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Preface

This cumulative dissertation consists of four individual papers that were created in
collaboration with Prof. Dr. Pigorsch. The first paper, High-Dimensional Stock
Portfolio Trading with Deep Reinforcement Learning is concerned with the empirical
application of deep reinforcement learning in portfolio management. I contributed
by proposing the ideas and concepts, the empirical analysis, and the initial writing.
Prof. Dr. Pigorsch, on the other hand, provided valuable conceptional suggestions
that influenced the empirical analysis and made contributions to improving the
structure and writing. The paper High-Dimensional Stock Portfolio Trading with
Deep Reinforcement Learning is published in a shortened version as the proceedings of
the 2022 IEEE Symposium on Computational Intelligence for Financial Engineering
and Economics (CIFEr) (Pigorsch and Schäfer, 2022) where it has undergone a
review process with three reviewers.

The second paper, A Deep Learning Stack for Asset Pricing and Portfolio Man-
agement presents a novel architecture for training deep neural networks for asset
pricing. The paper focuses particularly on the computational aspect of deep learning
in finance, but also provides valuable insights into the interpretability of neural
networks for the task of predicting asset returns. I am the single author of this paper,
and did not submit the paper for review as it served as a motivation for the follow-up
paper Anxiety in Returns.

While the third paper, Anxiety in Returns, utilizes concepts of behavioral finance,
it ultimately connects the empirical results to financial deep learning. The research
idea originated from the second paper during a detailed analysis of the findings
and quickly evolved into a separate research project. I developed the concepts and
theoretical work presented in this paper as well as the empirical analysis, whereas
Prof. Dr. Pigorsch made important suggestions for key empirical tests and greatly
contributed to the writing of the paper. I presented the paper on the International
Conference on Computational and Financial Econometrics in 2022 (CFE 2022)
and Prof. Dr. Pigorsch presented the paper on the annual meeting of the Verein
für Socialpolitik in 2023. Furthermore, the paper is published in the Journal of
Behavioral Finance (Pigorsch and Schäfer, 2023).

The fourth paper, Monday Afternoon Reversal, stems from an empirical analysis
of high-frequency data and reveals an asset pricing phenomenon. The distribution
of contributions is similar to the third paper, as I developed the research idea, the
empirical analysis but got great support from Prof. Dr. Pigorsch in solving empirical
issues as well as with writing the paper.

Although the above provides an assessment of the quantifiable contribution to
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each paper, Prof. Dr. Pigorsch always motivated me to make the crucial "one more
discovery", that causes each paper to be significantly more insightful. Furthermore,
she shared a rich set of experiences, including writing styles, structure, and strategies
for submission to the journal, from which I greatly benefited.

To make reading more convenient, I refer to a paper as a Chapter in the following,
which consists of multiple Sections. Each Chapter is closely aligned with the original
paper; however, this dissertation contains some additions. Although each Chapter
assesses a distinct research question, I discuss important interconnections and joint
results in between the Chapters as well as in the Introduction and the Conclusion.
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1 Introduction

Understanding the underlying factors of asset prices is one of the most challenging
issues in finance. Ever since the development of the capital asset pricing model
(Lintner, 1965; Mossin, 1966; Sharpe, 1964), economists seek to enhance the model’s
ability to describe contemporaneous returns and its ability to predict future returns
by proposing hundreds of potential factors that may drive asset returns (Feng
et al., 2020; Hou et al., 2015). While artificial intelligence permeates nearly every
aspect of contemporary business and economics, researchers utilize machine learning
successfully to uncover complex factors that drive asset returns (Almahdi and Yang,
2017; Bianchi et al., 2021; Fischer and Krauss, 2018; Gu et al., 2020; Kraus and
Feuerriegel, 2017; Krauss et al., 2017; Patel et al., 2015; Wang et al., 2020; Zhong
and Enke, 2017). Due to the high potential economic gains, portfolio management is
inherently interested in identifying return predicting factors.

The following two Chapters of this thesis discuss deep learning methods for
portfolio management. Deep learning is a subfield of machine learning that focuses
on capturing empirical relationships between a set of features and one or more target
variables using a variety of statistical models. The most well-known approach is
the linear regression including its variants like the Ridge regression or the LASSO.
These variants apply parameter shrinkage such that the estimated model becomes
less sensitive to noise in the training data, which may ultimately lead to an enhanced
out-of-sample performance, i.e., when estimating or predicting previously unseen
data. Shrinkage models are also a common choice for predictive asset pricing of
cross-sectional return data, which typically come with a low signal-to-noise ratio
(Freyberger et al., 2020; Gu et al., 2020; Kozak et al., 2020).

However, the linear regression and its derivatives are, as the name suggests, linear
models. Thus, if the data contains valuable non-linear patterns, such as interaction
effects between multiple variables, these will remain uncovered when using the latter
models. To this end, researchers frequently employ tree-based models to capture
non-linear effects in the data, particularly in asset pricing. These models are based
on ensembles of decision trees, known as gradient boosting or random forests. Several
papers find high out-of-sample performance in predicting asset returns using the
latter ensemble models, for instance, see Bianchi et al. (2021); Gu et al. (2020);
Krauss et al. (2017).

Deep learning focuses on learning complex non-linear relationships in the data
using neural networks. As neural networks may become highly complex and can
identify the most spurious patterns in the data, they appear to render the latter
statistical approaches for asset pricing obsolete (Bianchi et al., 2021; Chen et al.,
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2023; Gu et al., 2020; Krauss et al., 2017). However, as pure empirical pricing
factors typically lack an economic justification, they may be incapable of predicting
previously unseen data. Incorporating computational advances of deep learning into
empirical asset pricing while concurrently obtaining economically interpretable models
is, therefore, of great value for both academics and practitioners. This dissertation
contributes to both of these aspects by combining insights from computational asset
pricing, but also by providing a theoretically motivated asset pricing anomaly that
significantly predicts equity returns and may explain a fraction of the predictive
power of deep learning in asset pricing.

Typically, asset pricing focusses on either explaining or predicting equity returns.
Usually, researchers evaluate the predictive power of asset pricing models or factors
by evaluating the performance of portfolios that are constructed using the latter
predictions. This approach not only reveals the economic value of the predictive
power, but also shows its robustness over time in the selection of assets. We combine
these two objectives in Chapter 2 by directly training artificial agents to manage
portfolios using Deep Reinforcement Learning (DRL). DRL is based on deep learning
and is concerned with optimizing the policy of an artificial agent that interacts with its
environment by sending actions and receiving rewards. The agent’s policy is typically
founded on an iteratively optimized neural network. For instance, if the agent must
learn to manage a portfolio, it needs to make investment decisions based on a set of
features, such as the historical returns of an asset. The policy, i.e., the underlying
neural network, transforms these features into a numerical decision, while the reward
may be the return of the portfolio in the following period. Consequently, the
algorithm learns directly to predict asset returns while simultaneously transforming
these predictions into a portfolio.

The novel DRL algorithm we develop in Chapter 2 tackles a number of issues
that may limit other algorithms from scaling well with the number of assets in the
portfolio. For instance, applying DRL on a fixed set of assets is straightforward, as a
single neural network may transform the set of features of these assets into portfolio
weights, whereas the size of the feature set and portfolio weights do not vary in time.
However, if the latter condition is not fulfilled, common DRL methods cannot be
applied to managing portfolios containing a variable number of equities, making the
latter method fairly limited in its application. We address this issue, as our agents
only interact with one asset at a time, and the rewards are designed such that trading
the single asset is evaluated as if the agent were managing a portfolio. Consequently,
our approach scales well with arbitrarily large portfolios. As the algorithm also
generalizes well, our algorithm outperforms passive and active investment strategies
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substantially in a variety of out-of-sample tests.
Although DRL comes with the benefit of being able to manage portfolios directly,

it also requires high computational efforts. That is, training our algorithm not only
involves the optimization of a neural network, which can be computationally costly,
but also the simulation of a trading environment that needs to generate rewards on
each action taken by the agent. This combination makes DRL hard to parallelize,
resulting in relatively long training times. Thus, we develop a novel architecture
for asset pricing via deep learning in Chapter 3, which we transform into portfolios
heuristically, that is specifically designed to minimize training times and increase the
interpretability of the resulting return predictions. To this end, we stack multiple
neural networks that predict cross-sectional returns jointly. First, we set up a binary
classification task to predict return signs. Second, as it is well known that positive
and negative returns behave differently, we train one regression neural network
exclusively with positive target returns, while the other is trained exclusively on
negative target returns. Finally, we categorize assets as having either positive or
negative expected returns and then determine the magnitude of those returns using
the corresponding regression models.

Our neural network stack not only yields noteworthy predictive performance in
large-scale out-of-sample tests on cross-sectional stock returns but is also compu-
tationally highly efficient. As we reduce the complexity of the prediction task by
splitting it into multiple subtasks, the neural networks are effective at relatively
small sizes. Furthermore, our approach allows to analyze feature importance of each
neural network within the stack. We find that, e.g., past return volatility is more
than twice as important for predicting positive returns as it is for predicting negative
returns. Overall, however, all three models agree that past returns are by far the
most important features.

The fourth Chapter presents a novel return anomaly that may be closely related
to the importance of past returns, specifically the return sign, for predicting future
returns as well as the non-linear factors revealed by neural networks. We find that
during periods of high common risk aversion, investors avoid stocks with preceding
negative realized returns, making these stocks yield significantly lower returns in
the subsequent period than stocks with preceding positive returns. We propose that
this return difference is due to investors becoming anxious to invest in losing stocks
when they are highly risk-averse, hence, we refer to this phenomenon as the anxiety
anomaly. Our findings are based on a newly developed measure of risk aversion but
can also be observed using a well-established measure of risk aversion.

We incorporate the anxiety anomaly into a simple linear model and find that it
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predicts future returns consistently well over multiple decades. In fact, the model
yields comparable predictive performance to deep neural networks with hundreds
of predictors, as in Gu et al. (2020). Interestingly, neural networks appear to
generally prioritize the non-linear transformation of recent returns as well as firm size,
closely matching the anxiety anomaly. We train a neural network specifically on the
preceding return and the size long-short risk factor spread, which is the underlying
factor of our measure of risk aversion, and find that the neural network converges to
predictions that are similar to those of the anxiety anomaly. Hence, we conjecture
that predictability in returns found by machine learning models may stem from
predictability in investors’ behavior.

In the fifth Chapter, we describe a strong reversal of returns on Monday afternoons
throughout the remaining week’s return. Analyzing the high-frequency returns of
a U.S. cross-section, indices, and international ETFs, we find that the reversal is
consistent among major international equity markets and is not due to systematic or
overnight risk. We undertake a variety of robustness checks and find that the reversal
is most prevalent among large stocks and is not due to earnings announcements.
Conversely, we find no support for the predictive power of the Monday morning
return.

On weekends, investors have more time to digest accumulated information in depth
without any market interaction, potentially creating heterogeneous beliefs about
fundamental values. We measure investor disagreement by volume and volatility
on Monday afternoons and find that the reversal exists exclusively among stocks
with high volume or volatility on Monday afternoons. Furthermore, we document
significant momentum for stocks with low Monday afternoon volatility, strongly
suggesting that investor disagreement is the underlying cause of the reversal.

If the Monday afternoon reversal is due to investor disagreement, we anticipate an
increased reversal when informed investors strongly disagree with Monday afternoon
returns. In order to assess this, we analyze short interest data on Mondays, as
short sellers are well-known as informed investors. Indeed, we find that short sellers
consistently predict the remaining week’s returns on Mondays, and the reversal
is strongest when short sellers disagree with Monday afternoon returns, providing
further evidence that the reversal is due to investor disagreement.

Ultimately, the final Chapter concludes this dissertation. Here, we provide a
summary of the results presented in each Chapter. Furthermore, we discuss the
origins of the deep learning’s predictive power in asset pricing and, hence, outline
the relationships between the consecutive Chapters of this thesis. In particular,
as a neural network trained on the features of the anxiety anomaly converges to
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predictions of the anxiety anomaly, we question whether the predictive power of deep
learning may be due to the predictability in investors’ behavior. Finally, we close
this dissertation with some remarks concerning the future of portfolio management
via machine learning.
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2 High-Dimensional Stock Portfolio Trading with

Deep Reinforcement Learning

Abstract

This Chapter proposes a Deep Reinforcement Learning algorithm for financial
portfolio trading based on Deep Q-learning (Mnih et al., 2013). The algorithm
is capable of trading high-dimensional portfolios from cross-sectional datasets
of any size, which may include data gaps and non-unique history lengths in
the assets. We sequentially set up environments by sampling one asset for
each environment while rewarding investments with the resulting asset’s return
and cash reservations with the average return of the set of assets. This forces
the agent to strategically assign capital to assets that it predicts will perform
above average. We apply our methodology in an out-of-sample analysis to
48 U.S. stock portfolio setups, varying in the number of stocks from ten up
to 500, in the selection criteria, and in the level of transaction costs. The
algorithm, on average, outperforms all considered passive and active benchmark
investment strategies by a large margin using only one hyperparameter setup
for all portfolios.

2.1 Introduction

Portfolio management includes the process of analyzing financial assets and estimating
future returns and risks. As the amount of available data, especially for stocks, is
rising, intelligent systems that automate or even completely control the portfolio
management workflow can increase the investor’s performance (Gu et al., 2020).
Therefore, machine learning is widely used within portfolio management, e.g., for
return predictions or risk evaluation as in Fischer and Krauss (2018); Patel et al.
(2015); Wolff and Echterling (2020).

DRL is the process of agents finding policies that maximize the cumulative rewards
for a specific task resulting from learning through interaction with an environment.
As a basis for its decision-making, the agent receives information about the state of
the environment for every action it is supposed to take. The agent should become
artificially intelligent by using non-linear function approximators like neural networks
in order to improve its decision-making.

In the literature, there exist mainly two approaches to applying DRL within the
context of portfolio management. Training agents that are capable of trading a single
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asset, which can include both long and short positions in the respective asset, and
training agents to make capital assignments to a portfolio of assets, i.e., learning the
optimal weighting policy. However, as we discuss in the following, these approaches
suffer from limited flexibility and/or generalization capabilities.

Both methodologies come with substantial drawbacks. Training an agent on
a single asset makes the environment, i.e., the sample size, relatively small. For
that, considering a stock with a data history of ten years and daily datapoints gives
only approx. 2530 samples, whereas, e.g., state-of-the-art neural networks for image
recognition are evaluated using datasets that are multiple orders of magnitude larger
(He et al., 2016). Small datasets come with the drawback that noise-induced signals
are not fit and do not provide sufficient information for a generalizable solution to the
problem. Moreover, out-of-sample results for single assets are rather weak in terms of
their economic and statistical expressiveness. Finding a hyperparameter setup that
performs reasonably well in-sample as well as out-of-sample can be found with tenable
computational efforts. This makes solutions found for a single asset fairly restricted
to the asset itself and potentially not valid for other assets. These issues motivate us
to train agents that are capable of trading asset portfolios. However, when using
neural networks to generate output for a vector of asset weights, a complete feature
matrix for every period is required. Specifically, each period that contains a missing
value cannot be used for training and might also make adjacent periods obsolete as
periods are usually interconnected. This requires, e.g., a portfolio consisting of stocks
listed for the same time period. As a consequence, the number of available assets
to combine into a portfolio is rather limited. We make crucial extensions to Deep
Q-learning (Mnih et al., 2013) to simultaneously benefit from large, cross-sectional
datasets and portfolios of assets while still using environments with only one asset at
a time for training.

Our methodology contains three major extensions. First, we sample one asset
from a set of assets and set up a typical DRL environment for trading the single
asset. Using asset-specific features in each state, the agent makes periodic decisions
about when to invest in the single asset. At each terminal period, the environment
is reset with a newly sampled asset. Second, we reward investments in a single asset
with its next period’s return. Reserving cash, i.e., not investing, is rewarded with
the mean return of the set of assets in the next period. Lastly, when evaluating the
agent, in every period we build equally weighted portfolios with each asset the agent
is willing to invest in. This methodology allows for large, cross-sectional datasets
with stronger generalization due to the random sampling of assets, while the reward
function motivates the agent to actively avoid investments that the agent predicts

7



will perform below average.
The remainder of the Chapter is structured as follows: Section 2.2 briefly intro-

duces the concepts of DRL in the context of trading financial assets and provides a
short review of the related literature. Our algorithm, which uses Deep Q-learning
(Mnih et al., 2013), is proposed in Section 2.3 and tested on U.S. stock data in
Section 2.4. Section 2.5 concludes and discusses implications for further studies.

2.2 Background and related literature

2.2.1 Reinforcement Learning

We assume that the task of trading a financial asset can be represented as a Partially
Observable Markov Decision Process (POMDP) (Spaan, 2012). We do so because
there must be some underlying state that describes every possible trading decision
made in the markets but is so large that it is practically unobservable. We therefore
construct an observable subset of the state consisting of features that are sufficiently
relevant. The features are outlined below. We follow the standard definitions for
the POMDP and denote the environment by E in which the agent acts. For each
iteration, the agent receives information about the state in time step t, denoted
as st, and performs an action at from the action space A. As a consequence, the
environment returns a reward Rt from the reward function R given the specific
state-action pair. Note, that we use Rt for rewards and rt for financial returns in the
following. That is, for every iteration, the agent receives a tuple consisting of the
state, action, and reward, i.e., (st, at, Rt). Based on the tuple, the agent’s task is to
find a profitable trading strategy given by the policy π(st).

When trading financial assets, the agent must make periodic decisions. The
definition of a period can vary from split seconds to weeks. At each period, the
agent receives information about the current state of the environment. In the context
of stock trading specifically, this may be the agent’s available capital and trading
positions as well as asset-specific information such as figures from recent earnings
reports and the price history. The latter is frequently represented by technical
indicators.

Using the available information, the agent should decide on an action that results
in a step in the environment. In a financial trading environment, that means
undertaking an investment or adjusting portfolio weights with the available capital.
The reward is typically defined by the asset’s or portfolio’s return, either immediately
for each period or cumulatively at the end of multiple periods. Alternatively, the
excess return compared to a specific benchmark or the Sharpe ratio can be well
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suited, too (Almahdi and Yang, 2017; Théate and Ernst, 2021; Yang et al., 2020).

2.2.2 Related work

DRL is widely used for trading and portfolio management. These studies are either
concerned with trading assets individually or trading portfolios by learning dynamic
asset allocation policies. The following studies are concerned with the trading of
single assets.

Huang (2018) demonstrate the effectiveness of DRL for trading currency pairs.
The author uses recurrent DRL to trade 12 currency pairs and concludes that using
a rather small replay memory, compared to what is used in standard reinforcement
learning, can be more effective. Moreover, the author finds that higher trading costs
do not necessarily decrease trading performance as learned strategies become more
robust. On all pairs, the agent successfully outperforms the benchmark strategies
of buy-and-hold as well as sell-and-hold. Moreover, the author provides insights
into the trading behavior of the agents. That is, agents maintain higher win rates
of approximately 60% with average profits close to zero. These results are in line
with our findings. Specifically, we show that the agents are capable of adjusting to
increased transaction costs as compared to active benchmark strategies while also
yielding higher cumulative returns than a passive investment approach.

The Deep Q-learning algorithm (Mnih et al., 2013) is a popular choice for
automated financial asset trading. Théate and Ernst (2021) test trading strategies
based on DQN-agents over a cross-section of 30 stocks and stock indices. The
agents successfully find trading strategies that, on average, outperform a passive
buy-and-hold strategy. The authors train a DQN agent for each asset individually
over a period of six years and evaluate their respective performance over a subsequent
two-year time period. Overall, agents tend to alternate between a more passive,
buy-and-hold strategy and a mean-reversion strategy but cannot outperform a passive
investment benchmark for some assets. We find that the capability of alternating
and combining multiple investment strategies is crucial as we compare our agents to
both passive and active benchmarks whereas none of these is a dominant strategy
in the proposed portfolio setups. Li et al. (2019) compare different variants of the
Deep Q-learning (vanilla vs. double vs. duelling) and find the best performance
when using the vanilla Deep Q-learning on ten U.S. stocks. Additionally, Zhang
et al. (2020) compare different DRL algorithms in discrete and continuous action
spaces for trading futures contracts. The analysis contains 50 futures contracts from
multiple asset classes. The authors compare a variety of DRL methodologies on
each asset class by forming portfolios based on the decisions made on each asset.
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Overall, Deep Q-learning performs the best. Besides, the authors show robustness
in the performance of the algorithms for various levels of transaction costs. Based
on these results, we use the vanilla Deep Q-learning algorithm (Mnih et al., 2013)
as our baseline algorithm. As our choice of the neural network architecture, we
follow Taghian et al. (2020) who compare different feature extraction neural network
architectures for the task of DRL for financial asset trading. Based on tests on four
assets, the authors find that, overall, a simple multi-layer perceptron architecture
based on a Deep Q-learning algorithm performs the best. Furthermore, they find the
best results using the time series of raw price data (i.e., open, high, low, and close
prices) as inputs while comparing it with hand-crafted inputs from the time series of
price data like candlestick patterns. As hand-crafted inputs seem to provide little
predictive power, we only transform the time series of past returns using multiple
moving averages in combination with stock specific data from quarterly statements
to reduce the dimensionality of the input vector.

Besides trading single assets, some studies address the portfolio allocation problem
with DRL. Xiong et al. (2018) show the effectiveness of DRL for portfolio trading
using a DRL agent to trade a portfolio of 30 assets. The agent achieves an annualized
return of 22.24% in comparison to a 15.93% return given by the Dow Jones Industrial.
Park et al. (2020) achieve promising results using deep Q-learning for multi-asset
trading. The authors use an action mapping function to gain a discrete action space,
which is supposed to be more practical. The mapping function selects actions that
are close in effect to the agent’s chosen action while keeping the tradeover relatively
low. With this setup, the authors achieve outperformance over multiple benchmark
strategies for an U.S. and Korean portfolio. We follow the choice of a discrete action
space and show the agent’s capability to yield high cumulative returns even when
transaction costs are high.

Jiang et al. (2017) utilize an ensemble of parallelly trained agents to dynamically
weight assets. Agents are trained independently and only share the last neural network
layer, i.e., the softmax. By applying the structure to the cryptocurrency market on
half-hourly returns, the technique produces cumulative returns in multiples of the
returns of the benchmark strategies and also strongly outperforms in terms of the
Sharpe ratio. Srivastava et al. (2020) use reinforcement learning to solve the problem
of finding the optimal, dynamic asset allocation strategy. For that, the authors
compare different network structures for the agents, specifically a convolutional
neural network, a vanilla recurrent neural network, and a recurrent neural network
with long short-term memory cells. Given a portfolio of 24 U.S. stocks, all structures
successfully outperform an equally weighted portfolio in terms of total returns and
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Sharpe ratio. Additionally, the authors present how feeding in the time series of
past weights can stabilize trading and, thus, dramatically reduce the turnover chosen
by the agents. Almahdi and Yang (2017) show that recurrent DRL agents perform
well when optimizing for risk measures such as the Sharpe or Calmer ratio. The
authors validate their findings by comparing out-of-sample trading agents with several
benchmarks, all of which were outperformed by the risk-measure-optimized agents.

Overall, these studies demonstrate the potential of DRL in portfolio management
applications. We contribute to the existing literature by proposing a DRL algorithm
that is highly flexible in the portfolio setup. That is, using our self-regularizing
algorithm, one simple hyperparameter setup is sufficient to successfully trade a large
variety of stock portfolios. As such, our approach is flexible, i.e., not tailored to
individual stocks and, hence, more generally applicable. Furthermore, we completely
disregard any hand-crafted, additional trading logic, making the agent’s trading
strategies fully self-contained.

