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Abstract

I present a consumption-based asset pricing model in which the representative agent se-
lectively recalls past fundamentals that resemble current fundamentals and updates be-
liefs as if the recalled observations are all that occurred. This similarity-weighted selec-
tive memory jointly explains important facts about belief formation, survey data, and
realized asset prices. Subjective expectations overreact and are procyclical, the subjec-
tive volatility is countercyclical, and the subjective risk premium has a low volatility.
In contrast, realized returns are predictably countercyclical, highly volatile, and unre-
lated to variation of objective risk measures. The findings suggest that human memory

can simultaneously account for individual-level data and aggregate asset pricing facts.
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1 Introduction

Understanding belief formation is central to understanding asset prices. In any equilibrium,
the price of an asset reflects beliefs about future dividends and prices. The rational expec-
tations approach assumes that investors understand the temporal fluctuation of dividends
and prices, but survey evidence differs systematically from rational expectations (Adam and
Nagel, 2023). Evidence from economics (Zimmermann, 2020; Bordalo et al., 2023; Enke
et al., 2024; Charles, 2025; Charles and Sui, 2025; Godker et al., 2025; Jiang et al., 2025)
and psychology (Tversky and Kahneman, 1973; Schacter, 2008; Kahana, 2012) highlights the
role of selective memory for belief formation and decision making. Although recent models
incorporate memory to account for individual-level belief and choice puzzles (Mullainathan,
2002; Bordalo et al., 2020b, 2023; Wachter and Kahana, 2024), the effect of selective memory
on general equilibrium asset prices is largely unexplored (Malmendier and Wachter, 2024).

I show that selective memory reconciles important facts about belief formation, survey
data, and asset prices and yields novel predictions. Consistent with evidence, I model the
beliefs of a representative agent who is more likely to recall some observations than others
and treats the recalled experiences as if they were all that ever occurred (naivete).! Selective
memory generates a persistent wedge between subjective beliefs and rational expectations. I
analyze the effect of this belief wedge on asset prices using a consumption-based asset pricing
model in which the agent learns the parameters of the payoff process.

I focus on the implications of similarity-weighted memory—the selective recall of past
observations that resemble today’s observation—for beliefs and asset prices. Recent evidence
finds that similarity-weighted memory is a key mechanism of belief formation (Kahana, 2012;

Bordalo et al., 2020b, 2023; Enke et al., 2024; Charles, 2025; Chen and Huang, 2025; Jiang

!Theories of memory indicate that humans are more likely to recall some observations than others
(selective recall, see Schacter, 2008; Kahana, 2012), and neuronal evidence highlights that the recall of
a given observation is probabilistic (stochastic recall, see Shadlen and Shohamy, 2016). Experiments in
economics find that humans are (partially) unaware of their memory distortions (Zimmermann, 2020; Enke
et al., 2024; Conlon, 2025; Godker et al., 2025). My focus is not on the neural encoding process, but on the
economic consequences of selective recall for beliefs and prices.



et al., 2025), and Kahana et al. (2024) list similarity as a law of human memory. Subjective
beliefs under similarity-weighted memory are consistent with empirical patterns: the agent
expects high growth in good times (Nagel and Xu, 2022; Bordalo et al., 2024), expectations
overreact to news (Bordalo et al., 2020a), and the subjective volatility of fundamentals is
lower in good than in bad times (Lochstoer and Muir, 2022).

Incorporating the agent’s beliefs into the asset pricing model yields empirically observed
differences between subjectively expected and objectively realized returns. Empirically, as
well as in my model, subjectively expected returns are procyclical (Amromin and Sharpe,
2014; Greenwood and Shleifer, 2014), while the subjective risk premium is not predictable
using aggregate valuation ratios but positively related to subjective volatility (Nagel and Xu,
2023). In contrast, objectively realized returns and risk premia are countercyclical (Shiller,
1981; Mehra and Prescott, 1985), predictable by aggregate valuation ratios (Campbell and
Shiller, 1988), and do not vary with macroeconomic risk (Lettau and Ludvigson, 2010).

Beyond matching these patterns, the model yields new predictions. First, similarity-
weighted memory allows temporally distant but contextually related past observations to
shape beliefs and thus asset prices—consistent with recent empirical findings (Charles and
Sui, 2025; Chen et al., 2025). Second, the model predicts systematic non-linear variation in
higher moments of subjective beliefs, such as a convexity of perceived risk and of subjective

risk premia, for which I present suggestive evidence.

Beliefs under selective memory. I first show that selective memory systematically affects
the beliefs of the agent—even in the very long term—and can explain deviations from ratio-
nal expectations while retaining Bayesian learning. Throughout the theoretical analysis, I
focus on learning from an infinite sample to identify systematic effects of selective memory
on beliefs and asset prices, and relax this assumption in simulations. Methodologically, I
characterize the beliefs of the agent under selective memory as memory-weighted likelihood
maximizers (Fudenberg et al., 2024). The agent observes many draws from the fixed dis-

tribution of fundamentals. Without memory distortions, the agent recalls all observations



and the histogram of recalled observations converges almost surely and uniformly to the
true distribution. With selective memory distortions, the histogram of recalled observations
reflects a memory-weighted version of the true distribution. Bayesian learning then implies
that the agent’s beliefs concentrate on distributions that maximize the likelihood of the
recalled observations. For normal distributions, I show that the agent’s posterior mean is
higher (lower) than the true mean if the agent is more (less) likely to recall high than low
observations; while the agent’s posterior volatility is higher (lower) than the true volatility if
the agent is more (less) likely to recall extreme observations. These results are general and

hold without a structural assumption on selective memory.

Similarity-weighted memory. I use the characterization of the agent’s beliefs to incor-
porate similarity-weighted memory into an asset pricing model. I consider a representative
agent endowment economy with Epstein and Zin (1989)-preferences. Endowment growth is
drawn from an i.i.d. two-state Markov chain with observable states as in Mehra and Prescott
(1985), whereby one state captures normal times and the other state recessions. Conditional
on the state, endowment growth is log-normally distributed. The agent learns the state-
wise mean of log endowment growth from her recalled observations, which are distorted by
similarity-weighted memory. Assets are claims on the aggregate endowment (Lucas, 1978).

Similarity-weighted memory explains empirically relevant patterns of beliefs: (i) the pos-
terior mean varies procyclically and overreacts to new information; that is, an upward re-
vision of the agent’s posterior mean predicts a negative forecast error because the posterior
mean is systematically too high after an upward revision (Bordalo et al., 2020a); and (ii) the
agent’s subjective volatility of fundamentals varies countercyclically.

The intuition for procyclicality and overreaction of the posterior mean is as follows: If
today’s endowment growth is high (low), the agent overremembers past high (low) endow-
ment growth rates. The agent’s posterior mean is then high (low) after observing high (low)
endowment growth today (procyclicality). Overreaction of the agent’s posterior mean occurs

for a similar reason: The agent revises her posterior mean up if and only if today’s endow-



ment growth exceeds yesterday’s endowment growth. Conditional on an upward revision
of the agent’s expectation, today’s endowment growth is more likely above than below the
fundamental mean. The agent’s posterior mean is thus more likely above than below the
fundamental mean after an upward revision, implying a predictably negative forecast error.

Variation in subjective volatility arises because recalling similar past experiences inter-
feres with the recall of less similar ones. The economy has two states. With two states, the
subjective volatility of log endowment growth depends on the perceived difference between
the mean growth rates in each state, which varies over time. For intuition, suppose that
endowment growth is always high in normal times, such that the agent can only recall high
growth from normal times. Recessions can be either mild or severe. During good times,
the agent recalls mild recessions but is oblivious to severe recessions. She thus perceives
only a minor difference between the states and her subjective volatility is low during good
times. During bad times, in contrast, she recalls severe recessions vividly, perceives a large
difference between the states and her subjective volatility is high.

Extending the intuition to a more continuous setting yields a novel prediction of the
model: the agent’s subjective volatility is countercyclical, yet convex in the current context.
Economically, the agent perceives the economy as relatively safe during average times, but
as very risky during extremely good as well as extremely bad times. For intuition, consider
an extension of the previous example in which the recession state is highly volatile, so that
endowment growth can occasionally be high even in recessions. While the posterior mean
of the normal state remains fixed, the posterior mean of the recession state can be below,
equal to, or above the posterior mean of the normal state, depending on the current context.
The perceived difference between the states is thus convex in the current context, leading to
a convex subjective volatility. While this mechanism is specific to the two-state setting, the
same economic effect arises robustly when the agent learns from a limited number of past
observations: In extreme times, only a few past observations resemble the current context.

The agent thus needs to estimate the parameters of the endowment growth process from



a small recalled sample, and is highly uncertain about the estimates. In contrast, during
average times, many similar past observations are recalled, yielding more precise estimates.
Subjective parameter uncertainty is thus convex in the current context and priced similar
to volatility under Epstein and Zin (1989)-preferences (Collin-Dufresne et al., 2016). I find
empirical evidence suggesting that subjective riskiness is both countercyclical and higher in
extreme than in average times.

In equilibrium, the agent’s subjective beliefs about fundamentals affect subjectively ex-
pected as well as objectively realized returns, as all assets are claims to the aggregate en-
dowment. Consistent with survey evidence by Greenwood and Shleifer (2014), return ex-
pectations are procyclical. When today’s log endowment growth is high, the agent becomes
optimistic and expects high endowment growth going forward. The expected return (and
the risk-free rate) must then increase to induce investment in the risky asset. The subjective
risk premium—the difference between the subjectively expected return and the real risk-free
rate—depends on the agent’s risk-aversion and on the perceived riskiness of the economy.
The agent’s risk-aversion is constant, but the subjective volatility is time-varying, which
leads to time-variation in the subjective risk premium. However, the variation in subjective
volatility is small under similarity-weighted memory, such that the subjective risk premium
is not predictable by aggregate valuation ratios and positively related to the agent’s percep-
tion of risk, consistent with evidence in Nagel and Xu (2023). I also find evidence suggesting
that the subjective risk premium is convex in endowment growth, as predicted by the model.

Next, I examine objectively realized returns. First, the real risk-free rate varies procycli-
cally. Intuitively, the risk-free rate must be high if the agent expects high endowment growth
to induce savings in the risk-free asset. Second, the objective risk premium is predictably
countercyclical. In equilibrium, objectively realized returns depend on changes in the agents’
beliefs and are predictable if belief changes are predictable. An outside observer with access
to the same data as the agent can recover the parameters of the endowment growth process

and predict mean reversion of the agent’s beliefs. If today’s endowment growth is high,



the agent becomes too optimistic about the fundamentals and pushes up the price of the
risky asset too much. Next period’s realization then disappoints on average, beliefs mean
revert, and objectively realized returns are low after a high endowment growth (Bordalo
et al., 2024). Moreover, the agent updates beliefs as if the recalled experiences were all that
ever occurred and perceives her new beliefs to be persistent, which leads to volatile realized
returns. Objective returns are unrelated to changes in objective risk or risk-aversion as both
are constant.

I then calibrate the model to analyze the quantitative implications of similarity-weighted
memory. My simulations confirm the qualitative properties of beliefs and asset prices dis-
cussed above. In addition, the objective risk premium is realistically high if the agent learns
from a limited number of past observations, and can even become negative during times of
extremely high sentiment (Greenwood and Hanson, 2013; Cassella and Gulen, 2018). The

real risk-free rate is low and does not vary much, as is consistent with data.

Extensions. I demonstrate the applicability of the framework with two extensions. First, I
introduce a persistent memory context (Howard and Kahana, 1999, 2002), which generates a
recency effect—the agent recalls more recent experiences with higher probability than more
distant ones—in addition to similarity and interference (Kahana, 2012; Barberis, 2018).
The persistent context leads to persistence in beliefs and allows the model to match the
empirical persistence of the price-dividend ratio (Campbell and Cochrane, 1999). Second,
I incorporate a peak-end memory distortion, capturing the higher memorability of extreme
and contextually similar experiences (Kahneman, 2000), consistent with the literature on
experience effects (Malmendier and Nagel, 2011, 2016). The peak-end distortion increases
the tendency to recall extreme outcomes, leading to a high perceived risk and thus a higher

subjective risk premium—consistent with survey evidence (Adam and Nagel, 2023).

Related literature. This paper develops a tractable general equilibrium framework that
links selective memory to asset prices, contributing to a growing literature that examines

the effect of memory on belief formation and decision-making (Zimmermann, 2020; Charles,



2021; Goetzmann et al., 2022; Graeber et al., 2022; Burro et al., 2023; Enke et al., 2024;
Charles, 2025; Chen and Huang, 2025; Godker et al., 2025; Jiang et al., 2025). Consistent
with evidence from psychology (Tulving and Schacter, 1990; Schacter, 2008; Kahana, 2012),
the agent’s recall of past observations is systematically biased toward experiences that re-
semble the current context. Using a representative survey of individual investors, Jiang et al.
(2025) identify similarity-weighted memory as a key mechanism in investors’ belief forma-
tion, and Charles and Sui (2025) show that beliefs constructed under similarity-weighted
memory can explain an array of return expectations. The theoretical literature primarily
analyzes the effect of memory on individual decision-making (Gilboa and Schmeidler, 1995;
Mullainathan, 2002; Azeredo da Silveira and Woodford, 2019; Bodoh-Creed, 2020; Nagel
and Xu, 2022; Bordalo et al., 2023; Fudenberg et al., 2024).

My paper also contributes to the literature on subjective beliefs in asset pricing (for
an overview, see Adam and Nagel, 2023). Empirically, investor expectations tend to be
procyclical: Investors expect asset prices to rise further after high returns and to continue to
fall after low returns (Vissing-Jorgensen, 2004; Bacchetta et al., 2009; Amromin and Sharpe,
2014; Greenwood and Shleifer, 2014; Kuchler and Zafar, 2019; Da et al., 2021). Existing
models explain this pattern through over-extrapolation (Barberis et al., 2015; Adam et al.,
2017; Barberis et al., 2018; Jin and Sui, 2022), diagnostic expectations (Bordalo et al.,
2018, 2019), partial-equilibrium thinking (Bastianello and Fontanier, 2025), or learning from
personal experience in overlapping generations (Ehling et al., 2018; Malmendier et al., 2020).
I show that similarity-weighted memory microfounds procyclical cash-flow expectations, in
line with evidence (Nagel and Xu, 2022; Bordalo et al., 2024). Moreover, similarity-weighted
memory also leads to return extrapolation, and time-varying subjective volatility, unifying
several empirical regularities with a single microfoundation.

Studies that incorporate memory into asset pricing focus mainly on fading memory to
account for the evidence that lifetime experiences shape macroeconomic expectations (Mal-

mendier and Nagel, 2011, 2016; Happel et al., 2023; Malmendier and Wachter, 2024), and



Nagel and Xu (2022) analyze asset prices an economy in which a representative agent learns
with fading memory. Fading memory implies that the impact of a past experience on the
agent’s beliefs dissipates over time. In contrast and consistent with evidence in Charles and
Sui (2025) and Chen et al. (2025), past experiences have a long-lasting effect on the agent’s
beliefs and are never truly forgotten under selective memory.? In addition to the asset pricing
results in Nagel and Xu (2022), I also obtain a convex subjective risk premium, for which I
find suggestive evidence.

Selective memory is a central motivation for diagnostic expectations (Bordalo et al., 2022,
2023), which have been used to explain credit cycles (Bordalo et al., 2018) and cross-sectional
variation of stock returns (Bordalo et al., 2019). In this paper, I explicitly model the recall
of past observations while retaining Bayesian learning, obtain overreaction of expectations in
an i.i.d. economy, and apply the model to analyze time-series properties of aggregate asset
prices. Wachter and Kahana (2024) provide a psychologically motivated theory of associative
recall. Their focus is on decision-making in a partial equilibrium, which is distinct from my
general equilibrium focus.

My framework also draws on the literature on misspecified learning in statistics and
economics (Berk, 1966; Esponda and Pouzo, 2016; Molavi, 2019; Heidhues et al., 2021;
Molavi et al., 2024). Fudenberg et al. (2024) propose the concept of posterior beliefs as
maximizers of the memory-weighted likelihood that is central to my characterization of

subjective long-term beliefs.

2Early studies of human memory (Ebbinghaus, 1885; Jost, 1897; Miiller and Pilzecker, 1900; Carr,
1931) focused on the finding that past experiences seem to be forgotten as a function of time decay, but
experimental findings challenge the notion that experiences are truly forgotten. Instead, if the context of
the original experience is reinstated, seemingly forgotten memories are typically recalled (Kahana, 2012).



2 Beliefs and asset prices under a general selective
memory distortion

This section characterizes the agent’s long-term beliefs under selective memory and embeds
them into a standard asset pricing framework. Selective memory is my only departure from
rational expectations, and all asset pricing implications arise from the agent’s subjective long-
run beliefs. The formulation here is general and accommodates various forms of selective
memory—for instance, agents may be overly likely to recall past extreme experiences, or the
recall of past experiences may depend on the current context.

Section 2.1 provides a non-technical outline of the selective-memory mechanism and its
implications for belief formation. Section 2.2 then introduces the learning environment, and
Section 2.3 characterizes the agent’s subjective long-run beliefs. I focus on discrete distri-
butions as in Fudenberg et al. (2024), and provide an extension to continuous distributions
in Appendix G. Proposition 1 is new and characterizes subjective long-term beliefs under
normally distributed fundamentals, as is relevant for applications in finance. Section 2.4
embeds the agent’s subjective long-term beliefs into a standard consumption-based asset

pricing framework.

2.1 From selective memory to subjective beliefs

I consider a standard Bayesian learning problem in which the agent holds prior beliefs, ob-
serves realizations from a fixed probability distribution, and updates beliefs using Bayes’
rule. T focus on the case where the agent has already observed infinitely many realizations.
Under some regularity conditions, the beliefs of a rational Bayesian agent converge to the
true probability distribution. By the law of large numbers, the empirical histogram of real-
izations converges to the true probability distribution. The agent’s long-run posterior beliefs
concentrate on the distribution that best fits the histogram of observed realizations, and

thus converge to the true probability distribution.



The agent considered here departs from full rationality because her recall of past obser-
vations is distorted by selective memory. A large literature in psychology and neuroscience
shows that human memory is both stochastic—the recall of a specific past observation is
probabilistic (Shadlen and Shohamy, 2016)—and selective—the recall of certain past ex-
periences is more likely than the recall of others (Schacter, 2008; Kahana, 2012; Wachter
and Kahana, 2024). T model stochastic and selective recall through a memory function that
assigns each past observation a recall probability, potentially dependent on the context.

The agent then forms beliefs from recalled rather than from all past realizations. Within
each bin of the empirical histogram, the share of recalled observations converges to the recall
probability for that bin. The histogram of recalled realizations thus converges to a memory-
weighted version of the empirical histogram. The agent’s long-term beliefs are then given by
the distribution that best fits this memory-weighted histogram, which is a memory-weighted
version of the true distribution. Selective memory therefore distorts the agent’s beliefs even
when the agent has observed infinitely many realizations, and the distortion depends on the
form of the memory function——agents who overweight favorable outcomes, for example, will

hold systematically optimistic beliefs. The following sections formalize the argument.

2.2 Learning framework

Economy. I study a representative agent endowment economy in discrete time. In every
period t, the agent observes the state of the economy s; and log endowment growth g, =
log C;/Cy—1. The assets in the economy are levered claims on the endowment stream. I
assume that the state s; = s is drawn from a finite set S C N according to the fixed,
i.i.d. and full support distribution = € A(S), where =(s) denotes the probability of state
s. The state s; = s induces a fixed and i.i.d. distribution ¢ € A(G) over the finite set

of possible endowment growth realizations G, that is ¢*(g) = Pr (g; = g|s; = ). T assume

3The assumption of a finite set of possible endowment growth realizations is for simplicity and allows
me to directly use the results from Fudenberg et al. (2024) here. Behaviorally, the restriction implies that
the agent observes and recalls a discrete approximation of the continuously-distributed endowment growth.

10



that ¢* belongs to the family of parametric distributions, ¢ € {qs : 6 € ©}, Vs € S, with

© C R* k € N, closed and convex.

Learning. The agent knows the distribution = of states,® but must learn the (state-
dependent) distribution of log endowment growth. To model uncertainty about the dis-
tribution of log endowment growth, I assume that the agent holds a prior belief by over
potential distributions ¢ € A(G)¥!, where g,(g) denotes the probability of g, = ¢ conditional
on s; = s, and ¢ specifies one induced distribution ¢, for each state s € S. The support
of the prior is @ and contains all ¢ that the agent considers possible. I focus on the case
in which the agent considers only parametric distributions ¢, € {qg : § € ©}, Vs € S, and
impose two additional regularity conditions. First, the agent is correctly specified ¢* € @
(Esponda and Pouzo, 2016; Fudenberg et al., 2024), which implies that the agent eventually
learns the true distribution without memory distortions. Second, for all ¢ € ) and all s € .S,
it holds that ¢¥(g) > 0 implies ¢s(g) > 0, which implies that none of the ¢ € ) can be ruled
out by the agent in finite time.

