1[0, 0, VunCn1 + VnaCn2 » YixCn2 + VnaCn1l’ and
¢B2 ‘= [O ) 0 ) wnncxl + 'anch ’ wxxCxQ + ancxll/- The market-clearing con-
dition erLl S;‘l’ , = 0 and equation (A78) imply

_ (r+ap)r+ag) , _
¢ aGh_erh_u;lxll/)z—rsz)l/Z(‘/’Bl’L‘/’z’?z)ZU—CE) Rz
O'GQ (‘{H +WIN-1 7 )

Cg = (A80)

p
N10+(1111/2+<N-1>f£/2)

Nt

2
1212
-1 (%o
e’uGh—erh"rwe*(%“m-&-%((p};l-i—%z)Z(I—CE)*H//BZ

Then, from equations (A78) and (A80), the optimal inventory for trader n is
given by

Sux=CL (HZ,k - Hin,k)’ (A81)
where the constant Cy, is defined as

1

CL = ANt T ap)r + )= —CT) 1y

(Voo el — oot

+(r + ap)(r + ag)gp U — CZ) g

+ CrogQl/? (r (1:}1[/2 + (N — l)rLl/2>(pl’glE(I —C2) 'y + ef"‘GhrIyz
2
<Nro + (rPlI/Q + N — l)rLl/z) )
- erh(ré/z + (N — 1)TL1/2>T _ e leatOh(y _ 1)(1}/2 _ TL1/2>

(ro + Tl}l/zrgm + NV — l)rL)>).
(A82)

Equations (A77) and (A69) imply

ln(—EZth+1) = 1/[0 + I//WWnk + %wnn(H,cl’k)Z + % xx(Hin’k)Z + wan,cl,kHin’k

rh __
+ph —In <1 - W) (A83)
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Substituting (54), (A58), (A62), value function (A69), (A76), (A81), and (A83)
into the HJB equation (A70) and setting the constant term and the coefficients
on W, z, (H, k)2 (H® . k)2 and H; , H® , to zero yields five equations, which can
be solved for the five unknown parameters Yo, YW, Vnn, ¥nx, and yy,. Setting
the constant term and coefficient on W, ;, to zero yields

rh_ erh7 —
I/IWZ —T‘A, w _ (r—p)h—(e™"—1)In =" _In \/|I C):l. (A84)

erh— 1
By setting the coefficients on (H} k)z, (He, k)2, and H; , H® , to zero, we obtain
three polynomial equations in the three unknowns ¥,,, V., and v,,. These

three equations in three unknowns can be written as the following system of
equations:

0e Q2 (1P +(IN-1)7}%)
N(r+ap)(r+ag)

0=-— %erhlpnn + rACLCG(erh —cp1 — N — l)an)

h c 1/2 1 2 1 2
—rACy, (er Ccqo + I‘+dc11)>rH + 5¥nnc,1 + 3¥axCo + Ynatnicne

+ 1r2A2CE Y= - C2) lyp — rACLYREU — CE) Loy + 2o =T — CE) opy,
(A85)

0622 (/> +(N-Dr*)
N(r+ap)(r+ag)

0=~ 2"y + PACLCo (=€ (N = 1)+ a1 + (N = so)

+ TACL (erthQ )(N - 1) 1/2 %wxxCEQ + YnaCx1Ca2 (A86)

r+aD
+ 1r?A2CE Y2 - C) M yp + rACLY ST — CE) g + 19 U — C) L opa,
0= & +7ACLCo (€ (N = 2) = et = (N = Dea + ear + (N = Deyz)
0aQY(r* + N — Dr,?)
N+ ap)r +ag)

- rACL (e Cd2 + 7‘+01D> ((N ) 1/2 1/2> + wnncnlcxl + 1//xanZCxZ (A87)

+ an(cnlcx2 + cxlcnz)
—r?ACE Yy 3T — C2) My — rACLYR =T — CZ) Y (ppe — ¢B1)