2.3 Deep Q-learning for Portfolio Management

A (risk-neutral) investor’s goal is the maximization of wealth WT , where T is the
terminal period at the end of an investment period, after undertaking a series of
investment decisions that manipulate the initial wealth Wt=0. Starting with an initial
wealth of Wt=0, the investor undertakes investment decisions like buying and selling
stocks. In the following, one period corresponds to one day. That is, the agent can
change its capital assignments daily. Hence, the investor’s final wealth, WT is the
cumulative return resulting from the daily decisions made by the agent, i.e.:

WT = Wt=0

T∏
t=1

(1 + rt),

with rt denoting the return at the end of day t. To simplify the objective, we consider
the natural logarithm of wealth, which is given by:

log(WT ) = log(Wt=0) +
T∑
t=1

log(1 + rt).

When the returns rt are close to zero, which is a reasonable assumption if the returns
are measured on a daily frequency, we use the following approximation:

T∑
t=1

log(1 + rt) ≈
T∑
t=1

rt,
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such that the objective becomes to maximize the sum of (daily) returns. However,
as investors are myopic (Benartzi and Thaler, 1995a), short-term returns should be
more valuable than returns in the distant future. Thus, we discount returns by a
factor γ such that the objective changes to maximizing

∑T
t=1 γ

trt.
As the agent must learn from its periodic rewards, a value should be assigned to

each state-action pair. To this end, a state-action function is defined that assigns
to each state-action pair a value based on the expected sum of future, discounted
rewards, assuming that the agent will follow the policy π from the current timestep
k to T , i.e.:

Q(s, a) = Eπ

[
T∑
k=0

γkRt+k | st = s, at = a

]
= Ea′∼π [Rt +Q(s′, a′) | st = s, at = a] ,

(1)

where Eπ is the expected value following policy π, s′ is the state that results from
executing action a in state s and a′ is the action chosen from policy π in state s′ (see
also Sutton and Barto (2018)). A natural choice for a policy is to always select the
action that maximizes the state-action value. However, this requires a model that
determines, or, in a stochastic framework, approximates the state-action function
Q(s, a). Mnih et al. (2013) suggest to solving this issue by training neural networks
(here specifically called Q-networks) to approximate the state-action function. The
authors use an agent that has a discrete action space and decides based on the
state-action value predictions. The Q-network, in which parameters are randomly
initiated, is trained iteratively using stochastic gradient descent. Using the squared
loss between predicted state-action values and partially observed state-action values,
the neural network is iteratively enhanced. A predicted state-action value is obtained
from the Q-network with the state vector as the input layer. Partially observed
state-action values, yi, are obtained based on Equation (1) where the reward Rt is
observed and the state-action value is predicted by the Q-network, however, assuming
that in the consecutive periods only optimal actions are chosen:

yi = Q∗(s, a) = E
[
Rt + max

a′
Q∗(s′, a′)|st = s, at = a

]
.

If state s is the terminal state, then there are no more actions to take and no
state-action value predictions are necessary. Hence, the target is set to the reward
that is observed for the state-action pair: yi = Rt. Using the maximum expected
state-action value makes the algorithm off-policy, i.e., the policy is updated using
actions that are not originated by the policy itself. The squared loss, which should
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be minimized, results in:

Li(θi) = E[(yi −Q(s, a; θi))
2],

with the corresponding gradient as:

∇θiLi(θi) = Es′∼E
[
(Rt + γmax

a′
Q(s′, a′; θi−1)

−Q(s, a; θi)∇θiQ(s, a; θi)
]
.

(2)

Samples are generated via an epsilon-greedy strategy. That is, with a probability of ε,
the agent chooses a random action while selecting the greedy action, i.e., the action
with the highest expected state-action value, with a probability of 1− ε. This ensures
that sufficient exploration is undertaken. However, the concrete value of ε depends on
the problem itself. Since consecutive samples can be highly correlated, the authors
propose using an experience replay memory. While exploring the environment, new
samples are stored in the experience replay memory. When updating the Q-network’s
parameters via stochastic gradient descent, a batch of samples is randomly drawn
from the experience replay memory. This furthermore increases the sample efficiency
of the algorithm as samples are used more than once (Mnih et al., 2013). The full
algorithm is called Deep Q-learning. We use the algorithm as described and include
further extensions so that it fits the purpose of trading financial asset portfolios.

Generally, the agent is supposed to be able to train portfolios of assets, and it is
also desirable that it can deal with different history lengths of the assets. To deal
with that, we differentiate between a training and a trading phase.

When training the agent, we only construct environments with single assets. Here,
the agent needs to learn to trade a single asset by either investing in it or holding
cash. Our methodology is long-only, which is a product of the reward function that
is outlined further below. A single-asset environment is constructed by randomly
drawing one of the assets from the selection of available assets with replacement.
That is, during training, each asset is shown to the agent potentially multiple times.
We define the state as a stack of asset-specific features and a dummy variable that
indicates the most recent action the agent has taken. Each time the agent reaches the
terminal state of the asset’s data history, a new asset is drawn, i.e., the environment
is reset.

The process of optimal trading of financial portfolios by an agent can be defined
as the maximization of wealth using a policy that assigns capital to a set of assets.
We use a discrete action space as motivated by Park et al. (2020). The agent can
choose between either at = 1 with which the agent invests in the asset or holds its
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long position if it has already invested. If it decides for at = 0, the agent decides
to reserve cash for other investments. That reduces the problem to the following
decision made for each asset and period: Will the asset perform above average, or
should the capital be reserved for other assets? To promote that decision-making, we
reward investments in the asset with the next period’s return adjusted for transaction
costs C if they occur. The reward for reserving cash is the average return of the set
of assets over the next period. Thus, the reward function is defined as:

Rt =

rt+1,i − (1− at−1)C if at = 1

1
Nt

∑Nt

j=1 rt+1,j if at = 0,
, (3)

where rt+1,i is the next period’s return of the currently selected asset in the environ-
ment, and Nt is the number of stocks in the set of assets in period t.

This training setup forces the agent to maximize the cumulative return in the
training set. However, it is desirable to find a policy that achieves high cumulative
returns in out-of-sample datasets. Thus, we prevent the agent from overfitting by
using a validation set. We use this set at regular evaluation intervals Ω by computing
the out-of-sample cumulative return achieved by the agent’s policy. We initialize
the cumulative return on the validation set with CR∗v = 0. That is, there will be
no solution if the agent yields losses when trading in the validation set. However,
this does not occur in our experiments. For brevity, we define the steps without
evaluation as ω. We save the Q-network’s parameters with which the agent performs
best on the validation set in terms of cumulative return. The full algorithm is stated
in Algorithm 1.

To compute cumulative portfolio returns, we compute state-action values for the
assets in each period for both possible actions, i.e., investing and reserving cash. For
that, we construct an equally weighted portfolio from the assets that the agent wants
to invest in, i.e., where the state-action values suggest a long position. As the agent
can hold assets for multiple periods but the weight of the asset may still change,
we account for the costs that occur when the weights need to be increased. These
rebalancing costs occur when assets remain in the portfolio for multiple consecutive
periods while the number of assets shrinks.

2.4 Experiments

2.4.1 Methodology

We apply our algorithm to a cross-section of U.S. stocks, which we obtain from SimFin
Analytics GmbH (2023). To this end, we collect a data history of 500 stocks, including
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Algorithm 1 Deep Q-learning for portfolio trading
Extensions to the original Deep Q-learning algorithm from (Mnih et al., 2013) are
marked in italics.
1: Initialize experience replay memory D to capacity N
2: Initialize action-value function Q with random weights
3: Sample random asset and generate environment
4: Initialize highest cumulative return on validation set to CR∗v = 0
5: Initialize steps without evaluation to ω = 0
6: for t = 1 to N do
7: ω = ω + 1
8: if ω = Ω then
9: Get cumulative return on validation set and store in CRv

10: if CRv > CR∗v then
11: Update Q-network parameters with current parameters: θ∗←θ
12: Set CR∗v ← CRv

13: end if
14: Set ω = 0
15: end if
16: Get current state st
17: With probability ε select random action at
18: else select greedy action: at = argmaxa Q(s, a)
19: Update trading position and receive reward Rt according to Equation (3)
20: Observe next state st+1

21: Store transition (st, at, rt, st+1) in D
22: Sample batch of (sj, aj, rj, sj+1) from D
23: Set

yj =

{
Rj if state is terminal
Rj + γmaxa′Q(sj+1, a

′; θ) otherwise
24: Perform gradient step on (yj −Q(sj, aj; θ))

2 according to Equation (2)
25: if state is terminal then
26: Sample new random asset and generate environment
27: end if
28: end for
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daily data from January 2010 to June 2021. To evaluate the algorithm’s capabilities,
we compare cumulative returns over the test period with three benchmarks. First,
we use a passive approach via an equally weighted buy-and-hold portfolio using all
stocks. Second, we include two active investment strategies following momentum
or reversion with a simple rule. The momentum strategy invests in stocks with a
positive average return over the last five trading days. In contrast, the reversion
strategy buys stocks that have had a negative average return over the last five trading
days. We report cumulative returns for all strategies and considered sets of stocks.
As the 500 stocks are selected based on their terminal market capitalization, the
resulting returns are higher than those of stock indices, like the S&P500.

We construct 15 portfolios from the cross-section. These differ in the number
of stocks k and the selection criteria. That is, we form portfolios with k being 10,
25, 50, 100, and 200. For each k, we build portfolios using the biggest and smallest
k stocks in terms of market capitalization and one where k stocks are randomly
selected from the full cross-section. This gives each portfolio unique characteristics,
although they may partly share stocks. Besides, we also test the algorithm using
all 500 stocks available. After selecting stocks for each portfolio, we drop for each
stock those periods that contain a missing value. However, we keep the period’s data
for all other stocks, as the algorithm is capable of trading a varying portfolio size
and, hence, is not affected by data gaps. We split every portfolio’s data history into
training, validation, and test sets. Validation starts in January 2019, with testing in
January 2020. This yields a test period that is a great challenge for the agent since
it includes periods with sharp losses at the beginning of the COVID-19 pandemic
coupled with a strong trend change resolving into a market with overall large gains
while the agent is trained over a less volatile period. This situation allows access to
the true capabilities of the agent to adjust to extreme scenarios, but in early 2020,
the agent is also tested during a more tranquil period.

We use both the fundamental data available from quarterly statements and the
stock price history. As fundamental data, we use the following indicators: sales per
share, gross margin, operating margin, net profit margin, return on equity, return on
assets, current ratio, debt ratio, market capitalization, the book to market equity
ratio, and the latest close price, which are overall closely related to key factors found
in Fama and French (2015). A key feature for trading financial assets via DRL is the
price history, which is typically used in the input layer, e.g., in Almahdi and Yang
(2017); Jiang et al. (2017); Théate and Ernst (2021); Zhang et al. (2020). To reduce
the dimensionality of the input vector, we transform the price history using moving
averages of the return history, both arithmetically and exponentially weighted. We
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hereby use windows of 5, 10, 20, 50, 100, and 200 days. Furthermore, we use rolling
standard deviations of returns over a history length of 5, 10, 20, 50, or 100 days.
Lastly, the Q-network’s input vector contains a dummy variable indicating if the
agent has already invested in the currently observed stock. This may be relevant for
deciding if a trade is worth the transaction costs. Features are scaled to be normally
distributed with a zero mean and unit standard deviation using the training dataset.
Afterwards, scaling is only applied to the validation and test datasets.

In our analysis, daily returns are used to calculate the reward for each period. We
assume that the agent can enter the market for any amount of shares at the trading
day’s opening price and close all positions at the closing price. Besides, we analyze
the performances for three levels of transaction costs: 1, 5, and 10 basis points (bps).
We hereby follow the literature that uses DRL for trading. E.g., Srivastava et al.
(2020) assume 5 bps for an U.S. stock portfolio, Théate and Ernst (2021) assume
transaction costs from 0 to 20 bps for single stocks, and Zhang et al. (2020) analyze
the performance achieved for futures contracts from 1 up to 45 bps.

2.4.2 Hyperparameters

One of the main advantages of using reinforcement learning next to supervised
learning for the portfolio management task is the ability of the agents to not only
make predictions about the next period but also to place that prediction into the scope
of a long-term planning process using discounted rewards. However, a financially
reasonable risk-adjusted discount factor, e.g., the daily average rate of return of
a market index, is typically very close to one. This means that the agent has to
make long-term predictions about the distant future development of the stock. On
the other hand, we expect more myopic predictions to be more reliable. Similarly,
Théate and Ernst (2021) state that there is a trade-off between long-term orientation
and increasing uncertainty in returns far into the future. Still, there are examples in
which a discount factor close to one worked out well, e.g., in Huang (2018) or Chen
et al. (2021). According to our expectation, we found that when the discount factor
is too close to 1, the uncertainty about future returns becomes too high, and the
policy breaks down to a constant prediction that chooses the same action in every
state. The issue resolves at a discount factor of 0.9, a value that is also used in the
Deep Q-learning approach of Park et al. (2020). The same reasoning applies to the
exploration rate. We found that a higher exploration rate of 30% enables the agent
to regularly find improvements to its policy and avoid getting stuck in local minima.
We found that 3,000,000 training steps are sufficient for every setup, and optimal
solutions are likely to be found much earlier. As in Mnih et al. (2013) we keep the
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Parameter Symbol Value

Discount factor γ 0.9

Exploration probability ε 0.3

Number of iterations N 3,000,000

Experience memory size N 300,000

Gradient step interval − 20

Evaluation interval Ω 10,000

Optimizer − Adam

Batch size − 1024

Number of hidden layers − 2
Number of neurons
in hidden layers − 32 or 64 or 128

Table 1: List of hyperparameters used for all portfolio setups.

experience memory size at 10% of the number of training steps, i.e., at 300,000.
Moreover, to increase the training efficiency, we perform gradient steps every

20 iterations and use a large batch size of 1024 to efficiently use the capabilities
of GPUs. Alongside, we evaluate the agent 300 times during training, i.e., every
10,000 iterations. It is important to note that the choice of the evaluation interval is
associated with a trade-off between the additional time required for computations
and the performance that is lost due to infrequent evaluations.

Financial data for return predictions contains a low signal-to-noise ratio. To avoid
overfitting, we need to keep the number of parameters in the networks relatively
low. We find it more useful to extend the number of layers instead of making the
network wider, as, on much larger scales, is also done in He et al. (2016). Hence,
we use two hidden layers, activated by the Rectified Linear Unit (ReLU), with
either 32, 64, or 128 neurons. Furthermore, we combine predictions from the three
network configurations, forming an ensemble of predictors. Krizhevsky et al. (2012)
boost accuracy in an image classification task using an ensemble of convolutional
neural networks. Xie et al. (2013) show increased performance using ensembles of
multiple networks for representation learning. Lastly, to update the weights of the
agents’ networks, we use the Adaptive Moment Estimation (Adam) optimizer; see
also Kingma and Ba (2014). All hyperparameters are summarized in Table 1.
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Figure 1: Test trading performances of the proposed agent compared to the benchmark strategies
including all 500 stocks for the different levels of transaction costs.

2.4.3 Results

For each of the portfolio and transaction cost setups, we train three agents (one for
each Q-network setup) and form the respective ensembles. Then, we evaluate the
out-of-sample performance using the cumulative returns achieved in the test period
compared to the three benchmark strategies. This gives a total of 148 agents to train
and 48 unique portfolio and transaction cost setups.

All out-of-sample cumulative returns are reported in Table 2 (the best performing
strategies are indicated in bold) and depicted in detail in Fig. 1 - 4. Figure 1 shows
a comparison of the agent’s performance compared to the benchmark strategies
when trading all 500 stocks for different levels of transaction costs. The performance
comparison for smaller portfolios sizes, i.e., from 10 to 200 stocks, are depicted in
Figure 2 assuming 1 bp of transaction costs, Figure 3 assuming 5 bps of transaction
costs and Figure 4 assuming 10 bps of transaction costs.
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Transaction costs Portfolio size Portfolio type Agent Buy-and-hold Momentum Reversion

1 bp

10

big 222.9% 129.5% 103.6% 63.8%

random 68.1% 56.4% 50.6% 29.7%

small 109.0% 65.7% 100.7% 108.7%

25

big 41.4% 66.2% 39.4% 58.8%

random 78.6% 48.1% 47.6% 38.2%

small 147.8% 84.0% 108.5% 94.1%

50

big 101.0% 52.7% 44.5% 60.9%

random 90.8% 62.5% 16.9% 79.9%

small 119.0% 66.9% 51.7% 85.9%

100

big 126.0% 56.3% 53.8% 90.1%

random 185.9% 67.8% 17.1% 116.6%

small 475.0% 68.0% 52.2% 72.0%

200

big 115.6% 58.9% 31.0% 111.5%

random 84.4% 63.6% 17.7% 106.1%

small 195.0% 59.4% 41.0% 76.5%

500 all 155.1% 59.2% 40.4% 89.5%

Mean 144.7% 66.6% 51.1% 80.1%

5 bps

10

big 123.2% 129.5% 76.6% 44.3%

random 24.2% 56.4% 31.1% 13.1%

small 173.7% 65.7% 73.6% 81.7%

25

big 11.6% 66.2% 20.4% 37.1%

random 38.5% 48.1% 27.4% 19.2%

small 134.6% 84.0% 79.9% 67.5%

50

big 76.0% 52.7% 24.7% 38.8%

random 79.2% 62.5% 0.6% 54.8%

small 64.3% 66.9% 30.7% 60.2%

100

big 104.4% 56.3% 32.5% 63.6%

random 107.3% 67.8% 0.8% 86.5%

small 204.1% 68.0% 30.9% 48.0%

200

big 89.0% 58.9% 12.8% 82.0%

random 103.1% 63.6% 1.3% 77.4%

small 99.0% 59.4% 21.3% 51.8%

500 all 100.8% 59.2% 20.8% 63.1%

Mean 95.8% 66.6% 30.3% 55.6%

10 bps

10

big 127.6% 129.5% 47.8% 23.3%

random 3.5% 56.4% 10.2% -4.7%

small 68.3% 65.7% 44.7% 52.7%

25

big 46.1% 66.2% 0.2% 14.2%

random -41.0% 48.1% 5.8% -0.9%

small 114.3% 84.0% 49.5% 39.3%

50

big 53.8% 52.7% 3.6% 15.4%

random 55.2% 62.5% -16.6% 28.4%

small 107.7% 66.9% 8.5% 32.9%

100

big 69.4% 56.3% 9.9% 35.7%

random 131.0% 67.8% -16.4% 54.7%

small 153.1% 68.0% 8.5% 22.6%

200

big 74.1% 58.9% -6.5% 50.8%

random 70.2% 63.6% -16.0% 47.0%

small 92.7% 59.4% 0.5% 25.8%

500 all 86.0% 59.2% 0.1% 35.1%

Mean 75.7% 66.6% 8.4% 29.5%

Table 2: Out-of-sample cumulative returns at the end of the test period for each level of transaction
costs and different portfolios.



2020-01-02 2020-08-06 2021-03-12

0

50

100

150

200

Cu
m

ul
at

iv
e 

re
tu

rn
 in

 %
10 big

Agent
Buy-and-hold
Momentum
Reversion

2020-01-02 2020-08-06 2021-03-12
40

20

0

20

40

60

80
10 random

2020-01-02 2020-08-06 2021-03-12

50

25

0

25

50

75

100

125

10 small

2020-01-02 2020-08-06 2021-03-12

20

0

20

40

60

Cu
m

ul
at

iv
e 

re
tu

rn
 in

 %

25 big
Agent
Buy-and-hold
Momentum
Reversion

2020-01-02 2020-08-06 2021-03-12
60

40

20

0

20

40

60

80
25 random

2020-01-02 2020-08-06 2021-03-12

25

0

25

50

75

100

125

150

25 small

2020-01-02 2020-08-06 2021-03-12

20

0

20

40

60

80

100

Cu
m

ul
at

iv
e 

re
tu

rn
 in

 %

50 big
Agent
Buy-and-hold
Momentum
Reversion

2020-01-02 2020-08-06 2021-03-12

40

20

0

20

40

60

80

50 random

2020-01-02 2020-08-06 2021-03-12
50

25

0

25

50

75

100

125

50 small

2020-01-02 2020-08-06 2021-03-12
40

20

0

20

40

60

80

100

120

Cu
m

ul
at

iv
e 

re
tu

rn
 in

 %

100 big
Agent
Buy-and-hold
Momentum
Reversion

2020-01-02 2020-08-06 2021-03-12
50

0

50

100

150

100 random

2020-01-02 2020-08-06 2021-03-12

0

100

200

300

400

500
100 small

2020-01-02 2020-08-06 2021-03-12
40

20

0

20

40

60

80

100

120

Cu
m

ul
at

iv
e 

re
tu

rn
 in

 %

200 big
Agent
Buy-and-hold
Momentum
Reversion

2020-01-02 2020-08-06 2021-03-12

40

20

0

20

40

60

80

100

200 random

2020-01-02 2020-08-06 2021-03-12
50

0

50

100

150

200
200 small

Figure 2: Test trading performances of the proposed agent compared to the benchmark strategies in the respective portfolio
setup assuming transaction costs of 1 bps.
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Figure 3: Test trading performances of the proposed agent compared to the benchmark strategies in the respective portfolio
setup assuming transaction costs of 5 bps.
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Figure 4: Test trading performances of the proposed agent compared to the benchmark strategies in the respective portfolio
setup assuming transaction costs of 10 bps.
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Figure 5: Out-of-sample trading performances for each level of transaction costs
while splitting the test period into three phases based on market conditions.

Overall, the agent outperforms all benchmark strategies in 36 out of the 48 cases
and achieves the highest mean cumulative returns in every transaction cost setup.
Individually compared to each of the benchmark strategies, the agent outperforms in
37, 44, and 44 out of the 48 cases the buy-and-hold, momentum, which buys stocks
with recent positive returns, and reversion strategy, which buys stocks with recent
negative returns, respectively. Agent outperformance is more consistent and higher
when portfolios are larger, i.e., when more than 50 stocks are included. This is to be
expected as the training dataset is growing only in the number of stocks and, thus,
contains more information when the number of stocks is increased. Moreover, the
agent shows the strongest relative outperformance in portfolios with smaller stocks.
Both the agent and the active benchmark strategies (momentum and reversion) suffer
from increasing transaction costs. However, the agent shows adaptiveness as the
loss in performance is notably lower compared to the active benchmark strategies.
Although the momentum strategy performs worse than the reversion strategy on
average, there are setups in which the momentum strategy is superior to the reversion
strategy. This indicates that the agents need to be highly dynamic in terms of the
learned strategies for each of the setups.

The test period can be split into three major phases around the crisis, starting in
March 2020. Before, the set of assets yielded moderate, positive average returns in
an uptrend, followed by sharp losses during the crisis. Afterwards, the stock selection
quickly recovers and realizes large gains. The agent’s achieved mean returns in each
of the three periods are compared to the benchmark strategies in Fig. 5. We find
that the proposed algorithm performs especially well at the beginning of the test
period and even improves its performance when increasing the transaction costs from
5 to 10 bps. However, the strategy does not outperform the benchmarks during the
stock market losses at the beginning of the COVID-19 pandemic. As there is no
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major crisis in the training set, this result may be expected. In the case of recovering
markets and larger gains, we find that the agent outperforms all benchmark strategies
on average, which is in line with the results in early 2020.

2.5 Conclusion

This Chapter proposes key extensions to Deep Q-learning (Mnih et al., 2013) to
make the algorithm suitable for trading of financial asset portfolios. We generate
environments with single assets randomly drawn from a set of assets and put trading
returns in the isolated environments into a portfolio-oriented perspective by rewarding
cash reservations with the mean return of the set of assets. Furthermore, we use
a validation set and reserve the best-performing parameters in the Q-network to
prevent overfitting. We use an ensemble of agents, which further decreases overfitting
and makes our methodology highly flexible in terms of the number of assets.