Memory. The agent observes an infinite history of log endowment growth and state real-

t
T=—00"

izations, H; = {(g-,$,)} where I call the tuple (g;,s;) an experience. t, = 3, L5 —)
denotes the number of experiences with s, = s,7 < t. In any period ¢, the agent observes
and recalls the current experience (g, s), but her memory of any past experience is distorted
by the memory function m, 5,y : G xS+ [0,1]. For 7 < ¢, the value of the memory function
M(g,,5,)(gr, S-) specifies the probability with which the agent recalls past experience (g-, s-)
given the current experience (g, s;). The current experience shapes the agent’s context,
which can affect the probability of recalling past experiences.” The recalled periods ry are a
subset of {—oo,...,t} and the recalled history HEF C H, is the collection of recalled experi-

ences {(gr, 8;) }rer, with |H[| past experiences. Similarly, r,, denotes the recalled periods in

state s and the recalled history of state s H ft C H} is the collection of recalled experiences

The results extend to continuous distributions (Appendix G).
41t is not essential that the agent knows Z. Section 3 shows results without this assumption.
®The model nests the rational-expectations benchmark with M(g,,s,)(9r,57) = 1 for all (g, 7).

11



for each state s.
Beliefs. The agent forms Bayesian beliefs as if her recalled history H[ is all that occurred

(naiveté).® Her posterior belief in period ¢ is

quA HTET‘t s, (gT> dbo(q)
fqu HTETt ds, (gT) dbO(Q)

b(AlH]) = VACQ, (1)

where A is a subset of probability distributions in the agent’s prior support Q.

2.3 Subjective long-term beliefs

I now characterize the agent’s subjective long-term beliefs. Define the memory-weighted

likelihood mazimizer (Fudenberg et al., 2024) conditional on the current experience (g, s¢),

LM(gy, s¢) = argmaX<Z 2(s) Y Mg (9:5) 42 (g) log qs(g)). (2)

9€@ seS geG

The memory-weighted likelihood maximizer is the distribution in the agent’s prior sup-
port that maximizes the likelihood of the recalled history H/®. Fudenberg et al. (2024) show
that the agent’s beliefs after a sufficiently long realized history H; are given by the memory-
weighted likelihood maximizer. The agent observes an infinite history of experiences and
the empirical frequency of log endowment growth conditional on the state converges almost
surely to the true distribution, ¢i. However, the agent selectively recalls past experiences,
and the frequency of recalled experiences converges to a memory-weighted version of the true
distribution. It is a property of Bayesian learning that distributions that do not maximize

the likelihood of the recalled experiences have vanishing posterior probability (Berk, 1966;

SFirst, the agent recomputes her beliefs each period based on all recalled information and does not
sequentially update her belief in period ¢t — 1 based on the experience (g, s:). d’Acremont et al. (2013)
and Sial et al. (2023) present evidence that humans access their accumulated evidence when forming beliefs.
Second, modelling partial naivety requires assumptions on the agent’s perception of her memory function.
If the agent anticipates her memory selectivity, she will perfectly undo any memory bias and learn g¢*.
Alternatively, if she believes that her recalled experiences are representative for the experiences she does not
recall, then her belief b, is not affected by partial naivety.

12



Kleijn and Van Der Vaart, 2012), which implies that the agent’s beliefs concentrate on the
memory-weighted likelihood maximizer.

I next illustrate the effect of selective memory on the agent’s subjective beliefs when
log endowment growth is normally distributed conditional on the state, as is relevant for

asset pricing. Assume that log endowment growth is drawn from a normal distribution,

€ {q = \/2;? exp (—%)W = (u;0%) € O,u € R,0% € Ryg, g € R} =: Oy, where O
is closed and convex.” I associate each ¢ with a parameter vector 0, = (us, 0?) whenever
no confusion arises. Assumption 1 holds for the remainder of this paper, and Proposition 1

shows how the agent’s state-wise posterior belief depends on selective memory. The agent

observes and recalls the state, and thus performs state-wise inference.
Assumption 1 The prior support is @ﬁ', and ¢* € @‘/\i'.

Proposition 1 (Normal posterior under selective memory). For each state s € S, the agent’s

belief by, is almost surely given by the unique normal distribution with és,t = (flst, 6§7t), and

N t
fisg = ps + B |H$}I!%t’ ) C’ov{g, IL{geHﬁt} , and (3)
57
—_—— —
Forgetfulness Selectivity
~2 2 A 2 ts o
O's,t = 0 + (:us,t - ,U/s) + E |_H7Rt . COU (g — ,Lts,t) ’]l{gEHft} s (4)
57
W . .
Forgetfulness Selectivity

where the indicator random variable Ligenry equals one if the agent recalls endowment growth

g = g with s; = s, and zero otherwise.

Equations (3)—(4) decompose the agent’s posterior beliefs under selective memory for
a normally distributed log endowment growth into fundamental components and memory-
induced distortions.

The posterior mean in state s depends on two terms: the fundamental mean p; and an

I use g to refer to endowment growth as a random variable instead of as a specific realization g,. The
closedness of © implies that p € [g; i) with 4 > —o00 and i < oo, and o € [0,5?] with 2 < oco.

13



adjustment arising from selective memory. The adjustment is the product of two factors:

ls
R
|Hs,t

First, the forgetfulness term, ]E[ }, measures the expected ratio of realized to recalled
observations in state s. Second, the selectivity term, Cov [g, Tige Hﬁt}]’ captures the direc-
tional distortion in recall: it is positive whenever the agent is more likely to recall high than
low realizations of g, and negative vice-versa.® The agent is thus too optimistic (fis; > js)
whenever the selectivity term is positive, meaning that the agent recalls a positively biased
history of log endowment growth; and too pessimistic (fis; < ps) whenever the selectivity
term is negative. In addition, the agent learns the fundamental mean whenever the selective
memory mechanism is unbiased, such that the covariance-term is zero. The effect of selec-
tivity is scaled by the degree of forgetfulness. If the agent recalls nearly all past realizations
of g (|H §t| ~ t5), the adjustment is small because the agent’s recalled history is not strongly
distorted by selective memory. If the agent instead recalls a few past realizations of g, it
is important how the recalled observations are selected by the memory mechanism, and the
selectivity term has a large effect on the posterior mean.

The posterior variance (Eq. (4)) is anchored at the true variance 0. The second term,

(fis,t — ps)?, is the usual term to correct for a potentially biased mean. The third term,

E {lf;},"tl} -Cov {(g — fis1)?, ]l{gert} , reflects selectivity with respect to the tails: it is positive
when the agent is more likely to recall extreme past observations, and negative when the
agent is more likely to recall past observations that are close to the posterior mean. The
agent perceives the economy as more risky than it fundamentally is whenever the selectivity
term is positive, meaning that the agent is more likely to recall past observations in the tails
of the distribution; while she perceives the economy as less risky than it fundamentally is
whenever the selectivity term is negative.

In addition to generating overly optimistic or pessimistic beliefs, as well as distorted risk

perceptions, selective memory can also lead to time-varying subjective beliefs if the selectivity

terms vary, for example, with the current context (g, s;). Proposition 1 is new and central

8Note that 1(yemry is a random variable with |E (]l{gthR}) = Mg, s,)(9, 57).
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to the asset-pricing applications that follow. It holds without additional restrictions on the
memory function and the applications in this paper introduce specific functional forms that

determine the magnitude and sign of the selectivity and forgetfulness terms.

2.4 Asset pricing framework

I now incorporate the agent’s subjective beliefs that arise from selective memory into a
standard consumption-based asset pricing model (Lucas, 1978; Mehra and Prescott, 1985).

Assume that the representative agent has Epstein and Zin (1989)-preferences

1y o

vi={a-par +s &) (5)

with discount factor [3, risk-aversion -, elasticity of intertemporal substitution (EIS) 4, and
composite parameter 1 = liﬁ In any period ¢, the agent maximizes the expected lifetime
utility V; under her subjective expectations I~Et() formed under the posterior b;.

The agent is unaware of her memory distortions and treats her recalled experiences as if
they were all that ever occurred. Although the agent’s recalled information does not form a
filtration, the agent, at any time ¢, holds an internally consistent set of beliefs and behaves
as if the law of iterated expectations holds, such that the economy is as in Martin (2013).

Consider an asset that pays a dividend stream {Dy; j}r>o with Dyyy = C’t’\JrkJ for some
constant A. If A = 0, the asset is a riskless bond that pays 1 in each period; if A = 1,
the asset is the aggregate consumption claim; and A > 1 is a levered claim (Campbell,

1986; Abel, 1999). Define the log dividend-price ratio as dp; = log(1 + %). The return on

: Di1+P D P —
any asset is Ry 1 = t“;; == e %( + Dttfl), and the log subjective expected return

is €ér; = log (]Et Rt+1). Similarly, the log risk-free rate is the log expected return on the

riskless bond, and the subjective risk premium on the A-asset is the difference between the
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log subjective expected return and the log risk-free rate.” Martin (2013) shows that

ol = —toa(3) ~ i) + (1= 1)t =), (
i = = 10g(9) ~ K= )+ (1 1) K1 =), )
€ry = dp, + K (M), (8)
oy = éry — 1 = Ki(N) + Ki(—7) = Ke(A =), 9)

where (k) is the cumulant-generating function under the agent’s subjective long-term
beliefs in period ¢. The moment-generating function M;(k) and the cumulant-generating

function KC(k) under the agent’s subjective beliefs are defined as

Miy(k) =B, (eF9+1), and (10)

Ki(k) == log (M,(k)) = log E; (ekg”l) , respectively. (11)

Both the moment-generating and cumulant-generating function provide expressions for the
moments of log endowment growth under the agent’s subjective belief b; and we can recover
the subjective moments of log endowment growth using M, (k) or KC;(k). The first and second
cumulant yield the agents’ subjective mean fi; and variance 62, whereby the n-th cumulant
can be obtained by differentiating /C;(k) n times and evaluating the result at zero.

I next discuss how the agent’s subjective beliefs affect equilibrium asset prices. To gain
intuition, consider power-utility preferences (n = 1) and a second-order approximation of

the cumulant-generating function around zero, IC;(k) ~ k¢; + % k2cy =k i + % k%62

1

rl = —log(B) + fir — 570t (12)

dpy = —log(B) — (A — ) fir — ; (A — )67, (13)

9n equilibrium, the risk-free rate and asset prices in period t are determined under the agent’s sub-
jective measure and are therefore realized. Realized returns and risk premia may deviate from subjective
expectations because they depend on next period’s dividend and price.
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. . 1 5.
éry = —log(B) +7 i + Ay 67 — 572 67, (14)

p, = )\'y&f. (15)

Both the risk-free rate and the subjective expected return are increasing in the posterior
mean of the agent, [i;, while the dividend-price ratio is decreasing in fi; if A > ~. Intuitively,
if the agent becomes more optimistic (higher fi;), she consumes more today. The risk-free
rate and subjective expected return must then increase to induce saving / investment. The
dividend yield dp; decreases in f[i; because the price—which reflects the discounted sum of
all future dividends—increases in i, if leverage \ exceeds the agent’s risk-aversion v.'° Note
that the subjective risk premium is independent of fi; because the risk-free rate and the
subjective expected return both depend positively on - ji;.

The agent’s posterior variance—the agent’s subjectively perceived risk in the economy—
also affects asset prices. The risk-free rate is decreasing in 62, because the risk-averse agent
has a precautionary savings motive that is stronger the more risky the economy appears.
The decreasing risk-free rate also leads to a decreasing dividend yield dp; due to a discount-
rate effect. In addition, the posterior variance has two opposite effects on the subjectively
expected return: First, the decrease in the risk-free rate leads to a decrease of the subjectively
expected return, as the overall level of returns in the economy decreases. Second, the risk-
averse agent requires a positive subjective risk premium, rp, = A+ &2, which is increasing
in the posterior variance. The expected return increases in the posterior variance if the risk
premium effect dominates the risk-free rate effect (A > %7)

Qualitatively, selective memory yields several empirical patterns in asset prices. For ex-
ample, procyclical expected returns (Greenwood and Shleifer, 2014) arise when the agent’s

posterior mean varies with the business cycle while her perceived variance does not. Accord-

Tnstead, if v > A—which is empirically more relevant and considered below—the agent discounts future
high dividend-payments more heavily due to the low marginal utility of high consumption and the divdend
yield is increasing in fi;. The effect does not arise under Epstein and Zin (1989)-preferences, which decouple
risk-aversion and EIS.
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ing to Proposition 1, this occurs if the agent is more likely to recall high endowment growth
rates in good times and low growth rates in bad times. Similarly, time-varying but acyclical
risk premia (Nagel and Xu, 2023) emerge when the posterior variance—which is driven by
the propensity to recall extreme past outcomes—Huctuates over time without systematic
comovement with the state of the economy. The next section imposes additional structure

on the memory distortion to examine the asset pricing implications in general equilibrium.

3 Similarity-weighted memory

In this section, I introduce similarity-weighted selective memory and impose additional struc-
ture on the economy. For tractability, I assume that the agent’s memory context—which
cues the recall of similar past experiences—is determined by today’s log endowment growth
(Section 3.1). Using Proposition 1, Section 3.2 characterizes the agent’s long-term beliefs
under similarity-weighted memory, while Section 3.3 derives the asset-pricing implications.
Simulation results are in Section 3.4.

The memory and belief mechanism in this section works as follows: The economy is ei-
ther in a normal state or in a recession. To gain intuition, suppose endowment growth is
always high in normal times but can be high or low in recessions. The agent observes the
current log endowment growth (the context) and retrieves past experiences with a similar
endowment growth. As growth is always high in normal times, the agent can only recall
normal times with a high growth, and her beliefs about normal times are essentially unaf-
fected by similarity-weighted memory. In contrast, the recall of recession periods depends
on the current context: when today’s growth is high (low), the agent recalls more high (low)
growth realizations from past recessions. Put differently, the agent becomes oblivious of bad

1

recessions in good times but vividly recalls them in bad times.!! Consequently, her pos-

terior mean covaries positively with current growth because recessions are perceived to be

UThis example extends the “thirsty traveler” example from Bordalo et al. (2020b): at airports, water
prices are always high, so travelers recall only high prices; downtown, prices vary widely, so similarity-
weighted memory systematically biases retrieved downtown prices.
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worse if contemporaneous endowment growth is low than if it is high. The same mechanism
generates variation in the subjectively perceived riskiness of the economy, which depends on
how severe recessions are perceived to be relative to normal times. Variation in the agent’s
subjective beliefs due to similarity-weighted memory drives variation in asset prices in the
representative agent economy analyzed here.

Similarity is a fundamental property of human memory (Kahana, 2012; Kahana et al.,
2024; Wachter and Kahana, 2024) and influences both individual decision-making and market
outcomes. Similarity-weighted memory has been shown to shape asset prices in experimental
settings (Enke et al., 2024), while field studies document systematic effects on investor
beliefs, trading behavior, and analyst forecasts (Chen and Huang, 2025; Jiang et al., 2025).
Using a range of firm-level and macroeconomic variables, Charles and Sui (2025) measure
the similarity between each quarter and the preceding sixty quarters and show that beliefs
reconstructed from a similarity-weighted memory mechanism closely match survey-based
return expectations, higher-moment beliefs, individual trading patterns, and recall behavior
in earnings calls. At the aggregate level, Chen et al. (2025) demonstrate that average next-
month returns over the twenty-five most similar historical episodes—as measured by textual
similarity in news—predict stock-market returns out of sample. Together with the results in
this section, these empirical findings suggest that similarity-weighted memory can explain

salient facts about aggregate asset prices.

3.1 Structural assumptions

The assumptions in Section 2.2 continue to hold, but I impose additional structure on the
economy. Let S = {1,2}, and s; = s follows a two-state observable Markov chain with
constant transition matrix II. The elements of II are 7;; = Pr[s; = j|s;—1 = ], and I focus

on i.i.d. transitions by imposing m; = m9; =: m; and w3 = M = 1 — m; =: my. Conditional
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on state s; = s, log endowment growth is normally distributed
iid.
gt - [’I’Sz + O-St €t7 € ~ N(07 1)’ (16)

with state-dependent mean p, and variance o2. Let p1 > ps and 07 < 03, such that state 1
corresponds to normal times, while state 2 captures recessions.
As before, the agent relies on an infinite history of past endowment growth and state

realizations, H; = {(g,,s,)}.___, to learn state-dependent parameters as in Proposition 1.

—0Q)

She also learns the transition probabilities ;; from the recalled history H}* which is distorted

by similarity-weighted selective memory

sim (gT B gt)2
M (g4,50) (gT’ ST) = €Xp [_ 2k ) (17)

where k > 0 captures the scrutiny with which the agent examines her memory database. A
higher scrutiny implies that the agent recalls almost all past observations.

Discussion. The i.i.d. two-state specification of log endowment growth serves three pur-
poses. First, Markov-switching models have long been used to capture aggregate endowment
dynamics due to their flexibility and tractability (Mehra and Prescott, 1985; Rietz, 1988;
Barro, 2006). Although Johannes et al. (2016) find that an ii.d. model has a low pos-
terior probability, I retain this structure to ensure that any time variation in beliefs and
asset prices arises solely from similarity-weighted selective memory, and not from the prop-
erties of the economy. Second, the two-state setup generates variation in both the subjective
mean and variance, whereas a one-state model only yields variation of the posterior mean
(Proposition 2). The time-variation of the posterior variance qualitatively mirrors Bayesian
parameter uncertainty that emerges when an agents with similarity-weighted memory forms
beliefs from a limited number of past observations, but I can obtain the former in closed

form using the i.i.d. two-state structure.'> Third, the two-state structure links the model to

12A model with an i.i.d. log-normal endowment growth is in Appendix F.3.
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recent work on learning within and across categories (Ba et al., 2024; Bastianello and Imas,
2025; Conlon and Kwon, 2025). T apply the same cognitive distortion—similarity-weighted
selective memory—to both dimensions, and leave heterogeneity in distortions across versus
within categories to future work.

Finally, Equation (17) models similarity as the numerical distance between today’s log
endowment growth, g;, and past endowment growth, g,. Today’s endowment growth thereby
encodes the memory context (Kahana, 2012), which I generalize in Section 4. The functional
form of Equation (17) is standard (Kahana, 2012; Charles and Sui, 2025; Jiang et al.,
2025), provides tractable analytical results (see Proposition 2), and is not essential for the

qualitative predictions of the model (see Proposition 1).

3.2 Long-term beliefs

I next analyze the agent’s long-term beliefs under similarity-weighted memory. First, I
highlight central properties of the agent’s subjective beliefs, to then analyze overreaction of

the agent’s forecast and discuss the predictability of belief revisions.

Subjective beliefs. Proposition 2 characterizes the beliefs of an agent with similarity-

weighted selective memory.

Proposition 2 (Subjective beliefs). Under similarity-weighted memory as in Equation (17),

almost surely,

2

fls = L 03 Ms + - +Sag gt = (1 - O‘S) Hs + Qs G, (18)
62, =(1—a) 02, and (19)
~ Ts Mst _(ms—gp)?

oy = with My, = /(1 — o) e 2&+od) 20
! s Ms,t + e Ms’,t ! ( ) ( )

o?
Kk+o2

where o = € (0,1) measures the sensitivity of the agent’s belief to this period’s log

endowment growth g;, and s’ generically denotes “other” state.
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Figure 1: Posterior beliefs under similarity-weighted memory

—4
AR 1.00 |
0.04 | 16.00 | -
R
0.02 ] L, 14003 — 5,080
g 2 1200 L 2
g 0.00] ks b 2 0.60 ]
8 & 10001 S g ¥
S -0.02 4 5 ! ] o
- = 4 I 1 =
2 004l 5 800 i £ 040,
A~ é 6.00 1 : i %'
-0.06 ] 400 1 — ~ 020 1
| 1
-0.08 1 2.00 1 e
e 0.00
02 0 02
8t 8t 8t
- oy S 2, - - 2y
- = Hay —— ()'% Eg’t

Figure 1 shows how the agent’s posterior beliefs depend on the current context g¢. The solid lines in
each panel show the posterior beliefs under similarity-weighted memory as given in Proposition 2,
while the dashed lines show the values of the parameters that an agent with rational expectations
learns. The parameters of the log endowment growth process are as in Table 1, and the vertical
dashed lines show the 0.5% and 99.5% quantiles of the log endowment growth process.

Under similarity-weighted memory, the agent’s subjective beliefs take simple, closed-form
expressions, and Figure 1 shows how the agent’s posterior beliefs depend on the current
context g;.

The posterior mean in state s is a convex combination of the fundamental mean ug and
the agent’s context g; (Equation (18)). If today’s endowment growth is high, the agent
recalls more past experiences with a high endowment growth due to similarity. The agent
will therefore be more (less) optimistic if this period’s endowment growth is high (low), as
shown in the left panel of Figure 1.

The sensitivity of the agent’s state-dependent posterior mean to the current context g,
given by «,, depends on the state-dependent variance o and on memory scrutiny x. If

2

o: — 0, the distribution of log endowment growth in state s is concentrated at us. All

observations that the agent can possibly recall are then very close to pus and the agent’s

22



posterior mean must be fi,; ~ us. If 02 — oo, the agent’s experiences in state s are very
dispersed and similarity has a strong effect on the recalled experiences, leading to fis; =~ g;.
[ assume o7 < o3, such that the agent’s posterior mean about state s = 1 is less sensitive to
the context g; than the posterior mean about state s = 2 (left panel of Figure 1).

A similar intuition applies to the scrutiny parameter x. If scrutiny is high (k — 00),
similarity becomes irrelevant because the agent recalls all past observations, such that /i, ~
ws. If scrutiny is low (k — 0), similarity is very important for the recall probability and
past experiences with log endowment growth that differ from the current context will not be
recalled, such that fis; ~ g;.