+ 05 2T — C) Lo,

To summarize, optimal consumption is defined in (A76), the optimal strat-
egy is defined in (A81), and the endogenous coefficient Cy, is defined in (A82).
The equilibrium price is defined in (A62), and the endogenous coefficient Cg
is defined in (A80). The quadratic value function is defined by five parame-
ters. Parameters yw and v are presented in (A84). Parameters ¥, ¥, and
Y are solved numerically from the system of equations (A85) to (A87). This
concludes the proof of Theorem 3.
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H.3. The Case with Myopic Conditional Mean-Variance Optimizers

Trader n’s myopic conditional mean-variance optimal holding at time kh is
given in equation (A45). Similar to the proof of the general dynamic model case
(equation (A78)), it can be shown that optimal quantity S, ; is linear in the
state variables H; , and H¢ ,. The market-clearing condition Zﬁlvzl ‘Sv'n,k =0
and equation (A45) imply

Cy = e 76t e (A88)

T, 1 (12 172\2\ _ah N-1/ 12 _12\2 _ w
<t tNe (TH +HN=Dr ) A (TH 2 ) eet

which can be simplified as equation (A47). This completes the proof of Theo-
rem Al.

1. Proof of Proposition Al

The endogenous parameter Cg; is defined in equation (A47). From equa-
tion (A47), we can see that a common prior (tg = 77) implies Cg = 1. Rela-
tive overconfidence (ry > 77) implies 0 < Cg < 1. Fixing the total precision t,
we have that C; decreases in the disagreement 7y /7. Using a Taylor series

expansion, it can be shown that L;il decreases in trading interval h. It

erte,

follows that Cg; increases in the trading interval A.

J. Proof of Proposition 4

Assuming ty = 17, then ¥, = ¥, = ¥ = 0 solves equations (A85) to (A87).
We also get Cg =1 and Cp, = 0 from equations (A80) and (A82). There is no
trading. If 7y = 7z, then C; = 1 in equation (22); if tyz > 17, then Jensen’s in-
equality implies 0 < C; < 1.

In the case with relative overconfidence of 7y > 77, information cannot have
negative value in the value function (A69) since traders can always ignore it.
Therefore, the 2 x 2 matrix

wnx wxx

must be negative semidefinite. This implies ¥, < 0, ¥, < 0, and ,%x < Ynn W
It follows that v, + Yy + 2, < 0. In the continuous-time model (A — 0), we
can show

N(r+ag) a(;Ql/ZJr7”Dd('//"”+wx’C+2wf“)
1111/2>(N 1)12/2

Ce= (A90)

2
0091/2(N(r+ac)+(N71)(r;/271£/2) 7<1+Nd2><w,m+¢fxx+2wm>)

It can then be shown that lim;, .o Cg < limj,_.oCe < 1. This concludes the proof.
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K. Proof of Proposition 5
Let a vector [y * ., ¥l be a solution to the system (A85) to (A87) for

exogenous parameters A, op, og, I, ag, ap, To, 7L, and ty. If risk aversion is
rescaled by factor F' from A to A/F and other exogenous parameters are kept
unchanged, then it is straightforward to show that the vector [y, . v\, ., ¥l

is still the solution to the system (A85) to (A87). From equations (A80) and
(A82), it then follows that C;, becomes Cy, F, but C; remains the same.

L. Proof of Theorems 4 and 5

We first calculate the empirically correct estimate of the growth rate. We
then derive the holding-period excess return. In terms of true parameters, the
growth rate in equation (43) becomes

dG*(¢) := —ag G*(t) dt + 6¢ dBg(@). (A91)

Similarly, using true parameters, the process for signals dI,(¢) and dIy(¢) in
equations (45) and (48) becomes

G*(¢ .
ar, ) == ¢/ Y44 B0, n=1...N
6G QL/2
G*(t)
. 21/2
dly(¢) := 1, PSTE dt + dBo(@), (A92)
, Q62 . 712 2l2
with % := 22 and dB,(#) = dB,#)+ P oY PRTE G*(¢t) dt,

(A93)
and dBg(t), dBo(t), dBi(t), ..., dBy(¢) are independent Brownian motions.
The sufficient statistic under the correct parameters is defined as

t
Hn(t):zj e @t =) gr (y), n=0,1,...,N. (A94)