With only a single hyperparameter setup, we test our methodology on 16 U.S.
stock portfolio configurations, which vary in the number of stocks as well as the
selection criteria. We benchmark the performance against a passive buy-and-hold
and an active momentum and reversion strategy. Furthermore, we test three levels of
transaction costs. The proposed methodology shows promising results, outperforming
all benchmarks in 75% of the setups. We find the algorithm to generate excess returns
in rising market environments; however, it cannot avoid the sharp losses during the
beginning of the pandemic. These findings motivate further extensions, such as the
inclusion of short sales and accounting for risk, e.g., using the Sharpe ratio.

Overall, the results are promising in terms of their prospective economic gains.
DRL, however, comes with the drawback of high computational costs. That is,
training the agents’ policies according to our proposed algorithm can hardly be
executed in parallel. Thus, the approach may be challenging to incorporate in
a, e.g., high-frequency trading setting and should rather be reserved for short- to
medium-term investments.
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3 A Deep Learning Stack for Asset Pricing and

Portfolio Management

In the preceding Chapter, we demonstrated the effectiveness of deep learning and,
in particular, of DRL. We find that investors can achieve substantial gains in
cumulative returns and Sharpe ratios when benchmarked against passive or even
active investment approaches. Although these empirical results are promising, DRL
for portfolio management comes with two major drawbacks. First, as the training
procedure not only involves the optimization of the policy, i.e., updating the neural
network’s parameters via gradient descent, the agent also has to take steps in the
environment, i.e., generate training samples. As this process is generally hard to
parallelize, DRL is usually computationally highly expensive. Second, making the
latter point even more important, finding hyperparameters, such as the exploration
rate or the experience memory size, that are well suited for the environment and
ensure that the policy converges to the optimal policy in a reasonable amount of
time may become a taunting task. Moreover, the high sensitivity of the outcome of
the final policy to the specified hyperparameters makes DRL a challenging, albeit
feasible, methodology for portfolio management.

In the next Chapter, we show how to overcome potential computational constraints
and make training significantly more robust, i.e., less sensitive to the choice of the
hyperparameters. For that, we break down the task of stock return prediction
into smaller and less complex subtasks in a supervised learning environment. This
improves the final accuracy of our neural networks and makes them less exposed to
the choice of hyperparameters, as we demonstrate that one simple configuration is
sufficient for all networks in our sample. Furthermore, we show that this approach
is computationally trivial. Lastly, and perhaps most importantly, our two-stage
approach gives critical insights into feature importances and enables the investor to
identify sources of risk exposure in the final portfolio choices. That is, the investor
may discover which features cause the networks to decide on predicted return signs
and magnitudes individually, making the overall prediction easier to interpret.

It is important to note that the methodologies utilized in Chapters 2 and 3
are significantly different in their respective targets. Although both approaches
share a comparable set of features and data, their training procedures are distinct.
That is, DRL updates the network’s parameters based on the rewards received from
performing (partially random) actions in an environment. Based on the combination
of actions and rewards, the neural network may identify general patterns that
increase its long-term rewards. In Chapter 3, however, we directly train neural
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networks to accurately predict return signs and magnitudes, which can lead to
substantial differences in the final parameters of the neural network. Investors may
then incorporate these predictions into their investment decisions. That is, the
training procedure in Chapter 2 already takes into account the investors’ preferences
in the reward function, whereas these preferences are ignored when training neural
networks to predict return signs and magnitudes in the supervised learning framework
of Chapter 3. Due to the fact that the approaches differ in their formulation of the
target, we do not directly compare them in the subsequent analysis.
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Abstract

This Chapter develops a novel neural network-based approach for portfolio
management. Our stack of neural networks distinctly predicts the direction and
magnitudes of stock returns, making the feature importance clearly allocatable
to each prediction subtask. In large-scale out-of-sample tests, we demonstrate
the approach’s high and robust performance in return predictability and result-
ing portfolio Sharpe ratios as well as risk-adjusted alphas. Zero-net investment
long-short portfolios yield returns that double passive buy-and-hold portfolio
performances. Contrary to the reputation of deep learning being computation-
ally heavy, we show that our neural network stacks can be trained in a few
seconds to manage vast portfolios by rethinking the training architecture.

3.1 Introduction

Machine learning may become one of the most important advances in recent human
research. In the past few years, machine learning has made tremendous progress.
The advances are highly prevalent in many subjects, besides many others, such as
natural language processing (Brown et al., 2020), image recognition (He et al., 2016)
or even a symbiosis of these subdomains (Ramesh et al., 2022). The progress in
artificial intelligence also leads to deeper insights into financial markets and asset
pricing (Bianchi et al., 2021; Gu et al., 2020). Motivated by the valuable implications
of predictive quantitative systems for portfolio management, a large literature is
growing that covers portfolio management approaches fully conducted by machine
learning forecasts (Almahdi and Yang, 2017; Fischer and Krauss, 2018; Gu et al.,
2020; Kraus and Feuerriegel, 2017; Krauss et al., 2017; Patel et al., 2015; Wang et al.,
2020; Zhong and Enke, 2017).

Despite the powerful results that the latter research achieves, returns remain
notoriously difficult to predict. The vast unpredictability of stock returns makes
the financial application of deep learning extraordinarily challenging. That is, the
out-of-sample coefficients of determination for return predictions are close to zero
(Gu et al., 2020), rarely exceeding even one percent. Based upon this issue, the
literature combines multiple predictors, forming an ensemble of machine learning
techniques and averaging the resulting predictions, as, e.g., in Krauss et al. (2017).
Alternatively, De Prado (2018) proposes to predict return signs by a high-recall model
and to train a second model to evaluate the chance of a false-positive classification of
the primary model. Although some performance gains can be achieved using these
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ensemble structures, predicting returns remains tough. To this end, this Chapter
develops a network architecture that exploits the predictability of stock return values
after the sign is resolved. Thus, instead of implementing a secondary model to assess
the initial predictions made by the first model, as suggested by De Prado (2018),
our objective is to reduce the complexity of the prediction process by breaking it
down into several smaller tasks.

Anatolyev and Gospodinov (2010) suggest higher predictability in return di-
rections and return volatility and, hence, predict the sign and absolute values of
returns individually and combine these predictions using a copula. We connect
to this idea, however, use an alternative decomposition scheme. That is, we also
predict the sign of returns as in Anatolyev and Gospodinov (2010) first, but rather
than predicting return volatility, we train models for both positive and negative
returns individually. We expect that neural networks may identify a different set
of predictors to predict positive and negative returns, motivated by the fact that
returns behave differently around positive and negative return shocks (Ederington
and Guan, 2010). Furthermore, this scheme allows us to analyze potential differences
in features importance between the model predicting positive return magnitude and
the model predicting negative return magnitudes.

Our approach consists of training three neural networks. Each neural network is
supposed to fulfill a specific subtask in the prediction process. Predicting is done via
two stages. The first stage consists of one neural network, the "directional model",
that predicts the sign of the return. This neural network is trained via the entire
training set using binary classified labels, indicating whether the target return is
positive or negative. The second stage consists of two more neural networks, the
"long model" and the "short model". Whenever the directional predicts a positive
(negative) return, we feed the features of the given sample into the long (short) model
to obtain the predicted positive (negative) magnitude of the prediction. We train
the long (short) model by using target returns of only those samples of the training
data, for which we observe a positive (negative) target return.

Using the two-stage approach, the long (short) model achieves an average out-
of-sample R2 of 11.1% (15.5%).1 Moreover, in large-scale out-of-sample tests, we
demonstrate the benefits of this approach: after accounting for transaction costs, the
stack yields statistically significant and risk-adjusted alphas in long-only portfolios.

1We limit predictions to the minimum and maximum values of the training set in order to
account for the dramatic input vector changes during the Covid-19 drawdown in 2020. This way,
the mean R2 is close to the median. This is only done for convenience of interpretation and does
not affect any trading results.
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The constructed long-short portfolios are market-neutral while still doubling average
daily market returns.

While predictive capabilities and performance gains are important, economically
understanding high-dimensional and complex models is arguably highly valuable. To
uncover the insights of neural networks, which are typically referred to as "black
box models", the literature focuses on feature importance measures. For instance,
Gu et al. (2020) report individual feature contributions across multiple machine
learning techniques such as boosting (Friedman, 2001), random forests (Breiman,
2001) and deep neural networks. As these methods address feature importance
from the input side, we contribute to the literature of financial machine learning
by revealing the differences in feature importance based on the target formulation.
That is, we analyze the feature importances conditional on the target, i.e., based
on whether the model predicts return directions or magnitudes. In particular, our
stacked neural network approach shows that risk-adjusted alphas and large Sharpe
ratios are gained by binary directional return predictions. The follow-up long and
short models, however, contribute to considerable gains in returns, i.e., leveraging
both risk and returns while keeping the Sharpe ratio constant. Hence, the results
suggest that, e.g., investors with low risk aversion may especially benefit from the
latter magnitude-based models while risk-averse investors should rather focus on the
directional model.

The choice of neural network hyperparameters is crucial for its performance. The
training time of neural networks mainly depends on the accuracy of the gradients and
the learning rate of the optimizer. Typically, memory constraints limit the training
to larger batches. Furthermore, small batches are supposed to have a regularizing
effect. The finance literature adopts small batch training schemes, even though the
input vector is typically quite small. We argue that neither memory constraints
nor regularization issues prevail when training financial predictive neural networks.
As a result, our networks train in a few seconds using the GPU alone. This way,
we are able to set up a walk-forward backtest consisting of 20 randomly sampled
portfolios with 500 stocks each. Although this gives 600 neural networks to train,
the computations can be accomplished in several hours, whereas we expect the
computational costs to dramatically decrease in the future.

3.2 Neural networks

Due to common factor models as in Fama and French (1993), the linear regression
model is the most popular specification of the functional relationship between the
cross-section of returns and firm characteristics like the size or value of the company.
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However, polynomial specifications or interaction variables are commonly neglected.
Many researchers, instead, introduce new factors that may describe and predict the
cross-section of stock returns, producing a "factor zoo" (Feng et al., 2020).

Neural networks avoid manual feature engineering and, given sufficient capacities,
can approximate any arbitrary function. For that, consider the objective of identifying
a parameter vector θ such that the function f̂(x; θ) approximates a vector of target
values y given a feature vector as precise as possible. The quality of the approximation
is defined via a loss function, for instance in a regression task, the mean squared
difference between estimates and true values, i.e., the Mean Squared Error (MSE).

A neural network is a directed graph consisting of interconnected layers of neurons,
where each neuron represents a non-linear transformation using an activation function
on a weighted sum of the input vector, expressed as f(wn · an), where an is the
input vector of neuron n and wn is a vector that contains weight parameters2. A
commonly used activation function is the ReLU, defined as ReLU(x) = max(x, 0).
However, many other activation functions, such as the sigmoid-function, are well-
suited specifically for classifications tasks to transform outputs to probabilities.

The neural network becomes capable of approximating complex functions when
chaining multiple neurons, i.e., non-linear transformations of the inputs. For instance,
a simple neural network may consist of three non-linear transformations f1, f2, f3 of
a single feature x resolved by a linear output function o giving the final estimation ŷ:

ŷ = o(f3(f2(f1(x|w1)|w2)|w3)|wo) = wo ·ReLU(w3 ·ReLU(w2 ·ReLU(w1 ∗x))). (4)

The functions f1, f2, f3 are referred to as "hidden layers", while o is the "output
layer" and x the "input layer". In this example, the hidden layers contain only
one neuron each, however, as the estimation issue becomes more complex, one may
include multiple neurons per layer. If multiple neurons per layer are incorporated,
wo, w1, w2 and w3 become vectors and if simultaneously multiple features are given,
these latter vectors of weights become matrices of weights. Generally, a network
becomes "deep" when adding more hidden layers, while one increases its "width" by
adding more neurons to the hidden layers. The set of parameters of the model is
typically denoted as θ.

Neural network parameters are optimized via gradient descent. A gradient descent
algorithm optimizes the parameters iteratively in small steps using gradients on

2Note that we omit the usage of a bias for brevity, however, they should be added to each
neuron in the neural network.
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a loss function. For instance, in a regression task, the loss function is commonly
defined as the squared error. Given the vector of neural network predictions ŷ(θ),
that are a function of the parameter vector θ, and the vector of true values y, we
compute the loss as:

L(θ) = ||y − ŷ(θ)||22.

More intuitive and interpretable linearly transformed variants of the loss-function
are suitable as well, for instance, the mean squared error.

The direction of steepest descent in loss lies in the opposite direction of the loss
gradient. The loss gradient is a vector of first-order parameter partial derivatives on
the loss function:

∇L(θ) =


∂L(θ)
∂w1

...

∂L(θ)
∂wn

 .
Updates on the parameter vector are straightforward, with θ ← θ − η∇L(θ), where
η is the learning rate. The learning rate controls the intensity of parameter changes;
however, if it is too high, the parameter vector θ will never reach optimality as it
oscillates around the optimum. Researchers proposed several improvements to the
algorithm in the recent years, such as including momentum. The Adam (Kingma
and Ba, 2014) optimizer includes both momentum in the gradients and a decaying,
adaptive learning rate using second-order derivatives. For a more detailed outline of
neural networks, see Goodfellow et al. (2016); Hastie et al. (2009).

In order to increase the efficiency or even feasibility of gradient descent opti-
mization, one may not compute the loss and gradient over the entire data set but
rather do so in small batches. While this reduces the computational effort, it also
introduces uncertainty in the gradients, usually referred to as stochastic gradient
descent. However, we outline in Section 3.3 that maximizing the batch size might be
favorable for stock return prediction applications.

3.3 Data and network designs

For our empirical analysis, we merge daily price data from Center For Research
in Security Prices (CRSP) with fundamental data from Compustat. The sample
ranges from 2000 to 2021. From the merged dataset, we select the 2000 stocks
that have the fewest data gaps. This gives over 2.6 million data points. Based on
this, we generate the following features, which we already discussed in Section 2.4.1:
moving averages (both normally and exponentially weighted over 5 to 200 periods)
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of past returns and return standard deviations as well as the latest values of the
following firm characteristics: sales per share, gross profit margin, operating margin,
net profit margin, return on equity, return on assets, current ratio, debt ratio, market
capitalization, and book to market value. We winsorize the fundamental data at the
0.5%-level at the top and bottom. Lastly, we drop missing values, resulting in 1032
companies and a dataset containing over 2.1 million datapoints. This large loss of
stocks and data points is due to a high fraction of missing values in the fundamental
data as well as the initialization periods required for the long-term moving averages
of the return history.

Predictive models that are used for portfolio management are typically evaluated
by their out-of-sample performance. The performance, however, is heavily dependent
on the design of the tests. For instance, it is inherently more difficult to provide
reasonable performance out-of-sample when considering a large cross-section of stocks
rather than just an industry. Many studies consider short out-of-sample periods,
small portfolios, or even both. Meanwhile, researchers undertake a complex grid
search to optimize lots of hyperparameters. Computational power can make models
seem to perform well, even out-of-sample, if the number of test samples is small
or transaction costs are neglected, which may result in false conclusions. (Chordia
et al., 2020; de Prado, 2020; Harvey and Liu, 2021; Hou et al., 2020; Novy-Marx and
Velikov, 2016). Therefore, we aim to design an out-of-sample performance evaluation
that is feasible while minimizing the chance that we were just lucky.

To assess the effectiveness of our model design, we want to minimize the chance
of obtaining out-of-sample results, that originate from the selection of stocks and
the prediction horizon and, hence, do not necessarily unveil the robustness of our
approach. Hence, we sample 20 portfolios that originate from the 1032-stock dataset,
where each portfolio consists of 500 stocks. Note that the effective number of
available stocks may vary each day depending on data gaps. We use a rolling window
approach for a small hyperparameter search and for testing, which is illustrated in
Figure 6. Validation and testing are done in half-year cycles, i.e., we train on the
available history and validate or test it in the following half-year. We search for
hyperparameters using the validation set from January 2015 to December 2016 and
select those that result in the highest average cumulative return in the validation
sets. The algorithm is tested from January 2017 to December 2021.3 In order to

3Computing power is rising exponentially over time. The exponential rise leads to unrealistic
results if tested too far into the past, as the computational and transaction costs would have been
much higher. Furthermore, there was more limited access to deep learning only a few years ago.
For instance, consider the two largest open source deep learning framework releases: Tensorflow in
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Figure 6: Rolling window out-of-sample testing approach setup.
This figure illustrates the out-of-sample testing scheme we apply for testing our neural network
stack. We sample portfolios containing 500 stocks and train, validate and test the performance of
the neural network stack according to the illustrated rolling window approach.

avoid any look-ahead bias, we chronologically first choose hyperparameters based on
the validation data set and use more recent data, i.e. after December 2016, to test
the algorithm. Overall, this gives 1259 test days per portfolio, resulting in 25,180
total test days. The portfolios are evaluated daily, and transaction costs of 5 bps are
assumed, which are, however, discussed in greater detail in Section 3.4.4. Therefore,
we are confident that our results are not biased by the selection of the out-of-sample
test criteria.

For each portfolio and test period, we train three neural networks using the
training data which jointly predict returns out-of-sample using the test data set.
First, the directional model is trained on the entire training data set, i.e., including
positive and negative returns, and learns to predict the next-period return sign.
The binary classification model is trained on binary labels based on the sign of the
return. That is, the label is assigned a value of one (zero) if rt,i ≥ 0 (rt,i < 0). We
use a sigmoid activation in the output layer of the directional model, bounding its
predictions within the range of zero to one. Consequently, the model’s output can be
interpreted as estimated probabilities for a positive return in the subsequent period.
The value of returns is predicted via two more regression neural networks, the long
and short models. The long (short) model, i.e., the model to predict the magnitude of
positive (negative) returns, is trained exclusively on the positive (negative) returns of
the training data set. In order to obtain out-of-sample predictions, we first compute
predictions of the returns sign using the directional model, and then predict the
magnitude using the long (short) model, if the directional model predicts a positive

2015 and PyTorch in 2016.
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(negative) return. For out-of-sample predictions on the test data, long and short
models are engaged based on the directional model’s predictions.

Long-short portfolios are constructed based on a ranking of stocks. We follow
the simple approach of Gu et al. (2020) and build zero-net-investment portfolios by
buying the top decile and selling the bottom decile stocks in terms of predictions.
Therefore, the portfolio return is the return spread between the long and short
positions. Consequently, the top decile of stocks is identified by the long model,
while the bottom decile is identified by the short model, requiring that half of the
stocks’ returns are predicted by the long model and the other half by the short model.
However, the directional models’ training predictions are not centered around 0.5.
Depending on which historical years and stocks are included, the directional model
may predict significantly more positive return signs than negatives, or vice versa, if
we encode any prediction above greater or equal than 0.5 as a positive return sign.
Therefore, in order to address this concern, we choose to set the cutoff at the training
median prediction for each portfolio. However, the results are qualitatively similar
when choosing the threshold at 0.5.

Deep learning requires many computational resources. However, financial datasets
usually contain far fewer input features than are required to train models for, e.g.,
natural language processing or image recognition. Simply put, consider a 100 x
100 pixel image dataset. Each data row has 10,000 features, one for each pixel. In
fact, a 100 x 100 image is still at a very low resolution. High-resolution images
make training in batches of, e.g., 32 images absolutely necessary as the memory
requirements overwhelm typical GPU memories. As our training set only contains
28 features, a modern GPU’s memory is sufficient to store the entire dataset at once.
Precisely, our largest training dataset requires less than 120 megabytes of memory.
Storage is also required by the model itself. Financial models are typically rather
small, as we face a low signal-to-noise ratio and may quickly overfit, i.e., show great
results in-sample, but perform poorly out-of-sample. Overfitting is generally less
prevalent when using smaller models. Here, our models only use about 25 kilobytes
of memory. Lastly, forward and backward passes require memory that is close to
the model itself. Overall, our neural network stack’s memory requirements pose no
challenge to the memory available in modern GPUs.

Each model comes with the same hyperparameters. We incorporate a similar
structure as in Section 2.4.2 and use two hidden layers, each consisting of 64 neurons,
and incorporate the Adam optimizer to train the neural network (Kingma and Ba,
2014). The internal network structure is not fine-tuned and is selected based on the
rate of increased training performance per time unit. Fine-tuning hyperparameters
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can be a daunting task and does not impact the main results of this Chapter as
we find negligible sensitivity of the final results to the chosen network structure.
Yet, the number of epochs must be limited to effectively prevent overfitting. Using
the validation data, we test the performance of the neural network stack using the
following number of epochs: 100, 250, 500, 1000, and 2000. While the stack begins
to overfit at approximately 2000 epochs, the stack appears to relatively underfit for
epochs of 100, 250, and 500 epochs. Training the models for 1000 epochs leads to
the best results out of the five candidates on the validation data.

Gradients are typically not computed using the entire training set, but rather
estimated by sampling batches from the training data due to memory limitations
of the GPU. However, if applicable, computing the exact gradient using the entire
training data can be highly favorable out of two reasons. First, training time is
split up into two components when training in batches. Each batch needs to be
collected from the dataset and transferred from the CPU to the GPU. The GPU
forward passes the batch, calculates the gradient, and backward passes the parameter
adjustments. Hence, if gradients are computed on the entire training data, the latter
step is not required, eliminating a significant portion of required computations.

Second, each batch contributes to the convergence of the neural network. However,
input matrices for return predictions contain false signals and noisy data. A high
level of noise leads to little or even a negative contribution to the convergence towards
the global loss minimum if the batch size is small. Ultimately, we find that using
the largest possible batch size mitigates unexpected jumps in the parameters. By
utilizing the entire data set for each gradient descent step, the network’s predictive
ability is guaranteed to increase in the training data, while outliers may have less
of an impact. Due to the fact that data transfers between CPU and GPU are not
required and the parallel processing of the GPU is maximized, directional models are
trained in less than 13 seconds. Moreover, the long and short models are trained in
less than seven seconds.4 The small training time results in a high ratio of backtested
portfolios per time spent on computations.

3.4 Results

3.4.1 Long portfolios

This section describes results for long-only portfolios using the directional into long
model stack. We report average daily returns, Sharpe ratios and cumulative returns

4We use a Nvidia GeForce RTX 3080 for our analysis.
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of equally weighted portfolios on the predicted top decile of stocks. Each day, we
compute return predictions using the neural network stack. These measures are
compared to a passive, equally weighted buy-and-hold portfolio, containing all 500
stocks in each period. All returns are cumulated daily. For each transaction, we
assume costs of 5 bps. Detailed results are shown in Table 3. We also provide an
estimate on the level of transaction costs that makes the active strategy on par with
the passive benchmark in Section 3.4.4.

The model stack outperforms the benchmark portfolio in terms of cumulative
returns and Sharpe ratios in every randomly selected portfolio setup.5 The out-
performance is economically meaningful, as the average daily return is more than
doubled. While the passive portfolio approach yields average daily returns of 0.08%,
managing a portfolio via the proposed model stack results in 0.22% average daily
returns. The large difference in average daily returns leads to wide gaps in the
cumulative returns at the end of the test period. On average, the initial portfolio
values increased by 1,031% after five years using the model stack and only by 148%
using a buy-and-hold approach. The difference in Sharpe ratios is less severe. The
stack realizes annualized Sharpe ratios of 143% compared to 87% using the passive
approach. We also show cumulative returns of our long-only neural network stack
along with the buy-and-hold benchmark portfolio in Figure 7 of the best, median,
and worst performances generated by the neural network stack.

While the portfolios are similar in average daily returns, there is variation in
the annualized Sharpe ratios. Precisely, the minimal annualized Sharpe ratio using
the benchmark portfolio is 80.9% compared to the best setup with an annualized
Sharpe ratio of 94.9%. This gap of 14 percentage points shows that there is in-
deed variation across the sampled portfolios, although some stocks overlap. The
compositional differences increase the complexity of the test and show weaknesses
in our methodology. In fact, in the worst-case portfolio composition, the stacked
neural network strategy only generates six excess basis points in returns and nine
percentage points in the annualized Sharpe ratio. Although the neural network stack
still outperforms in terms of cumulative returns and Sharpe ratios, this portfolio
reveals that the economic gains depend on the portfolio composition and that average,
large cumulative return and Sharpe ratios relative to the passive approach are not
guaranteed.