The agent’s state-dependent posterior variance (Equation (19)) is independent of the con-
text g; and smaller than o2 since a; € (0,1) (see the middle panel of Figure 1). Similarity-
weighted memory symmetrically overweights observations that are close to the current con-
text g, and underweights experiences that are very different. Therefore, the recalled state-
dependent distribution of log endowment growth is more concentrated than the underlying
state-dependent distribution, leading to a low perceived state-dependent variance.

The posterior probability in Equation (20) resembles the update of a Bayesian agent who
learns about the probability of state s given signal ¢;, with likelihood terms given by M.
If the current context is close to the mean of state s, the agent recalls more past experiences
from state s than from state s’ relative to the true probability m,, because most of the
observations that are close to g; are from state s. In contrast, if the context is very extreme,
the agent tends to recall more past experiences from the state with the higher variance, such
that the perceived probability of the high-variance state is higher than the true probability.
In the setting here, the posterior probability of the high-mean, low-variance state (s = 1) is
a concave function of the context g;, declining as g; moves further from p, as shown in the
right panel of Figure 1.

I next discuss properties of the agent’s unconditional time-t belief about log endowment

growth, which determines asset prices. From now on, I assume that the agent knows the
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state-dependent variances, o? and o2, and the transition probability m;, but learns about
the state-dependent means, p; and po. The results are qualitatively unchanged if the agent
instead learns about variances and transition probabilities (see Figure B.1).

The unconditional distribution of log endowment growth is a mixture of the state-wise
normal distributions, which is generally non-normal. I thus characterize the agent’s perceived

distribution using the subjective cumulant-generating function (CGF, Section 2.4):
Ki(k) = log [M,(k)] = log [77'1 6kﬂ1,t+%k2 o2 17y ekﬂz,ﬁ-%k? ag] . (21)

Under rational expectations, the corresponding CGF K*(k) is obtained by replacing i, with
s. Although higher-order cumulants significantly affect asset prices (Martin, 2013), I focus
on the subjective mean and variance of log endowment growth here, which are typically
measured in surveys and are the main drivers of the asset-pricing implications. The simula-
tions in Section 3.4 incorporate all higher moments, and Figure B.1 shows how the first four
subjective moments vary with g,.

The unconditional expected log endowment growth under the agent’s posterior belief is

fit =By (gep1) = 1 flae + T flog. (22)

Equation (22) shows that the agent’s expected log endowment growth is the probability-
weighted average of the state-wise posterior means. The expected log endowment growth is
thus increasing in this period’s endowment growth (procyclical). Similarity-weighted memory
provides a microfoundation for procyclical cash-flow expectations (recall that all assets in
the economy are levered claims on g¢;), as found in survey data (Greenwood and Shleifer,
2014; Barberis, 2018; Adam and Nagel, 2023). In the present i.i.d. setting, the agents’ beliefs
are not persistent. Section 4 extends the model by incorporating a persistent context, which
yields persistent expectations, as observed empirically (Bordalo et al., 2024). The sensitivity

of the expected log endowment growth to the contemporaneous endowment growth depends
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on a weighted average of the state-wise variances and on the scrutiny . Proposition 3

characterizes the agent’s state-wise and unconditional posterior mean.

Proposition 3 (Subjective mean). The average state-dependent posterior mean conditional

on the current state is

E (1411|8001 = 1) = (23)

E (fi1,41]8041 = 2) = p1 +ax (p2 — pi1), (24)

and the average state-dependent posterior mean is

E (fi1,41) = p1 + o mo (pi2 — pia) - (25)

Equations (23)—(25) hold for fiss11 with the respective change of indices. Moreover, the

average unconditional posterior mean of log endowment growth is

E (fiy) = m1 p1 + T po + my o (pg — 1) (o — az). (26)

The posterior mean of state 1 is unbiased if state 1 occurs, but is biased toward the
mean of state 2 if state 2 occurs. The reasoning is as follows: If today’s state s; = s,
then log endowment growth is drawn from a distribution centered at ug, such that the
realized endowment growth g; will, on average, be u, in state s. Thus, the posterior mean
of state 1 is unbiased if s; = 1, but biased to us if s; = 2. As a result, the average state-
dependent posterior mean, which is a combination of the average state-dependent posterior
mean conditional on each state, is biased towards the mean of the other state.

The average unconditional posterior mean given in Equation (26) is biased upward, since
p1 > o and ay < as by assumption. In normal times, s; = 1, endowment growth tends to
be high and the posterior mean of state 2 is biased upwards. Similarly, the posterior mean of

state 1 is biased downwards in a recession (s; = 2), but the downward bias of the posterior
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mean of state 1 is smaller than the upward bias of the posterior mean of state 2 because
a1 < as. The net effect is an upward bias of the unconditional posterior mean, such that
the agent is, on average, overly optimistic about endowment growth.'?

The posterior variance of log endowment growth under the agent’s beliefs is
62 = Var, (gip1) = m 02 + w02 + 1 o (flas — flag)” (27)

Equation (27) shows that the perceived riskiness of the economy, 62, depends on the state-
specific variances and on the dispersion of state-wise posterior means. Intuitively, the econ-

omy appears riskier when the agent perceives recessions to be much worse than normal times

(|ﬂ1,t - ﬂ2,t| is large).

Proposition 4 (Subjective variance). The average posterior variance under similarity-

weighted memory is

E [6?} = (7r1 o7 + Ty (75) [1 +m e (o — 042)2}

+ (1 — po)” T T [m ma (a1 — ag)” + [1 — (a1 T2 + a2 Wl)ﬂ : (28)

which is larger than the true variance o? if

(al —CYQ)Q (7T1 O'%—I—T{'QO‘%) )
2 (i1 — p2)" 29
2 (mo aq + my (rg) — (72 a% +m a%) > (1 — pa2) (29)

and bounded by
0 <E|[6}] <1.250"

Proposition 4 characterizes the average posterior variance, while Condition (29) identifies

when similarity-weighted memory inflates the average perceived riskiness of the economy.

13Tt follows that the posterior mean under similarity-weighted memory is unbiased if endowment growth
is log-normally distributed.
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Because the left-hand side of Condition (29) is always positive, the condition tends to hold
when the state means are close, i.e., (u; — p2) &~ 0. Moreover, due to the difference in ay, the
left-hand side of Condition (29) increases in the difference of the state-specific variances, o2
and 2. Thus, on average, the perceived riskiness of the economy under similarity-weighted
memory exceeds the fundamental riskiness if o2 is much larger than 0%, while p; & pus.

As shown in Proposition 2, the sensitivity of each posterior mean to the current context,
as = 02/(k + 02), increases with the state’s variance. Hence, when pu; & ps but 02 >> o2,
the posterior mean of the high-variance state s = 2 reacts more strongly to g, than that
of the low-variance state s = 1, as in Figure 1. The asymmetric reaction of the state-wise
posterior means to the current context raises their expected squared difference, (i1, — fiz;)?,

which amplifies the agent’s perceived aggregate riskiness.

Define ¢* = =2 Z;:Sl_”)m as the level of log endowment growth at which the two
posterior means coincide. The difference between the posterior means fi;; — fio; decreases
in log endowment growth for ¢; < g*, equals zero for g; = ¢, and increases in g; whenever
g: > g*. The unconditional posterior variance is a convex function of the context g;, with a
minimum at g* (see Figure B.1). Behaviorally, the convexity of the unconditional posterior
variance means that the agent perceives the economy as relatively safe during “average”
times—close to g*—, but as very risky during extremely good as well as extremely bad

times. To the best of my knowledge, the convexity of the perceived riskiness of the economy

is a new prediction of similarity-weighted memory.!*

Forecast overreaction. A property of rational forecasts is that they should not system-

atically overreact or underreact to new information. Coibion and Gorodnichenko (2015)

4The convexity result relies on 07 < 03, as found in the data. A similar pattern arises when endowment
growth is log-normal and the agent learns from a limited sample of past observations. In that setting, a
Bayesian learner faces parameter uncertainty that is priced under Epstein-Zin preferences (Collin-Dufresne
et al., 2016). With similarity-weighted memory, the agent recalls relatively many observations near the center
of the distribution—where data is dense—and relatively few observations in the tails. As a result, parameter
uncertainty, and hence perceived risk, is also convex in g;: the agent feels most certain in “average” times
and most uncertain during extremely good and bad times. Because closed-form solutions cease to exist
under limited-sample learning, the framework here focuses on the two-state setting that provides a tractable
analogue.

27



propose the following regression to test for over- or underreaction of forecasts:

Gt+h — ]Et (Gi4+1) = ace + Bea [Et (G14n) — Eiq (gt-i-h)} Uit p- (30)

Forecast error

Forecast revision

Rationality implies ace = 0 and Soe = 0, because the forecast revision Eq (ge4n) —Ei—1 (gean)
is known to the agent at time ¢ and should thus not predict forecast errors.!> Otherwise, a
rational agent would adjust her forecast. If Soe < 0, beliefs overreact as the belief revision is
too strong on average, while So¢ > 0 captures underreaction. Proposition 5 shows that I find
overreaction in Coibion and Gorodnichenko (2015)-regressions for an agent with similarity-

weighted memory.

Proposition 5 (Forecast overreaction). The long-term beliefs of an agent with similarity-
weighted memory overreact as measured by Coibion and Gorodnichenko (2015)-regressions

in Equation (30), since
1
Bea = —5 < 0, and ace = —m T (fg — 1) (@1 — az) . (31)

The intuition for overreaction under similarity-weighted memory is as follows: An upward
forecast revisions means that today’s growth rate is higher than yesterday’s, ¢, > ¢;-1. A
high ¢g; makes it more likely that the agent’s posterior mean is above the fundamental mean,
Pr(g; > pilg: > ¢gi—1) > 0.5, due to similarity-weighted memory. Since the true process
is i.i.d., the best objective forecast for next period’s growth, however, is the true mean.
Therefore, the average forecast error is predictably negative following an upward revision of

the agent’s forecast.

Belief predictability. As a final step, I argue that the agent’s belief revisions are pre-
dictable. Asset prices are determined by the agent’s subjective beliefs, such that predictable

belief revisions lead to return predictability.

5Note that the Coibion and Gorodnichenko (2015)-regression is not well identified for an agent without
memory distortions in our setting, as such an agent never revises the forecast.
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An econometrician with access to the same realized, infinitely long history H; as the
agent will learn the true parameters of the data-generating process and can use them to
forecast the agent’s beliefs. The objective expectation of the subjective moment-generating

function—that is, the agent’s expected next-period belief—is

M) = E [Mysa (k)] =my E [eborom] FO-emigitoty
7T2E [6kazgt+1} ek(l_a2)ﬂ2+%k20’g

=m 6/C*(k a1)+k (1—a1) H1+% k2 O’%

4 g1y X7 (Ro2)Fk (1—02) pat5 k¥ 0F (32)

Equation (32) shows that the expected belief of an agent with similarity-weighted memory is
constant over time as a result of the i.i.d. assumption on the agent’s context g;. A constant
expectation of the agent’s posterior beliefs implies that belief revisions are predictable and
mean-reverting. If this period’s log endowment growth is very high, such that the posterior
state-wise means are higher than the true means, then an econometrician expects a down-
ward revision of the agent’s beliefs in the next period. The mean-reversion of the agent’s
beliefs translates into mean-reversion of asset prices, and thus into predictably countercycli-

cal returns (Shiller, 1981).

Summary. The agent’s subjective beliefs under similarity-weighted memory are time-
varying, although the agent has access to infinite data. Consistent with empirical evidence,
the agent’s posterior mean varies procyclically and overreacts to new information. In addi-
tion, the framework predicts that the agent perceives the economy as excessively risky during
extremely good as well as bad times. Moreover, I find that the agent’s beliefs are predictably

mean-reverting. The next section embeds these beliefs into the asset pricing model.
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3.3 Asset pricing implications

In this section, I examine the equilibrium asset pricing implications of the agent’s subjective
long-term beliefs under similarity-weighted memory. I first analyze subjectively expected

asset prices and then discuss realized asset prices.

Subjective asset prices. Proposition 6 characterizes the equilibrium asset prices under
similarity-weighted memory using the subjective cumulant-generating (Equation (21)) and
the results from Section 2.4. I focus on power utility for intuition. The results for Epstein

and Zin (1989)-preferences are in Appendix A.6.

Proposition 6 (Asset prices under similarity-weighted memory). Focus on power wutility
(v = 1/v). Under similarity-weighted memory as in Equation (17) and an i.i.d. two-state

Markov-switching process for log endowment growth, it is

rf = —log(8) — log (m e it ol 4y et tod) (33)
dp, = — log(B) — log <7T1 QN ity -0l | o= fzety (A=) ff%) , (34)
éry =dp; + log (my et 2 X ot oy Azt 3 Mol (35)

N —~ il 1.2 .2 —~ 1.2 .2 i 1,42 2 A 1,42 2
rp, = log (7716 v b1t 0f + e v h2tt5 02) + log <7T1 Mt Ao oy oMzt A 02)

— log (771 G(A_’Y) ﬂl,t+% (>\_'\/)2 0’% + 7'('2 e(A_’Y) ﬂ2,t+% ()‘_7)2 U%) . (36)

The risk-free rate r{ , in Equation (33)—which is determined by the agent’s subjective
beliefs—increases with contemporaneous log endowment growth g; due to the procyclicality
of the agent’s endowment growth expectations. The posterior state-wise means fi; ; and fig,
both covary positively with g;, so that the cumulant-generating function at —v, KC;(—v) =
log (7r1 eVt ol 4 o eV Rzt Y "5) declines in g;. Since K;(—7) enters Equation (33)
negatively, the risk-free rate increases in ¢;. Intuitively, when the current context g, is
high, the agent selectively recalls past experiences with a high log endowment growth due

to similarity and forms optimistic beliefs. Being optimistic, the agent has a low incentive
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to save for the future, such that the risk-free rate must be high to make saving attractive.
The model thus yields a procyclical risk-free rate, as is consistent with evidence (Adam and
Nagel, 2023). Moreover, the volatility of the agent’s beliefs leads to a volatile risk-free rate
as empirically observed by Jorda et al. (2019).

Second, the dividend-price ratio of the A-asset dp; declines with contemporaneous log
endowment growth g, for A > . As discussed in Section 2.4, the asset’s price increases with
the agent’s posterior mean if leverage \ exceeds the curvature of the utility function, given
by .16 Because similarity-weighted memory leads to procyclical cash-flow expectations,
the model predicts countercyclical dividend-price ratios and, equivalently, procyclical price-
dividend ratios. Empirically, as well as in the model, the price-dividend ratio is positively
correlated with cash-flow expectations (De La O and Myers, 2021; Bordalo et al., 2024).

Third, the subjectively expected return, which depends on the dividend-price ratio dp,
and on the subjectively expected cash-flow growth K;()), increases with contemporaneous
log endowment growth g;. The subjective cash-flow growth expectation IC;(\) increases in
the agent’s posterior mean and thus in the contemporaneous log endowment growth g;.
When ~ > A, the dividend-price ratio also increases in ¢;, yielding a procyclical subjective
expected return. When v < ), instead, the dividend-price ratio decreases in ¢g;. However,
A > v > 0 implies that the cash-flow expectations dominate the discount-rate effect, such
that the subjectively expected return is procyclical in this case as well. Intuitively, the
agent is optimistic after observing a high contemporaneous log endowment growth, such
that the risky asset needs to yield a high expected return to induce investment.'” Procyclical
subjective return expectations are consistent with survey evidence (Amromin and Sharpe,
2014; Greenwood and Shleifer, 2014).

Fourth, the subjective risk premium 7p, depends on the convexity of the cumulant-

16Tn contrast, the price of the asset decreases in the agent’s posterior mean if v > A under power utility
preferences, but not under Epstein and Zin (1989)-preferences.

17An increase in g; rotates K; (k). As the CGF is convex (Martin, 2013), the effect of an increase of g; on
the subjective expected return is not necessarily monotone, and Figure 2 shows that the expected return is
indeed convex in g;. The statements in the main text hold for a second-order approximation of &C;(k).
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generating function over [—v, A] (Martin, 2013). Under similarity-weighted memory, this
convexity changes over time with g;. Consider the second-order approximation of the sub-
jective cumulant-generating function, rp, ~ A+ 67. The subjective risk premium of the agent
inherits, up to a second-order approximation, the convexity of the unconditional posterior
variance. Behaviorally, the agent demands a higher risk premium in exceptionally good as
well as bad times, and a low risk premium in average times. The convexity of the subjec-
tive risk premium is a new, testable prediction of the model. In addition, the subjective
risk premium thus varies with the subjective riskiness, and the convexity of the subjective
risk premium implies that rp, is approximately acyclical with respect to the price-dividend
ratio—which varies roughly linearly with g;. Both properties are consistent with empirical
findings by Nagel and Xu (2023).

Figure 2 displays the risk-free rate, price-dividend ratio, expected return, and subjective
risk premium. In contrast to the discussion so far, I consider a specification of Epstein and
Zin (1989)-preferences with 1 = 1.5 # 1/+.'® The qualitative properties of asset prices
discussed above for power utility continue to hold. Under similarity-weighted memory, the
risk-free rate and the price-dividend ratio increase in the context g;, while the subjectively
expected return is a convex function of g; due to the convexity of the posterior variance.
Similarly, the subjective risk premium is a convex function of the context g;. Under rational
expectations, instead, the risk-free rate, price-dividend ratio, subjective expected return, and

subjective risk premium are constant due to the i.i.d. assumption.

Objective asset prices. The agent’s beliefs are predictable by an outside observer with
access to the same data as the agent, as shown in Section 3.2. The objectively realized return
and risk premium therefore deviate from their subjective counterparts. Using a Campbell-

Shiller decomposition as in Campbell (1991), the objective risk premium is (Appendix D)

E(re1) — 7”{ = AE(gr11) + Ki(—7) = Ke(A =) — 1pp (E (dpis1) — dpy), (37)

BImportantly, the parameters imply that the agent cares more about the resolution of uncertainty than
about predictable variation in consumption, which becomes important in the simulations below.
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Figure 2: Qualitative asset pricing implications of similarity-weighted memory
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Figure 2 shows the risk-free rate, price-dividend ratio, subjectively expected return and subjectively
expected risk premium for different values of the context g; under rational expectations (dashed line)
and under similarity-weighted memory (solid line). The parameters of the log endowment growth
process are as in Table 1, and the preference parameters are § = 0.97,v = 10,4 = 1.5,k = 0.01.
The vertical dashed lines show the 0.5% and 99.5% quantiles of the log endowment growth process.

with
1
E(dpes1) = —log(8) — E [Kenn (A — )] + (1 _ n) E (Kot (1= 7).

and p = L j with a historical average dividend-price ratio d — p of 4% to 5%, im-

1+4exp (ﬁ

plying p =~ 0.95 (Campbell, 2017). The objective risk premium deviates from the sub-
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jective risk premium due to two effects: First, the econometrician’s expected endowment
growth E(g;41) = m 1 + 72 pe deviates from the subjectively expected endowment growth
fiy = 1 fi14 + T2 flas. Second, the econometrician expects a revision of the agent’s beliefs to
their long-term mean, which affects the (future) dividend-price ratio of the economy. For
p =~ 0.95, differences in the expected dividend-price ratio under the objective and subjective
measure are multiplied by 1%]3 ~ 19, leading to sizable fluctuations of the objective risk
premium.

To gain intuition, consider the case of log-normal endowment growth (u = 1 = ps and
0 = 01 = 03), since closed-form solutions exist in this case.!® Under log-normality, it is
p 1

1 p
E(r —Tf:rAp—|—< -\ — - —
(t+1) t t 1_p 1_p,¢}

. 1
) (M—Mt)—§>202-

As in Nagel and Xu (2022), the objective risk premium has three components: (i) the
subjective risk premium, which is the priced risk compensation required by the representative
agent in equilibrium; (ii) a sentiment premium that is driven by the time-varying belief wedge
i — iy and depends on the leverage of the asset A as well as on the inverse of the EIS 17!
and (iii) a Jensen adjustment.

If the agent is too optimistic, fi; > u, the econometrician expects a mean reversion of the
agent’s beliefs towards p and a low return next period. In good times, the agent becomes
overly optimistic about future cash-flows, such that the asset price is high. The agent’s
cash-flow expectation tends to be disappointed next period (see Proposition 5), such that
returns are low following good times.

Figure 3 confirms these dynamics for the two-state setting. When the context g, is high,
the agent is very optimistic and the realized risk premium will, on average, be low. Equation
(37) shows that the price-dividend ratio (the reciprocal of dp;) negatively predicts the realized

risk premium. The objective risk premium is low if ¢, is high (Figure 3), which corresponds

19 Appendix D shows how to approximate the expected subjective cumulant-generating function for the
two-state Markov-switching process.
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Figure 3: Objective and subjective risk premium
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Figure 3 shows the objective (orange dashed line) and subjective (blue solid line) risk premium for
different realizations of the contemporaneous log endowment growth g;. The parameters of the
log endowment growth process are as in Table 1, and the preference parameters are

B=0.97,v =10, = 1.5,k = 0.01. The vertical dashed lines show the 0.5% and 99.5% quantiles
of the log endowment growth process.

to times in which the price-dividend ratio is high (Figure 2). The objective risk premium
is thus predictably countercyclical using aggregate valuation ratios (Shiller, 1981; Campbell
and Shiller, 1988; Nagel and Xu, 2023).