=—00

The sufficient statistic H,,(¢) and H,(¢) relate to each other as follows:

t
H,)=H,&)+ (ag+7—6ég — %) e @t I (1) du. (A95)

u=—00

If traders use the empirically correct parameters («g = &g) and empirically
correct total precisions of signals (r = 7), then we obtain H,,(¢) = H, (). If g +
T # 4g + T, then H, (¢) # H,(t). Define the aggregate sufficient statistic as the
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linear combination ofI:In(t), n=0,1,...,N,
N
H@t) = 2)"Ho@) + ) #°H, (). (A96)
n=1

We then redo the calculation of Lemma Al in Appendix subsection F to de-
rive Stratonovich-Kalman-Bucy filtering formulas using empirically correct
parameters. The empirically correct estimate of the growth rate at ¢ = kh is
Gy, := B, [G*(kh)] = o V2 Hy,, and the steady-state error variance is

&= Vér[c*(tu“;(t)] _ 1 (A97)

66 = Zag+ee

Plugging equation (63) into the continuous version of equation (65) yields price
P(t) at time ¢:

D(t) oG 91/2
Pk) = +
® r+oap ¢ (r+ap)r+ ag)

H). (A98)

The price depends on dividend D(¢) and traders’ sufficient statistics H(¢) about
the growth rate; it does not depend on empirically correct sufficient statis-
tics H(t). The dynamics of state variables is determined by empirically cor-
rect parameters. The return dynamics thus also depend on both traders’ suffi-
cient statistics H(¢) and empirically correct sufficient statistics H(¢). Specially,
when we calculate dP(¢) using equation (A98), we plug in dH,(¢) using equa-
tion (58), and plug in the correct empirical specification of the dynamics of
dl,(¢) from equation (A92) and the correct estimate G(¢) from equation (72).
We can show that the equilibrium instantaneous return process is a linear
combination of the two statistics H(¢) and H(¢),

dP@) + D@) &t — r P(t) dt = (b 2(0) —aH(t)) at + dB.@). (A99)

where constants a, b, and dB,(¢) are defined as follows:

oG CG Ql/z oG Ql/2 oG CG 91/2
a::—(ag—i—r—i—r), b:=
(r+ap)(r + ag) r+ap (r+ap)r+ag)

1/2.1/2 1/2 A1/2
(To T, "+ N,/ " T, ),

. 1/2 _
dB,(t) = —22 dAB:(t) + GGC#(T&M aB;(t) + 1* N dB*(t)).
r+ap (r+ap)r +ag)
(A100)
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The diffusion term dB,(¢) depends on the processes dB*(¢) and dBj(¢):

N
dB* (@) := 3% (06 ©%) " (G'0) - G@)) de + Y dB,(e),
n=1 (A101)

dB;(t) =1, (06 @Y%) (G'(1) — G@)) dt + dBo(t).

Since G(¢) is the best estimate of G*(t), both dB*(¢) and dBy are Brownian
motions under empirically correct beliefs, with variances var[ dBj(¢)] = df and
var[ dB*(¢)] = 1/N. So the instantaneous variance of the excess return is given
by

») o\ 2
var[ dBr(t)] = ( 2+ Tg/z) + a2 L) Ny (A102)

del/2 r+ap (r+ap)(r+ag) (r+ap)?(rt+ag)?

Define a continuous two-vector stochastic process yn(t) = [H() , H®)'. Us-
ing the definitions of H(¢) and H(¢) in equations (62) and (71), yg(¢) can be
shown to satisfy the linear stochastic differential equation

dyp(t) = Kgyg(t) dt + Cy dZy(t), (A103)

where Ky is a 2 x 2 matrix and Cy is a 2 x 2 matrix given by

cag—t PN YR W N
Ky = . . Cy = 22 N 12|
(A104)
Under empirically correct beliefs, the vector dZp(t) = [ dBj(t) , VN dB*@®)
is a 2 x1-dimensional Brownian motion, with var[dBj(#)] = d¢ and
var[ dB*(¢)] = dt/N. Integrating equation (A99) over time yields the holding-
period return over f periods from¢ =kh tot +T = (k + f)h:

0 —og

kh+T
Ripis = / T (dPG) + D) du — rPlu) du)

kh+T

=P, ;—eTP, +e7 / e 7D (W) du. (A105)
u=kh

Using equation (A103), we can obtain recursive formulas for the stochastic vec-
tor yu(u) = [H(w) , Hw)] for time u > kh as a function of yu(kh) = [H, , H;)'.
Plugging these recursive formulas into equation (A105), we obtain the cumu-
lative holding-period return Ry ;. s over period T' = fh between time kh and

(k + f)h as a linear function of H, and H,:

Ry pvp = &o(T) Hy, — ¢1(T) Hy + B s f- (A106)
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The coefficients ¢1(T') > 0 and ¢2(7T') > 0 in the equation above are defined as

og Cg @' T ~(r+ag+o)T
_ r 1 _ rt+og+t O’
) = e (17 )~
. T _ g-icT g, 112 GGCG91/2< 12172 | Npli2 172 ) (A107)
2 =

r+az r4+oap (t +ag —dg) (r+ag)r+ap)

(efd(;T _ ef(otg+r)T> >0,

and the Brownian motion term B, 1, ¢ is defined as
kh+T kh+T
Bk f = f / —a, ble r(kh+T —u)+Kp(u— s)C du dZy(s)
S

+ / r(kh+T s) dBr(S). (A108)
=kh

If traders have correct model parameters é¢g = ag, 66 = 0g, and T = 7, then
£1(T) and ¢o(T') defined in equation (A107) can be written as

CGOGSZI/2 T —(ag+0)T
(T — g lactT A109
o(T) = T ag)r )(e e ) ( )

O.GQI/Ze—(aG-H’)T

&(T) = (r+ag)(r+ap)t

((e(’+°‘G+T)T )r +Cq (ro —i—NAl/2 1/2) (e'” — 1))
(A110)

Since both H(¢) and H(¢) can be recovered from the history of prices P(t)
and dividends D(¢), the expected holding-period return K, [Ry ;. ] can be ex-
pressed as a linear combination of P, D, and H;, as in equation (74), with
corresponding coefficients By(T") and B1(T):

A1/2

A1/2
Bu(T) = (;Z(T) T —n(T)) Uten)tea) g —§2(T)< 10"
5

CG oG Ql/2 I
(A111)
A common prior (g = t7) implies Cq =Cy; =1 and }1/ 2 _ 11/ z_ 0, and thus
Bo(T) =0 and B1(T) = 0. Direct computations show that relative overconfi-
dence (tyg > t7) implies B1(T') > 0, dB.(T)/ dT > 0, and Bo(T) > 0. It can also
be shown that the term Q(T)fll/ z_ o(T )‘L’II/ % in the definition of B1(T) in equa-
tion (A111) can be written as

A1/2 _ ve _ 0% L _ o—(rtag)T
ey — oy T rtap)rta)\ ! 1 CG)(I ¢ )
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212 _ 172
+CG;(N&(1 - e*<r+aG>T) n fo(1 - e*<r+aa+f>T)) . (A112)
T

Thus, the coefficient B1(7T) > 0 can be decomposed into two terms. The first

term in large parenthesis with 1 — Cg > 0 results from the price-dampening

effect of the Keynesian beauty contest, and the second term with fll/ Z_ rll/ 250

results from the price-dampening effect of C; < 1. This concludes the proof of
Theorem 4.

In the continuous-trading limit 4 — 0, both H(¢) and H(t) can be recovered
from the history of prices P(¢) and dividends D(¢). If traders have incorrect
model parameters and total precisions of signals («g # &g and T # 1), then the
continuous version of equation (A106) implies that the expected holding-period
excess return, E,[R(¢, ¢ + T)], can be expressed as in equation (75). The coeffi-
cients ¢1(T') > 0 and ¢2(T') > 0 are defined in equation (A107). In this general
case, there are four possible patterns of the return dynamics: (i) only momen-
tum, (ii) first momentum and then mean reversion, (iii) first mean reversion
and then momentum, and (iv) only mean reversion for four specific combina-
tions of different parameter values.
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