5We dissect the performance sources in Section 3.4.3 in more detail, where we also present
a comparative evaluation between our proposed approach and the utilization of a single neural
network, specifically the directional model, for predicting returns.
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Mean return Sharpe ratio Cumulative return

NNs Benchmark NNs Benchmark NNs Benchmark

1 0.23% 0.09% 149.59% 91.51% 1138.76% 159.53%

2 0.21% 0.09% 135.52% 90.43% 886.52% 160.99%

3 0.23% 0.08% 144.34% 89.21% 1052.19% 149.99%

4 0.23% 0.08% 146.94% 84.99% 1084.38% 138.89%

5 0.23% 0.09% 147.72% 94.16% 1100.62% 167.96%

6 0.17% 0.08% 117.2% 82.29% 519.47% 134.37%

7 0.24% 0.09% 162.93% 94.9% 1392.67% 165.87%

8 0.25% 0.08% 164.35% 81.8% 1566.37% 131.8%

9 0.21% 0.08% 138.89% 83.23% 853.15% 136.73%

10 0.24% 0.09% 149.62% 92.48% 1231.09% 165.08%

11 0.23% 0.08% 148.7% 85.09% 1080.8% 140.64%

12 0.25% 0.09% 161.9% 87.93% 1484.98% 153.75%

13 0.18% 0.08% 115.37% 84.62% 529.78% 138.24%

14 0.21% 0.08% 135.53% 84.45% 819.45% 140.06%

15 0.14% 0.08% 90.58% 80.9% 298.76% 126.23%

16 0.22% 0.09% 150.42% 94.3% 1050.67% 167.47%

17 0.19% 0.08% 127.15% 87.33% 695.17% 148.98%

18 0.24% 0.08% 154.99% 83.78% 1280.01% 136.0%

19 0.24% 0.08% 162.68% 87.69% 1393.79% 145.38%

20 0.23% 0.08% 151.86% 85.51% 1152.93% 148.63%

Mean 0.22% 0.08% 142.81% 87.33% 1030.58% 147.83%

Table 3: Performance measures for long-only portfolios.
This table shows performance measures for long-only portfolios. Displayed are mean daily returns,
annualized Sharpe Ratios, and end-of-period cumulative returns using the stacked neural network
structure (NNs) and an equally weighted buy-and-hold strategy (Benchmark). The statistics are
based on the out-of-sample period from 2017-01-01 to 2021-12-31. The portfolios are evaluated
and cumulated daily. We assume transaction costs of 5 bps per transaction. The third column
represents cumulative end-of-period returns, accumulating profits over the period of five years.
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Figure 7: Performance plots for long-only portfolios.
This figure depicts cumulative returns for the long-only neural network stack (NNs) and an equally
weighted buy-and-hold portfolio (Benchmark). Displayed are the highest, median, and lowest
cumulative returns portfolios. All values are in percentages and cumulated using the full test set of
five years. We assume costs of 5 bps per transaction.
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Alpha Beta R2 N Observations

Best 0.00142***
(4.459)

1.43092***
(68.696)

0.79 1259

Median 0.00102***
(3.162)

1.47059***
(68.565)

0.79 1259

Worst 0.00028
(0.909)

1.48358***
(72.327)

0.81 1259

Table 4: Baseline OLS regression results for long-only portfolios.
This table presents results from baseline OLS regressions. We regress the neural network stack
(NNs) returns on equally weighted buy-and-hold portfolio returns (Benchmark). Each randomly
selected portfolio belongs to an OLS regression. Asterisks indicate the level of significance, i.e.,
p-values smaller than 10%, 5% or 1%, respectively. t-statistics are reported in parentheses. We
assume transaction costs of 5 bps per transaction. Out of the 20 portfolios, we report the best,
median, and worst results in terms of alpha. The average alpha is 0.1%, whereas 18 out of 20
portfolios exhibit a statistically significant value of alpha (p < 5%). The average beta is 1.41.

The latter results show that, on average, the neural network stack significantly
outperforms a passive, buy-and-hold benchmark in terms of returns and Sharpe
ratios. To dissect the performance difference in greater detail, we regress the portfolio
returns of the stacked neural network on the equally weighted buy-and-hold portfolio
returns. This provides an estimate of how much the larger returns are due to a
greater risk loading and how much they are due to the predictive capabilities of
the network stack. Table 4 shows the results of a standard OLS regression. For
brevity, we report the minimum, median, and maximum results measured in terms
of the estimated alpha. Both the highest and median alpha values are 0.142% and
0.102% and significantly different from zero at the 1%-level. In the worst case, the
stacked neural network strategy fails to generate a statistically significant alpha at
any typical significance level. Still, a significant alpha is generated in 18 out of the
20 cases (5%-level) with an average value of 0.1%. Beta values vary less, with an
average value of 1.41. That is, the strategies’ return gaps can be explained by two
underlying mechanisms. First, the stacked neural network strategy is riskier than the
benchmark, i.e., it has leveraging effects on passive, equally weighted returns and,
thus, creates larger returns. Second, the strategy predicts returns reasonably well,
creating the positive and significant alpha on the passive benchmark, i.e., yielding
higher returns without additional loading on risk.

The latter regression shows that the returns of the neural network stack are not
entirely explained by the benchmark returns, i.e., returns of an equally weighted
buy-and-hold portfolio. Thus, we also test whether the returns may potentially be
explained by the well-known risk factors as proposed by Fama and French (2015).
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Alpha Benchmark-
RF

SMB HML RMW CMA R2

Best 0.0014***
(4.41)

1.43***
(68.60)

-0.07
(-1.29)

-0.01
(-0.22)

0.11
(1.43)

0.10
(1.11)

0.79

Median 0.0011***
(3.09)

1.40***
(61.84)

-0.08
(-1.54)

-0.00
(-0.09)

0.15*
(1.84)

-0.10
(-1.02)

0.76

Worst 0.0003
(0.95)

1.48***
(72.05)

-0.03
(-0.59)

0.06
(1.48)

-0.01
(-0.11)

-0.21**
(-2.32)

0.81

Table 5: Fama-French five factor regression results for long-only portfolios.
This table presents results from Fama-French five-factor regressions (Fama and French, 1993). We
regress the neural network stack (NNs) returns on equally weighted buy-and-hold portfolio returns
(Benchmark) and four common risk factors explained in Fama and French (1993). Factors are
constructed using six value-weighted portfolios: Size (Small Minus Big stock portfolios, SMB), Value
(High Minus Low Value, HML), Profitability (Robust Minus Weak operating profitability, RML)
and Investments (Conservative Minus Aggressive, CMA) investment portfolios. Each randomly
selected portfolio belongs to one regression. Displayed are the best, median, and worst results based
on alpha values. Asterisks indicate the level of significance, i.e., p-values smaller than 10%, 5% or
1%, respectively. t-statistics are reported in parentheses. We assume transaction costs of 5 bps per
transaction. The average alpha is 0.1%, whereas 19 out of 20 portfolios come with a statistically
significant value of alpha (p < 5%).

Besides market risk, the authors find four risk factors to explain significant portions
of the stock return cross-sections: size, value, profitability, and the firm’s investment
policy.6 Table 5 presents the regression results. The regression is estimated for each
portfolio individually and we report the highest, median, and lowest results in terms
of alpha values brevity.

The stacked neural network alpha is not explained by risk factors of Fama and
French (2015). Table 5 shows regression results including the equally weighted
buy-and-hold portfolio and the risk factors Size, Value, Profitability, and Investments.
Including the risk factors does not decrease alpha values or the significant positive
relationship to the benchmark strategy, nor does it make the unexplained performance
less often significant across the portfolios. The effects are also captured by the
mainly unaffected values of R2 compared to the previous regression including solely
benchmark returns. Figure 8 shows the distribution of the estimated regression
coefficients of each factor based on the 20 regressions. While median values of the
size, value and investments factors being close to zero, there remains a positive
relationship of neural network stacks’ returns and the operating profitability for some
of the portfolios, indicating that the neural network stack prefers high operating

6Daily data is publicly available at the authors’ website: https://mba.tuck.dartmouth.edu/
pages/faculty/ken.french/data_library.html
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Figure 8: Fama-French risk factor exposures for long-only portfolios.
This figure depicts Fama-French risk factor exposures for out-of-sample long-only portfolios (Fama
and French, 1993). For conciseness, we exclude exposure to benchmark returns where all parameter
estimates are significantly larger than zero. Boxes show the interquartile range and the median.
The farthest points are marked by lines, with outliers (that exceed the box edges by more than 1.5
times the interquartile range) as points.

profitability. Yet, the values of alpha are all significantly different from zero (p < 5%)
except for one portfolio. Apart from this one portfolio, the results suggest that the
neural network stack predictions are sufficiently accurate to generate out-of-sample
abnormal returns that are not explained by common risk factors.

3.4.2 Long-short portfolios

A common practice for algorithmic portfolio trading systems is to build market-neutral
long-short portfolios. These portfolios target return spreads between the highest and
lowest predicted stock returns. Accurate predictions yield large long-short portfolio
returns, i.e., large long-short spreads. While a large spread is desirable, portfolios
with a low correlation to market returns may be valuable to as a market-independent
portfolio is well suited as, e.g., a diversification device or as an alternative to long-only
portfolios in uncertain market phases.

As the neural network stack is designed to explicitly predict both negative and
positive returns, it is well suited for market-neutral, i.e., a portfolio that has a low
correlation with the benchmark, zero investment portfolios. For that, we combine
the long-only portfolio neural network stack with the short counterpart. The short
stack combines directional predictions from the same neural network as the long
stack and afterwards ranks stocks based on the short model. Both neural network
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stacks form an isolated portfolio, which we combine as zero investment portfolios:
rp,t = +1 ∗ rl,t − 1 ∗ rs,t in every period t. Here, rp,t is the return of the portfolio in
period t, rl,t the return of the long stack in period t and rs,t the return of the short
stack. The long and short stacks can also be combined using alternative weighting
schemes based on the investor’s preferences.

Table 6 shows average daily returns, annualized Sharpe ratios, and end-of-period
cumulative returns. Returns are based on the combined neural network stacks (NNs)
and on equally weighted buy-and-hold portfolios (Benchmark) using the 20 randomly
sampled portfolios. On average, the neural network stack still outperforms the
benchmark strategy in terms of all performance measures. It generates more than
two-fold daily returns (0.17% vs. 0.08%), yielding a 354% increased mean cumulative
return at the end of the 5-year period (671.62% vs. 147.83%). The large performance
difference is represented in Sharpe ratios, too, given by a difference in Sharpe ratios
of 47.23%-points. The neural network stack generates larger cumulative returns, as
illustrated in Figure 9, than the benchmark in 18 out of the 20 portfolios. However,
in only 15 out of the 20 portfolios, it can beat the annualized benchmark Sharpe
ratio. On average, the long-short neural network stacks’ performances are larger
than a buy-and-hold portfolio even if risk is considered.

Table 7 shows the baseline regression results. It describes the relationship between
the long-short neural network stack’s returns and the benchmark. We show the best,
median, and worst results measured by the value of alpha out of the 20 regressions at
the portfolio level. Alpha values are persistently high, with an average value of 0.18%.
The highest value of alpha is 0.26% while the lowest is 0.08% and is not significantly
different from zero. 18 out of 20 alpha values are significantly different from zero at
the 5%-level. Beta values are on average close to zero, with a value of -0.075. These
values signal that the generated long-short portfolios are market-neutral. Moreover,
the median regression yields an R2 of only 1%, compared to 79% for the median
long-only portfolio. That is, the neural network stacks’ returns cannot be well
explained by the benchmark returns, giving further support for market neutrality.

The results of the Fama-French five-factor regressions are similar to the long-only
results. Table 8 presents the regression results again for the highest, median, and
lowest portfolio setups in terms of alpha values. Alpha values remain high, with an
average value of 0.17%. 18 out of 20 alpha values are significantly different from
zero (p < 5%). Beta values average at -0.073 while only 12 of these are significantly
different from zero (p < 5%). These results do not change on the basis of the included
risk factors.

The risk factor exposure is larger compared to long-only portfolios. Figure 10
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Mean return Sharpe ratio Cumulative return

NNs Benchmark NNs Benchmark NNs Benchmark

1 0.19% 0.09% 152.55% 91.51% 792.07% 159.53%

2 0.16% 0.09% 119.86% 90.43% 469.23% 160.99%

3 0.17% 0.08% 132.96% 89.21% 556.53% 149.99%

4 0.23% 0.08% 174.57% 84.99% 1228.66% 138.89%

5 0.15% 0.09% 111.56% 94.16% 379.26% 167.96%

6 0.14% 0.08% 107.06% 82.29% 332.7% 134.37%

7 0.17% 0.09% 138.88% 94.9% 536.99% 165.87%

8 0.22% 0.08% 181.38% 81.8% 1191.55% 131.8%

9 0.19% 0.08% 134.7% 83.23% 715.86% 136.73%

10 0.2% 0.09% 158.54% 92.48% 870.46% 165.08%

11 0.16% 0.08% 118.83% 85.09% 460.54% 140.64%

12 0.17% 0.09% 124.76% 87.93% 509.91% 153.75%

13 0.11% 0.08% 92.4% 84.62% 219.28% 138.24%

14 0.19% 0.08% 168.78% 84.45% 811.33% 140.06%

15 0.09% 0.08% 71.4% 80.9% 132.68% 126.23%

16 0.16% 0.09% 114.35% 94.3% 422.31% 167.47%

17 0.1% 0.08% 76.79% 87.33% 177.25% 148.98%

18 0.25% 0.08% 202.48% 83.78% 1801.38% 136.0%

19 0.22% 0.08% 168.84% 87.69% 1113.69% 145.38%

20 0.19% 0.08% 140.57% 85.51% 710.78% 148.63%

Mean 0.17% 0.08% 134.56% 87.33% 671.62% 147.83%

Table 6: Performance measures for market-neutral long-short portfolios.
This table shows performance measures for long-short portfolios. Displayed are mean daily returns,
annualized Sharpe-Ratios and end-of-period cumulative returns using the stacked neural network
structure (NNs) and an equally weighted buy-and-hold strategy (Benchmark). Long-short portfolios
are market-neutral and require zero net investments. Accordingly, the weighting scheme is wshort =
−1, wlong = +1. The statistics are based on the out-of-sample period from 2017-01-01 to 2021-12-31.
The portfolios are evaluated and cumulated daily. We assume transaction costs of 5 bps per
transaction. The third column represents cumulative end-of-period returns, accumulating profits
over the period of five years.
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Figure 9: Performance plots for long-short portfolios.
This figure shows cumulative returns for the long-short neural network stack (NNs) and an
equally weighted buy-and-hold portfolio (Benchmark). Displayed are the best, median, and worst
performances in terms of cumulative returns. All values are in percentages and cumulated using
the full test set of five years. We assume costs of 5 bps per transaction.
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Alpha Beta R2 N Observations

Best 0.00262***
(4.672)

-0.09950***
(-2.684)

0.01 1259

Median 0.00173***
(2.865)

-0.14765***
(-3.729)

0.01 1259

Worst 0.00080
(1.505)

0.06328*
(1.771)

0.0 1259

Table 7: Baseline OLS regression results for long-short portfolios.
This table presents results from baseline OLS regressions. We regress the returns of the neural
network long-short stack (NNs) on equally weighted buy-and-hold portfolio returns (Benchmark).
Each randomly selected portfolio belongs to an OLS regression. Asterisks indicate the level of
significance, i.e., p-values smaller than 10%, 5% or 1%, respectively. T-statistics are reported in
parentheses. We assume transaction costs of 5 bps per transaction. Out of the 20 portfolios, we
report the best, median, and worst results in terms of alpha. The average alpha is 0.18%, whereas
18 out of 20 portfolios have a statistically significant value of alpha (p < 5%). The average beta is
-0.075 with 12 out of 20 beta values significantly different from zero.

Alpha Benchmark-
RF

SMB HML RMW CMA R2

Best 0.0025***
(4.45)

-0.10***
(-2.64)

-0.03
(-0.28)

-0.11
(-1.41)

0.27**
(2.09)

0.17
(1.03)

0.01

Median 0.0016***
(2.73)

-0.11***
(-2.78)

0.02
(0.19)

-0.23***
(-2.72)

0.06
(0.40)

0.34*
(1.96)

0.01

Worst 0.0007
(1.35)

0.07*
(1.83)

-0.09
(-1.04)

0.05
(0.63)

0.10
(0.79)

-0.19
(-1.24)

0.01

Table 8: Fama-French 5-factor regression results for long-short portfolios.
This table presents results from Fama-French 5-factor regressions (Fama and French, 1993). We
regress the returns of the neural network long-short stack (NNs) on equally weighted buy-and-hold
portfolio returns (Benchmark) and returns of four common risk factors explained in Fama and
French (1993). Factors are constructed using six value-weighted portfolios: Size (Small Minus Big
stock portfolios, SMB), Value (High Minus Low Value, HML), Profitability (Robust Minus Weak
operating profitability, RMW), and Investments (Conservative Minus Aggressive, CMA) investment
portfolios. Each randomly selected portfolio belongs to one regression. Displayed are the highest,
median, and lowest results in terms of alpha values. Asterisks indicate the level of significance, i.e.,
p-values smaller than 10%, 5% or 1%, respectively. t-statistics are reported in parentheses. We
assume transaction costs of 5 bps per transaction. The average alpha is 0.1%, whereas 19 out of 20
portfolios come with a statistically significant value of alpha (p < 5%).
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Figure 10: Fama-French risk factor exposures for long-short portfolios.
This figure shows Fama-French risk factor exposures for out-of-sample long-short portfolios (Fama
and French, 1993). For conciseness, we exclude exposure to market returns. Boxes show the
interquartile range and the median. The farthest points are marked by lines, with outliers (that
exceed the box edges by more than 1.5 times the interquartile range) as points.

summarizes regression results for all portfolios using boxplots. Size and value factor
relationships are slightly negative, i.e., the neural network stack prefers to buy
larger and sell smaller companies, while it prefers value over growth. Analogously to
long-only portfolios, operating profitability is the most influential risk factor. The
long-short neural network stack buys strong operating profitability and sells weak
operating profitability. This is the only risk factor where the neural network stack
agrees on the same sign for every portfolio. A conservative investment policy seems to
be preferred across the neural network stacks, but there is also a larger interquartile
range. Still, these values need to be interpreted cautiously, as the neural network
stacks’ returns can hardly be explained by the given regression due to a median R2

of only 1%. Overall, the zero-investment long-short portfolios of the neural network
stacks are market-independent and generate statistically significant alpha values even
after controlling for empirical risk factors.

3.4.3 Performance sources

Neural networks are considered black-box models. However, as interpreting features
may be valuable, the literature provides approximation techniques for feature impor-
tance. We follow the approach of Friedman (2001) and derive feature importance
based on partial dependence. For each feature, we assign a constant value to each
data point for that feature, while leaving the other features unchanged. We select
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Figure 11: Aggregated feature importances for each model.
This figure shows the importance of features for each of the three models. We aggregate all firm
characteristics, return moving averages (Past returns), and return standard deviations. To calculate
feature importance, we follow the partial dependence approach of (Friedman, 2001). Feature
importances are normalized to sum up to one at the model-level.

ten values between the true 5%-quantile and the 95%-quantile of the feature values.
In total, this gives ten artificial data sets. Then, we compute the average prediction
for each of the ten artificial data sets. The variance of the ten mean predictions gives
the feature importance. The intuition is simple: If changes in the input value lead to
relatively large changes in the predictions, then the feature has high importance.

Figure 11 shows feature importance for each of the three models. Past returns
are the largest driver for predictions across all models. That is to be expected as
the models predict one-day returns, whereas firm-related data is updated at lower
frequencies. Accordingly, the short-term task makes firm characteristics less valuable,
resulting in a small feature’s importance. Firm characteristics have a relatively large
impact on the directional models’ predictions. The most interesting result is that
return standard deviations are more than twice as important for the long model
relative to the short model. We conjecture that this is due to the stock market losses
starting in March 2020. Here, high volatility is followed by larger stock market gains
in the rest of 2020. As a result, the long models pick up this pattern and increase
the usage of the return standard deviation.

To better understand the effectiveness of our two-stage neural network structure,
we report performance measures for long-only portfolios using solely the directional
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model, i.e., the first stage. That is, we construct equally weighted portfolios based
on the top decile of predictions from the direction model in each period. Table 9
shows average daily returns, Sharpe ratios, and cumulative returns for all sampled
portfolios. Although the one-model approach does lead to a slightly higher annualized
average Sharpe ratio, the stack yields notably larger average daily returns as well
as end-of-period cumulative returns. In fact, average daily returns are 28% larger
(a difference of 0.048%-points) and end-of-period cumulative returns are on average
69% larger (a difference of 421%-points). The results are in line with our theoretical
expectations. The directional model needs to classify the sign of returns and, hence,
does not rely on the concrete return values. The results suggest that while the
directional model appears to consistently increase realized Sharpe ratios, the second
stage, i.e., the long model, rather exploits risk in order to increase realized returns,
keeping the Sharpe ratio approximately constant.

3.4.4 Cost Sensitivity

A central limiting factor of active trading strategies are transaction costs. An active
portfolio management strategy must overcome transaction costs while simultaneously
beating its benchmark. A common choice for the benchmark is a passive, equally
weighted buy-and-hold strategy, as it does not face any transaction costs. To study
the effects of transaction costs on our stacked neural network out-of-sample returns,
we compute average daily returns, Sharpe ratios, and cumulative returns with doubled
transaction costs, i.e., 10 bps. The results give an approximation of the infrastructural
requirements to execute the strategy in a profitable way.

Table 10 shows results for long-only portfolios under doubled transaction costs (10
bps), including the passive benchmark that does not face any transaction costs. The
results suggest that the strategy is indeed sensitive to increases in transaction costs.
That is, the average annualized Sharpe ratio decreases by almost 21%, i.e., a difference
of 15.45 percentage points. The average end-of-period cumulative return decreases
by roughly 28%. Thus, the average daily return suffers by 0.00472 percentage points
per 1 bps-increase in costs. In fact, having transaction costs of 51 bps will result in
zero average daily returns. The strategy reaches the benchmark’s level at 33 bps.
Hence, the neural network-based system for long portfolios is indeed sensitive to
transaction costs, yet it is still effective even at higher levels of transaction costs.