Importantly, Figure 3 also highlights that the subjective risk premium varies signifi-
cantly less than the objective risk premium and is effectively acyclical. Empirically, the
objective risk premium is two orders of magnitude more volatile than the subjective risk
premium (Nagel and Xu, 2023). In the framework here, the acyclicality of the subjective
risk premium in comparison to the cyclicality of the objective risk premium arises because
the time-variation of the perceived riskiness of the economy is a second-order effect here,
while variation of the first moment of beliefs is first-order. This mechanism offers an alter-

native behavioral microfoundation for the observed dichotomy of subjective and objective

risk premia (Nagel and Xu, 2023).

Summary. Similarity-weighted memory explains salient empirical differences of subjectively
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expected and objectively realized asset prices, especially patterns of cyclicality, predictabil-
ity, and sensitivity to risk measures. First, subjectively expected returns are procyclical,
while objectively realized returns are countercyclical. Second, the subjective risk premium is
acyclical and not predictable by aggregate valuation ratios, while the objective risk premium
is predictable by aggregate valuation ratios. Third, variation in the subjectively perceived
riskiness of the economy leads to variation in the subjective risk premium, while variation

of the objective risk premium is unrelated to the constant objective risk or risk-aversion.

3.4 Calibration and simulation

I now turn to a quantitative analysis of the model using simulations. After describing
the (estimated) parameters of the endowment growth process and the agent’s preference

specification, I discuss the simulated asset prices. Extensions are in Section 4.

Parameters. Table 1 summarizes the parameters used for the simulations. There are
two types of parameters: endowment growth and preference/belief parameters. I estimate
the parameters of the i.i.d. two-state Markov-switching process for log endowment growth
(Equation (16)) using Bayesian methods (see Appendix E and Johannes et al. (2016)). I mea-
sure endowment growth using the quarterly growth of services and non-durable consumption
from the Bureau of Economic Analysis from Q1 1947 to Q2 2025 and report the annualized
Bayesian maximum a-posterior parameters among 10,000 parameter combinations in Table
1. To ensure equilibrium existence for a wide range of beliefs, I lower the mean growth rate
in the recession state, o, from —0.28% to —2.80%. As a result, the simulated economies
exhibit an average annual growth rate of 1.47%, compared with 1.79% in the data. Further-
more, I set the leverage parameter A = 3 as in Collin-Dufresne et al. (2016) and Nagel and
Xu (2022). Estimating A by regressing quarterly aggregate dividends obtained from CRSP
on endowment growth, I find A ~ 3.31.

The preference parameters are chosen to be close to values used in the literature while
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Table 1: Calibration parameters

Parameter Symbol  Value Source

Endowment growth process
Mean growth in

State 1 T 1.92% Estimated

State 2 L2 —2.80% Calibrated
Growth volatility in

State 1 o 1.52% Estimated

State 2 09 3.90% Estimated
Probability of state 1 T 90.05% Estimated
Leverage A 3.00  Collin-Dufresne et al. (2016)
Preferences and memory
Risk aversion Y 10 Jin and Sui (2022)
EIS Y 1.7 Gruber (2013)
Time discount factor 15} 0.993 -
Memory scrutiny K 0.02 -

Table 1 reports the parameters used in the simulation. The parameters of the endowment growth
process are estimated using Bayesian methods (Johannes et al., 2016) and annualized by multiplying
means by four and standard deviations by 2. I mostly set the preference parameters to ensure
equilibrium existence and use values from Jin and Sui (2022) and Gruber (2013). Memory scrutiny
K is set to be of the same magnitude as the volatility of endowment growth.

ensuring equilibrium existence in the i.i.d. economy considered here.?’ I set the coefficient
of relative risk-aversion v = 10 (Jin and Sui, 2022) and the elasticity of intertemporal
substitution (EIS) to ¢ = 1.7 (Gruber, 2013).%! T set the discount factor 8 = 0.993, which
is lower than in related work by Nagel and Xu (2022) and Jin and Sui (2022) to ensures
equilibrium existence. Finally, I set the memory scrutiny parameter x = 0.02, so that

memory scrutiny is of the same order of magnitude as the volatility of endowment growth.

Setting x = 0.02 implies a; = 0.003 and as = 0.019, such that the agent’s posterior mean is

20T also restrict the agent’s beliefs used to price assets to the range consistent with equilibrium existence.
For the parameter values in Table 1, I compute the upper and lower bounds of the posterior means that
support an equilibrium and restrict pricing-relevant beliefs to remain within this range (Collin-Dufresne
et al., 2016). Using x = 0.02, the restriction is binding in 5.4% of all simulated periods. Subjective beliefs
and asset prices in Table 2 are not restricted to ensure equilibrium existence. It is an open question if survey
beliefs are consistent with equilibrium considerations (Andre et al., 2025; Bastianello and Fontanier, 2025).

2Values of v between 4 and 10 are standard in the long-run risk literature, and Mehra and Prescott
(1985) argue that values up to and around ten are reasonable. Estimates of the EIS vary across studies, but
most empirical work reports values above, but close to one (Beeler and Campbell, 2012). Setting ¢ to one
yields a higher risk-free rate of 3.86%, but leaves the subjective and objective risk premium unchanged.
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Figure 4: Posterior long-term beliefs
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Figure 4 shows the annualized posterior beliefs of the agent for one realization of log endowment
growth. The left (middle) panel shows the posterior mean of log endowment growth in the good
state (bad state) and the right panel shows the subjective volatility. The dashed line in each panel
plots the respective quantity under rational expectations, and the vertical lines mark realized bad
states. The parameters are as in Table 1, except that I use p; = 0.96. Using p; = 0.96 implies that
the subjective volatility is quantitatively different from that reported in Table 2.

not overly sensitive to g;.?

Simulation. I simulate the model quarterly to match the frequency of consumption data.??
Table 2 reports the annualized average moments from 50, 000 simulations of the model, each
for 312 quarters, and shows that the model qualitatively matches salient facts about asset
prices.

Figure 4 plots the agent’s posterior beliefs for one realization of the endowment growth
process. Together with Table 2, it highlights that the posterior mean of the more frequently
observed good state, fi; ¢, is approximately unbiased and constant. In contrast, the posterior
mean of the rare recession state fio, is biased upward and more volatile. The bottom row

of Table C.1 reports the coefficient of a Coibion and Gorodnichenko (2015)-regression as in

22For k = 0.2(0.002, 0.0002), it is a; = 0.0003 (0.0281, 0.2241) and s = 0.0019 (0.1598, 0.6553).
23A quarterly calibration implies that the agent’s memory context updates quarterly. The model can be
simulated at higher or lower frequencies, and also with temporal variation in the memory context.
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Table 2: Simulation results with baseline parameters

Subjective Objective

Symbol Total Normal Recession  Total Normal Recession
Endowment growth

Mean 1.457 1.919 —2.721 1.451 1.919 —2.794
Std (f) 0.009  0.006 0.038 - - -
Volatility 2.019 2.019 2.022  2.017 - -
corr(6y, g) —1.000 —1.000 —1.000 - - -
Asset prices

ery 4.611 4.612 4.604 - - -
Std (ery) 0.004 0.003 0.007 - - -
corr (ery, g;) 1.000 1.000 1.000 - - -
rl ; - - 3334 3.336 3.321
Std(r{) - - - 0.011  0.008 0.021
corr(rd , g;) - - - 0987 0.991 0.980
TPt 1.277 1.276 1.283  1.076 0.806 3.528
Std(rpy) 0.002 0.002 0.004 1.160 0.873 2.221
corr(rpy, gi) —0.910 —0.934 —0.851 —1.000 —1.000 —1.000

Table 2 shows the moments obtained from 50,000 simulations of the model for 312 quarters under
the assumption that the agent has an infinite sample of observations. Returns and expectations are
annualized as follows: the means are multiplied by four and the standard deviations are multiplied
by two. For the risk-free rate, I multiply the quarterly mean and the standard deviation by four.

Proposition 5 and indicates overreaction of the agent’s beliefs (bcg < 0).2*

The agent’s posterior variance (right panel of Figure 4) tends to spike during recessions
but also fluctuates in normal times. The average subjective volatility of the economy is
low (2.019) but slightly higher in recessions (2.022) than in normal times (2.019). The
strong negative correlation of the subjective volatility with endowment growth arises because
almost all realizations of endowment growth lie on the decreasing part of the globally convex

subjective volatility (Proposition 4).? Using a measure of the perceived riskiness from the

Graham-Harvey CFO Survey compiled by Nagel and Xu (2023),%° T also find countercyclical

24Using conventional t-Statistics, I cannot reject the null that bog = 0 in the baseline simulations. In
unreported results, I confirm that increasing the sample size leads to bog — —0.5 with high ¢-Statistics.

25Given the parameters, the subjective volatility is minimized at g* = (1_a1)5;(0}1_“2)“2 ~ 0.7387.
261 thank the authors for providing the data.
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variation of the perceived riskiness: the average perceived riskiness is higher in recessions
(15.57) than in normal times (12.84, see Table E.2).?

A new prediction of the model is that the perceived riskiness of the economy is a convex
function of economic conditions: the agent perceives the economy as risky in extraordinar-
ily good as well as bad times. Regressing perceived volatility on log consumption growth
and its square in the simulated data yields a significantly negative coefficient on the linear
term and a significantly positive coefficient on the squared term. Empirically, the perceived
volatility is higher in the lowest and highest quintiles of log consumption growth than in
the middle quintiles (Table E.2), suggesting a convex relation between economic conditions
and perceived riskiness of the economy. Moreover, running the same regression in survey
data (Table E.3), I find a positive, marginally significant squared term and a negative, but
insignificant linear term—broadly consistent with the model’s prediction.

Table 2 shows that the risk-free rate and the subjectively expected return are procyclical
(positive correlation with endowment growth), as is consistent with empirical findings. The
average risk-free rate varies slightly around 3.33%, but is relatively constant across normal
times (3.34%) and recessions (3.32%). Empirically, the log risk-free rate is at about 3.80%
in postwar data (see Table E.2),%® and varies across normal times (3.98%) and recessions
(2.72%).

The subjective risk premium in the simulations is low (1.277%), almost constant (average
standard deviation of 0.002), does barely vary across normal times (average of 1.276%) and
recessions (average of 1.283%), and is not predictable by the dividend-price ratio (Table C.1).
Using data by Nagel and Xu (2023), the subjective risk premium of individual investors—
measured using log return expectations minus the log risk-free rate—is higher than in the

simulations with 5.63%, but it also barely varies across normal times (5.59%) and recessions

2] measure recessions using the posterior probability of being in the good state under the maintained
assumption of a two-state i.i.d. Markov chain with the same parameters as in Table 1. A period is a recession
if the probability of being in the good state is below 0.5. The recession measure has a high overlap with
NBER recession periods, but assigns quarters with an extremely high consumption growth to a recession, as
is consistent with the model.

281 use the 3-month T-bill rate from FRED.
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(6.46%, see Table E.2). In the model, subjective risk premia inherit the time-variation
of the subjective volatility due to the positive risk-return trade-off under the subjective
measure (Nagel and Xu, 2023). Empirically, I find a significantly positive coefficient on the
squared term when regressing the subjective risk premium on log consumption growth and
its square. This indicates a convex relationship between the subjective risk premium and
economic conditions (see Table E.3), consistent with the model’s prediction.

The objective risk premium is more volatile than the subjective risk premium (standard
deviation of 1.160%) and slightly lower than the subjectively expected risk premium with an
average of 1.076% in the simulations. The countercyclicality of the objective risk premium
is pronounced, since the objective risk premium is lower in normal times (0.806%) than
in recessions (3.528%).%° Table C.1 shows that the objective risk premium is predictably
countercyclical using the dividend-price ratio (Bobj = 0.60). The comparably high volatility
and the predictability of the objective risk premium are consistent with empirical findings
(Campbell and Shiller, 1988; Nagel and Xu, 2023).

Table C.2 in Appendix C shows the average subjective and objective risk premium for
each quintile of log endowment growth. The subjective risk premium is almost constant
across quintiles, but the objective risk premium is high in the lowest quintile of endowment
growth (4.36%), and becomes negative in the highest quintile (—1.75%), consistent with
empirical results that find negative excess returns in times of high sentiment (Greenwood
and Hanson, 2013; Cassella and Gulen, 2018).

Asset prices in an economy with similarity-weighted memory distortions generate key
qualitative patterns found in the data, but the realized risk premium is comparably low. As
shown in Section 3.3, the objective risk premium depends on the predictability of the agent’s
subjective beliefs. When the agent has already observed an infinitely long history and the
memory context depends solely on contemporaneous endowment growth, the agent’s beliefs

are too stable to generate a high realized risk premium. Combined with i.i.d. fundamentals,

29Empirically, the objective risk premium is higher than in the simulations, with an average of 6.07% that
varies countercyclically (10.0% in recessions and 5.63% in normal times).
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the model yields fast mean reversion and little persistence in the risk premium, the price-
dividend ratio, or the subjective cash-flow beliefs—in contrast to empirical findings.
Overall, relaxing rational expectations through similarity-weighted memory can quali-
tatively account for the observed cyclicality, predictability, and sensitivity to risk of both
subjective and objective asset prices. The model especially generates predictability and time-
variation that is consistent with empirical results, even though all dynamics in the model
are driven by i.i.d. fundamentals. The i.i.d. dynamics, however, also imply that the model
does not match other important empirical moments. The next section considers extensions

of the framework that yield additional dynamics.

4 Extensions and discussion

4.1 Limited history

In this section, I consider an extension in which the agent learns from a finite sample of
past observations. Finite-sample learning introduces Bayesian parameter uncertainty, which
endogenously generates long-run risk and a high price of risk under Epstein and Zin (1989)-
preferences (Collin-Dufresne et al., 2016). I show that combining parameter uncertainty with
similarity-weighted memory produces a realistic risk premium while retaining the qualitative
patterns documented for the baseline model. Moreover, limited data induces persistence in
beliefs and asset prices, as the agent updates more slowly when relying on limited samples.
The persistence gradually declines as the observed history lengthens.

When the agent learns from finitely many observations, beliefs and asset prices must
be simulated (Appendix F.1). The analytical characterization of beliefs as maximizers of
the memory-weighted likelihood (Equation (2)) relies on asymptotic convergence, which
no longer holds when the agent’s history is finite. I therefore simulate the model 50,000
times for 312 quarters. For every quarter in each simulation, I draw the agent’s recalled

history according to the similarity-weighted memory function (Equation (17)). I focus on an
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Table 3: Simulation results with baseline parameters and parameter uncertainty

Subjective Objective

Symbol Total Normal Recession  Total Normal Recession
Endowment growth

Mean 1.467 1.918 —2.615 1.452 1.922 —2.801
Std (f) 0.055  0.045 0.335 - - -
Volatility 2.025 2.024 2.034  2.018 — —
corr(6y, g) —0.082 —0.019 —0.270 - - -
Asset prices

er; 18.949  19.099 17.590 - - -
Std (ery) 6.086 6.135 5.370 - - -
corr (ery, g;) 0.050 0.051 0.066 - - -
rf . . ~ 3229 3.233 3.194
Std(r{) - - - 0.208 0.205 0.230
corr(rd , g;) - - - 0.093  0.062 0.182
Pt 15.720  15.866 14.396  3.117 —0.430 35.212
Std(rpy) 6.160 6.208 5.451  25.739  24.553 29.572
corr(rpy, gi) 0.050 0.050 0.064 —0.247 —0.137 —0.402

Table 3 reports the moments obtained from 50,000 simulations of the model for 312 quarters plus
a 120 quarter burn-in period when the agent learns from a finite sample, such that the Bayesian
posterior has a strictly positive variance around the parameter values. Returns and expectations are
annualized as follows: the means are multiplied by four and the standard deviations are multiplied
by two. For the risk-free rate, I multiply the quarterly mean and the standard deviation by four.

uninformative prior and include 120 quarters of log endowment growth as a burn-in period,
so that the agent enters the market with 30 years of historical data.?

Table 3 reports model-implied moments based on 50, 000 simulations, and Figure 5 plots
one realization of the agent’s beliefs. Relative to the ¢ — oo benchmark, learning from a fi-

nite sample generates more volatile expectations but similar long-run averages. Similarly, the

properties of the subjective volatility discussed in Section 3.4 hold under parameter uncer-

30Pricing-relevant beliefs are restricted to be consistent with equilibrium under full-information rational
expectations. The restriction binds in roughly 40% of simulated quarters, which primarily arises when the
sample mean of the observed history exceeds the upper bound. As before, I report subjective beliefs and the
subjectively expected return without the equilibrium restriction. Imposing the restriction on subjectively
expected returns yields a biased estimate of the correlation between the subjectively expected return and the
contemporaneous log endowment growth, which is attenuated and can even become negative. Relaxing the
range of beliefs that support equilibrium also yields procyclical subjective return expectations (Table C.4).
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Figure 5: Posterior beliefs with parameter uncertainty
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Figure 5 shows one realization of the agent’s posterior beliefs when allowing for parameter uncer-
tainty. Panel (A) plots the subjective mean for the good state (fi1+), panel (B) for the recession
state (fi2¢), panel (C) the subjective volatility, and panel (D) the parameter uncertainty. In Panels
(A)-(C), the solid blue line shows the posterior belief with a finite number of observations, the
green dashed line shows beliefs in the ¢ — oo limit and the orange dashed line marks the true
parameter. Vertical gray lines mark recession periods. The parameters are as in Table 1, except
for p; = 0.96 and a 360-quarter burn-in period. Panel (D) plots the uncertainty about the mean
in state 1 against the contemporaneous endowment growth g; across 1,000 simulations. I increase
the sensitivity of beliefs to the current context by setting x = 0.002 for panel (D) only.

tainty with a lower, but still negative, correlation of subjective volatility and log endowment

growth. The bottom row of Table C.1 shows that the agent’s beliefs overreact more when
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learning from a limited sample, with a Coibion and Gorodnichenko (2015)-regression coeffi-
cient of beg = —0.470. Moreover, Panel (D) of Figure 5 shows that parameter uncertainty—
which is priced under Epstein and Zin (1989)-preferences—is convex in the current context.
Economically, the agent is more uncertain about her beliefs in extremely good as well as bad
times, generating a convex priced uncertainty that mirrors the convexity of the subjective
volatility discussed in Section 3.2.

The invariance of the qualitative features of beliefs when moving from an infinite to a
finite history implies that the qualitative features of asset prices discussed in Section 3.4 also
hold under parameter uncertainty. Quantitatively, the model generates an average objective
risk premium of 3.12%, roughly consistent with the results reported by Jin and Sui (2022)
and Campbell and Cochrane (1999). Using long-term data by Jorda et al. (2019), I estimate
a risk premium between 1.07% (Portugal) and 7.33% (Germany), with the US being at
4.46%. Moreover, I find an average risk premium of 5.63% in normal times and of 10.00%
in recessions in the data by Nagel and Xu (2023) (see Table E.2). The model similarly
produces a higher risk premium in recessions (35.21%) than in normal times (—0.43%), but
the magnitude of the difference is larger than in the data.

Learning from a limited history also induces persistence in beliefs and valuation ratios.
As shown in Table C.3, the model generates persistence in both beliefs and the price-dividend
ratio, while excess returns exhibit fast mean reversion. The price-dividend ratio is somewhat
more persistent than in the data (Campbell and Cochrane, 1999; Jin and Sui, 2022), but in
a plausible range.

Learning from a finite-history under similarity-weighted memory improves the model’s
quantitative performance—raising the risk premium and introducing persistence—while pre-
serving the qualitative features of beliefs and asset prices. The improvement comes at the
cost of computational complexity and the loss of closed-form solutions. Over time, the
economy with learning from a finite history converges to the infinite-history case analyzed

in Section 3.4, such that the persistence gradually dissipates. I next extend the model to
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incorporate a persistent memory context, which gives a fundamental reason for persistence.

4.2 Persistent context

In this section, I extend the model by introducing a persistent memory context. Section 3
assumes that the context is given by today’s log endowment growth g;. I now generalize the

memory function to

pers

(gT - Ct>2
M) (97, 5) = exp [—M , (39)

where context ¢; evolves according to

c=¢c1+(1—9) g (39)

The agent’s state-wise posterior mean is thus given by

fist = (1 — ag) s + e, (40)

so that persistence in ¢; translates directly into persistence in beliefs and asset prices.

Figure 6 illustrates the resulting belief dynamics for the same realization of log endowment
growth as in Figure 4. Relative to the i.i.d. benchmark, the posterior mean of the recession
state [l is more persistent and consistently above its true value 5. The higher persistence of
both posterior means leads to a low fluctuation of the subjective volatility, which is generally
below the true volatility os.

Table 4 summarizes the results of 50,000 simulations for 312 quarters under the pa-
rameters as in Table 1, but with a persistent memory context. I calibrate the persistence
parameter ¢ = 0.85 to match the empirical persistence of the annualized price-dividend ratio
reported by Campbell and Cochrane (1999). The asset pricing moments are quantitatively

similar to those obtained under the i.i.d. context (Table 2), but with somewhat lower volatil-
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Figure 6: Posterior long-term beliefs with persistent context
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Figure 4 shows the annualized posterior beliefs of the agent for one realization of log endowment
growth. The left (middle) panel shows the posterior mean of log endowment growth in the good
state (bad state) and the right panel shows the subjective volatility. The dashed line in each panel
plots the respective quantity under full-information rational expectations, and the vertical lines
mark realized bad states. The parameters are as in Table 1, except that I use p; = 0.96. Moreover,
I use ¢; = ¢ci—1 + (1 — @) gy with ¢ = 0.85.

ity and cyclicality in the risk-free rate, expected return, and both subjective and objective
risk premia. Simulating the model with a persistent context and learning from a limited
sample yields a realized risk premium of 3.12%, with a more reasonable variation across
normal times (1.22%) and recessions (20.25%) than under an i.i.d. context.