Unsurprisingly, the long-short strategy suffers more from increases in costs than
the long-only strategy, as shown in Table 11. That is, per basis point increase in
transaction costs, the long-short strategy loses 0.0079 percentage points in average
daily returns. On average, the long-short neural network yields losses as transaction
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Mean return Sharpe ratio Cumulative return

Directional
NN

NN stack Directional
NN

NN stack Directional
NN

NN stack

1 0.19% 0.23% 169.93% 149.59% 761.0% 1138.76%

2 0.16% 0.21% 132.99% 135.52% 470.31% 886.52%

3 0.17% 0.23% 139.01% 144.34% 543.75% 1052.19%

4 0.18% 0.23% 155.36% 146.94% 653.36% 1084.38%

5 0.17% 0.23% 144.47% 147.72% 550.81% 1100.62%

6 0.15% 0.17% 132.36% 117.2% 441.78% 519.47%

7 0.17% 0.24% 143.44% 162.93% 548.43% 1392.67%

8 0.18% 0.25% 159.04% 164.35% 715.37% 1566.37%

9 0.16% 0.21% 140.51% 138.89% 518.42% 853.15%

10 0.22% 0.24% 178.67% 149.62% 1167.72% 1231.09%

11 0.17% 0.23% 143.0% 148.7% 575.16% 1080.8%

12 0.18% 0.25% 153.97% 161.9% 647.2% 1484.98%

13 0.15% 0.18% 136.24% 115.37% 452.73% 529.78%

14 0.19% 0.21% 161.32% 135.53% 760.65% 819.45%

15 0.12% 0.14% 103.63% 90.58% 275.8% 298.76%

16 0.15% 0.22% 135.15% 150.42% 448.3% 1050.67%

17 0.16% 0.19% 138.64% 127.15% 510.05% 695.17%

18 0.2% 0.24% 170.38% 154.99% 871.23% 1280.01%

19 0.18% 0.24% 157.72% 162.68% 662.68% 1393.79%

20 0.17% 0.23% 142.79% 151.86% 609.97% 1152.93%

Mean 0.17% 0.22% 146.93% 142.81% 609.24% 1030.58%

Table 9: Performance measures for portfolios based solely on the directional model.
This table shows performance measures for the directional model and for long-only portfolios
using the stack. Displayed are mean daily returns, annualized Sharpe Ratios, and end-of-period
cumulative returns using the directional neural network only (Directional NN) and the long-only
neural network stack (NN stack). The statistics are based on the out-of-sample period from January
2017 to December 2021. The portfolios are evaluated and cumulated daily. We assume transaction
costs of 5 bps per transaction. The third column represents cumulative end-of-period returns,
accumulating profits over the period of five years.
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Mean return Sharpe ratio Cumulative return

NNs Benchmark NNs Benchmark NNs Benchmark

1 0.21% 0.09% 134.04% 91.51% 817.15% 159.53%

2 0.19% 0.09% 120.65% 90.43% 635.16% 160.99%

3 0.2% 0.08% 129.1% 89.21% 754.2% 149.99%

4 0.2% 0.08% 131.41% 84.99% 775.97% 138.89%

5 0.2% 0.09% 132.42% 94.16% 792.89% 167.96%

6 0.15% 0.08% 101.31% 82.29% 361.78% 134.37%

7 0.22% 0.09% 147.26% 94.9% 1012.86% 165.87%

8 0.23% 0.08% 148.78% 81.8% 1131.49% 131.8%

9 0.18% 0.08% 123.24% 83.23% 610.11% 136.73%

10 0.21% 0.09% 134.9% 92.48% 891.7% 165.08%

11 0.2% 0.08% 132.97% 85.09% 775.27% 140.64%

12 0.23% 0.09% 146.6% 87.93% 1078.58% 153.75%

13 0.15% 0.08% 99.92% 84.62% 368.7% 138.24%

14 0.18% 0.08% 120.18% 84.45% 586.42% 140.06%

15 0.12% 0.08% 75.54% 80.9% 197.1% 126.23%

16 0.2% 0.09% 134.33% 94.3% 754.2% 167.47%

17 0.17% 0.08% 111.78% 87.33% 491.92% 148.98%

18 0.21% 0.08% 139.62% 83.78% 925.1% 136.0%

19 0.22% 0.08% 146.76% 87.69% 1007.26% 145.38%

20 0.21% 0.08% 136.48% 85.51% 835.18% 148.63%

Mean 0.19% 0.08% 127.36% 87.33% 740.15% 147.83%

Table 10: Performance measures for long-only portfolios under doubled transaction costs.
This table shows performance measures for long-only portfolios under doubled costs (10 bps)
per transaction. Displayed are mean daily returns, annualized Sharpe-Ratios, and end-of-period
cumulative returns using the stacked neural network structure (NNs) and an equally weighted
buy-and-hold strategy (Benchmark). The statistics are based on the out-of-sample period from
January 2017 to December 2021. The portfolios are evaluated and cumulated daily. The third
column represents cumulative end-of-period returns, accumulating profits over the period of five
years.
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costs exceed 27 bps. The strategy loses in Sharpe ratio, respectively. Still, even
after doubling transaction costs, zero-net investment portfolios outperform a passive
buy-and-hold strategy.

Mean return Sharpe ratio Cumulative return

NNs Benchmark NNs Benchmark NNs Benchmark

1 0.15% 0.09% 121.2% 91.51% 439.47% 159.53%

2 0.12% 0.09% 90.47% 90.43% 245.44% 160.99%

3 0.13% 0.08% 101.81% 89.21% 297.33% 149.99%

4 0.19% 0.08% 143.49% 84.99% 698.63% 138.89%

5 0.11% 0.09% 81.76% 94.16% 192.71% 167.96%

6 0.1% 0.08% 76.35% 82.29% 162.72% 134.37%

7 0.13% 0.09% 105.16% 94.9% 284.8% 165.87%

8 0.18% 0.08% 148.61% 81.8% 678.95% 131.8%

9 0.15% 0.08% 107.39% 83.23% 396.95% 136.73%

10 0.16% 0.09% 127.48% 92.48% 491.2% 165.08%

11 0.12% 0.08% 89.12% 85.09% 238.41% 140.64%

12 0.13% 0.09% 95.1% 87.93% 270.33% 153.75%

13 0.07% 0.08% 59.12% 84.62% 93.5% 138.24%

14 0.15% 0.08% 134.2% 84.45% 455.38% 140.06%

15 0.05% 0.08% 37.93% 80.9% 40.7% 126.23%

16 0.12% 0.09% 85.15% 94.3% 217.1% 167.47%

17 0.07% 0.08% 47.96% 87.33% 69.14% 148.98%

18 0.21% 0.08% 170.82% 83.78% 1053.59% 136.0%

19 0.18% 0.08% 138.46% 87.69% 637.25% 145.38%

20 0.15% 0.08% 111.69% 85.51% 396.04% 148.63%

Mean 0.13% 0.08% 103.66% 87.33% 367.98% 147.83%

Table 11: Performance measures for market-neutral long-short portfolios under doubled transaction
costs.
This table shows performance measures for long-short portfolios under doubled costs (10 bps)
per transaction. Displayed are mean daily returns, annualized Sharpe ratios, and end-of-period
cumulative returns using the stacked neural network structure (NNs) and an equally weighted
buy-and-hold strategy (Benchmark). Long-short portfolios are market-neutral and require zero
investments. Accordingly, the weighting scheme is wshort = −1, wlong = +1. The statistics are based
on the out-of-sample period from January 2017 to December 2021. The portfolios are evaluated
and cumulated daily. The third column represents cumulative end-of-period returns, accumulating
profits over the period of five years.
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3.5 Conclusion

This Chapter shows how neural network-based portfolio management systems can
be improved by using a two-stage prediction approach. By separating sign and
magnitude predictions, we show that the former largely contributes to increases in
Sharpe ratios and produces statistically significant risk-adjusted alphas compared to
an equally weighted buy-and-hold portfolio while accounting for common risk factors.
Sign predictions systematically leverage returns and risk simultaneously, keeping
the Sharpe ratio constant. Long-short portfolios produced by the neural network
stack have low correlations with the equally-weighted buy-and-hold benchmark, yet
they more than double average daily benchmark returns. As transaction costs are
a central limiting factor of active investment strategies, we outline the maximum
theoretical level of transaction costs for the strategy to remain beneficial to the
investor. Additionally, we show how financial neural networks can be trained in
several seconds by utilizing parallel computing of modern GPUs without the necessity
of splitting the training data into multiple batches while training, while our models
generalize well.

We first classify returns by their sign and estimate the magnitude separately.
There are, however, other potential structures that my be worth exploring. For
instance, extreme returns, e.g., the top and bottom decile of returns, may depend on
a completely different feature set than the remaining, less extreme returns. Hence,
researchers may first estimate the probability of an extreme return and train multiple
models to predict the resulting return magnitude depending on the first model’s
estimate. Although a single neural network may be able to capture such structures
given sufficient capacities, the high noise-to-signal ratio in financial data suggests to
keep the models’ complexity low to avoid potential overfitting. Furthermore, we show
that splitting the prediction task in several subtask increases the interpretability of
the resulting predictions.
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4 Anxiety in Returns

The analysis of the neural network stack’s feature importance presented in the
previous Chapter reveals that the most important predictor is the history of returns
and, also, that features are treated differently by the models that handle predicted
positive and negative returns, respectively. Based on these two findings, this Chapter
analyzes the importance of the preceding return sign to investors. We show that
investors treat positive returns entirely differently than negative returns, a behavior
that we theoretically predict from the findings of behavioral finance.

In particular, the prospect theory documents that investors are risk averse and,
thus, demand larger risk premiums for stocks that appear to be riskier. As we
propose in our analysis, stocks with preceding losses appear riskier to investors than
stocks with preceding gains, making investors anxious to buy the former stocks in
the following period, which we call the anxiety anomaly. In accordance with our
theoretical predictions, we observe significantly larger following returns for stocks
with a preceding positive return than stocks with a preceding negative return. For
that, we also propose a novel measure of risk aversion that is based on common risk
factors’ premiums.

Based on our analysis, we further conjecture that most of machine learning’s pre-
dictive ability in asset pricing may stem from the predictability of human preferences
as we find that a simple linear model based on the anxiety anomaly produces an
out-of-sample predictive power as large as the predictive power of modern machine
learning models with hundreds of predictors (Gu et al., 2020). In these models, the
most important predictors are recent returns and a factor approximating risk (Gu
et al., 2020), which is in line with our findings in the previous Chapter, i.e., using our
neural network stack. These results strongly suggest that the anxiety anomaly may
be a potential theoretical explanation for the superior predictive power of machine
learning in asset pricing.

The paper of this Chapter is published in the Journal of Behavioral Finance
(Pigorsch and Schäfer, 2023).
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Abstract

We provide empirical evidence that risk-averse investors become anxious about
investments in stocks whose realized losses reveal the downside of risk. Contrary
to short-term reversal and in support of convex risk aversion, the latter stocks
yield significantly lower returns in the subsequent period. Our findings are
based on a novel measure of time-varying risk aversion but can also be observed
when using a well-established measure of risk aversion. Moreover, anxiety
predicts cross-sectional returns in out-of-sample tests, suggesting that risk-
averse investors’ preferences drive empirical risk premia.

4.1 Introduction

Does the revelation of downside risk affect the investment behavior of risk-averse
investors? The pioneering findings of the prospect theory (Kahneman and Tversky,
1979) state that investors are risk averse, prefer safe over risky prospects, and, thus,
demand a premium for risk-taking. In absolute terms, the value of a risky prospect
is steeper for losses than gains, whereas the value function is convex in losses and
concave in gains. Based on these findings, we propose that a risk-averse investor
is anxious to invest in a stock, i.e., a risky investment, if the stock has previously
experienced a negative return. The negative return reveals the investment risk to the
investor, who responds by requiring a higher rate of return as compensation for taking
on risk. This irrational assessment of risk makes stocks with a preceding positive
return significantly more appealing to investors, as they appear to be less risky than
stocks with a preceding negative return. We provide empirical evidence that the
resulting return spread between stocks with a preceding positive and negative return
is significantly positive.

Several studies show that risk aversion leads to predictable anomalous return
patterns in the cross-section of stock returns. The patterns include the increase
of the long-term premium on stock returns by risk aversion (Benartzi and Thaler,
1995b), which may even explain the equity premium puzzle (Mehra and Prescott,
1985). Furthermore, expected returns are determined by investor sentiment (Shen
et al., 2017), the sensitivity to innovations in aggregate market risk (Ang et al., 2006),
historical peak returns (Bali et al., 2011) and higher moments of the return history
(Barberis et al., 2016; Bordalo et al., 2013). However, these studies either concentrate
on the medium- to long-term effects of risk aversion on returns or incorporate a large
set of economic variables apart from stock price information. In contrast, we find that

55



risk aversion is measured by and simultaneously predicts short-term cross-sectional
returns. Specifically, we first motivate our approach to construct a potential measure
of risk aversion based on the cross-section of stock returns. Using this measure,
we show that the anxiety of risk-averse investors predicts the monthly returns of
those stocks that most recently revealed the downside of risk, signaled by a negative
return in the preceding month. We find similar results when using a well-established
alternative measure of risk aversion (Bollerslev et al., 2009). Additionally, we propose
a preference-based yet intuitive explanation for this empirical observation.

To this end, consider an investor whose perception of the firm’s fundamental
value at period t is:

E[Vt] =
∞∑
i=1

E[CFt+i]

(1 + µ)i
, (5)

where E[CFt+i] is the expected cash flow in period t + i, and µ is the investor’s
required rate of return per period.7 The valuation of the company reflects the
investor’s expectations regarding the company’s ability to generate free cash flows
and the investor’s perception of the associated uncertainty. This study focuses on
the predictive measurement of the latter.

Banz (1981) documents that the returns of small stocks outperform those of large
stocks. Small stocks tend to be riskier (Daniel and Titman, 1997; Fama and French,
1993), i.e., have greater uncertainty in expected future cash flows than large stocks.
Additionally, the likelihood of default may be more prevailing to investors than in
the case of large stocks. Thus, the size premium is, at least partly, a proxy for the
investors’ required compensation for risk-taking. Therefore, we expect high risk
aversion when there is a large size premium, i.e., a large difference in returns between
small and large firms. Besides, we demonstrate in Section 4.2 that the approximation
of the investor’s level of risk aversion by the return spread of a risk factor is in
line with standard mean-variance utility. The measurement of risk aversion is also
time-varying, a well-known attribute of risk aversion, as we discuss in more detail in
the next section. The following provides an intuitive explanation of the risk aversion
measure.

Consider a large and positive spread in period t in the size risk factor, i.e., small
companies have a higher average realized return than large companies. Closely
prior to period t, i.e., at the end of period t− 1, investors must have avoided small

7We do not consider the accounting-implied value of the well-known free cash flow model, as
we neither measure expected firm values nor expected cash flows empirically, as, e.g., in Francis
et al. (2000). The exact definition of a payback does not change the following considerations and is
interchangeable with, for instance, dividends.
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companies in favor of larger companies, thereby avoiding uncertainty and being
predominantly risk-averse regarding investment decisions for the following period
t. Put differently, investors required high compensation for risk during period t,
demanding a large expected return for risky investments realized at the end of period
t. Consequently, we can observe larger (smaller) returns for smaller (larger) stocks
in period t. Hence, the most recent observable magnitude of risk aversion is, at least
partly, reflected in the long-short size spread.

The above outlines how the long-short risk factor spread may approximate the
degree of risk aversion. Whenever the aggregate risk aversion in the markets is
relatively large, we expect a run out of stocks that reveal the downside of risk
by preceding realized negative returns. Suppose an investor is already fearful of
uncertainty and, as a result, demands low-volatility stocks. In this case, the investor
may become anxious to invest in stocks whose most recent return is negative,
causing the investor to avoid these stocks. This hypothesis is motivated by the
well-documented risk-averse investor’s reaction to fear and substantial losses (Cohn
et al., 2015; Guiso et al., 2018; Kuhnen and Knutson, 2011; Weber et al., 2013).
Furthermore, Walther and Münster (2021) empirically show that investors demand a
positive (negative) risk premium for beta risk given a positive (negative) preceding
return. On the other hand, when the investor is less risk-averse, we do not expect a
significant reaction to the preceding return sign at the firm level. On the other hand,
when the investor is less risk-averse, we do not expect a significant reaction to the
preceding return sign at the firm level.

In line with our theoretical predictions, we empirically find that in periods with
high aggregate risk aversion, stocks with a preceding negative return in period t are
indeed excessively avoided in the following period t + 1. The effect is statistically
and economically significant: in periods of high aggregate risk aversion, stocks with
a preceding positive return in t earn in the subsequent period, t+ 1, a return that is
seven times greater than stocks with a preceding negative return. Hereafter, we refer
to this spread in returns as the anxiety anomaly8.

The anomaly is also observed for risk aversion derived from alternative risk
factors, suggesting that the effect is not specific to the size factor. Importantly, note
that we do not claim that the long-short risk factor spread is a perfect measure

8We refer to our finding as an anomaly, as the observed investor’s behavior is likely to be
irrational, i.e., there is no apparent reason not to invest in assets with a preceding negative return
despite having a high level of risk aversion, and as it yields high out-of-sample return predictability
that results in remarkably strong long-short returns over multiple decades, which is a commonly
accepted characteristic of an anomaly; see, for instance Hou et al. (2015).
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of risk aversion and therefore assess the robustness of our main results using the
risk aversion measure of Bollerslev et al. (2009), which is defined as the difference
between implied and realized variance. We find that when using this alternative
measure of risk aversion, the large return spread is also present.

Moreover, we confirm convexity in the investors’ utility in losses (Kahneman
and Tversky, 1979) as we show that the risk-averse investors’ avoidance of stocks
with a preceding negative return is convex in magnitude. Furthermore, the anomaly
counteracts short-term reversal and is not affected by the month of January or any
decade we observe.

Further, we assess whether the effect persists in the subsequent period t + 2.
We expect that the effect is short-term and, at most, reverses in the period t + 2.
Suppose the anxiety of risk-averse investors triggers the sell-off of stocks with a
negative return in period t. In that case, it is disconnected from the company’s actual
value and should not persist in an arbitrage-free market. Thus, the persistence of
the anxious reaction to downside risk revelation stands in conflict with risk aversion
being the underlying origin. In line with our expectations, the risk-averse investors’
reaction to the revelation of downside risk is myopic. We observe that the anxiety
anomaly is short-lived and only exists in the subsequent period t+ 1. In fact, stocks
with a preceding negative return yield above-average returns for the period t + 2

after they suffered from the anxiety anomaly.
Our results also contribute to the cross-sectional predictive asset pricing literature.

In a multi-decade out-of-sample test with over 3.4 million monthly cross-sectional
stock returns, we show that the anxiety anomaly achieves an R2

oos of 0.41%. The
performance is comparable to the machine learning-based out-of-sample predictability
recorded in the literature. For example, Gu et al. (2020) demonstrate that a neural
network predicts the cross-section of stock returns with a R2

oos of 0.4%. We conjecture
that most of that predictability may be due to investors’ preferences towards risk,
captured by the anxiety anomaly.

This Chapter is also related to the literature on the effects of sentiment on
investors’ risk-taking behavior and resulting differences in the return on high- and
low-risk portfolios (Baker and Wurgler, 2006; Bekaert et al., 2010; Campbell and
Cochrane, 1999; Kamstra et al., 2003; Shen et al., 2017). From this field, the paper
of Shen et al. (2017) is the one that is most closely related to ours. They show
empirically that following periods of low (high) levels of investor sentiment (measured
by the index developed by Baker and Wurgler (2006)), risk-taking becomes more
(less) attractive to investors. In particular, they find that high-risk stocks earn a
lower average return than low-risk stocks in the following period. This is similar to
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our findings, although our approach differs in several ways as we are interested in
the effect of downside risk revelation on investors’ behavior under time-varying risk
aversion. In comparison, Shen et al. (2017) measure the returns of high- and low-risk
stocks during periods of high and low investor sentiment, where the stock’s riskiness is
defined by its correlation to macroeconomic variables. Hence, our approach provides
valuable insights into the investor’s perception of risk, independent of the investment’s
objectively measured risk. Moreover, we do not measure investor sentiment but
rather develop a novel approach to directly approximate the investor’s level of risk
aversion.

The remaining sections of the Chapter are organized as follows. In Section 4.2
we provide a theoretical motivation for approximating the investors’ degree of risk
aversion via the long-short spread of a risk factor and state our predictions regarding
the risk-averse investors’ reaction to the revelation of downside risk provided by
negative returns. Section 4.3 discusses our empirical approach and the corresponding
results, including the magnitude of the anomaly, the functional form of investors’
preferences, multiple robustness checks, out-of-sample prediction results and potential
drivers of the anxiety anomaly. Section 4.4 shows the convergence of a neural network
towards the anxiety given the respective features of the anxiety and no a priori
knowledge about the functional form. Finally, Section 4.5 concludes.

4.2 Risk aversion, anxiety and investment behavior

In this Chapter, we propose to measure risk aversion using the long-short spread of a
risk factor. In addition to our intuitive motivation for this measure provided in the
introduction, we outline its plausibility based on mean-variance utility maximization
in the following. To this end, consider a capital market consisting of risk-averse
investors with homogeneous expectations about returns and variances in available
stocks. All investors face identical market frictions, that is, we rule out any personal
spreads or price impacts. In addition, each period, all agents review their portfolio
and rebalance it according to their utility-maximizing portfolio weights. We further
assume that only the first two moments, i.e., expected values and variances of stock
returns, affect the investor’s utility. At first glance, this may appear to be a restrictive
assumption, as it is well known that higher-order moments, such as skewness, may
also be relevant components of the utility function, as shown, for example, in Harvey
and Siddique (2000); Kane (1982); Kraus and Litzenberger (1976); Mitton and
Vorkink (2007). However, as we detail below, our conclusions are unaffected whether
we start with a quadratic, mean-variance-based, utility function analogous to the
utility used in Markowitz (1952) or initiate the derivation with a cubic form involving,
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e.g., skewness, as in Mitton and Vorkink (2007).
Standard quadratic utility states that investors generally appreciate returns. At

the same time, they dislike volatility, that is, the expected utility from investing in a
stock i is increasing for increasing expected returns, µi, and decreasing for increasing
expected variance, σ2

i , ceteris paribus, respectively. The most popular representation
of this preference function is due to Markowitz (1952) and is given by:

E[Ut,i(θt,i)] = µt,i − γt σ2
t,i, (6)

with θt,i = (µt,i, σt,i, γt), t denoting the period, and where we, however, relax the
assumption of constant risk-aversion and allow γt to be time-varying.9

The assumption of a time-varying risk aversion parameter is not novel in the litera-
ture. Several studies find that investors change their risk aversion over time. Campbell
and Cochrane (1999) and Bekaert et al. (2010) develop models of consumption-based
asset pricing that include countercyclical risk aversion. Kamstra et al. (2014) find
that risk aversion is multiple times higher during the winter than the summer months.
According to Bollerslev et al. (2009), the difference between implied and realized
variance significantly predicts the quarterly market return. The authors provide
empirical evidence for the predictability not being induced by time-varying systematic
risk but show that time-varying risk aversion is likely to explain the results. Closely
related, Bekaert and Hoerova (2016) find that risk aversion is highly time-varying
and peaks during periods of high financial turmoil in the markets with a time-series
model that measures risk-aversion using the implied variance risk premium based on
VIX data and the high-frequency realized variance. Therefore, we assume that the
risk aversion γt is time-varying.

We argue in this Chapter that the spread from long-short risk factors may
approximate the short-term aggregate investors’ level of risk aversion. To show that
this is in line with mean-variance utility maximization, we focus on the size factor,
but any other risk factor or portfolio of risk factors can be used as well. Consider
the investor’s utility from a long-short portfolio that mimics the size factor (Banz,
1981). That is, the investor expects a return µt,s of a portfolio of small companies in
period t and a return µt,l of a portfolio of large companies. As usual, the investor
buys the portfolio of small companies and shorts the portfolio of large companies.
The corresponding variances are denoted by σ2

t,s and σ2
t,l. Accordingly, the expected

9Note that for brevity and based on our assumption of homogeneous investors, we omit a
subscript for the investor.
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utility USize defined in Equation (6) for this long-short size portfolio is given by:

E[USize
t,i (θt,i)] = µt,s − µt,l − γt (σ2

t,s + σ2
t,l − 2ρt,s,lσt,sσt,l), (7)

with µt,s − µt,l being the expected return of the long-short size portfolio and ρt,s,l
denoting the expected correlation coefficient between the returns of the small and
large portfolio in period t.

The agents only invest in the long-short size portfolio described above if they
expect a positive utility from the investment. As the portrayed long-short size
portfolio is also a zero-investment portfolio, with the weights in the small and large
stock portfolios being ws = +1 and wl = −1, the investor is willing to take the
investment at any positive expected utility, no matter the magnitude. However,
efficient markets require that prices only allow for marginally positive aggregate
investors’ expected utility. That is, given a fixed, positive level of utility that is
marginally larger than zero, denoted by Ū+, with the investor having some expectation
about return (co-)variances, the required long-short size return is given by:

µ̃t,s − µ̃t,l = Ū+ + γt (σ2
t,s + σ2

t,l − 2ρt,s,lσt,sσt,l). (8)

From this we can infer that to guarantee the positive expected utility level, Ū+, the
investor now requires rather than expects a larger (smaller) return of the long-short
size portfolio, µ̃t,s − µ̃t,l, for higher (lower) levels of risk aversion, ceteris paribus.
This is only not true iff σt,s = σt,l and ρt,s,l 6= 1, which is ruled out as long as the
investor mimics the size factor.10

The empirical relationship between the time-varying investor’s risk aversion and
the required size return spread is supported by Baker and Wurgler (2006) and
Kamstra et al. (2003). Baker and Wurgler (2006) fuse multiple sentiment measures
by their joint first principal component. When this measure of sentiment is above
average, the size spread reverses, and small stocks earn a moderately low subsequent
return. In contrast, when sentiment is below average, investors favor larger stocks over
smaller ones, resulting in a predominantly positive size premium in the subsequent
period. These results reinforce the above proposition based on Equation (8) in the
sense that a large spread is associated with high risk aversion, i.e., that investors
are less attracted to risky investments. Moreover, Kamstra et al. (2003) provide a
strong link between the investor’s mood and degree of risk aversion. The authors

10Arguably, the size long-short spread may be a noisy measure of risk aversion as it does also
depend on other factors, which are outside the scope of this Chapter.
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find that seasonal affective disorder (a form of mental depression caused by winter’s
short days) increases investors’ aversion to risk. When the days become shorter in
the fall, these investors favor safer assets, resulting in higher returns once the days
grow longer and their risk aversion subsides. Hence, these studies jointly support our
proposition based on Equation (8), i.e., that there seems to be a positive relationship
between the required size return spread and the investors’ risk aversion.

Previously, we stated that focusing on quadratic, mean-variance utility is not
restrictive and that our conclusions also apply for popular utility functions incor-
porating higher-order moments, such as skewness. To see this, assume that the
function g(rt,s, rt,l) is a measure of the long-short portfolio skewness. Furthermore,
δt is the degree to which the investor appreciates skewness in period t. With a cubic
utility function like the specification in Mitton and Vorkink (2007), the required
long-short spread, which is initially denoted in Equation (8), is given by the following
expression:

µ̃t,s − µ̃t,l = Ū+ + γt (σ2
t,s + σ2

t,l − 2ρt,s,lσt,sσt,l)− δt g(rt,s, rt,l). (9)

Obviously, the first-order partial derivative of the long-short spread given in Equation
(9) with respect to the risk aversion parameter is independent of the investors’ attitude
towards skewness:

∂(µ̃t,s − µ̃t,l)
∂γt

= σ2
t,s + σ2

t,l − 2ρt,s,lσt,sσt,l. (10)

In fact, and more generally, any factor driving the long-short return spread similar to
g(·) does not interfere with our results. Furthermore, note that the latter measures
marginal positive changes in the level of risk aversion given a marginal change in the
required size long-short spread, ceteris paribus. Thus, the approximation can only
be applied to short-term returns.

The above outlines how the required long-short risk factor spread, which we
approximate by the realized long-short risk factor spread, may measure the market’s
degree of risk aversion. Now, given that the degree of risk aversion is time-varying,
we are particularly interested in the variation of investors’ reaction to returns under
conditions of high and low risk aversion. That is, in the following we focus on the
investors’ reaction to the revelation of downside risk under different levels of risk
aversion and solely from a behavioral point of view, i.e., irrespective of the investor’s
underlying economic rationales for investing in the respective assets. We expect a
considerable difference in the investors’ reaction to negative returns compared to
positive returns when we measure a high level of risk aversion. Specifically, whenever
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the aggregate risk aversion in the markets is relatively high, we expect investors to
become anxious about investments in stocks with a preceding negative return. For
that, suppose an investor is afraid of uncertainty and, thus, demands low-risk stocks.
In that case, the investor should be willing to sacrifice a considerable return to avoid
stocks which reveal the downside of risk by realizing a negative preceding return. The
negative return reveals the downside risk associated with the uncertain investment
and induces anxiety among investors. The anxiety makes the stock appear riskier
than those that did not incur losses in the previous period. On the other hand, when
investors are less risk-averse, we anticipate no extraordinary reaction to negative
firm-level returns.

The sophisticated findings in the field of behavioral finance undermine the in-
vestor’s reaction to the revelation of the downside risk. For instance, Guiso et al.
(2018) and Weber et al. (2013) both measure a significant increase in risk aversion
following the financial crisis in 2008. This increase in investors’ risk aversion holds
true even for those who were only marginally affected financially by the crisis, i.e.,
those who did not encounter significant losses. Furthermore, the authors find that
the effect can be reconstructed by an arbitrary exposure to fear, as they measure the
change in risk aversion of subjects before and after they watch a portion of a horror
film and find qualitatively similar results. These findings suggest that, in general,
the presence of fear hinders investors from taking risky investments in the short term
(immediately after the fear has been induced), particularly if the fear is associated
with the risky investment itself.

Further evidence on the investors’ reaction to downside risk is also provided in
Cohn et al. (2015). Using a survey that frames either a boom or a bust market,
they compare the investment behavior of financial professionals while keeping the
ex-ante success probability of risky investments constant. Those participants who
were exposed to a bear market environment exhibited a significantly greater aversion
to risk. That is, past returns impact the future decisions of investors, such that
displaying a chart with the realization of downside risk in the form of negative
returns is sufficient to substantially reduce the investor’s willingness to take risk.
Closely related, using a controlled experimental market environment and face-reading
software, Breaban and Noussair (2018) find that fear among the participants results
in lower subsequent prices of the simulated assets.

The latter results are also supported by Kuhnen and Knutson (2011) who show
that anxiety significantly increases the reluctance to take risky investments. Moreover,
Gilad and Kliger (2008) provide additional evidence that financial professionals’ risk-
taking is influenced by the subject’s priming. For instance, when provided with a
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positive outcome of a risky investment before decision-making, the participants were
more willing to take risks, and vice versa. As a consequence, we anticipate that
highly risk-averse investors will avoid stocks that reveal downside risk through a
previous negative return, resulting in lower returns in the subsequent period for these
stocks compared to stocks that appear to be less risky, i.e., the anxiety anomaly.

On the other hand, Lakonishok et al. (1994) show that investors are much more
attracted to stocks with large past growth in fundamentals such as sales or earnings
compared to value stocks. However, the authors empirically find that the latter
stocks strongly underperform value stocks in the long run. They argue that the
preference for growth stocks may hold true for individuals and institutional investors.
While investors falsely project past growth rates into the future, individuals may
prefer past growth stocks as easy-to-justify selections. If this irrational behavior
persists, investors are likely to be more attracted to past winners than past losers.

4.3 Empirical analysis

This section empirically assesses the existence and magnitude of the anxiety anomaly.
We first present our baseline results, which show that there is in t+ 1 a large positive
difference in the stock returns with a preceding positive and negative return when
there is a high level of risk aversion in period t. Next, we provide evidence that the
anomaly is short-lived, i.e., the effect vanishes or even reverses. We supplement our
analysis by performing a variety of robustness tests, which demonstrate that the
anomaly is stable over time, independent of specific stock classes, and not unique
to the long-short risk factor spread as a measure of risk aversion. Furthermore,
we present additional evidence that risk aversion drives the anomaly as we find a
convex reaction to negative foregoing returns, which is in line with the prospect
theory (Kahneman and Tversky, 1979). Lastly, we demonstrate that the anomaly’s
out-of-sample predictability is comparable to that of current machine learning-based
predictive models, despite the fact that these models employ a substantial number
of additional predictors.

4.3.1 Data

We use standard monthly return data from the CRSP. The data set spans from
1966-07-29 to 2021-07-30 and contains 33,824 companies with an average of 115
monthly returns per company. The mean (median) market capitalization is $1.87
($1.10) billion, while the mean (median) monthly return is 1.24% (0.14%), with a
return standard deviation of 1.70%.

64



We merge this return data with long-short risk factor spreads from Chen and
Zimmermann (2022). To increase the ease of reproducibility in the finance literature,
the authors successfully replicate 319 risk factors. On their website11, the authors
provide a vast dataset containing monthly long-short factor spreads. We drop factors
where we find more than 5% missing values. In order to maintain a high level of
comparability across risk factors, we subsequently eliminate the months with missing
values. Lastly, the data set includes over 3,900,000 data points and 144 risk factors.

4.3.2 Empirical results for the anxiety anomaly

We hypothesize that when there is a large demand for safety, i.e., high risk aversion,
stocks with a negative return in the preceding period are avoided, resulting in
subsequent returns that are significantly lower than those of stocks with preceding
positive returns. To this end, we build upon the arguments and findings presented
in Section 4.2 and use the long-short factor spread to quantify the degree of risk
aversion. To remain consistent with the intuitive explanations provided in the
previous section and to facilitate interpretation, we focus on the well-known size
factor (Banz, 1981), although other factors could also be used, as one of our robustness
checks demonstrates. We split the data into two levels of risk aversion. A low (high)
level of risk aversion is given when the long-short size factor spread is below (above)
the median spread. However, the following results are qualitatively similar when
using an alternative threshold, e.g., a spread of zero.

As we want to assess whether risk aversion drives short-term predictability, we
measure the following return in month t + 1 for each of the four categories: high
or low risk aversion paired with a positive or negative preceding stock return, both
measured in period t. Our goal is to measure the anxiety anomaly; hence, we are
interested in periods with a high demand for safety, i.e., a high long-short risk factor
spread. Thus, we compare the mean return of stocks with a positive preceding return
to the mean return of stocks with a negative preceding return. Our theoretical
outline predicts that the group of stocks with a preceding positive return should
have significantly larger mean returns than those with a preceding negative return.

Foremost, we focus on periods with an above-median long-short spread in the
size factor. The split results in 313 months with an above-median spread, in which
there are in total 891,016 observations for stocks with a preceding negative return.
1,063,132 observations are associated with stocks that have a preceding positive

11The data can be downloaded from their website: www.openassetpricing.com.
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Mean return in t+ 1 if
Spread t-value of test

on equal meansrt,i > 0 rt,i < 0

High risk aversion
1.190% 0.174% 1.016%

3.37
(0.286%) (0.415%) (0.301%)

Low risk aversion
1.433% 1.936% -0.503%

-1.52
(0.244%) (0.442%) (0.332%)

Table 12: Anxiety anomaly return spreads.
Reported are the mean returns of stocks with preceding positive and negative returns, their mean
difference, corresponding two-way clustered standard errors (in parentheses), and t-test statistics on
equal means (i.e. zero spread) for periods of high and low levels of risk aversion. High (low) levels
of risk aversion are defined as periods of above (below) median long-short size spread in period t,
respectively.

return in months with an above-median spread, i.e., a high level of risk aversion.
We compute the corresponding mean, i.e., the equally weighted, return for each of
the two stock groups. To account for correlation across stocks within a month and
potential within-firm correlation, we compute two-way clustered standard errors
(Cameron et al., 2011).12 The results are reported in the first row of Table 12. In
line with our expectations, we find that stocks with a preceding negative return earn
a mean return of only 0.17% in the following month, whereas stocks with a preceding
positive return earn a seven times larger mean return of 1.19%. The difference of
1.02 percentage points in mean returns is statistically significant.

After splitting the data into periods with a large (above-median) and small
(below-median) long-short spread in the size factor, we outlined the effects of the
preceding return sign on the following magnitude of returns. However, as the anxiety
anomaly suggests that a negative (positive) return sign is associated with a small
(large) return in the subsequent period during periods of high risk aversion, we
question whether the monthly return data contains a short-term momentum effect.
To assess whether momentum drives the results, we measure the return spread
between stocks with preceding positive and those with preceding negative returns
during periods of below-median long-short spreads in the size factor, i.e., periods of
low risk aversion. As we do not expect less risk-sensitive investors to flee from stocks
that prevail on the negative realization of a risky investment by a negative return,
the analysis of the return spread allows us to control for a momentum effect. More

12The clustered standard errors and reported t-statistics are obtained by regressing rt+1,i on
appropriately chosen specifications of dummy variables indicating low (high) risk aversion and
positive (negative) preceding returns as well as interactions thereof.
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precisely, if we find that the mean of the spread is also positive during periods of low
risk aversion, it is likely that the observed significant mean spread during periods of
high risk aversion is generated by a momentum effect rather than the mechanism
underlying the anxiety anomaly.

The corresponding results are presented in the second row of Table 12. The
mean return of stocks with a preceding positive return is 1.43%, while it is 1.94%
for stocks with a preceding negative return, implying a negative return spread of
-0.503%. Hence, the control set contains a noticeable short-term reversal, which is in
line with the findings of Jegadeesh (1990). The observed anxiety anomaly is therefore
not due to a momentum effect, which is consistent with the findings of Shen et al.
(2017): during periods of preceding high sentiment, or in our setup, during periods
of a low level of risk aversion, investors demand a significantly lower risk premium.

Given that the data set contains a short-term reversal, we expect that the anxiety
anomaly may be even more pronounced than reported in Table 12 as a short-term
reversal has a negative effect, opposite to the anxiety anomaly. Therefore, we control
for short-term reversal and quantify the effect of the anxiety anomaly by estimating
the following regression model:

rt+1,i = β0 + β1RA
l
t + β2R

+
t,i + β3RA

l
t ·R+

t,i + β4rt,i + εt,i, (11)

where RAlt is a dummy variables that is one if we measure a low level of risk aversion
in period t and zero else, R+

t,i is a dummy variable that is one if the return of stock i
in period t is positive and zero else, and where the inclusion of the return of stock i
in period t, rt,i, accounts for short-term reversal.

The regression results confirm our expectations that the anxiety anomaly is even
stronger when we account for the short-term reversal effect. First, the estimate of β4
is -0.0249 and statistically significant with a t-statistic of -2.56 based on two-way
clustered standard errors, confirming a general short-term reversal. Second, during
periods of high risk aversion, stocks with a preceding positive return earn on average
β̂2 = 1.52 percentage points more than those with a preceding negative return, ceteris
paribus. This difference in the returns is statistically significant with a t-statistic
of 5.69 and noticeably larger than the one reported in Table 12, where we did not
adjust for short-term reversal.

It is well known that the month of January is unique and, thus, requires ex-
traordinary attention regarding asset pricing phenomena (Rozeff and Kinney, 1976).
Reinganum (1983) shows that the January effect, especially for small stocks, is
consistent with tax savings from the prior year. Stocks that lead to losses in the
investors’ portfolios are sold to realize the loss and reduce tax expenditures. Using
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Equation (11), we estimate for Januaries a return spread of 1.25 percentage points
after accounting for short-term reversal. Although statistically insignificant, the
magnitude of the spread is closely comparable to that of the remaining months,
which suggests that the anxiety anomaly may remain, at least economically, relevant
for the month of January.

In summary, the anxiety anomaly occurs when investors experience high risk
aversion and, thus, have a high demand for perceived safety. Then, investors tend
to avoid stocks that recently showed the negative realization of risk, i.e., have a
preceding negative return. The effect is statistically and economically significant as
it counteracts short-term reversal and can also be observed for the special month of
January.

4.3.3 Time persistence

The large spread in returns strongly supports the hypothesis that investors avoid
stocks that reveal risk when investors fear losses intensely. On the other hand, we
anticipate that the effect is unique and occurs only immediately after a decline in
stock prices. We expect the anxiety anomaly to be a short-term phenomenon, given
that the described investors’ behavior is unrelated to the firm’s true intrinsic value
and that stock returns are reversing over the short term. To confirm that the anxiety
anomaly does not persist to t+ 2, we calculate the mean returns of each stock group
for the subsequent period t+ 2. To this end, we continue to divide the periods into
two types based upon whether the size long-short spread is above- or below-median
in period t. We maintain the same stock splits within each period according to their
return sign in period t. The only difference is that we now focus on the returns
for period t+ 2 rather than period t+ 1 as we did previously. Again, we are most
interested in the return difference in periods with high risk aversion (high long-short
size spread). The results confirm our theoretical predictions. The anxiety anomaly
reverses such that stocks with a negative return in period t yield a mean return of
1.32% in period t+ 2 while those with a positive return in period t yield only 1.21%
on average in period t+ 2.

We are interested in not only whether the anomaly persists into later periods
but also whether it can only be observed during specific market phases in the past.
For instance, we may observe that the anomaly is driven by early periods as trading
becomes less expensive and information becomes more readily available. We do not
believe that the anomaly is a result of market inefficiency. Instead, predictability
stems from established human behavior. Even if investors act in accordance with
the anxiety anomaly, their capital allocations may still be efficient as long as they
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continue to maximize their utility. Thus, we anticipate the occurrence of the anomaly
every decade.

In order to test whether the anxiety anomaly is present in every decade, we
estimate the coefficients of Equation (11) for every decade. That is, we estimate the
magnitude of the return difference of stocks with a preceding positive and negative
return during periods of high risk aversion for each decade in our sample separately.
As our sample starts in July 1966 and ends in July 2021, this gives five complete
decades and two incomplete ones.

The estimated coefficient that measures the anxiety anomaly after accounting
for short-term reversal, i.e. β2, is positive in every decade and ranges between
0.49% and 5.55%, except for the first incomplete sample from 1966 to 1970, in
which it is insignificantly negative at -0.36%. Note, however, that there are half
as many companies in our data set from 1960 to 1970 as there are from 1970 to
1980, with the number of companies increasing over time. The anxiety anomaly is
highly statistically significant during the decades starting in 1970, 1980 and 1990
(at the 1% significance level using two-way clustered standard errors). We observe a
modest significance for the decades starting in 2000 and 2020 (at the 10% significance
level using two-way clustered standard errors), while the coefficient is insignificant
from 2010 to 2019. The largest estimated strength of the anxiety anomaly is given
from 2020 onwards, as the estimated spread between stocks with preceding positive
and negative returns given high risk aversion is 5.55% per month, after accounting
for a general short-term reversal. Overall, we conclude that the effect is always
present but varies in magnitude. The results are consistent with our hypothesis that
the anxiety anomaly stems from human utility and is not the result of mispricing.
In the following, we focus on the anomaly’s robustness and alternative empirical
explanations.

4.3.4 In-sample predictive power

So far, we have only examined equally weighted average returns. Therefore, we
cannot yet rule out the possibility that the effect is limited to small stocks. To
ensure that this is not the case, we split the data into three groups based on market
capitalization and then compare mean returns in periods of high risk aversion. We
determine the median market capitalization of each company throughout its listed
history and then separate the 20% smallest and largest companies from the remaining
60% of medium-sized companies. For periods of high risk aversion, we determine the
difference in returns of stocks with preceding positive and negative returns within
each subgroup. The results indicate that the anxiety anomaly is stable across all
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subgroups. While the mean return differences for small (0.72%) and large (0.77%)
firms are nearly identical, they are most pronounced for medium-sized firms (1.19%).
For periods with low risk aversion the same mean return differences are negative
across all subgroups, i.e., -1.16%, -0.36%, and -0.61% for small-, medium- and large-
sized firms, respectively. The results further indicate that the anomaly is not a
matter of mispricing but originates from investors’ preferences. If the anomaly were
due to mispricing, we would expect a larger anxiety anomaly in the subgroup of
small stocks, as they are less liquid and therefore offer fewer arbitrage opportunities.
However, there is no discernible and significant difference in the magnitude of the
anxiety anomaly between subgroups of small and large firms. Consequently, as the
anomaly is not related to liquidity, there is little evidence in favor of mispricing.

We fundamentally assume that the sign of returns causes anxiety and a run out
of stocks with a preceding negative return, given a high level of risk aversion. A
preceding negative return induces fear for the investors, which is leveraged by the
high level of risk aversion. Thus, we assume that the sign of the preceding return in
conjunction with a large long-short risk factor spread has unique explanatory power
for the following period’s return in addition to the magnitude of the preceding return
and the long-short spread. To test this hypothesis, we estimate the following linear
model:

rt+1,i = β0 + β1LSSpreadt + β2rt,i + β3AnxietyDummyt,i + εt,i, (12)

where rt+1,i and rt,i are the returns for stock i in t + 1 and t, respectively,
and LSSpreadt is the value of the long-short size factor spread in period t.
AnxietyDummyt,i signals a possible run out of stock i in period t due to anxiety, i.e.,
it equals one when there is a large long-short factor spread coupled with a negative
return of stock i in period t and zero else.

If the anxiety dummy captures predictive information not yet included in the
spread and returns itself, we expect a negative coefficient β3. We find that the
spread has no significant explanatory power while the coefficients of the return
(β̂2 = −0.0260) and the anxiety anomaly (β̂3 = −0.0163) are both significantly
negative. In fact, the inclusion of the anxiety dummy leads to a large increase in the
R2 by 12 percentage points, giving an R2 of 0.17% (the results are reported in more
detail in Table 14, specifications (2) and (3)).

So far, we have portrayed the magnitude of the anxiety anomaly using the size
factor. Therefore, it is of interest to determine whether a combination of factors
strengthens the signal and, hence, to include other risk factors as well. However, we
cannot simply combine all available risk factors given by Chen and Zimmermann
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(2022), i.e., consider only periods where all risk factors signal a high degree of risk
aversion, as there are essentially no periods in which all long-short risk factor spreads
are above their respective medians. Consequently, we adhere to the line of research
that employs sparse factor models based on ex-ante theoretical considerations and
restrict the analysis to each pair of four factors that are closely related to those in
the popular models of Hou et al. (2015) and Fama and French (2015).

The number of anomalies discussed in the literature rapidly inflates, but Hou
et al. (2015) find that out of 80 regarded anomalies, only half pass the 5% test
threshold. In the spirit of a sparse representation, they propose a four-factor model,
consisting of the well-known market and size factors of Fama and French (1993)
and an investment factor that measures the aggressiveness with which a company
undertakes investments. Lastly, they include the firm’s profitability and show that
these four factors account for the majority of the variance explained by prevalent
anomalies. Simultaneously, Fama and French (2015) extend their original three-factor
model by adding an investment and profitability factor and conclude that these
factors summarize the explanatory power of a value factor. Dropping value, the
resulting five-factor model serves as a valuable successor to the primal three-factor
model.

Table 13 reports the mean returns of stocks with preceding negative returns in
three types of periods; the first is a state of low risk aversion and is determined as
none of the factors being above its respective median value. In the second state, the
degree of risk aversion is ambiguous and is determined when one factor signals high
risk aversion but the other does not. The third is given if both factors jointly signal
high risk aversion.

The results indicate that combining two risk factors may improve the measurement
of risk aversion, as risk aversion jointly indicated by both factors reduces the following
return of stocks with a previous negative return by a remarkable amount in any
combination. The two most notable combinations are operating profitability combined
with either size or investments. When measuring risk aversion by any of these two
combinations of factors, we observe that returns for stocks with preceding negative
returns are, on average, over 2.6 percentage points lower than stocks with a preceding
positive return during periods of high risk aversion. The results suggest that the
combination of factors can improve the measurement of risk aversion and, thus,
indicate that the magnitude of the anomaly may be even greater than what we
measure by the size factor alone.
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Low risk aversion Ambiguous High risk aversion

Size rt+1,i|rt,i < 0 1.94% 0.17%

(0.44%) (0.42%)

N 897,907 890,323

BM rt+1,i|rt,i < 0 1.42% 0.75%

(0.42%) (0.44%)

N 826,971 961,259

OP rt+1,i|rt,i < 0 1.75% 0.49%

(0.48%) (0.40%)

N 806,817 981,413

Investments rt+1,i|rt,i < 0 1.74% 0.39%

(0.46%) (0.41%)

N 888,951 899,279

Size + BM rt+1,i|rt,i < 0 1.43% 1.36% -0.10%

(0.53%) (0.52%) (0.52%)

N 2,624,706 729,536 561,023

Size + OP rt+1,i|rt,i < 0 1.48% 1.38% -1.15%

(0.91%) (0.36%) (0.63%)

N 2,427,545 1,103,704 384,016

Size + Investments rt+1,i|rt,i < 0 1.45% 1.64% -0.13%

(0.53%) (0.59%) (0.47%)

N 2,811,764 417,400 686,101

BM + OP rt+1,i|rt,i < 0 1.41% 1.26% 0.18%

(0.68%) (0.42%) (0.58%)

N 2,552,736 782,386 580,143

BM + Investments rt+1,i|rt,i < 0 1.31% 2.02% -0.22%

(0.53%) (0.54%) (0.49%)

N 2,655,154 659,684 600,427

OP + Investments rt+1,i|rt,i < 0 1.39% 1.63% -1.28%

(0.98%) (0.35%) (0.62%)

N 2,418,461 1,112,916 383,888

Table 13: Returns of stocks with a preceding negative return for factor pairs.
This table reports mean returns for stocks with preceding negative returns using individual risk
factors or combinations thereof to signal the degree of risk aversion. We refer to low risk aversion
if the considered risk factors are below their respective medians and to high risk aversion if the
considered risk factors are above their median values. Ambiguous periods occur in the case of factor
combinations if only one of the two factors is above its median. The considered factors are Size
(Banz, 1981), Book-to-market value (BM) (Fama and French, 1992), Operating Profitability (OP)
(Fama and French, 2006) and changes in total assets (Investments) (Cooper et al., 2008). Two-way
clustered standard errors are given in parenthesis, and the number of samples N in the respective
subgroup is displayed in the corresponding third row.