The persistent memory context generates two additional patterns. First, it produces
persistence in the annualized price-dividend ratio that closely matches the values documented
by Campbell and Cochrane (1999) (see Table C.3). Second, it leads to slow mean reversion of
the realized risk premium, implying that valuation ratios predict future returns even at long
horizons. Regressing k-year returns on the current price-dividend ratio yields coefficients that
gradually decline in magnitude: -0.024 at a one-year horizon (R? = 0.84), -0.021 at three
years (R? = 0.72), and -0.010 at seven years (R* = 0.18). Empirically, the predictability of

returns tends to be increasing with the forecast horizon.

The model’s ability to accommodate a persistent context shows the flexibility and appli-
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Table 4: Simulation results with persistent context and baseline parameters

Subjective Objective
Symbol Total Normal Recession  Total Normal Recession
Endowment growth
Mean 1.457 1.919 —2.721 1.451 1.919 —2.794
Std (/) 0.003  0.002 0.011 - - -
Volatility 2.019 2.019 2.019  2.017 — —
corr (G, gt) —0.513 —0.404 —0.727 - - -
Asset prices
ery 4.611 4.611 4.610 - - -
Std (ery) 0.001 0.001 0.001 - - -
corr (ery, gr) 0.513 0.405 0.728 - - -
rl ; - - 3335 3.335 3.333
Std(r{) - - - 0.003 0.003 0.005
corr(r{ , g;) - - - 0513 0.405 0.730
TPt 1.276 1.276 1.277 1.074 1.033 1.447
Std(rp;) 0.001 0.001 0.001 0.342 0.321 0.448
corr(rpe, gi) —0.513 —0.405 —0.727 —0.513 —0.404 —0.728

Table 4 shows the moments obtained from 50,000 simulations of the model for 312 quarters under
the assumption that the agent has an infinite sample of observations and that the memory-context
is persistent with ¢ = 0.85. Returns and expectations are annualized as follows: the means are
multiplied by four and the standard deviations are multiplied by two. For the risk-free rate, I
multiply the quarterly mean and the standard deviation by four.

cability of the general framework developed in Section 2. From a behavioral perspective, a
persistent context better captures how humans actually process and remember information
than an i.i.d. context (Howard and Kahana, 1999, 2002). From an asset pricing perspective,

a persistent context helps to reproduce the persistence in both cash-flow expectations and

the price-dividend ratio.

4.3 Peak-end memory

This section illustrates the flexibility of the general framework by analyzing the effects of

a peak-end memory distortion on beliefs and asset prices. In contrast to the similarity-
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weighted recall mechanism thus far, the agent now disproportionately recalls both extreme
past experiences and those similar to the current environment, in line with the peak-end rule
of Kahneman (2000). The peak-end memory distortion, as modeled here, is consistent with
the literature on experience effects, which highlights the long-term influence of extreme ex-
periences on risk taking (Malmendier and Nagel, 2011), inflation expectations (Malmendier
and Nagel, 2016), managerial decisions (Malmendier et al., 2011), and real estate purchases
(Happel et al., 2023). Emotional events are more likely to be stored in memory (Kensinger
and Ford, 2020) and retrieved more vividly (flashbulb memories, see Phelps, 2006). Ad-
ditionally, the end of an experience is generally more memorable than the beginning and
middle (recency effect, Kahana, 2012; Barberis, 2018; Wachter and Kahana, 2024).

Framework. Consider i.i.d. log-normal endowment growth
gt = [+ 0 €, €t i"i"fl'N(Oal)- (41)

The agent knows that endowment growth is i.i.d. log-normally distributed, but learns the
mean 4 and volatility o from her recalled history HE, which is distorted by a peak-end

memory function

(gr—m? = 2
(g ) = oxp [T o | L), (12

Extreme experience bias Similarity

The first term gives more weight to extreme “peak” realizations, while the second term
increases the recall of experiences similar to the “end.”?!
Subjective beliefs. The agent is more likely to recall extreme experiences and experiences

that are similar to the end of the realized history H;. The extreme experience bias does

31The exponential transformation of the normal pdf in the “extreme experience bias term” implies that
experiences near y are underweighted, while extreme realizations receive disproportionately high recall prob-
abilities. A formal motivation for the functional form comes from the cumulative distribution function of the
Gumbel distribution, which is the limiting distribution of the maximum of sequences of independent normal
variables, see Appendix F.2.1.
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Figure 7: Posterior beliefs under peak-end memory
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Figure 7 shows the posterior mean and variance of an agent with peak-end memory distortions as
in Equation (42) for varying levels of contemporaneous endowment growth g;. The parameters are
w=0.35%, c = 1.03%, and x = 0.01.

not systematically affect the posterior mean of the agent since both tails are overweighted
symmetrically, but leads to an increased posterior variance. Appendix F.2.3 shows that a
pure extreme experience bias yields j; = p and 62 ~ 1.41 - 6% > o2.

When combined with the similarity term, the agent’s posterior mean becomes procyclical,
while the posterior variance is a concave function of ¢;, peaking around the unconditional
mean p. At g, = p, the memory function purely overweights extreme experiences, yielding
62 ~ 1.41- 0% As g; deviates from p, similarity-weighting shifts recalled experiences toward
one tail, reducing the posterior variance. Figure 7 illustrates these dynamics.

Asset pricing implications. The cumulant-generating function of log endowment growth

under the agent’s time-t belief is given by
- 1
KL (k) = log By (") =k fur + 5 k297 (43)

and I insert numerical estimates of fi; and 62 to obtain subjective asset prices. I simulate the
model 50, 000 times for 312 quarters and report average moments in Table 5. The parameters

of the log endowment growth process are calibrated to the same mean and volatility as in
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Table 5: Asset prices under the peak-end memory distortion

Symbol Mean Std. Corr. with g;
Endowment growth and subjective beliefs

gt 1.449 2.021 -
i 1.450 0.015 1.000
of! 2.397 < 0.001 < 0.001
Subjective asset prices

ery 4.947 0.009 1.000
TPy 1.723 < 0.001 < 0.001
Objective asset prices

rf 3.224 0.017 1.000
TPy 1.541 2.209 —1.000

Table 5 reports the model moments obtained from 50, 000 simulations of the model for 312 quarters.
I annualize the quantities as follows: Means are multiplied by four and the standard deviations are
multiplied by two. For the risk-free rate, I multiply the quarterly mean and the standard deviation
by four.

the previous sections, with p = 1.45% and o = 2.02%. All other parameters are as in Table
1, and Table 5 summarizes the simulation results.

The agent’s posterior mean is an unbiased estimate of the true mean (4, = 1.450%).
Time-variation in the agent’s beliefs is entirely due to the similarity component of the memory
function in Equation (42), such that the agent’s posterior mean is perfectly correlated with
this period’s endowment growth g¢;, leading to procyclical beliefs. Table C.5 shows that
a Coibion and Gorodnichenko (2015)-regression indicates overreaction to new information.
The higher likelihood of recalling extreme experiences yields a higher posterior (6; = 2.397%)
than fundamental volatility (o = 2.021%), which is very stable and acyclical.

The qualitative asset pricing implications of the peak-end memory distortion are as under
similarity-weighted memory discussed in Section 3, because the time-variation in the agent’s
subjective long-term beliefs is due to the similarity component. The extreme experience
bias inherent in the peak-end rule, however, affects the subjective risk premium. The agent
perceives the economy as fundamentally very risky, leading to a higher subjective risk pre-

mium than in Section 3. Moreover, the subjective risk premium is almost constant and not

predictable using aggregate valuation ratios because of the acyclical posterior volatility (see
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Table C.5).

The peak-end memory distortion analyzed here foremost demonstrates the generality of
the framework developed in Section 3, which can accommodate empirically and psycholog-
ically motivated recall biases in a tractable asset pricing model. The extension links the
propensity to recall emotionally salient experiences to the subjectively perceived riskiness of
the economy and provides additional insights into the equilibrium asset pricing implications
of experience effects that are complementary to cohort effects (Malmendier et al., 2020) or

constant-gain learning (Nagel and Xu, 2022).

4.4 Discussion

This paper demonstrates how selective memory can be incorporated into in a standard
general equilibrium asset-pricing framework to generate belief and price dynamics consistent
with empirical evidence. For most of the analysis, I focus on similarity-weighted memory
due to the growing empirical evidence that similarity shapes both individual and aggregate
economic decision-making (Enke et al., 2024; Charles, 2025; Jiang et al., 2025). Beyond
reproducing known regularities, the model generates new testable predictions.

First, the agent in the model can recall even temporally distant experiences if they are
similar to the current context, implying that distant past episodes remain influential for belief
formation and asset prices. The long-lasting effects of similar past episodes is consistent
with the evidence in Charles and Sui (2025) and Chen et al. (2025). Both papers show
that similarity is central in shaping aggregate beliefs and in predicting aggregate returns,
which also motivates the focus on a representative-agent model, even though most micro-level
evidence on similarity is from individual decisions.

Second, the model predicts a U-shaped pattern of subjective uncertainty and subjective
risk premia—both are higher in extremely good as well as bad periods than in average times.
I present preliminary empirical support using the data of Nagel and Xu (2023) in Tables E.2

and E.3. The model also has further predictions regarding higher moments of beliefs (Figure
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B.1), which could, for example, be tested using survey measures of crash probabilities.
Finally, the model can be applied to analyze the general equilibrium asset pricing im-
plications of further selective memory biases, such as a positive memory bias (Adler and
Pansky, 2020) or a confirmatory memory bias (Esponda et al., 2024; Godker et al., 2024),
and extended to incorporate active learning, where agents’ actions influence the data they
observe and therewith their subsequent beliefs. An extension to active learning could help to
link the model to evidence on return extrapolation (Barberis et al., 2018), where investors’

expectations are shaped directly by realized returns.

5 Conclusion

This paper explores the implications of selective memory for asset prices and shows that
similarity-weighted selective memory simultaneously accounts for important facts about
belief formation, survey data, and asset prices. With i.i.d. fundamentals and constant
risk-aversion, the model explains empirically observed discrepancies between subjectively
expected and objectively realized returns using a simple mechanism: The agent selectively
recalls past observations of the fundamental that are similar to its current realization. A
good realization of the fundamental causes the agent to become too optimistic and to expect
a high future growth with a low volatility, leading to a high expected return. The agent’s
optimism implies that asset prices today rise too much, and returns following a good realiza-
tion of the fundamental are predictably low, although the fundamental risk in the economy
and the agent’s risk aversion are constant.

The model complements recent evidence from finance (Nagel and Xu, 2023; Bordalo
et al., 2024; Charles and Sui, 2025; Jiang et al., 2025), experimental economics (Enke et
al., 2024; Conlon, 2025), and cognitive psychology (Kahana, 2012) by offering a unified
theoretical account of how selective—and especially similarity-weighted—memory distorts

aggregate beliefs and prices. Without appealing to time-varying risk aversion, long-run
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risk, or disaster risk, the framework provides a psychologically grounded explanation for

empirically observed belief and return dynamics in financial markets.
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A  Proofs

A.1 Proposition 1

I explicitly solve for the parameters of the maximizers of the memory-weighted likelihood.
For simplicity, I focus on the case where S is a singleton, such that I do not condition on
the state. The result holds state-wise, as the agent makes state-wise inference.

First, I ensure that the memory-weighted true probability distribution integrates to one

by defining the integration constant

M=) (s / Mg10)(955) 45 (9) dyg. (A1)
seS
With the transformed memory function 1y, +,)(g, $) = 77 M(g..4)(9, $), we can solve the dual

problem

LM(g, s;) = argmin
q€Q

( MY (s / Mget) (9, 5) €% (9) log gs (g )d9>
—argmm< MY 0(s) [ Mgn(9:8) a5(9) 1ogl ! e—“’gif] dg)

seS

V21 o2

q€Q ses
log(2m)  log(c?) (g — p)?
e M / ? o - B
arqgergln Z%ﬂ) M(g,t:)(9: 5) 45 (9) l 2 2 202
log(2 log(o” m = 1)’
= argmin | M 0g(27) + M og(o”) +M O+ (/i 1) ) (A.2)
9co 2 2 207

where the last line follows by noting that the integral of the memory-weighted density over the
real line is one due to the rescaling, and where I defined the mean and variance of endowment

growth under the memory-weighted density by ji,, and &2, respectively. Evaluating the

m?

first-order conditions, the distribution that maximizes the memory-weighted likelihood has

parameter 0py; = (fzar, 02,,) given by

HLMm = ﬂm7 (A~3)
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2 ~2
The parameter space © is closed and convex, such that these parameters are unique.

A consistent and unbiased estimator of fi,,, the mean of the memory-weighted true prob-
ability distribution, is the sample mean /i, when drawing from the memory-weighted true
probability distribution, ji; = @ St g.l (gremry- Now, the sample mean almost surely

equals it’s expected value if the sample is infinite, such that for 7 — —o0

N 1 ¢
S
I 1 1 1 t
]l ] oy
) B T=To T=T0
0 for Tg——o00
I 1 t
=K @ Z M'm(gt,st)(gTaST) +E{|HtR|] Z COV|:g,]l{g€HtR}]
) T 7= T=T0
=n-E 1 ' Xt: E (]l ) ! Z Cov|g, 1
=u Zf{':T() IL{QTEHtR} = {g‘rthR} |HR| — g, {QGHR}

1

:M.E[ ! ] E (Z I]_{gTeHR}> +E[|HR|} Z Cov{g,ﬂ{gthR}]

t
ZT_TO IL{QTGHf} T=T0 T=T0

_M+E{‘HR‘] Cov[g,]l{gthR}} (A.5)

Note that the last step follows since |H[?| = oo deterministically for 7o — —oo.
Similarly, an estimator of the variance of the memory-weighted true probability distri-
bution is the sample variance, 67 = \Hilﬂ >r—1(9r 1y emrry — fu)?, which almost surely equals

it’s expected value for 79 — —o0

. 1 ¢ R
o7 =E|m D Lig erry(gr —Mtﬂ
|[{1L T=T0
o L
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We now solve for

E[(g- - )’] = E[(g- — 0] ~2 E[(g. — i) (e — )| +E[(fe — )’ (A7)

=02 (a) (b)

where I added and subtracted the true mean u. We now evaluate (a) and (b) in turn:

(a) E|(g- — m)(fu — )| = E|(g- — )] E[(fur — )] + Cov((gr — ), (fue — 1))

1 t
= Cov(gT, @ Z gj]l{ngHtR})

J=70
1
= Gid Cov(gT,ngl{gTthR}) = 0. (A8)
H,t_/

1 <o2<00
== for To——o00

From the second to the third line, I used the assumptions that (1) g, is i.i.d. and (2) that
the memory of g;,j # 7 is independent of g;. Next, note that for 7, — —oo, we have that

iy = E(f1;) almost surely, such that we find

Overall, we thus have
E[(g: — iu)?] = 0* + (ju — 1), (A.10)

and inserting into Equation (A.6) yields the claim.
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A.2 Proposition 2

I derive the posterior belief of an agent with similarity-weighted memory as given by Equation
(17). The state s € {1,2} follows an observable Markov chain, such that the agent can
perform state-wise inference. We can write the probability density function (pdf) of the

mixture distribution as
m - q(gls, = 1)+ (1 —m) - q(g|s, = 2), (A.11)

where ¢(g|s, = s) denotes the pdf of a normal distribution with mean p, and standard

deviation o,. The memory-weighted pdf is then found as

T qlgls. = 1) - mighs, (9.9) + (1= m) - q(gls, =2) - mig,, (9.5), (A.12)

where m{™ ) (g, s) is given in Equation (17). We first solve for the memory-weighted state-

wise pdfs, ¢(g|s, = s) - m?g:St) (g,s), and then rescale the mixture pdf to find the subjective

probability of each state. The process is psychologically reminiscent of the two-state process

in Conlon and Kwon (2025).

It is
- 1 [ (9 —g)? (9 — 1s)?
Q(glsT = 8) ’ m?Qt,St) (978) = \/@ €xXp -_T exXp _270_3
I K ps+o2 Kk pl+o? t2
1 -2 unias 9 g 4 u’;iaég
= exp |— s . (A.13)
27T0_§ L 2H+osg
The exponential term is Gaussian with
N /f,us"f'o-ggt K + O-g (1 ) + d (A 14)
st = = s == — Qg ) Us Qg , al .
Hs.t K+ 02 /i—l-U?N /i—i—aggt a 9t
2
~ /{:0—5 o 2
Os,t = K+ 0_3 - (1 - Oés) Og, (A15)
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. 2
with a, = Hi‘;g.

Next, we need to rescale the expression in Equation (A.12) to be a valid pdf. It is

/_ Ty - Q(g|87' = 1) ’ m?;:st) (gu 8) + (1 - 7T1) : Q<g|ST - 2) ’ milgl?,st) (97 S) dg

= [ q(gls, = 1) -migls, (9,8) + (1 =) / q(glsr = 2) -mig,) (9, s) dg.  (A.16)

We can use the following known formula to obtain the area under the memory-weighted

statewise pdfs, that is, the mass of recalled observations from each state:

00 b2
/ e (av?Hbete) gy — \/Feéla_C (a > 0), (A.17)
—oo a

which yields

1 /°° exp [_92 (k+03) =29 (psk+g:02) + Kz + gi o2

d
27 o? 207K I
_(us*gt)z
=\/(1 —a)e 26t8) = M. (A.18)
The total mass of recalled observations is thus
T MLt"‘(l —7T1)M2,t, (Alg)
and rescaling Equation (A.12) to integrate to one gives
T Mst
ot = ’ , for s € {1,2}. A.20
! T My + (1 —m) Mgy {12} ( )

The prior support of the agent contains all mixtures of normal distributions. Therefore,
the unique maximizer of the memory-weighted likelihood given in Equation (2) is the mixture

derived above. An alternative, but longer, proof that explicitly uses Proposition 1 is available.
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A.3 Proposition 3

It is

E [ﬂs,t+1|8t+1 = S] =K {(1 - a5t+1) Msyiq + Osiiq gt+1|5t+1 = S}

= (1 - a5t+1) s + Asyiq ]E[gt+1|st+1 = S] = s, (A'Zl)

for s € {1,2}. Denote the other state by s’ (s’ =2 if s = 1) and

E [t t11]8041 = 8] = E [(1 — Q) fs_ + Qg Gry1|Se41 = 8}

= (1 — ay) ps + ag E[gr1[si1 = 8] = py + ay (ps — prsr) - (A.22)
Combining both expressions, it is
Elis 1] = 7 Bl pr1ls041 = 8]+ (1 = ) E [fis 1] 5041 = 7], (A.23)

and inserting yields the claim in Proposition 3.

A.4 Proposition 4

On average, the posterior variance of endowment growth g, is
E [V&I’t (gtJrl)] = T O'% + 7o O'% -+ 7 T2 E |:(ﬂ17t — //,\62715)2:| y <A24)
and we have

E (14 = fizg) = (1 — p2) [1 = (a1 2 + a1 (A.25)

Var (fi s — flzg) = Var [(1 — a1 — (1 — a2)ps + (o1 — a2)ge] = (a1 — o) Var(gy).
(A.26)
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By the i.i.d. assumption and the definition of variance, we can write

E [Var; (gi11)] =71 07 + 72 05 + 711 Mo [(ozl — ag)? Var(gey1) +
(11— p2)* [1 = (a1 2 + an 1) 7] (A.27)
= (7r1 02 4+ Ty a%) [1 +mme (o — ag)ﬂ

+ (1 — M2)2 T T2 [7T1 T (a1 — 042)2 +[1 = (a1 + az 7T1)]2] . (A.28)
The average perceived riskiness of the agent is larger than the true fundamental riskiness if

E [Var, (gi+1)] = Var (gi41)
— E [(ﬂl,t - ﬂ2,t)2} > (1 — po)’ (A.29)
= (01— ) Var(gin1) > (i — )’ (1= [1 = (e ma+ 2m)]?) (A.30)
(041 — 062)2 (7'('1 O'% + 9 O'%)

= (1 = pa)”, A.31
2 (myay +mag) — (mpad +mad) — (11 — p2) ( )

where dividing by (2 (7 a; + 71 ag) — (m2 af + 71 @3)) does not change the inequality since
2 (Tyay + T an) > moa? + m a3. The upper bound on the expected subjective variance is

found as

E [Var; (g¢11)] _Var(gtH) + 1 e (1 — 042)2 Var(gi41) i

Var(gi41) B Var(g;41)
T Ty (1 — M2)2 [—2 (a1 my + g mr) + (o1 T2 + 7T1)2} (A.32)
Var(gi41) '
:1+7T17TQ (Oél —062)2+
M~ ———
<0.25 <1
T (f — pa)? (ay o + apm)
—9 A.33
(Oél 9 + o T ) var(gt+1> ( )
<1
>0
<1.25. (A.34)
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A.5 Proposition 5

To find the coefficients of the Coibion and Gorodnichenko (2015)-regression, note that the

forecast revision is

E¢(ge+n) — ]th(gwrh) = (m o1 +maaa) (9t — Ge-1) (A.35)

and denote E(g) = p = 7y py + m2 p2 to obtain

Cov {9t+h - ]Et(gwh), Et(gtJrh) - Etfl(gﬁl*h):l
Var []Et(gt+h> - Et—l(gt—i-h)}

(myon +maa) E{(geyn — (mon +maag) gp — p+ (myoq + moaa) 1) - (96 — ge—1)]
= D)
2 (m oq + ma)” Var(g)

ca = (A.36)

(A.37)
_E (9144 9t = Gren g1 — (Mo + Mo @) g7 + (M1 01 + T2 2) g1 Ge] (A.38)
3 (s 72 az) Var(9) |
_ —(maitmar) [Blgf) —p?] _ 1 (A.39)
2 (m1 oq + my a) Var(g) 2

Finally, using Equation (26) and noting that E (Et(gt+h) - ]Et—l(gt+h)) =0, it is acg =

—m T (2 — p1) (1 — ).
In addition, we can also solve for the coefficients of a Mincer and Zarnowitz (1969)-

regression, given by

Gih = apz + Bruz Et (Gt4n) + Ut g (A.40)

Write

Ei(gern) =m0 (1 — 1) pn + 1 g¢) +m2 (1 — o) pi2 + @ gi) = fi + (M + T2 a2) gy,
(A.41)

where i =m (1 —ay) g1 +m (1 — ) o is the fixed component of the agent’s forecast. It
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is

COV(QHME(%%)) _ COV<gt+h> (7T1 a1+ o 042) gt)
Var (Et(gt+h>) Var ((ﬂ-l a1 + o 042) gt)

=0, (A.42)

Buz =

where the last step follows form the i.i.d. structure of endowment growth. Using £/ = 0,

we find Apnrz = T M1 + o 2.

A.6 Proposition 6

The results follow from inserting the cumulant-generating function given in Equation (21)
into Result 1 in Martin (2013), as shown in Section 2.4. Under Epstein and Zin (1989)-

preferences, it is

dp, = — log(B3) — log (7T1 A=) A et5 (A=)? of 4y PN B2ty (A=) )

+ (1 _ > og (7T itz 1=n)?ef 4 T (=) fizat3 (1-9)? 05) : (A.43)
rf=— log() — log (7r e~V H gy’ ot +mae itz ”2)

+ (1 — ;) log (7r1 (1= inet5 (1-7)% of + 7o o= fzet3 (1-7)° "5) , (A.44)
ery =dp; + log (7r1 Mty ot 4 ) Mty X ”5) : (A.45)

n 1.2 2 P 1.2,.2 IN 142 2 N 142 2
rp; = 10g (7716 v ie+57° of + e Y P2t 5 Y 02) _|_10g (7T1 6)\N1,t+2>\ o3 + 7o e>‘M2,t+2>\ 02)

—log (7T1 OV itz A= |y (A=) ety (A_V)%g) : (A.46)

Expressions for power utility are found by setting ¢ = %, implying n = 1.
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B Additional figures

Figure B.1: First four posterior moments of endowment growth under similarity-weighted
memory
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Figure B.1 shows the first four moments of endowment growth under the agent’s subjective beliefs
under similarity-weighted memory. In each panel, the dashed grey line shows the true underly-
ing values, the solid blue line shows the agent’s subjective beliefs when only learning about the
state-dependent means, and the dashed orange line shows the agent’s subjective beliefs when learn-
ing about the state-dependent means and variances, and the dashed teal line shows the agent’s
subjective beliefs when learning about the state-dependent means, variances and the transition
probability. The vertical dashed lines show the 0.5% and 99.5% quantiles of the log endowment
growth process. Log endowment growth is distributed as in Equation (16), and the similarity-
weighted memory function is as in Equation (17). The parameters are as in Table 1, except for
k= 0.01.
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C Additional tables

Table C.1: Predictability and Coibion and Gorodnichenko (2015)-regressions

Baseline Parameter uncertainty Persistent context
TPt rpf boa Dt rpf bog TPt rpf boa
dp; 0.001  0.603 0.803  2.110 0.000 0.167
(B —Ei—1) gi1 —0.252 —0.470 —0.549

Table C.1 reports the median estimates from regressions for 50,000 simulations of the model for
312 quarters plus a 120 quarters burn-in period in the parameter-uncertainty case. The first row
shows the median coefficients when regressing subjectively expected and objectively realized risk
premia on the log dividend-price ratio, as in Nagel and Xu (2023). The log dividend-price ratio is
rescaled to unit standard deviation. The second row shows the median estimates from Coibion and
Gorodnichenko (2015)-regressions of the forecast error on the forecast revision. The left (middle,
right) panel shows the results obtained without parameter uncertainty (with parameter uncertainty,
with a persistent context).

Table C.2: Average asset pricing outcomes per quintile of log endowment growth

Baseline Parameter uncertainty
Quintile g, i B TPy 9y i B TPy
1 -4.258 1.432 1.283 4.363 —4.260 1.419  13.433  23.520
2 -0.047 1.450 1.278 1.936 —0.045 1.455  14.672 4.664
3 1.733 1.458 1.276 0.911 1.734 1.470  15.540 —0.156
4 3.453 1.466 1.274  -0.079 3.455 1.484  16.543 —4.067
) 6.373 1.479 1.272  -1.750 6.375 1.509  18.410 —8.375

Table C.2 reports average endowment growth g,, posterior mean fi;, subjective risk premium 7p,
and objective risk premium Wto for each quintile of endowment growth. The moments are obtained
from 50, 000 simulations of the model for 312 quarters. For the parameter uncertainty simulations,
I use 120 quarters as burn-in period. All averages are annualized by multiplying quarterly means
by four.
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Table C.3: Persistence of beliefs and asset prices

Parameter uncertainty Persistent context
Lags [l log(P;/D;) rp? [l log(P;/Dy) rp?
1 0.794 0.892 -0.386 0.837 0.799 -0.059
2 0.774 0.869 -0.001 0.699 0.641 -0.051
3 0.754 0.849 0.000 0.583 0.520 -0.043
5 0.715 0.823 0.000 0.404 0.358 -0.031
7 0.678 0.797 0.000 0.276 0.245 -0.022

Table C.3 reports the autocorrelations of the posterior mean, log price-dividend ratios and log excess
returns over various lags. The values are calculated using 50,000 simulations of 312 quarterly
observations from the model. 1 compound the price-dividend ratio by summing the last four
quarterly dividends for comparability with empirical results, but excess returns and posterior means
are quarterly.
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Table C.4: Robustness results with baseline parameters and parameter uncertainty

Subjective Objective
Symbol Total ~ Normal Recession  Total Normal Recession
Endowment growth
Mean 1.467 1.918 —2.615  1.452 1.922 —2.801
(1.465)  (1.917) (—2.634)
Std (f.) 0.055 0.045 0.355 - - -
(0.054)  (0.044)  (0.342)
Volatility 2.025 2.024 2.034  2.018 - -
(2.025) (2.024) 2.034
corr(6y, gt ) —0.082  —0.019 —0.270
(—0.082) (—0.019) —0.270 - - -
Asset prices
ery 9.768 9.782 9.646 - - -
(9.720) (9.734) (9.598)
Std (er,) 1.246 1.244 1.231 - - -
(1.180)  (1.181)  (1.160)
corr (ery, gr) 0.052 0.044 0.085 - - -
(0.055) (0.475) (0.095)
rf - - - 5.090  5.094 5.050
Std(rf) - - - 0134 0.130 0.151
corr(r{ , g;) - - - 0137 0.130 0.274
i 4.678 4.687 4596  1.044 —1.372 22.907
(4.631)  (4.640)  (4.548)
Std(rp;) 1.275 1.273 1.264 22499 21911 24.243
(1.209)  (1.210)  (1.193)
corr(rpy, gr) 0.041 0.036 0.064 —0.260 —0.180 —0.410

(0.043)  (0.039)  (0.068)

Table C.4 reports the moments obtained from 50,000 simulations of the model for 312 quarters
plus a 120 quarter burn-in period when the agent learns from a finite sample. Parameters are as
in Table 1, except for 5 = 0.99 and ¥ = 1.1 to ensure equilibrium existence for a wide range of
subjective beliefs. Values in parentheses report results when subjective beliefs are truncated to
the equilibrium-consistent range. Returns and expectations are annualized as follows: the means
are multiplied by four and the standard deviations are multiplied by two. For the risk-free rate, 1
multiply the quarterly mean and the standard deviation by four.
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Table C.5: Predictability and Coibion and Gorodnichenko (2015)-regressions under peak-
end rule

RPgy; RPoy; boc
dpy —0.00002 1.104
(B —Ei 1) gen —0.411

Table C.5 reports the median estimates from regressions for 50,000 simulations of the model for
312 quarters. The first row shows the median estimates when regressing subjectively expected
and objectively realized risk premia on the log dividend-price ratio, as in Nagel and Xu (2023).
The price-dividend ratio is rescaled to unit standard deviation. The second row shows the median
estimate from Coibion and Gorodnichenko (2015)-regressions of the forecast error on the forecast
revision. The agent’s expectations are obtained under the peak-end memory distortion given in
Equation (42).
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D Asset pricing model

In this appendix, I derive the asset-pricing results in Section 2.4 following Martin (2013).
Consider the objective function in Equation (5) with 1) # 132 The stochastic discount factor

is

C -3
M, =p" < 521) (Rw7t+1)77_1a (D.1)

where the return on wealth, %, 41, is

(CW+1), (D2

Rupir = = =
1 W, C, C,

Cip1 + Wi Cip (Ct n g Wt+1) _ Ci
Wy Wi Cia

and the last equality holds if the consumption-wealth ratio C'W is constant under the agent’s
beliefs. I verify the conjecture below.
The price-dividend ratio of an asset that pays D; = C? under the agent’s time-t beliefs

is given by

LA i::ﬁm <Ct+y> v <C£j>* (Cga‘)n_l (1+Cwy o 1)]

1
e~ log(B) +(1-n) cw—Ki(A—) — 1’

iﬁm E, [ (- 7)gt+1] ed (=D ew _ (D.3)
if —nlog(8) + (1 —n)cw — Ky(A — ) > 0 and where cw = log (1 + %) As in the main
text, define the log dividend-yield as dp; = log(1+ %*’) = —nlog(8)+ (1—n)cw—IKy(A—7).
The consumption-wealth ratio equals the dividend-price ratio for the wealth-portfolio with

A =1, such that

cw = —log(8) — }/@(1 —), (D.4)

32 A1l results in this section extend to the case with unit EIS, ¢ = 1. One can solve the case with @) = 1
using the recursion in Hansen et al. (2008). The consumption-wealth ratio is constant for ) = 1, and all
other results generalize as the limit of n — oo.

78



which is constant under the agent’s time-t beliefs because the agent expects that IC; (k) =

KCi(k) for all h > 1. The dividend-price ratio is then

dp, = —log(f8) + <1 - 717> Ki(1—7) = Ki(A— ). (D.5)

Using the constant dividend-price ratio under the agent’s beliefs, the subjective expected

return on any asset is

~ D D ~
E¢ [Ri+1] = Eq lt)—:l (1 + P:) =E [6)‘9”1] Pt (D.6)
and the log of the expected return is
1
ery = —log(B) + Ki(A) + <1 - 77) Ki(1 =) = Ke(A = ). (D.7)

The risk-free rate is found by setting A = 0,
ol = —tou(3) + (1= 1) i1 =) = i), D)
and the risk premium on any asset is
rpr = K (A) + Ke(—7) — Ke(A = 7). (D.9)

Note that, because the agent perceives the economy as i.i.d. beliefs, the risk premium is
independent of the elasticity of intertemporal substitution.

Next, consider the expected return under the econometrician’s filtration,

E(Ry) = l;: E [Dlt)ﬂ (1 +E P“D , (D.10)

where I can no longer use the observation that the dividend-price ratio is subjectively con-
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stant. The exact present-value relation is non-linear in the expected revision of the agent’s
beliefs such that I apply a Campbell and Shiller (1988) approximation, as used in Campbell

(1991). Denote the log-return on any asset as ryyq := log(Ry11). It is

o0

Ti41 — ]Et(rt-i-l) =A (Et+1 - Et) Zﬁ] Jt+145 — Et—H - Et ijrt+l+j> (D-H)

7=0 j=1

1

Where ﬁ = m

~ 0.95 annually (Campbell, 2017). The expected log-return—determined
in equilibrium by an agent with selective and stochastic memory—is B¢ (1141) = X E¢(ge1) +

dp, such that we can rewrite the unexpected log return as

rip1 = E(rep) = A (9t+1 - Et(9t+1)) 1.5 (dpe1 — dpy) - (D.12)

As a next step, rewrite the expected log-return using the (observable) risk-free rate to find

Tiy1 — 7{ = Agr1 + Ki(—y) = Ke(A — ) — 1{}9 (dpi11 — dpy) (D.13)

Taking objective expectations and noting that time-¢ quantities are observable then yields

E () = rf = AB(gion) + Ko=) = KA =) = 72— (Edpi) —dp) . (D14

with

E(dpe1) = —log(B) + (1 - j}) E(Ki1(1=7) —E (K1 (A=) (D.15)

In general, we cannot obtain the expectation of the subjective cumulant-generating func-
tion in closed-form. A second-order Taylor approximation around the long-term subjective

moment-generating function, M(k) := E (M, (k)), gives

E (Kis1(k) = E (log My 1 (k) ~ log (K(k)) + = (

5 (D.16)

E (Mo (k)?)
Mk)? 1) |
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I next show how the approximation can be applied to the similarity-weighted memory
discussed in Section 3.

Case 1 (Log-normal endowment endowment growth) First, consider
g = u + O €, (Dl?)

where the agent learns about the mean under similarity-weighted memory. Her posterior
mean is p; = (1 — a) p+ a g, with a = 02 /(k + o?).
The moment-generating and cumulant-generating functions under the agent’s time-t be-

liefs are

k2 o2

My(k) = E, (ek9t> — hnets (D.18)

1
The objective expectation of the agent’s cumulant-generating function is then simply
1
E (K,(k)) :ku+§k2 2 = K*(k). (D.20)

Inserting into the previous equations gives
f 1
r{ = —log(B) + — e —

. ; (’y - 1;) | (D.21)
dp; = —log(S +< ) <fy—1¢+)\()\—27)>, (D.22)

oy = Ay ol (D.23)

The expected risk premium under the econometrician’s objective expectations is

1 p 1 1
E(T’H_l) — ’I“g. = (_ A— ]ﬁﬁd)) (/L — Mt) + rpe — 5 AQ 0'2. (D24)
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Case 2 (Two-state Markov process) Consider endowment growth as in the main text,
Gt = Jhs + 05 €, (D.25)

where s; € {1,2} follows a two-state observable Markov chain with constant transition
probabilities that ensure that endowment growth is i.i.d. Equation (21) in the main text
gives the cumulant-generating function under the agent’s beliefs. The moment-generating
function under the agent’s beliefs follows from M, (k) = exp [K:(k)], and Equation (32) gives
the expected moment-generating function under the econometrician’s beliefs. The asset-
pricing quantities under Epstein-Zin preferences are given above.

I now use the second-order approximation of the expected cumulant-generating function

to approximate the objective risk premium. It is

i 2 52 5 2 42 i i 122 (52452
Mt+1 (k)Z :7‘(% 62ku1,t+1+k o1 4 7T§ 62ku2’t+l+k %2 4 27y Ty ek: (B,e+1th02,041)+ 5k (al-&—%)’ (D26)

and the objectively expected squared moment-generating function is

K (Mt+1<k)2) =mE {Mt+1(k)2|3t+1 = 1} +m K [Mt+1(k)2|5t+1 = 2} , (D.27)
with
E [Mt+1(k)2|5t+1 = 1} :77'% [e2k“1+k2 U%(1+2a§)} + 7% {62’?[(1*Q2)H2+a2 p1]+k? o2+2k% alo 2}
+ 27T1 o k[(l+a2)y‘1+(1 042)#2]-‘(-2]62 (0’1+0'2)+ k2 a1+a2 (D 28)
E [Mt+1(k)2|8t+1 — 2} :W% [ezk[(l—m)mml pio]+k2 0242 k2 afgg} 4 W% [egk#2+k2 2(14202)
+ 27 o l:ek [(1—01)H1+(1+a1)}£2]+%k2 (0%-{—02)-{- k2 (a1+a2)? (D 29)

We can insert the expressions into the objectively expected risk premium to derive numerical

approximations of the expected risk premium. The approximation is used for Figure 3.
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E Data and estimation

This appendix describes the data and estimation procedure used to obtain the parameters
for the simulations, as well as to test for (non-)linear relationships between consumption

growth and asset prices.

E.1 Data

The data used to estimate the parameters of endowment growth is the quarterly nominal
consumption (nondurable and service) from BEA’s Table 7.1 from Q1 1947 until Q2 2025. 1
transform the nominal data to real endowment growth taking the chain-weighted Tornqvist
index of BEA’s data into account. In addition, I use dividends to estimate the leverage
parameter . I obtain aggregate quarterly dividends using the lagged total market value
of the CRSP value-weighted index and the difference between returns without and with
dividends from December 1929 until December 2024. I deflate dividends using the Consumer
Price Index (CPI) series from Shiller’s website. The average annualized quarterly endowment
growth is 1.80% (4.14% for dividend growth), and the annualized quarterly volatility of
endowment growth is 1.80% (5.12% for dividend growth).

Most of the asset pricing data, including the future 1-year excess returns on the CRSP
index (December 1946 until December 2019), the subjectively expected excess return (June
1972 until March 2021), and the subjectively perceived volatility (October 2001 until May
2021), is from Nagel and Xu (2023). In addition, I use the 3-month T-bill rate from FRED
(December 1964 until December 2024) to measure the risk-free rate, and use the data from

Jorda et al. (2019) to report long-term averages.

E.2 Estimation of endowment growth process parameters

I estimate the parameters of the endowment growth process using Bayesian methods as in

Johannes et al. (2016). I assume a conjugate normal/inverse gamma prior for endowment
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growth in each state:

p(pilo?) ~ N(ai, A; o7) (E.2)
p(o}) ~ TG (bi/2, Bi/2), (E.3)

and set the parameters of these distributions as

E(w) =a; (E.4)

B.
A E(o2 E.
bi _ 2 1 (O—’L)’ ( 5)

Var(ui) = Az

since the marginal distribution of y; is a scaled student-t distribution with p(;) ~ ts, (a;, Al%)

The moments of the inverse-gamma distribution are

B,/2

E(o}) = b2 1 (E.6)
Vao}) = o = B (®.7
Thus, I find the parameters as follows:
a; = E(p) (E.8)
bi:2m+4 (E.10)
B; = E(0}) (b; — 2) . (E.11)

In addition, I assume that the transition probabilities are independent of the parameters of

endowment growth in each state and given by a Beta-distribution with p(m;) ~ B(cy, Ch). It
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is

(&1

B(m) = — (E.12)
C1 Cl

Var(m) = e (Gt e £ 1) (E-13)
= E(m) (1 - E(m)) Cl+101+1 (E.14)

1
= E(m) (1 - E(m)) W (E.15)

such that I find

L _EmP(-Bm)

1 Var(m) E(m) (E.16)
B 1— E(m)

Cl =C1 (E(T(‘l) > . (El?)

Table E.1 shows the parameters used for the estimation, which are close to the parameters
used in Johannes et al. (2016) while imposing the restriction to i.i.d. endowment growth. I
use a Markov-Chain-Monte-Carlo (MCMC) and the prior parameters given in Table E.1 to

estimate the parameters of endowment growth.

Table E.1: Prior parameters for estimation

Parameter  Mean Std.
f11 0.50% 0.15%
i -2.00% 0.55%
o? (0.79%)*  (0.14%)?
o2 (2.10%)*  (1.21%)?
T 84.00% 3.80%

Table E.1 reports parameters of the priors used to estimate the properties of an i.i.d. two state
Markov-switching process for endowment growth.

Intuitively, the MCMC is solving the conjugate Bayesian posterior with the prior dis-
tributions given above. The algorithm iteratively varies the parameters of the model, and

computes the log-likelihood of the posterior on the BEA endowment growth data. I then
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select the model that has the highest log-likelihood over 10,000 iterations, which corresponds
to the Bayeisan maximum a posteriori (MAP) estimate. The parameters of the MAP are
given in Table 1.

Finally, I estimate the leverage parameter A\ by regressing the aggregate log dividend

growth on the aggregate log endowment growth. I assume that, for any asset, D; = C}, such

that
D
log Zt)+1 = Agt+1, (E18)
t
and I accordingly run the regression
D
log lt;l =bgiy1 + €41 (E.19)
t

Empirically, I find b= 3.31, which is close to the parameters used in the literature. Collin-
Dufresne et al. (2016) and Nagel and Xu (2022) use A = 3 under a different dividend-growth

process, such that I choose A = 3 in simulations for comparability.