4.3.5 Investor’s convex reaction to fear

According to the prospect theory (Kahneman and Tversky, 1979), losses are perceived
in a convex manner. Suppose investors dump stocks with preceding negative returns
because they are highly risk-averse. In this case, according to prospect theory, the
effect should become more pronounced as the preceding return becomes more negative
but should stop worsening in the case of extremely negative returns. To test for
convexity, we extend the linear regression model in Equation (12) by two interaction
terms:

rt+1,i = β0 + β1 LSSpreadt + β2 rt,i + β3 AnxietyDummyt,i

+ β4 rt,i|AnxietyDummyt,i + β5 r
2
t,i|AnxietyDummyt,i + εt,i.

(13)

The first term, rt,i|AnxietyDummyt,i, that interacts returns with the anxiety dummy
allows to measure whether the anomaly increases in proportion to the preceding
negative return. The second term, r2t,i|AnxietyDummyt,i, that interacts the squared
return with the anxiety anomaly, allows to measure whether this increase is convex,
i.e., whether the investors’ reaction is relatively weakening, the smaller the preceding
negative return becomes. If convexity holds, we expect both coefficients β4 and β5
to be significantly positive, while the coefficient of the anxiety dummy must remain
significantly negative in the first place.

Table 14 reports the corresponding least squares estimation results. Additionally,
we present results for alternative specifications in which regressors are gradually
omitted. When omitting the regressors that contain the anxiety dummy, the spec-
ification yields an in-sample R2 of only 0.05%. The full specification (5) instead
exhibits a R2 of 0.2% and reveals that not only does the anxiety dummy have a high
predictive power for the cross-section of returns, but also the reaction to negative
returns during periods of high risk aversion is convex. That is, investors are willing
to give up a larger return, the greater the anxiety induced by a negative foregone
return of stock i. Specifically, solely a negative sign in the preceding stock return
leads, on average, to a 0.87 percentage point decrease in return in the following
period. Each percentage point decrease in the preceding negative return decreases
the following return even further by 0.14 percentage points on average. However, the
willingness to pay for perceived certainty plateaus at substantial monthly foregone
losses.

Based on the estimation results presented in Table 14, we can use Equation (13)
to estimate the return an investor is willing to forfeit in order to escape stocks that
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β0 LSSpread rt,i ADt,i rt,i|ADt,i r2t,i|ADt,i

(1)

estimate 0.01220∗∗∗ -0.00099

t-statistic 5.44 -1.15

R2 0.04%

(2)

estimate 0.01232∗∗∗ -0.00094 -0.01123

t-statistic 5.38 -1.11 -1.22

R2 0.05%

(3)

estimate 0.01603∗∗∗ -0.00018 −0.02595∗∗∗ −0.01628∗∗∗

t-statistic 6.90 -0.21 -2.80 -3.94

R2 0.17%

(4)

estimate 0.01610∗∗∗ -0.00016 −0.02760∗∗∗ −0.01464∗∗∗ 0.02059

t-statistic 6.94 -0.19 -2.82 -3.97 0.51

R2 0.17%

(5)

estimate 0.01611∗∗∗ -0.00016 −0.02760∗∗∗ −0.00874∗∗∗ 0.14377∗∗∗ 0.31973∗∗∗

t-statistic 6.94 -0.19 -2.82 -2.84 3.69 2.77

R2 0.20%

Table 14: Statistical analysis of the convexity in investors’ risk aversion.
This table presents the least squares estimation results of the regression model given in Equation
(13). The t-test statistics are based on two-way clustered standard errors. The long-short factor
spread is measured by the size factor, which also determines the level of risk aversion. Note that
AD denotes AnxietyDummy for brevity which is one if a stock’s i preceding return is negative
under high risk aversion. Significance at the 1%-level is indicated by three stars.
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Figure 12: The price of anxiety induced by risk aversion.
This figure depicts the estimated price of anxiety due to risk aversion. Assuming a period t
with a high degree of risk aversion (large long-short factor spread), we expect the portrayed
return gap in t + 1 between a stock with a preceding negative return and a preceding return of
zero. That is, given the estimates of specification (5) in Table 14, the return gap is given by:
β2 rt,i + β3 AnxietyDummyt,i + β4 rt,i|AnxietyDummyt,i + β5 r

2
t,i|AnxietyDummyt,i.

show a foregone monthly loss. Figure 12 illustrates the resulting convex preferences
of a risk-averse investor. The anxiety anomaly stops increasing in magnitude at a
preceding monthly loss of stock i of approximately -15%. At a high level of risk
aversion, the maximum expected gap between stocks with a preceding positive and
negative return is approximately 1.8 percentage points.

To summarize, the anxiety anomaly is neither captured by the return value nor
the long-short risk factor spread. But when we combine them via the proposed
dummy variable, we can measure the effects of negative preceding stock returns
during times of high risk aversion. Furthermore, investors’ preferences in times of
high risk aversion are convex in the preceding negative return of stocks. The results
favor the hypothesis that risk aversion is a possible explanation for the anxiety
anomaly.

4.3.6 Alternative risk aversion measurement

We proposed to measure the degree of risk aversion based on the long-short factor
spread of a risk factor, with a particular focus on the size factor, but we also
investigated other popular factors like the book-to-market ratio or profitability. Our
theoretical considerations suggest that the spread may be a valuable proxy for
the level of risk aversion. Nevertheless, as our proxy is novel to the literature and
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potentially noisy measure, we additionally need to assess whether the anxiety anomaly
is specific to the long-short factor or whether it also exists under an alternative
measure of risk aversion. To this end, we consider the variance risk premium, as
Bollerslev et al. (2009) have shown that it is related to the investors’ level of risk
aversion. This analysis also addresses the potential concern that the anxiety anomaly
may be due to noise in our newly proposed measure of risk aversion.

Following Bollerslev et al. (2009), we define the variance risk premium as the
difference between the risk-neutral ex-ante implied variance and the realized variance
of the S&P500. As a measure of the implied variance, we employ the end-of-month
squared VIX and define realized variance as the sum of squared daily log price
differences, i.e., log returns. Using the monthly measurement of the variance risk
premium, we measure the anxiety anomaly analogously to our previous definition: an
above-median (below-median) variance risk premium signals high (low) risk aversion.
We obtain the respective data from the Wharton Research Data Services from
January 1990 to July 2021.

Using the variance risk premium to measure the level of risk aversion yields
qualitatively similar results. During times of high aggregate risk aversion, the
difference in monthly returns between stocks with a preceding positive and a preceding
negative return after accounting for short-term reversal is 0.99 percentage points.
The difference in returns is statistically significant, with a t-statistic of 2.32 using
two-way clustered standard errors. For reference, during the same time horizon,
the anxiety anomaly, as measured by the size long-short spread, is 1.28 percentage
points (with a t-statistic of 3.43 using two-way clustered standard errors). Although
the anomaly is less pronounced when using the variance risk premium as a proxy
for risk aversion, our key results remain unchanged. Whenever investors are highly
risk-averse, they become anxious to invest in stocks that reveal the downside of risk
with a preceding negative return.

4.3.7 Out-of-sample predictability

In the previous sections, we showed that risk aversion reveals a predictable pattern
in short-term returns. However, all demonstrated results are in-sample. To measure
the out-of-sample predictability of the anxiety anomaly, we analyze Equation (13) in
an out-of-sample setting and compare its performance to that of Gu et al. (2020)
who employ machine learning methods and report an exceptionally high forecast
performance that can currently be interpreted as a kind of benchmark in out-of-sample
stock return predictability.

When modeling in-sample returns, the literature usually assumes a linear func-

76



tional form. However, the linear regression model tends to overfit, especially if
many linear predictors, i.e., risk factors, are included, leading to low out-of-sample
performance. Gu et al. (2020) confirm this intuition and show that a non-regularized
linear regression with hundreds of predictors is incapable of explaining out-of-sample
return variation in a large cross-section of stock returns. Besides, it completely
discards non-linear predictive information.

Recently, more advanced econometric modeling approaches, such as regularization
and shrinkage (Gu et al., 2020; Kozak et al., 2020), principal component analysis
(Kelly et al., 2019) or even neural-network-based autoencoders (Gu et al., 2021),
are integrated to improve the predictive power. As neural networks allow for non-
linearities and regularization, their out-of-sample performance is well suited as a
benchmark in cross-sectional asset pricing. However, neural networks exploit deep
nonlinear relationships in the data, thereby removing the highly valued interpretability
of linear models.

Instead, we build upon our theoretical framework and adopt a simple, i.e., sparse,
and simultaneously interpretable setup. In particular, we exploit the fact that returns
are a convex function of the magnitude of downside risk revelation. Thus, we specify
a linear regression model in the parameters but a non-linear in the predictors, which
are related to the anxiety anomaly. Moreover, we non-linearly combine the preceding
long-short factor spread with the preceding return. This approach also sheds light
on the predictive dependencies found by non-linear machine learning.

Our data set ranges from 1966-07-29 to 2021-07-30. We initially estimate the
regression model given in Equation (13) for excess returns using data up to December
1980 and use the estimated model to compute one-step ahead monthly return
predictions for the following year, i.e., for January 1981 to December 1981. Each
year, we update our coefficient estimates using a forward-rolling approach. This
approach gives a total of 42 coefficient updates and years of out-of-sample estimates.

We evaluate the performance using the uncentered, out-of-sample modification of
the coefficient of determination used, e.g., in Gu et al. (2020):

R2
oos = 1−

∑
t,i(rt+1,i − r̂t+1,i)

2∑
t,i r

2
t+1,i

, (14)

where rt+1,i is the stock i’s excess return over the risk-free rate in period t and
r̂t+1,i is the corresponding forecast. We determine the metric over all out-of-sample
predictions once, i.e., after estimating and predicting yearly.

The specification in Equation (13) yields an R2
oos of 0.42% on the entire cross-

section of monthly stock returns. As we are interested in the predictability of the
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anxiety anomaly, we repeat the procedure using a sparse specification, dropping the
values of the preceding return rt,i of stock i and the size long-short factor spread in
period t. Surprisingly, R2

oos is only marginally reduced to 0.41%, indicating that the
anxiety anomaly may be the underlying source of predictability.

One of the most comprehensive out-of-sample asset pricing studies is arguably
Gu et al. (2020), which uses a variety of machine learning models and a variety of
stock level characteristics and macroeconomic predictors to forecast monthly excess
stock returns. Using the R2

oos metric, the authors evaluate the models’ predictive
performance with data from 1987 to 2016. In addition, they also update their
models annually, and their data contains a number of stocks comparable to ours.
We consider their work to be the upper limit of predictability using contemporary
machine learning techniques and one of the largest data sets available.

The authors find peak performance when using a neural network with four hidden
layers, enabling the learning of non-linear predictive patterns. The model yields an
R2
oos of 0.4% when incorporating over 900 predictors, close to the 0.41% we produced

with only three variables that measure the anxiety anomaly. The similar performance
leads to the following two conjectures. Firstly, a substantial part of the predictability
may be attributed to risk aversion. Indeed, all models used in Gu et al. (2020)
incorporate the preceding return as the most influential predictor and the size factor
as one of the top predictors. The results suggest that investors’ preferences are
predictable and reflected in the cross-section of returns, resulting in an accurate
measurement of short-term risk premia. Secondly, the anxiety anomaly could provide
a justification for the superior performance accomplished by non-linear predictors
like tree-based learners or neural networks compared to purely linear models.

Last but not least, we are interested in how predictions from annual estimates
of Equation (13) translate into portfolio returns. We construct portfolios based on
decile sorts and present the top (highest predictions) and bottom (lowest predictions)
out-of-sample cumulative returns in Figure 13. More precisely, the figure displays
equally weighted cumulative log returns over the out-of-sample period starting in
1980. In addition to the substantial difference in cumulative returns, investors find a
nearly threefold greater Sharpe ratio when avoiding stocks that may be affected by
the anxiety anomaly (0.941 vs. 0.336). Using value-weighted returns gives a similar
picture. The predicted top decile yields an annualized Sharpe ratio of 0.859 vs. 0.518
for the bottom decile. Hence, the given predictions are economically highly valuable.
Moreover, the returns are remarkably robust over time, indicating that the results
are not driven by external shocks.

Overall, the anxiety anomaly caused by risk aversion and negative returns may
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Figure 13: Out-of-sample cumulative log returns.
This figure shows out-of-sample cumulative log returns for the top and bottom deciles based on
predictions of the yearly estimated model in Equation (13). Returns are equally weighted. Top
(bottom) decile returns yield an annualized Sharpe ratio of 0.941 (0.336).

capture most of the predictability found in the literature. A simple linear specification
(Equation (13)) including only one long-short risk factor spread - we use the size
factor - and the preceding return yields an R2

oos of 0.42%. The majority of the
performance is attributable to the anxiety anomaly alone, indicating that the actual
values of the spread and preceding return provide little information for the prediction.
Using the resulting predictions based on the simple linear model (Equation (13)),
investors can substantially improve realized cumulative returns and Sharpe ratios.

4.3.8 Potential drivers of the anxiety anomaly

In the preceding Section, we discussed the high out-of-sample predictability of the
anxiety anomaly, which we further dissect in the following. To this end, we use
out-of-sample returns that are generated given the top-minus-bottom decile portfolio
based on predictions of the model given in Equation (13). The logarithmic bottom
and top returns of this portfolio are also depicted in Figure 13.

We consider four macroeconomic variables that are potentially related to risk
aversion and investor sentiment. In particular, Liang et al. (2023) propose that
when Monetary Policy Uncertainty (MPU) rises, investors may prefer less risky
assets, which may lead to reduced Financial Stress (FS), while Hu et al. (2023)
show that MPU significantly affect investor sentiment. We follow their approach
and measure MPU via the newspaper-based index developed in Baker et al. (2016)
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and the newspaper-based Financial Stress index developed by Püttmann (2018).13

Additionally, we follow Dai et al. (2023) and incorporate a measure of Crash Risk
(CR) into our analysis, which we define as the skewness of the daily returns of stocks
in our sample. Acharya et al. (2013) argue that when liquidity is relatively low,
investors seek more liquid and less distressed stocks, which is a potential driver of
the anxiety anomaly. We follow their approach and define an index for Illiquidity
Risk (IR) as the monthly mean of the fraction of the absolute daily return divided
by the dollar volume for each stock and day given in our sample.

In addition to these macroeconomic variables that may be related to the risk
aversion and investor sentiment, we also control for common risk factors given in
Fama and French (2015) and in Carhart (1997). In particular, we incorporate
excess returns of a market portfolio (Mkt-RF), returns of a size portfolio (SMB),
value portfolio (HML), operating profitability portfolio (RMW), investment strategy
portfolio (CMA) and momentum portfolio (MOM) in our analysis.14

We merge data on the macroeconomic and common risk factors with the long-
short returns of our out-of-sample tests in the preceding section. This results in
249 monthly returns and factor values from December 1984 to November 2016. To
make interpretation of the results more convenient, we standardize factors to have
zero mean and unit variance. We then regress the anxiety anomaly’s long-short
return at time t on the contemporaneous values of the factors. Thus, we analyze
the characteristics of the realized anxiety anomaly’s long-short returns and not the
potential predictive power of the macroeconomic and common risk factors on the
these returns. Furthermore, as the correlation between the macroeconomic factors
is relatively large, we report in addition to the full specification (1), results for
individual regressions, i.e., where we regress the anxiety anomaly’s long-short return
on each macroeconomic and common risk factor individually (specifications (2)-(11)),
and consider each macroeconomic factor together with the common risk factors
(specifications (12)-(15)).

Table 15 reports the corresponding regression results. Most prominently, the
anxiety anomaly generates a positive and significant alpha in every specification,
ranging from 1.31% to 1.34%. Unsurprisingly, specification (6) reveals that the
anxiety anomaly’s long-short returns are negatively correlated with market returns.
This behavior is to be expected as the anomaly predicts the underperformance of

13Data on MPU and FS is publicly available on https://www.policyuncertainty.com.
14The data and details on the definitions of the respective factors can be obtained from https:

//mba.tuck.dartmouth.edu/pages/faculty/ken.french/data_library.html
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a set of stocks, thus yielding excess returns when these stocks perform badly. In
line with the findings of Acharya et al. (2013), the anxiety anomaly’s long-short
returns are stronger during periods of high illiquidity risk, i.e., when investors tend
to demand less distressed and more liquid assets. Supporting these results, investors
significantly prefer firms with more conservative investment policies during these
periods. Interestingly, other macroeconomic factors, i.e., monetary policy uncertainty,
financial stress, and aggregate crash risk, have no significant explanatory power.
Moreover, the estimation results for the momentum factor support our previous
finding, that the anxiety anomaly is not due to momentum. Similarly, no other
common risk factor appears to explain the anxiety anomaly.

4.4 Anxiety anomaly and neural networks

In the above analysis, we find that the anxiety anomaly yields high out-of-sample
predictive performance when compared to neural networks. Interestingly, large
networks trained on hundreds of predictors like the one in Gu et al. (2020) incorporate
the past return as well as the firm size as two of the most important predictors.
Hence, we train a neural network to predict returns using the preceding return as
well as the size factor and investigate whether the network converges towards the
anxiety anomaly while training.

To this end, we employ a neural network comprising two hidden layers, each
consisting of 32 neurons. We use the ReLU activation function, as described in Section
3.2, as well as the Adam optimizer (Kingma and Ba, 2014) for parameter tuning.
Given that our primary focus does not lie in evaluating the predictive capabilities
of the model, we chose to utilize the complete dataset for training purposes. It is
important to acknowledge that we are actively committed to training the model to
accurately describe the entire dataset. We do so as we are interested in whether a
neural network without any a priori knowledge of the anxiety anomaly will converge
towards a parameter set such that it predicts returns in patterns according to the
anxiety anomaly given the respective features.

The objective of this analysis is to compare how the neural network maps preceding
returns given low and high risk aversion to predictions of future returns at multiple
stages of the training procedure. That is, we are interested in the following:

E[rt+1|θn, rt, LSSpreadh]− E[rt+1|θn, rt, LSSpreadl] ∀rt ∈ Rt, (15)

where E[rt+1|θn, rt, LSSpreadh] is the neural network’s prediction of the return rt+1

conditional on rt and LSSpread and given the parameter vector θn obtained after n
iterations of training, rt being a fixed value of the preceding return out of a set of

82



values given in Rt, and LSSpreadh (LSSpreadl) indicating a high (low) long-short
size factor spread. We define the set Rt as the 40 linearly spaced values between
the global minimum and maximum values of rt within our sample. Given a high
(low) level of risk aversion, expressed by LSSpreadh, we fix the long-short size factor
spread at the 75th percentile (25th percentile) of the size long-short spread of the
entire sample.

We evaluate the difference in return predictions given the different levels of risk
aversion three times during the training procedure, each after 100 epochs. This
results in evaluations with the following in-sample R2 scores: 0.530%, 0.712%, 0.715%.
It is important to note that the network only gains a marginal increase in descriptive
power, thus being close to convergence. However, the increase from the first to the
second evaluation step is much more noticeable.

Figure 14 shows the corresponding results. The figure reveals multiple interesting
insights. First, at an early stage of the training procedure, the neural network
identifies that expected returns are low given a high level of risk aversion, while this
effect is only marginally larger for low preceding returns than for high preceding
returns. Second, the network gradually learns the interconnection between the level
of risk aversion and the preceding return. That is, the spread between the expected
return of a high and low level of risk aversion is increasing sharply around a preceding
return of zero at the second evaluation step (the middle subfigure). This effect is
strongly increasing at the third evaluation step.

Third, the spread curve becomes increasingly convex, indicating that the neural
network recognizes a convex reaction to negative preceding returns given a high level
of risk aversion, similar to our findings depicted in Figure 12. Overall, all of the latter
results are in line with the anxiety anomaly. The findings provide further evidence
that the anxiety anomaly provides a major source of predictability as training neural
networks given these features converges towards the anomaly’s characteristics.

4.5 Conclusion

This study investigates the short-term effects of risk aversion on a cross-section of
stock returns. We provide a theoretical motivation for measuring investor’s risk
aversion via the monthly long-short risk factor spreads. Based on our novel short-term
measurement of investors’ risk aversion, we determine the investors’ response to the
revelation of downside risk when investors are highly risk averse. We measure the
revelation of downside risk by the preceding return sign at the firm level. That is,
when we measure high risk aversion, we anticipate that investors will avoid purchasing
stocks whose preceding monthly return is negative, as the anxiety caused by the
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Figure 14: Estimated return spread conditional on the preceding return.
This figure illustrates the spread in estimated returns between a high and low level of risk aversion
conditional on the preceding return at progressing stages of the neural network’s training procedure,
i.e., E[rt+1|θn, rt, LSSpreadh] − E[rt+1|θn, rt, LSSpreadl] ∀rt ∈ Rt. The number of completed
training epochs increases from left to right by 100, giving parameters vectors θ100, θ200, and θ300,
with in-sample R2 scores of 0.530%, 0.712%, and 0.715%. A high (low) level of risk aversion is
defined by fixing the long-short size factor spread to the 75th percentile (25th percentile). We
compute the corresponding neural network’s predictions of 40 linearly spaced values of rt within
the maximum and minimum values in the entire sample.

negative return prevents the investor from making the investment.
Our expectations are strongly supported by the empirical findings. Stocks that

gained in value in the preceding period earn a seven times larger average return
than stocks that lost in value during the preceding period when investors are highly
risk-averse, which we call the anxiety anomaly. The anomaly is remarkably robust. In
particular, it is observed not only for risk aversion measured based on size and other
risk factors but also for the well-established measure of risk aversion of Bollerslev
et al. (2009). Moreover, the anomaly is present in every decade and stock size.

The anxiety anomaly has its theoretical foundation in risk aversion and fear
response. We argue that investors become anxious to invest in a stock that exhibits
downside risks by a negative return when investors fear losses the most, i.e., are
highly risk-averse. Hence, the reaction to a preceding negative return is supposed to
be convex in shape, in line with the prospect theory (Kahneman and Tversky, 1979).
Our empirical analysis shows that the convex reaction to preceding negative returns
is indeed highly significant. Therefore, the greater the preceding negative return, the
greater the investors’ reluctance to purchase the stock, resulting in a relatively low
return compared to the rest of the market.