E.3 Relationship between consumption growth and asset prices

Table E.2 reports empirical summary statistics of the main asset pricing variables that are
analyzed in the simulations (Section 3.4). I construct a recession-indicator that is consistent
with the notion of the recession state in the model in Section 3.4. Under the maintained
assumption of a two-state i.i.d. endowment growth process and the parameters in Table
1, 1 obtain, for each observed quarterly log endowment growth, the posterior probability
that the observation comes from the recession state. I set the indicator equal to one if the
posterior probability of being in the recession state is above 0.5. The recession-indicator
has a high overlap with the NBER recession indicator, but assigns also quarters with a very
high log endowment growth to the recession state, due to the higher fundamental volatility

of endowment growth in the recession state.
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Table E.2: Empirical summary statistics of main asset pricing variables

Recession g: quintile
Mean Std. N Yes No Q1 Q2 Q3 Q4 Q5

Objective asset pricing quantities
Consumption growth g, 1.80 3.62 311 -0.00 2.05 -1.75 1.07 1.8 273 5.17

Risk-free rate r{ 3.80 290 313 272 398 3.69 358 3.78 447 3.61
Risk premium 7p; 6.07 1529 293 10.00 5.63 442 591 10.19 3.73 6.22
Subjective asset pricing quantities

Expected return €r, 864 166 143 7.68 868 7.79 826 846 9.50 9.94
Risk premium 7, 5.63 191 143 6.46 559 546 580 529 552 6.34
Volatility &, 1298 220 75 1557 1283 13.97 1240 12.56 12.26 15.29

Table E.2 reports summary statistics for the main asset pricing variables discussed in Section 3.4.
The data is quarterly from 1946Q4 to 2024Q4, but all quantities are annualized. Consumption data
is taken from the BEA, the objective and subjectiverisk premium as well as the perceived volatility
are taken from Nagel and Xu (2023), and the risk-free rate is the 3-month T-bill rate from FRED.
The recession indicator is computed from consumption data under the maintained assumption of
a two-state i.i.d. Markov process with the same parameters as in Table 1.

The risk-free rate is volatile (std. of 2.90) and procyclical, averaging 3.98% in normal
times and 2.72% in recessions. The objective risk premium is countercyclical, with an av-
erage of 10.00% in recessions and 5.63% in normal times, and seems to vary nonlinearly
across quintiles of consumption growth. Subjectively expected returns are procyclical. The
subjective risk premium is relatively stable (std. of 1.91)—especially compared to the objec-
tive risk premium—but higher in recessions (6.46%) than in normal times (5.59%). Across
consumption-growth quintiles, the subjective risk premium as well as the perceived volatility
both suggest a U-shaped pattern, with higher values in the lowest and highest quintiles—
consistent with a priced nonlinear relation between perceived risk and economic conditions.

Table E.3 reports the results of regressions that test for a linear pro- or countercyclical
as well as a non-linear quadratic relationship between consumption growth and asset prices.

Specifically, for each outcome variable y, I estimate

yr=a; +brg,+¢, and yt:a2+b29t+029tz+eta
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Table E.3: Regression results testing for a non-linear relation between consumption growth
and asset pricing variables

Panel A: Objective asset pricing quantities

Risk-free rate r{ Risk premium rp,
(1) (2) 3) (4)
Constant 0.038 0.039 0.069 0.066
(0.004) (0.004) (0.022) (0.022)
Cons. growth g; 0.038 0.010 -0.411 -0.637
(0.051) (0.057) (0.559) (0.590)
Sq. cons. growth g2 - -0.285 - 8.447
- (0.107) - (12.238)
Observations 311 311 291 291
R? 0.002 0.012 0.003 0.005

Panel B: Subjective asset pricing quantities

Expected return er; Perceived volatility &, Risk premium rp,
(5) (6) (7) (8) (9) (10)
Constant 0.086 0.085 0.130 0.132 0.056 0.055
(0.003) (0.003) (0.006) (0.006) (0.003) (0.003)
Cons. growth g, 0.055 0.072 0.020 -0.371 -0.002 0.039
(0.047) (0.058) (0.242) (0.369) (0.031) (0.018)
Sq. cons. growth g2 - 0.113 - 4.751 - 0.275
- (0.101) - (2.837) - (0.035)
Observations 143 143 75 75 143 143
R? 0.023 0.032 0.000 0.073 0.000 0.041

Table E.3 reports regression results testing for a linear and quadratic relation between log con-
sumption growth and the indicated asset pricing variables. Panel A shows results for objective
quantities (realized risk premium and risk-free rate); Panel B shows results for subjective quan-
tities (expected return, subjective volatility and the subjective risk premium). Robust standard
errors (Newey—West, 4 lags) are in parentheses. The data is quarterly from 1946Q4 to 2024Q4.
Consumption data is taken from the BEA, the objective and subjectiverisk premium as well as the
perceived volatility are taken from Nagel and Xu (2023), and the risk-free rate is the 3-month T-bill
rate from FRED.

where ¢; denotes log consumption growth.
Panel A reports results for objective asset prices. Columns (1)—(2) show that the risk-free
rate exhibits an insignificant procyclical but significantly concave relation with consumption

growth: the rate is higher in good times (52 > () but the effect diminishes at extreme values

(¢2 < 0). Columns (3)—(4) show no statistically significant link between consumption growth
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and the realized risk premium—consistent with the equity premium puzzle—, although the
negative coefficient on g, is consistent with a countercyclical objective risk premium.

Panel B reports results for subjective asset prices. Subjectively expected returns (Columns
5-6) do not significantly vary with consumption growth, though the coefficient signs suggest
a procyclical and convex pattern as in the model. Focusing on Column (8), subjective volatil-
ity seems to be insignficantly countercyclical, and marginally significantly convex (é; > 0) in
consumption growth, consistent with the theoretical prediction of U-shaped perceived risk
(Section 3.2). Finally, the subjective risk premium (Column 10) is significantly procyclical
(by > 0) and convex (&, > 0) in consumption growth, in line with the simulation results in

Section 3.4.

F Extensions

F.1 Limited history

In this section, I highlight how parameter uncertainty emerges and how it affects asset prices.
Since closed-form solutions exist for log-normal endowment growth, I analyze this case first to
highlight the mechanism. Thereafter, I describe how I simulate asset prices for the two-state
Markov-switching process analyzed in Section 3.

Case 1 (Log-normal endowment endowment growth) First, consider
gt = jt+ 0 €, (F.1)

where the agent learns about the mean under similarity-weighted memory. In any period
t, she recalls |H['| = k; past observations of endowment growth. Her prior for the mean

endowment growth is p ~ N (,uo, "72), where v scales the subjective informativeness of the
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prior. The Bayesian posterior of the agent is

p~N (ut, zt02> : (F.2)
with
sl =k +v (F.3)
R 1
e = —x <V o + Z 97) . (F.4)
2t TETE

The formulation of the agent’s posterior mean, i, is identical to that in Proposition 1, but
we now need to account for the prior belief due to the finite sample. The agent is naive with
respect to her memory distortions and believes that she will surely recall k; + 1 observations
next period. The perceived belief and endowment growth dynamics are thus standard under

Bayesian learning with

Gi41 = [t + V1 + 20644 (F.5)
Ge1 — [l
= = F.6
Ct+1 1 + Zt O ( )
G =z 1 (F.7)
N o 4 Zt ~ (F 8)
= ————— 0 €y1. .
He+1 = e T2, t+1

Asset prices exist in closed form for ¢ = 1. Define ve, = log(V;/C;) and use the value

function iteration as in Hansen et al. (2008) to find
vep = B log (E 6(1_7)(”““*9”1)) . (F.9)
l—1

I conjecture that the solution is linear in the state variable, ve; = a; + B [i;, which yields

5 n —Y)at+1 Le+1 1 N 1 B+1 Z +].2
’Ylog(]Ete(l Dt Bhecta )):ﬂ at+1+(B+1),Ut+§(1_7) ( 1—1)-; )02 )
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which we can solve for

2

B 15@ (F.10)
0= Born + 5B(1=7) (B + D+ 1 o
1 > (1 + ﬁ ZtJrj)Z
=580=9)0" Y . (F.11)
j=0

1+ 24

The geometric series defining a; converges due to 0 < 8 < 1 and because z;;; decreases
deterministically in 7 under the agent’s subjective beliefs.

The log SDF in the ¢ = 1-case is

Cy Vi
m =lo - F.12
e (5 (Cm) E. [V e

1 g e((1=7) (vert1+gi+1)) oy
— —gt+1 _ .
o | ve &, (e(0—) (erri o) (F.13)
= Pzt — [t — G 0 €41, (F.14)
with
1 (B+1)2+1)*
e =1 — —(1—~)? 2 F.15
s = log(8) — 5 (1= 9D g2 (F.15)
¢ = 7+(7_1)Blzt VIF 2. (F.16)
+ 2
Shocks to the log SDF are thus
mer1 — ]Et(mt+1) = _gt O'gt. (Fl?)

All assets in the economy are (levered) claims to the endowment growth. I can thus use

the joint log-normality of endowment growth and the SDF to find the log return ., of any
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asset as
- - 1 1
0= Et(mt+1) + Et(rt+1) -+ 5 Vart(mt+1) + EVart(TH_l) + COVt(mt+1, Tt+1). (F].g)

Next, v = 1 yields a constant wealth-consumption ratio. Writing the return on the

W”%tct“, we can use the Euler-equation to find WC = 2.

consumption claim as R.;41 = 5

The expected log-return on the consumption-claim is

Et(Tc,tH) = fiy — 10g(ﬁ)> (F.19)

and the log risk-free rate is

Pl = By (i) — ;vart(mm) — iy — log(B) — ; (A4 2) 02+ (1—N[B+1D)x+1] 0

(F.20)
The subjective risk premium on the consumption-claim is then
~ J; 1
Et(rcytﬂ) — Ty = 5 (1 —+ Zt) ( ) [(B + 1)Zt + 1] o
1
=0 (14 2) — 5(1+zt)0 +(y—1)Bzo’ (F.21)

The subjective risk-premium contains a Jensen’s term since we consider the expected log
return. Instead, in the main text, we consider the log of the expected return, and we need

to adjust for the subjective risk-premium by adding a Jensen’s correction to find

1 _
E¢(ret+1) — 7“{ + §Vart(rcjt+1) = log(E¢(Rct41) — rtf =~vo?(14+2)+ (y—1)Bzo*

For v > 1, the risk-premium is increasing in parameter uncertainty:.
Next, let us derive the objective risk premium, given by log(E(R.4+1) — r{. The econo-

metrician knows the parameters of the economy, such that E(R.;11) = < E(e?+!) = %e“J’%"Q.

1
B
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The objective risk premium is thus

1
log(E(R.)) —rf = (u—fu) +702(14+2)+ (y—1)Bzo® —=z0° (F.22)
—— 2

—_——
Jensen’s inequality

Belief wedge Subjective risk premium

The objective risk premium depends on three components: First, the wedge between the
true mean endowment growth and the agent’s expectation, (u— f1). Intuitively, if the agent’s
posterior mean [I; is too high, the agent drives up the price of the asset and objective returns
next period will be low. The second component is the agent’s subjective risk premium,
which determines prices in equilibrium and thus therewith affect expected returns. The
third component is a Jensen’s inequality adjustment that arises because the agent and the
econometrician perceive a different volatility of the consumption claim. We can equivalently

derive the objective risk premium on the dividend-paying asset.

Case 2 (Two-state Markov process) Consider endowment growth as in the main text,
gt = s + 05 €, (F23)

where s; € {1,2} follows a two-state observable Markov chain with constant transition
probabilities that ensure that endowment growth is i.i.d. Closed-form solutions for asset
prices with parameter uncertainty cease to exist, such that I detail the numerical procedure
to obtain asset pricing equations, following Collin-Dufresne et al. (2016).

The agent knows the state-dependent variance o2, but must learn the state-dependent
means pg from her recalled history of log endowmentgrowth. In period ¢, the agent recalls
|H{,| = ki; endowment growth observations from state 1 and |HJY| = ky; observations
from state 2 and forms a Bayesian posterior about the mean in each state. The agent has

conjugate, normally distributed prior beliefs about the state-dependent mean growth-rates,

o2

ps ~ N (,&570, —S), where v, scales the informativeness of the prior. The agent’s posterior

Vs
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upon recalling the state-dependent history H, ft is

w~ N (ﬂs,h Zst Ug) ’ (F24)
with
g0 = (kg +v5) 7, (F.25)
,as,t = Zst | Vs ,&370 + Z gr |- (F26)
TEHft

Due to the agent’s naivete, her perceived dynamics of endowment and beliefs are the

same as for a rational Bayesian agent, with

L = Zag + Larya=s (F.27)

Zs,t

— lst) F.28
1+ 25 (9t+1 1% ,t) ( )

Hi+1,s = Hspt + ﬂst+1:s

where 1,—; equals one if the condition in subscript is true and the belief about the state
that does not occur in the next period is not updated. The state variables that describe
the agent’s beliefs are X; = [u1y, oy, k14, ko], and the state of the Markov chain s; is an
additional state variable of the economy.

The agent has Epstein-Zin preferences, such that the SDF (for ¢ # 1) is

g [ Crat 3 n—1
My =8 T w,t+1s
t
where n = 11:1 is a composite parameter and R, 11 = Wt*%ﬁ“ is the return on wealth.
¥
The return on wealth is determined in equilibrium as
Con
= t+1
Es [5” <C’) RZ,tH} =1, (F-29)
t
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which, when inserting the expression for the return on wealth, yields

n ~ n
(2?) — 3" R, [6(1—7)9t+1 (Ig/;t_’:l + 1> ] . (F.30)

Note that the wealth-consumption ratio at time ¢ is a function of the state variables
at time t. Writing Igz—ill = WCyyq, it is WCyy = WC(Xya1, Se01) = WC(Xy, Sia1, Gra1),
where the last step clarifies that the evolution of the state variables under the agent’s beliefs
depends on next period’s state and on the realized endowment growth.

Under a two-state Markov process with known transition probabilities, the expression for

the wealth-consumption ratio can be rewritten as

WC(Xy,8)" = B"m E, (6(1_7)&“ (WC(Xt, St41, gr1) + 1) 8441 = 1, 3t>Xt> +

By fEt (6(1_7)%“ (WC(Xm 5t+17gt+l) + 1)77 ’3t+1 =2, 3t>Xt> ) (F-31)

where I separate the expectation using the law of iterated expectations. For the conditional
inner expectations, we do not have closed-form solutions. The expression needs to be eval-
uated numerically, and I proceed as follows: As a first step, I find the wealth-consumption
ratio for the known parameters case with z; = 0. Note that (perceived) endowment growth

is i.i.d., such that I can use the results from the main text to obtain:

5 K=
wo. = ; ey (F.32)
1—pen™""

where K(m) = log E; (¢™9+1) is the cumulant-generating function under the agent’s beliefs.
As a second step, I solve for the boundary case where one mean is known (no parameter
uncertainty) and the other mean is unknown. Let us assume that the agent has no parameter

uncertainty around f[i; o, and thus she does not expect to learn when state 1 realizes. The
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wealth-consumption ratio is then

WO(Xy, )" = 1m0t 30-0%7F (WO (X, s,) + 1)+

By B (6(1_7)%“ (WC(Xt, st415 g141) + 1) 5041 = 2, StaXt) . (F.33)

We need to integrate out two sources of uncertainty under the agent’s belief: The noise in
endowment growth €7 and the agent’s uncertainty about the true mean ps. I use a Gauss-
Hermite quadrature to approximate the expectation. The numerical approximation for the

expectation is

E, (6(1_7) I (WCO(Xy, St41, Gr1) + 1) [ Se41, 5t Xt) (F.34)

J K
R we(§) D Wi, (k) (€I (WX, 041, ges1) + 1) [s041 = 2,8, X,), (F.35)
j=1 k=1

where w,(7) is the quadrature weight for the standard-normal variable €1, corresponding to
the quadrature point n.(j), and wy, , (k) is the quadrature weight for the normally distributed
posterior mean corresponding to quadrature point n,,, (k). The realized endowment growth

in state 2 is then

gr1(k; ) =y (k) + 05 ne(5), (F.36)

since the uncertainty about the mean that affects the perceived endowment growth is inte-
grated out. Having solved for the inner ezpectation, 1 find WC(Xy, s;) as the fixed-point of
the non-linear equation above.

As a third step, I iterate backwards from the boundary cases using the same quadrature-
type method to approximate the agent’s expectation. Since I find both inner expectations
numerically, I do not need to solve for a fixed-point in order to find WC(Xy, s;).

Similarly, I can obtain the prices of dividend-paying assets. Recall that the return on
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any asset is, by definition,

Rt+1 =

P+ Dist _ Di Dia (P * 1) _ oo PP s o) 210 47,

P, B P, Dy Dy PD(XuSt) ’

where I used git—fl = PD(Xi41,8141) = PD(Xy, St41, gi11), as before. In equilibrium, we find

the return on any asset as

<l

Ci1 ) a

1 =K, [Mii1 Riva] = E, [5” ( C
t

Rl RM} : (F.38)

Inserting, we thus can write the price-didend ratio of any asset as

PD(Xt7 St) =p" fEt (F-39)

+1\"
WC(Xt St) ) (PD(Xt’ St+1, gt+1) + 1)

e(A=7) gt+1 <WO(Xt+173t+1)

~ -~ WC( X1, s +1 -1
=377 By [P )9 < I(/Vg(lX t+81>) ) (PD(X¢, 5415 geg1) + 1) [s041 = 1| +
ty Ot
5 - WO (X, 001) + 1\
BT (1 —my) By |eP7) o ( I(/Vg(lX t?)) ) (PD(X4, 5041, Ge1) + 1) [Se41 = 2] :
ty Ot

(F.40)

We can thus solve for the price-dividend ratio of any asset exactly as we did for the wealth-
consumption ratio.
In the main text, I analyzed the following asset pricing quantities under the agent’s

subjective beliefs:

ery = log (B Riy1) (F.41)
r{ =log (E. Rl,,) (F.42)
rpe = ery — i, (F.43)
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as well as the following objective quantity

rpd = log (B Ryyy) — 1. (F.44)

Using the wealth-consumption ratio and the price-dividend ratio as above, we can obtain

the asset pricing quantities as follows:

- (PD(X Sl A=0)+1
I —1 B t+1, St+1 FA
=08 l ' ( PD(X,, si|h = 0) )] ’ (F.45)
~ PD(Xt+1 St+1) —l— 1
— oo |E, [ eror ’ F.4
eTt Og [ t (6 PD(Xt7 St) ) ( 6)

where we obtain the price-dividend ratio of the riskless asset as above, and need to numeri-
cally approximate the expected return under the agent’s beliefs using the same methods as
before. The subjective risk premium is then found as the difference between the log expected
return and the risk-free rate. Finally, I obtain the objective risk premium from the realized
asset returns (objective expectations equal the average realized return). I simulate the en-
dowment growth process multiple times. Having obtained the price-dividend ratio above, I

can then compute the price of the asset in period t as PD(Xy, s;) D; = PD(Xy, s;) C. The

Piy1+Dyga

realized return is found using the definition of the return as R, = 2

F.2 Peak-end rule

In this appendix, I derive numerical approximations for the agent’s beliefs under the peak-
end rule. I focus on the effect of the extreme experience bias on the agent’s posterior beliefs

in this appendix. Define the extreme experience bias in Equation (42) as

(g7 —w)?

m”(g;) = exp [—6202] . (F.47)
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F.2.1 Motivation of extreme experience formulation using Extreme Value The-

ory

Extreme experience bias posits that humans are more likely to recall extreme events (Cruciani
et al., 2011). The agent observes the realized history of i.i.d. normally distributed random
variables H; = (gk, gk+1, -, Gi-1, 9¢), With k — —oo. Let g, = max H; be the maximum
in a sequence of observations of length k. The distribution of gi”, converges to a Gumbel-
distribution (or Type-I generalized extreme value distribution) for large k.

Proof. Let X, = 9% have i.i.d. standard Normal distribution X; “&" N'(0,1), with CDF
®(z) and PDF ¢(x) Define X = max;<,<, X,. We search for sequences {a,}, {b,} and a
limiting CDF G(z) for 22=%" o apply the Fisher-Tippett-Gnedenko theorem.

The CDF of X is

PX <z)=P(X; <z, Xy<z,..,X, <x) H (X; <n) =" (x). (F.48)
7=1

As X, is unbounded, we have ®(z) < 1 Vz, and ®"(z) — 0 for n — co. The maximum X* 5
oo. In order to achieve a non-degenerate limit, we must standardize X* using (increasing)

sequences a, and b,. For x > 0, we can use the symmetry of the normal distribution to get

o(—z) :/;o () dz (F.49)
< /xoo ggb(z) dz = " ! /:O ze % dz = igb(:p) (F.50)

1
— <1+ —. F.51
d =1t x? ( )

Now, let a,, = —®~! (%) be the (1 — %)’th quantile and set b, = é Using the Taylor rule,
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we find

log ®(—a, — b,z) = log ®(—a,) — b, z 2((:2:)) + o(b, z) = log i —z4o0(b,z). (F.52)
We can then find
Pr(X; <ap+by2) =P(a, +b,2) =1 —P(—a, —b2) = 1— ;e_z, (F.53)
and
Pr(X; <a,+b,2)~ {1 — Tlle_zr A exp (—e_z> = G(2), (F.54)

with G(z) being the CDF of the Gumbel-distribution. The last approximation follows
from lim, (1 + %)n = exp(x). For {g,} S N(u, o), then we need to change a, =
p—odY(1/n) and b, = —a®1(1/n) to find the Gumbel-distribution as the limit of the
standardized maximum. [J

The CDF of the Gumbel-distribution for the maximum is

©

G(z; p,0%) = exp (—e;;2>, (F.55)

and I obtain m®(g,) by squaring the distance in the double exponential to get a symmetric

overweighting of the tails.

F.2.2 Memory-weighted probability distribution

Under the assumptions of Proposition 1, the agent’s posterior will concentrate on a memory-
weighted version of the true probability distribution. I here show that such a distribu-
tion exists under extreme-experience bias by finding an integration constant A that implies

. mP(g) ¢*(9) dg = 1. Let us consider a generalized version of the extreme-experience bias
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e 22 e ¢ P dg (F.56)

k!

(_1)k _92(a2k+b)72g(d2ka+u,b)+(02ka2+,u,2 b)

¢ =T dg (F.58)

Je
o-w? 2 (—1)k —a)?
:/6_(2;2) Z( ) e~k ¢ dg (F.57)
R

=
=

= (-1DF [27m0%bh ke .
= 202 =A F.59
=T L ’ (¥.59)

where I used the series expansion of the exponential function in the first line. The integration

constant A exists and is a well-defined function of the parameters.

F.2.3 Numerical approximation of the subjective moments under extreme ex-

perience bias

Restrict attention to the extreme-experience bias m”(g,) with a = p and b = ¢%.3% Under
this assumption, the agent is more likely to recall experiences that are further away from
the mean of the underlying growth-rate distribution while acknowledging the scale of the
underlying distribution o?. Behaviorally, the specification implies a memory-formulation
evaluates extremess relative to the true underlying process. If the growth-rates are generated
from a more volatile process, an observation needs to be larger (in absolute terms) to be
considered extreme. Similarly, a growth-rate that is close to u is considered "normal” and

thus less likely to be recalled under extreme-experience biased memory.

Using this formulation, the agent’s posterior expectation of the growth-rate is

L
f; = A /Rg e w2 e ¢ 7 dg (F.60)
=A / (2 + p) e 22 e > dx (F.61)
R

33Similar results are available for more general versions with either a # p or b # o2.
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o et g
=A / ze 22 7 drtpA / e 2 e 7 da (F.62)
R R

2
x

=A / rew? e 7 du + p, (F.63)
R

where I used a change of variables and the last line follows from the definition of A (to see

x2
this, you can reverse the substitution x = Ac — p). Next, let us define y = ™ 2.7 to find

22 _% 0 22 _LQQ 0 22 _ﬁ?
/xe_ﬁ e ¢ dx:/ re 2Ze ¢ " d:zc—l—/ re 2% e ¢ dx (F.64)
R —00 0
1 0
:/ —0? e’ydy—i-/ —o’e Vdy (F.65)
0 1

1 1
_ ( [eray— [ e dy) — 0, (F.66)
0 0

which implies that i, = p under extreme experience bias. If the agent symmetrically over-
weights the tails of the underlying distribution (which is also symmetric), she will learn the

correct mean growth rate.

Next, I approximate the perceived variance of the agent. Define u = %. It is

N2
(g—w)? BCR

62 =A /R(g —p)? e w2 e 2T dg=A2V20° /Ru2 e e du. (F.67)

In general, no closed form solution exists for the integral, but we can approximate it using

various substitutions. First, use y = ¢~*" to find

2

/ we e du =2 / e e " du (F.68)
R 0

= /01 V—In(y) e Vdy = i (_kll)k /01 —In(y) y" dy. (F.69)
k=0 I

The inner integral can be solved by using v = —1In (y) as

V= k dy — —kv [ 4Y _ (k4 1)
/0 In (y) v dy /OO Vve (dv) dv /0 Ve dv (F.70)
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_ I'(1s) N
T (k1R T 2(k+ 1 (F.71)

where the last lines follows by the properties of the Gamma-function for half-integers.

Putting terms together, it is

52 — A92+/9 3 ( — A2 7103 F.72
% V2o ,;) K 2(k+1)32 " k% Kl (k+1)%2 72

00 —1)k 1
QZk:O ( k!) (k+1)3/2
R

m=0"m\ Vil

~ o2 -1.4108 > o2 (F.73)

As expected, extreme experience-biased memory leads to a higher fundamental variance.
Intuitively, the agent’s memory overweights observations that are further away from the
mean of the underlying distribution. Therefore, the growth-rate process seems riskier than

it actually is under the agent’s beliefs.

F.2.4 Numerical approximation of the subjective mean under the peak-end rule

Let us consider the entire memory function defined in Equation (42). First, we need to show
that the memory-weighted probability distribution exists by showing that the integration

constant V exists:

o PE * — % _(g=ap)? e (g;,uz)
/_mm (9:9:)a"(9) dg:/Re e e dg (F.74)
_[e=w? -] o0 (_q1)k 2

:/6 [92:2 +557 } Z( 1‘) e_k(g2:2) dg
R i k!
o (_1)F _ (g=m? | (g=g)

:Z( kll) /6 (00 s }dg
k=0 "o IR
s (_1)k 792<(1+k)K+02)—2g((1+k)mu+<729t)+((1+k:)/€u2+029t2)

- k' /Re 202 K dg

27102k _ a4k (u—gp)?
2 s = P F.75
o2+ (1+k)r ¢ ’ (F.75)

|
=
Mg I
D
T
=

_
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where I used the series expansion of the exponential function in the first line. The integration
constant V exists and is a well-defined function of the parameters.
Next, we approximate the agent’s posterior mean under the peak-end rule memory func-

tion. Define the mean and variance under similarity-weighted memory (see Proposition 2)

as
g kp+o’g
== = =l -a)p+ag (F.76)
2
~5)2 ko
= F.r7
O (F.77)
with a = ~7=5. We can then rewrite the product of the peak-end memory function with the

probability density function of a normal distribution as

_u)2 F—pSH2 2
(g7 —w)? (g7 —g1)? _e_(gggg) _ (umgy)? tor A7) -lory)

_ _ By _ )
e 202 e 2~ e = 2 g 2097 gme 2 (F.78)

The agent’s posterior mean under the peak-end rule memory function can then be obtained

as

(n—g1)? Cadid) CEN

- - S92 e 2.7
fip =Ve 20+ /ge 2o )2 e ® 7 dg (F.79)
_ (p,—gt) _ (z+g)z ($+/’Lt2 )2
=Ve 2049 /R (x +p+ ﬂf) e 200 T (g (F.80)
(1=g1) TN ol s <
- & — 20 A
=Ve 2(&+02)/Ra:e 27 e dx + p+ iy (F.81)

We cannot simplify the integral using the same steps as in Appendix F.2.3, because the
o) (e+ig)?
S e

function f(z) = ze is, in general, not symmetric. Therefore, I approximate

the integral using the series expansion of the exponential function as

_(I+§)2 3 00 (_1)k _(w-&-;SL)Q ( oty 52
/me 267 gme 20 => o /xe 2607 e TF T dy (F.82)
R N
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:_i(—l)k V2mao6? .
= kD (024 k(67)%)3?

(n—p$)?

ol k(D (F.83)

_k.
2

(no® + kg (67)7) e

Putting terms together, it is

Cwma? [ (1) NPT ki)’
~ ~AS _ hto2 t 2 ~AS rAS\2 2 02+k(as)2
oo e (Z K (02 4+ K (67)2)3/2 (1o® + ki (57)°) e t

k=0
(-1t 2 R i
(9] — K+o K ~S 2 524k (65)2
~9 _2“(‘75”2‘2) 2k=0 (1+k) k+02)3/2 (,u—i— k H+02'ut> € '
=+ [y —e 20+ —— , (F.84)
1k _(+k) _(i—g)
ZOO (=1) 1 e 2 (14k) kto?
k=0 k! o2+(1+k) K

which is fast to evaluate numerically.

F.3 Similarity-weighted memory and log-normal endowment growth

In this Appendix, I briefly discuss the implications of similarity-weighted memory if the
endowment growth process is log-normal. I first highlight the implications of similarity-
weighted memory for the agent’s subjective beliefs, to then discuss the implications for asset
prices.

Consider the framework in Section 3 with u; = ue and o7 = 09, such that
G =p+oe, € = N(O,1). (F.85)

The agent learns about both parameters of endowment growth, the mean and the volatility,
from her recalled observations. The agent’s memory is distorted by the similiarty-weighted
memory function in Equation (17).

The agent’s long-term beliefs are as in Proposition 2, with

= (1 —a)u+ag, and (F.86)
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62 =(1—a)o? (F.87)

o2

where o« = P

The dynamics of the agent’s posterior mean are as in Section 3, but the
agent’s posterior variance is always smaller than the fundamental variance because a € (0, 1).
Intuitively, under similarity-weighted memory, the agent is more likely to recall growth rates
that are close to ¢;, while the agent does not recall growth rates that are further in the
tail of the distribution. In line with Proposition 1, the covariance between the distance of
endowment growth from the subjective location parameter fi; and the probability of recall
is negative under similarity-weighted memory, such that 62 < o2 Moreover, the agent’s
posterior variance is not time-varying if endowment growth is log-normally distributed.

The cumulant-generating function of endowment growth under the agent’s time-¢ belief
is then given by

~ 1 1
KL (k) = log B, (ekgt“) =kiu+=-k6l= akg +(1—a) [k,u+k:202} . (F.88)
2 ~—— 2

Time-varying Conscamt

The subjective cumulant-generating function under similarity-weighted memory consists of
two components: This period’s endowment growth g,—which receives weight «, and the true
cumulant-generating function of endowment growth, with weight (1 — «).

As a next step, I simulate the model 50,000 times for 312 quarters and report average
moments in Table 5. All parameters are as in Section 4.3.

The simulation results in Table F.1 highlight that the agent’s posterior mean is an un-
biased estimate of the true mean endowment growth, while the agent’s posterior variance is
lower than the fundamental variance and constant over time. The asset pricing implications
are as discussed in the main text, but the subjective risk premium is almost constant due to

the constant posterior variance.
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Table F.1: Asset prices under similarity-weighted memory and log-normal endowment
growth

Symbol Mean Std. Corr. with g4
Endowment growth and subjective beliefs

Gt 1.449 2.021 -
[is 1.450 0.010 1.000
of! 2.018 < 0.001 < 0.001
Subjective asset prices

ery 4.573 0.006 1.000
TP 1.223 0.002 0.671
Objective asset prices

r 3.350 0.010 0.956
Dt 1.428 1.282 —0.956

Table F.1 reports the model moments obtained from 50,000 simulations of the model for 312
quarters. I annualize the quantities as follows: Means are multiplied by four and the standard
deviations are multiplied by two. For the risk-free rate, I multiply the quarterly mean and the
standard deviation by four.

F.4 State-dependent similarity-weighted memory

In this Appendix, I consider the effect of similarity-weighted memory if similarity also de-
pends on the observable state. I focus on the implications of similarity-weighted memory on
the agent’s beliefs.

Assume that endowment growth is as in Section 3, but the memory function differs from

that in Section 3 and is given by

(gT_gt)2
2— st — s k|

mi]t,st) (gT7 37’) = eXp l_(

(F.89)

If s; = s,, the memory function is as in Equation (17). On the contrary, if s; # s,, the

{—@] Under the memory function in Equation (F.89), the

memory function is exp
agent is more likely to remember past growth rates that are closer to today’s endowment
growth rate, and to remember growth rates that occurred in the same state as today’s state.

Since the agent’s recalled experiences consist of (g, s;), we can proceed case-wise and
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analyze the agent’s posterior beliefs conditional on today’s state. It is

) = (g0 — ) if sy =1
foe=p1+< ! , and (F.90)
0'2 .
gigin (9t — 1) if 5, =2
202 ( . -
5524 n gt — /,1,2) lf St = 1
flot = fia + ? er . (F.91)
Jgiﬁ (g¢ — p2) if 5y =2

2
Note that 233 _‘EM > %, such that the effect of similarity is stronger for the posterior mean
about the state that is not currently observed. Thus, although the framework is i.i.d., we
expect to observe predictable changes in the agent’s posterior mean belief conditional on the

current state even holding ¢g; fixed. In addition, the conditional posterior variance of the

agent is given by

. .
ifs, =1
A2 _ o2 ) rto}
01, =07" , (F.92)
K ] J—
K+207 if 5, =2
. .
if s, =1
A2 2 K+203
Gy =05 - . (F.93)
K 3 J—
v if s, =2

Again, since similarity-based selectivity is stronger for the state that is currently not occur-
ring, the agent’s posterior variance of endowment growth in the “other” state is shrunk more

than her posterior variance of endowment growth in the current state.

G Selective memory for continuous distributions

I now extend the learning framework from Section 2 to continuous outcome distributions.
Economy. Let us assume that the realized state s; = s induces a fixed and i.i.d. density

q* of log endowment growth g, such that Pr (g € [a,b]) = [’ ¢*(g) dg conditional on s, = s.
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The density ¢ € D, where D is the set of densities over R.** T maintain the assumption
that ¢* belongs to the family of parametric densities, ¢* € {gs : 0 € O}, with © CRF k€ N
closed and convex.

Learning. To model uncertainty about the distribution of log endowment growth, I
assume that the agent holds a prior belief by over potential densities ¢ € D, where [ Lf qs(g) dg
gives the probability of observing g; € [a,b] under density ¢, and ¢ assigns one density to
every state realization s € S. The support of the prior contains all distributions that the
agent initially considers possible. I assume that the agent knows that log endowment growth
is generated by a parametric distribution, such that the prior support Q C {gy : § € O}° C
DS. The assumptions on the prior from Section 2 continue to hold.3”

Memory. The assumptions on the memory function remain as in the main text. The
memory-function is applied to the densities, and mg, ) : R x S — [0,1].

Beliefs The agent forms Bayesian beliefs conditional on her recalled experiences, and
Equation (1) determines the agent’s beliefs.

Define the continuous memory-weighted likelihood maximizer conditional on this period’s

experience as

LM*(g¢, s¢) = argmax »_ 9(s) [ O:O M(g,.5)(9,5) ¢:(g) log qs(g) dg. (G.1)

9€Q  se8

The following proof shows that the agent’s belief concentrates on data-generating pro-

cesses that maximize the likelihood of the recalled history as given by LM(g;, s¢).

Proof. The proof follows the arguments presented in Fudenberg et al. (2024) and proceeds

34Formally, let us consider the probability space (€2, F, P) and the measurable space (A, B), with A C R
and B the respective Borel o-algebra. Endowment growth is a measurable function that maps from Q to A,
gt : Q@ +— A. The density ¢ is then constructed from the probability measure assigned to the preimage of
each interval [a,b] under g, as P(g; * ((a,b))) = fab q:(gt) dge, the image measure. The set of all densities
D is the set of all measureable functions v : 2 — R that are non-negative almost everywhere and satisfy
Jov(x)de =1.

35The agent is correctly specified, ¢* € Q and all measures in the prior support are mutually absolutely
continuous. Consequently, each measure in the prior support can be obtained from any other measure by a
Radon-Nikodym derivative.
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as follows: First, I show that the histogram of the agent’s recalled experiences converges
to the memory-weighted true probability density. Second, following Berk (1966), I argue
that the agent’s Bayesian posterior concentrates on maximizers of the (log-)likehood. Last,
I show that the recalled history is almost surely large, such that the convergence results are

meaningful. Combining those steps yields the claim.

t
T=—00"

Step 1: Recall the notation. The history of experiences is H; = {(g, s,)} The agent
recalls an experience from period 7 < ¢ with probability m, s,)(g-,s-) € [0,1]. The recalled
periods r; are therefore a random subset of all experiences that occurred with distribution

P [Tt|Hta i, St] = HTG’f‘t m(957tt)<g7'7 S’T‘) HTgrt (1 - m(gs7tt)(g7'7 ST)) . Define the empirical joint

distribution function of recalled growth rates and signals as

A

1
Ft(975) = @ Z ]1{97 S g,Sr S 8}7 (G2>
t TETE

while the true joint distribution function of experiences is given by F(g, s). Without mem-
ory selectivity, mg, +,)(9r,s-) = ¢ € [0,1]¥(gs, s-), the Glivenko-Cantelli lemma®® ensures
uniform almost sure convergence of the empirical joint distribution, Ft(g, s), to the true

distribution, F'(g, s) as t — oo:

A

Fi(g,s) — F(g,8)] %3 0. (G.3)

sup
g€eR,seS

Adopting the proof of the Glivenko-Cantelli lemma, I now show that, in general, the empirical
distribution of recalled experiences converges to the memory-weighted distribution. By the
strong law of large numbers, the empirical joint distribution Ft(g, $) converges pointwise—up

to a normalization constant—to myg, s,)(g,s) - F(g,s), that is

ﬁt(gas> - m(gt,st)(g78) ’ F(g,S) a;>s. 0. (G4)

36Formally, the Glivenko-Cantelli lemma holds for univariate distribution, but its extension to multivariate
distribution follows from the generalizations by Vapnik—Chervonenkis, see Shorack and Wellner (1986).
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The convergence is also uniform. Denote F, (g, s) = m(g, +)(9,5) - F'(g,5) and fix a grid of
two-dimensional points x; = (g;,s;), j = 1,...,m with z; < x;41 and such that F,, (z;) —
Fozj—1) = % For all x € R x S, it exists a k € {1,...,m} such that x € [zp_1,zg]. It

must then hold that

. A . . 1
Fi(z) — Foi(z) < Fy(xg) — Fi(x) < Fy(xy) — Fn(ag—) = Fi(zg) — Fipe(xg) + —
A A A A 1
Ft(oT) - Fmt($) > Ft($k71) - Fmt(flf) < Ft($k71) - Fmt(l’k) = Ft(xkfl) - Fmt(xk) - %
Consequently,
> A 1
x?}igs i(z) t(x)’ = ké?ll%i(m} t(r) t(l'k)’ + - (G.5)

However, maxie1,...m} ‘l%t(xk) — Fmt(xk)‘ 2% 0 by the pointwise convergence that follows

from the strong law of large numbers and we can guarantee that for any € > 0 and m such that

A

Fi(wg) = Frg(ar)| < e— 2,

1/m < e, we find a T such that for all £ > T we have maxye(1,...m}
which establishes almost sure convergence.

We have established that the empirical joint (cumulative) distribution converges uni-
formly to the true joint distribution. As a next step, I show that also the empirical density
converges. Since the distribution of signals is known, I focus on the marginal density of
endowment growth, but the argument extends to the joint density. Define a partition of the

real line dj, such that dy,1 — dr = h. The histogram of growth rates is then

EFy(diy,s) — Ey(dy, s)
h )

fi(g) = Z

seS

(G.6)

for g € [dgy1,dk]. Note that the marginal memory-weighted distribution of endowment
growth, f,,:(g), is (Lipschitz-)continuous and finite by assumption. If we let h — 0, the
continuity of the marginal distribution and the mean-value theorem ensure that E ( fi (g)) —

fing(g) as |[HE| = oo. Thus, the empirical histogram of growth rates is an unbiased estima-
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tor of the memory-weighted density. Moreover, note that the histogram of recalled experi-

Pr(dp<g<diy1) (1-Pr[dp<g<di11])
|H [*| n? ’

ences becomes deterministic for |H?| — oo, since Var ( ft(g)) =

These properties of the empirical histogram of recalled growth rates imply that

filg) B fmsl9)- (G.7)

The agent’s recalled growth rates converges in probability to the memory-weighted version
of the true probability density, since the density exists by construction of D. Moreover, if
we restrict the set D to the class of uniformly integrable random variables, as considered in
the applications of this paper, then the empirical density is uniformly integrable.

Step 2: Next, I show that the agent’s posterior beliefs concentrate on those elements of
the prior that maximize the likelihood. Intuitively, the Bayesian posterior is proportional
to the prior times likelihood, but the prior is “washed out” for t — oo. The agent’s beliefs
thus concentrate on distributions that maximize the likelihood (see the Bernstein-von-Mises
theorem).

For |[HE| — oo, the log-likelihood of recalled experiences under a given distribution ¢ € Q

is

o8 (T 00 (00)) = S 066) [ 1A i) o () o G5)

TETE seS -
2 Y 0(s) [ fel9) logas (9) dg (G.9)
ses e
= A S 0() | migusnl9:5) 42(9) loga, (9) dg (G.10)
ses >
= |H{| L(g, H{Y), (G.11)

where I used the convergence of the empirical density ft(g) to the memory-weighted true
density from Step 1 to go from the second to the third line, and denote the log-likelihood of

model ¢ given the recalled history HE by L(q, HE).
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From Equation (1), the posterior odds ratio of two models ¢,¢" € Q is given by

[l er, g5, (9-) bo(q)  expllogl.c,, qs,(9-)]

/ / p
Mrer @ (9-)bo(@) " exp [log ey, 4, (97)]

= pexp [|HF| (L(q, HF) — L(¢ . HY))]. (G.12)

The prior odds ratio, p = Ii?((;)), is fixed. However, for L(q, H) > L(q', H}), the posterior

odds ratio diverges to oo for | H[| tooo, since the probability of model ¢’ being correct goes to
zero. Similarly, if L(q, HE) < L(q', H[?), the posterior odds ratio converges to 0 because the
probability of ¢ being correct goes to 0. Therefore, the agent’s posterior beliefs concentrate
on the maximizers of the memory-weighted likelihood as given in Equation (2). If the prior
support contains the memory-weighted density, the agent’s beliefs will then concentrate on
the memory-weighted density.

Step 3: Finally, I must argue that indeed |H[*| — oo for t — oo, which follows directly

from claim 1 in Fudenberg et al. (2024) and the proof therein.
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