We further show that the anxiety anomaly exhibits a remarkably high and
stable out-of-sample predictive power that is very close to the recently reported
extraordinary performance of neural networks trained on a large data set containing a
plethora of different predictors (Gu et al., 2020). Interestingly, according to the neural
networks, the preceding return and firm size, i.e., the two variables that determine
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the anxiety anomaly, belong to the most important features. Moreover, we show that
a neural network incorporating the preceding return and the long-short size factor
spread converges to similar return estimates as predicted by the anxiety anomaly.
As such, the anxiety of risk-averse investors may provide a possible explanation for
the non-linear pricing factors revealed by deep learning.

Moreover, analyzing potential drivers of the anxiety anomaly reveals that the
anomaly’s long-short returns are stronger during periods of high illiquidity risk, i.e.,
when investors tend to demand less distressed and more liquid assets.
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5 Monday Afternoon Reversal

In the first two Chapters, we describe the rise of machine learning in contemporary
asset pricing and portfolio management. To this end, we demonstrate that deep
learning can generate substantial economic gains for both individuals and institutional
investors. In search of an economic rationale for the predictability of returns through
machine learning, we dissect the importance and impact of various features and
find that the vast majority of short-term predictability stems from the time series
of returns itself. Related to these results, we find that the anxiety anomaly, which
is based on risk aversion and recent returns, provides substantial out-of-sample
predictability of returns.

Motivated by the predictive power of past returns for future returns, we investigate
whether other autoregressive patterns at higher frequencies of cross-sectional stock
returns exist. By dissecting the half-hourly returns of cross-sectional individual
U.S. stocks as well as indices and international Exchange Traded Funds (ETFs),
we find that Monday afternoon returns tend to reverse over the remaining week,
which we refer to as the Monday afternoon reversal. Similar to the anxiety anomaly,
this pattern is remarkably stable over time and cannot be explained by common
systematic risk factors. Conversely, we do not find any considerable relationship
between Monday morning returns and the remaining week’s return.

We aim to solve this puzzling relationship by empirically assessing numerous
potential explanations. However, the majority of potential explanations fail to resolve
the return pattern: the Monday afternoon reversal is not a result of overnight risk,
nor is it driven by small stocks or firm news. The latter results indicate that the
reversal is not due to any firm-related characteristics but rather due to the proximity
of weekends and a potential disagreement regarding expected returns. To this end, we
measure investor disagreement by both volume and volatility on Monday afternoons
and find strong support for the latter hypothesis. The reversal is only present among
stocks with relatively large volume and volatility on Monday afternoons. In contrast,
the returns of stocks with relatively low momentum tend to track their Monday
afternoon returns, thereby accumulating return momentum.

With the increasing availability of high-frequency stock market data and the re-
quired computational power to process this information, we expect that sophisticated
investors will exploit the predictability of patterns such as the Monday afternoon
reversal. Thus, we analyze the behavior of a well-studied group of investors - short
sellers - on Mondays. Using a large sample of short interest data, we indeed find
that when short sellers disagree with Monday afternoon returns, these returns re-
verse sharply throughout the remainder of the week. Therefore, we presume that

86



knowledgeable investors seek and exploit predictable patterns in the cross-section of
return distributions.
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Abstract

Using high-frequency data of cross-sectional returns, we document a significant
reversal on the Monday afternoon return throughout the week. The effect is
stronger for larger firms and cannot be observed for Monday morning returns.
Moreover, it emerges during both overnight and intraday trading periods
and is not attributable to common risk factors or earnings announcements.
Additionally, the reversal also exists in exchange traded funds representing
major international equity markets. We find that the reversal is most prevalent
when investor disagreement is high, while a significant momentum of returns is
observed when investor disagreement is low.

5.1 Introduction

In recent years, we have witnessed a dramatic increase in the availability of detailed
stock market data alongside an enormous reduction in computational costs, leading to
a substantial rise in the number of studies examining intraday asset pricing anomalies
(for instance, see Bogousslavsky (2021); Bollerslev et al. (2020); Gao et al. (2018);
Lou et al. (2019)). We contribute to this line of research by revealing a significant
reversal on Monday afternoon returns in the cross-section of returns. In particular,
we find that stocks exhibiting lower returns on Monday afternoons earn significantly
higher returns throughout the remainder of the week than stocks with higher Monday
afternoon returns. This observation, which we refer to as the Monday afternoon
reversal, is not only evident across multiple U.S. stock market indices but also for
international equity ETFs. In addition, we compute the economic gains an investor
may accomplish with a long-short portfolio based on Monday afternoon returns,
which yields a value-weighted mean annual return of 22.18% and an annualized
Sharpe ratio of 1.40.

It has been widely documented that the characteristics of stock returns on
Mondays differ from those on other weekdays (Gibbons and Hess, 1981). Dating
back to French (1980), who finds particularly low or even negative stock returns
on Mondays, several studies have analyzed the effects of the weekend on Monday
returns. Although this weekend effect is well documented, relatively little is known
about the effect of Monday returns on the remaining week’s return. In fact, to the
best of our knowledge, there are only two studies that assess the correlation between
daily returns after market closures on weekends and subsequent daily returns.

More precisely, Bessembinder and Hertzel (1993) find that Tuesday returns are
negatively correlated with the preceding Monday returns within U.S. and Japanese
equity indices, U.S. portfolios, Dow 30 firms, as well as futures returns. Although
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the authors find that this negative correlation is robust to outliers and consistent
over time, they offer no explanation for the anomaly. Ülkü and Andonov (2016)
analyze daily returns of international equity indices in a more recent sample and find
that the reversal did not disappear over time and that the correlation is also present
between daily Monday returns and the subsequent four days’ return. In this Chapter,
however, we use high-frequency data to analyze the timing of the Monday reversal
in more detail, as we conjecture that the effects of Monday morning returns may
differ from Monday afternoon returns. Our empirical results indeed reveal, among
other findings, that the reversal is specific to the Monday afternoon, while we find
that the Monday morning appears to be irrelevant.

There are various reasons that motivate our decision to specifically focus our
study on the Monday afternoon return. Firstly, Coval and Shumway (2005) find that
investors are substantially more willing to take risks when they suffer morning losses.
This suggests that if traders are emotionally influenced by their morning trading
performance and consequently increase their risk tolerances in the afternoon, we
may observe irrational pricing during the afternoon that is subsequently corrected
throughout the following days. Our empirical findings indeed support the separation
of morning and afternoon returns. While the Monday afternoon return is a significant
negative predictor of the week’s remaining return, we find no evidence that the
Monday morning return has any predictive ability.

The investors’ emotional involvement may even be leveraged by a general drop
in mood from weekends to Mondays, as individuals tend to be more satisfied with
their jobs (Taylor, 2006), are significantly happier and less worried (Helliwell and
Wang, 2014) when surveyed on weekends than during the week. Birru (2018) focuses
explicitly on the differences in mood levels on Fridays (high mood) and Mondays
(poor mood) and links directly these differences to returns from cross-sectional
anomalies. Specifically, the author dissects the anomalies’ long-short returns into
their speculative and non-speculative legs and finds that the relative profitability
of the former against the latter leg is significantly larger on Fridays compared to
Mondays. Thus, we expect a stronger reversal for stocks that are particularly
appealing to speculative investors, i.e., are more volatile, for which we find strong
empirical evidence.

Additionally, several studies related to the weekend effect suggest that low Monday
returns may only be observable during the early Monday hours (Smirlock and Starks,
1986) or between Friday close and Monday open (Harris, 1986; Rogalski, 1984).
Therefore, excluding the early hours of the Monday trading session and focusing
instead on the Monday afternoon returns prevents our results from being blurred by
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a potential weekend effect.
The strong predictive power of the Monday afternoon return on the remaining

week’s return demands an economic rationale. Thus, this Chapter presents empirical
tests to examine various potential explanations for the observed reversal. At first,
Lou et al. (2019) document that intraday returns in the cross-section are reversed
by the overnight session, and overnight returns are reversed by the intraday session.
The authors also attribute popular trading strategies’ profits based on a variety of
asset pricing factors to one of the respective sessions. We investigate whether the
Monday afternoon reversal is induced by either the intraday or overnight session.
Although the reversal is stronger overnight than during the intraday session, there
is a positive reversal during the intraday session for all remaining weekdays except
Friday.

Another potential explanation for the significant reversal is infrequent balancing.
Heston et al. (2010) show that each half-hour intraday return exhibits a strong
positive autocorrelation between the intraday return of each half-hour and the
respective half-hour in the preceding day. This special pattern may be associated
with the daily routines of fund managers, who allocate specific time intervals for
rebalancing their portfolios. However, we only observe a reversal on the Monday
afternoon return by the week’s remaining return and no similar pattern for the other
business days. As a result, the daily routines of fund managers are unlikely to be
the underlying cause of the observed reversal.

Brusa et al. (2011) analyze daily excess returns of four major stock market indices
and show that the majority of the weekend effect can be attributed to the market
return, the firm size, and the book-to-market equity value. Therefore, we examine
whether the reversal’s returns are attributable to one of the five factors proposed by
Fama and French (2015) or the momentum factor of Carhart (1997). We find no
support for any relation to the latter factors. Moreover, we also reject the hypothesis
that the reversal is an underreaction with slow adaptation to firm news. This is
evident as the reversal remains and is of similar magnitude when we account for firm
news announcements in the previous week, on Mondays, or throughout the remaining
week (Jiang et al., 2021).

Ülkü and Andonov (2016) propose that the reversal of Monday returns, measured
over the whole day, i.e., using daily returns, can be attributed to relatively lower levels
of foreign and institutional trading on Mondays combined with a higher proportion
of individuals trading, who are supposedly less informed than the former group of
traders. As such, Mondays permit noisy prices caused by uninformed individuals,
which are subsequently reversed by informed foreign and institutional traders.
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However, Ülkü and Andonov (2016) provide only limited empirical evidence for
their proposed explanation of the reversal. Foremost, in their sample, the share
of individual relative to institutional and foreign trading value is only marginally
higher on Mondays than on the remaining business days. This makes it difficult to
definitely attribute price discoveries on Mondays to individuals. Additionally, the
authors put forward that individuals’ net trading flows are negatively correlated
with contemporaneous returns. Conversely, the net trading flows of institutions and
foreign investors are positively correlated with contemporaneous returns. That is, if
individuals consistently trade as liquidity suppliers against contemporaneous returns,
it raises doubts about their ability to contribute to price discoveries on Mondays.
This is because it would imply the opposite correlation of individuals’ net trading
flows with contemporaneous returns on Mondays than on other business days.

In contrast, our analysis of high-frequency price data strongly suggests that the
reversal is a result of investors’ disagreement about fundamental values. We find
a particularly strong reversal for stocks with high half-hourly measured volatility
over the Monday afternoon, whereas we observe significant return momentum within
stocks with low Monday afternoon volatility. Furthermore, using cross-sectional U.S.
short interest data, we show that short sellers are informed traders who effectively
anticipate the Monday afternoon reversal in both directions.

The remainder of this Chapter proceeds as follows. Section 5.2 quantifies the
Monday afternoon reversal in cross-sectional stock returns using high-frequency data
and presents several robustness checks. We account for the firm size, the month of
January, the week in the month, common systematic risk factors, and firm news
announcements. Furthermore, we analyze the out-of-sample predictive power and
potential economic gains and dissect the reversal into its overnight and intraday
components. Section 5.3 provides additional evidence of the Monday afternoon
reversal in U.S. stock market indices and international ETFs. Section 5.4 provides
evidence for the hypothesis that the reversal stems from investor disagreement.
Finally, Section 5.5 concludes the Chapter.

5.2 Monday afternoon reversal

5.2.1 Data

The empirical analysis is based on high-frequency stock market data from FirstRate-
Data (2022). Our data set comprises 5,754 trading days, or 822 trading weeks, and
1,838 companies over a sample period ranging from January 2007 to October 2022.
We analyze half-hourly open and close prices along with the corresponding share
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volumes, with all prices adjusted for stock splits and dividends. As the U.S. market
opens at 9:30am (EST) and closes at 4:00pm, this results in a total of 13 observations
every trading day (intraday returns), plus an additional 35 half-hour observations per
day and stock for after-hours and pre-market trading (overnight returns), whereas
we do not consider weeks in which Monday is a holiday. We merge this dataset with
earnings report data from Compustat and monthly updated market capitalizations
from the Center for Research in Security Prices.

We determine the lowest cross-sectional mean half-hour trading dollar volume
during the day when we suspect that most institutional investors take their lunch
breaks in order to split the intraday trading session on Mondays into morning and
afternoon trading. Figure 15 illustrates the distribution of dollar volume per half-
hour. We calculate the dollar volume by multiplying the share volume of a particular
stock by the average of its corresponding half-hour open and closing prices and then
averaging across all stocks and days. For ease of interpretation, we transform the
values into fractions of the total average volume of the day. As previously documented
in Hong and Wang (2000), the distribution is U-shaped, with the highest volume
occurring at the first and last half-hour periods. We also observe a relatively high
volume during the first half-hour after the market closes at 4:00pm. As the volume
distribution within the trading day is roughly mirrored at the close of the half-hour
period from 12:30pm to 1:00pm, we define the Monday afternoon return ri,w for stock
i in week w as the return between the close of the latter period, i.e., at 1:00pm, and
the intraday close of the Monday market at 4:00pm. More precisely,

ri,w =
ci,w,13
ci,w,7

− 1, (16)

where ci,w,13 is the 13th half-hour intraday close of week w, i.e., the price of stock i
at the Monday market close at 4:00pm in week w, and ci,w,7 is the corresponding
seventh half-hour intraday close, i.e., the price of stock i on Monday at 1:00pm in
week w.

Our following analysis focuses on determining the impact of the Monday afternoon
return on the remaining weekly return measured from Monday market close to Friday
market close. If there is a predictive power of the Monday afternoon return on
the remaining week’s return, one may want to take advantage of it and trade
correspondingly, which involves weekly portfolio revisions. To rule out that the
return of that strategy is driven by a potential weekend risk premium, we omit the
weekend trading time, i.e., Friday close to Monday open, and rather focus on the
impact of the Monday afternoon return on the return from Monday close to Friday
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Figure 15: Share of dollar volume per half-hour.
This figure illustrates the dollar volume per half-hour trading period as a share of total daily volume.
Only half-hour intervals containing at least 0.1% of the total daily volume are shown. The labels
on the horizontal axis give the opening time of the respective half-hour interval, e.g., the first bar
on the left represents the period between 8:00am and 8:30am (EST). The two vertical dashed lines
indicate the opening and closing times of the U.S. stock market.

close. However, as we show in one of our robustness checks in Section 5.2.2, including
the following weekend, i.e., measuring the latter return from Monday close to the
next Monday open, even increases the effect.

Hence, for our main analysis, we define the week’s remaining return τi,w for stock
i in week w as the return between the Monday close and the week’s close on Friday:

τi,w =
ci,w,65
ci,w,13

− 1, (17)

where ci,w,65 is the 65th half-hour intraday close of week w, i.e., the price of stock i
at Friday market close at 04:00pm in week w.

Table 16 presents summary statistics on the number of observations, market
capitalizations, and Monday afternoon returns, as well as the week’s remaining
returns for each year. Clearly, data coverage has vastly improved since 2010. The
number of available firms and, hence, observations, increases over time.15 The data
covers periods with negative and positive mean returns and periods of high and low

15This also holds true for the year 2022; the relatively small sample size is caused by the data
set expiring in October 2022.
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volatility, measured by the mean squared return. Moreover, the years 2008 and 2020
exhibit the highest levels of volatility, with similar volatility levels for the rest of the
week returns. Both mean and median market capitalizations decreased until 2010
and increased again thereafter.

Among others, French (1980) shows that Monday returns for major stock market
indices are abnormally low or even negative. However, subsequent studies report that
the weekend effect is at most present at Monday openings (Harris, 1986; Rogalski,
1984; Smirlock and Starks, 1986). Doyle and Chen (2009) even suggest that the effect
is not necessarily attached to Mondays but rather show that a similar effect can
be observed for other weekdays using a sample from 1993 to 2007. Although these
results suggest that Monday afternoon returns are unaffected by the weekend, we
nevertheless test for negative mean Monday afternoon returns. The mean Monday
afternoon returns reported in Table 16 are indeed slightly negative, but statistically
insignificant for the full sample period (with a t-statistic of -0.2 based on two-way
clustered standard errors) and within each year. Hence, in accordance with the
extensive intraday analysis of stock returns in Harris (1986), there is also no indication
in our more recent sample of particularly negative returns on Monday afternoons.

5.2.2 The Monday afternoon reversal

We begin our main empirical analysis by sorting the remaining weekly returns based
on Monday afternoon return deciles and market capitalization deciles. We perform a
double decile sort and include the firm size to ensure that the resulting remaining
week’s return spread is not entirely driven by small firms. Market capitalization
is defined as the firm’s average market capitalization of the previous year, and it
is updated annually to eliminate any look-ahead bias. Table 17 presents the mean
returns for each pair of deciles, with 1 (10) corresponding to the decile with the
lowest (highest) Monday afternoon return and market capitalization.

Firstly, we observe that the return of the remaining week cannot be ordered
linearly by firm size. More precisely, the medium-sized deciles exhibit the highest
mean returns, while the smallest deciles perform the worst. Notably, as we do not
report complete consecutive returns for the whole week, this does not necessarily
conflict with the broader size premium revealed in Banz (1981). Secondly, the
ranking of returns based on market capitalization seems to invert when sorting
additionally on the Monday afternoon return. In particular, in the lowest Monday
afternoon return decile, medium- to large-sized firms gain higher average returns for
the remainder of the week than small-sized firms. In fact, the overall highest average
week’s remaining return is achieved by stocks in the 8th market capitalization decile
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and the lowest Monday afternoon return decile. In contrast, for stocks in the highest
Monday afternoon return decile, medium- to small-sized firms earn generally larger
returns than larger firms.

One may conjecture that the observed Monday afternoon reversal is attributable
to small stocks, as it is typically challenging to arbitrage price inefficiencies in small
stocks due to the potential impact of large orders as well as high transaction costs and
lower liquidity compared to large stocks. Hence, markets may permit predictive asset
pricing factors that yield positive long-short returns without compromising market
efficiency, as these strategies are reliant on the trader’s infrastructure and may only be
exploitable to a limited degree. Thus, we may expect a greater spread for small firms
compared to large firms. But we observe the opposite, i.e., the reversal’s long-short
spread grows as the firm’s size increases. In fact, the lowest-minus-highest Monday
afternoon spread is as high as 0.572% for the largest firm size decile, whereas for
the smallest firm size decile, it is only 0.419%. Consequently, the Monday afternoon
reversal is not primarily attributable to small stocks.

We also consider a one-way decile sort based on the Monday afternoon return
and find that the average remaining week return spread of the bottom-minus-top
afternoon return decile portfolio is 0.406% and significantly different from zero with
a t-statistic of 5.1 based on two-way clustered standard errors. The spread is driven
primarily by the long component, which earns a mean remaining week return of
0.400%, compared to the short component, which earns a mean remaining week
return of 0.006%. The results are even stronger when we include the weekend return
in the remaining week’s return, i.e., measure the remaining week’s return from
Monday close to the next Monday’s open, for which we observe a spread of 0.465%
(0.474% - 0.009%) with a t-statistic of 6.2.16

As the week’s structure may produce the Monday afternoon reversal, it is plausible
to suppose that the impact is likewise influenced by the year’s end. As documented
in Reinganum (1983) and Rozeff and Kinney (1976), potential tax savings motivate
closing lost holdings towards the end of the year and reinvesting in January, making
the latter month distinctive in terms of the cross-sectional return distribution.
Therefore, we test whether the reversal on Monday afternoon returns is affected by
the speciality of January. However, we find no statistically significant difference in
the magnitude of the reversal for Mondays in January than for the rest of the year,
suggesting that it is not due to the turn of the year.

16The corresponding double decile sort on the Monday afternoon return and the market capital-
ization are very similar to the results we present in Table 17 and are omitted for brevity.
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Closely related, we also investigate whether there are differences in the Monday
afternoon reversal depending on the week of the month. Wang et al. (1997) report
that the weekend effect occurs particularly during the fourth and fifth weeks of each
month, while the weekend effect is insignificant for the remaining weeks. Thus, we
undertake a similar analysis for the Monday afternoon reversal. We observe that
the reversal is not specific to particular Mondays during a month. More precisely,
the reversal is neither increasing nor decreasing when considering the fourth or fifth
Monday in a month. Besides, we also find no statistical evidence for the opposite,
i.e., that the first, second, or third Monday in the month has a more pronounced
reversal effect.

5.2.3 Predictive regression analysis

We observed that the long-short remaining-week-return spread between low and high
Monday afternoon return decile stocks is positive for every market capitalization
decile and significant for most of them, while being higher for larger firms. To analyze
these findings in more detail, we regress the stocks’ remaining weekly return on the
Monday afternoon return for each market capitalization decile:

τi,w = α + β ri,w + εi,w, (18)

and report the parameter estimates along with their corresponding t-statistics and
R2 in Panel A of Table 18.

The results support the Monday afternoon reversal. The predictive ability of
the Monday afternoon return is observable across both small and large firms and,
in fact, increases for larger firms. In the largest firm decile, the R2 is 1.74%,
whereas the R2 for the smallest firm decile is 0.94%, a substantial difference. In
addition, each estimate of β is significantly negative and, as expected, becomes more
pronounced with increasing firm size, suggesting that the predictive power of the
Monday afternoon return on the subsequent remaining week’s return is not primarily
due to small stocks.

However, although we motivated in the introduction why we focus on the Monday
afternoon in our analysis, the choice may still seem arbitary, therefore, we also report
results when including the Monday morning return, i.e., from 9:30am to 12:30pm, as
a regressor. The Monday morning return is defined as:

ri,w =
ci,w,7
oi,w,1

− 1, (19)

where ci,w,7 is the 7th half-hour intraday close of week w, i.e., the price of stock i at
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12:30pm, and oi,w,1 is the opening price of the first half-hour of the week, i.e., the
market open price on Monday morning of stock i in week w.

The results are reported in Panel B of Table 18. None of the estimated coefficients
of the Monday morning return is statistically significantly different from zero, while
all of the coefficients of the Monday afternoon return remain at the same level and are
still highly significant. Thus, we find strong evidence for a Monday afternoon reversal,
but no indication of any reversal or momentum effect on the Monday morning return.

Heston et al. (2010) suggest that fund managers follow daily routines, which may
involve rebalancing fund portfolios at specific times of the day. It is possible that the
Monday afternoon reversal is caused by the daily routine of fund managers, such as
a daily rebalancing of the portfolio during the afternoon. If this periodic behavior of
fund managers causes the afternoon return reversal, it should be observable on other
weekdays as well, and we may expect that afternoon returns on other weekdays are
also able to predict the remaining week’s return. To test for this possible explanation,
we estimate modified versions of Equation (18) by separately regressing for each
weekday’s afternoon return the corresponding remaining return of the week on the
respective weekday’s afternoon return (e.g., for Tuesday, we regress the weekly return
from Tuesday close to the following Friday close on the Tuesday afternoon return).
For brevity, we do not split the sample into market capitalization deciles but instead
fit the model to the entire data set.17 The resulting slope coefficients are much
smaller (ranging from -0.0937 to -0.0391) and statistically insignificant, indicating
that no other weekday’s afternoon return meaningfully predicts the remaining week’s
return. Therefore, the Monday afternoon reversal is unique to the first day of the
week and unlikely to be caused by fund manager’s daily routines.

5.2.4 Out-of-sample analysis

As the Monday afternoon return is a highly significant predictor for short-term future
returns in our in-sample tests, we aim to assess its economic gains in an out-of-sample
test. To this end, each week we construct separate value-weighted portfolios of the
bottom and top Monday afternoon return deciles and compute the resulting weekly
cumulated logarithmic returns. Figure 16 depicts the resulting returns of the two
portfolios. The findings reveal the economic significance of the observed effect, as the
bottom decile portfolio earns a value-weighted mean weekly return of 0.49% (with a
standard error of 0.12%) or 23.67% p.a., whereas the mean return of the top decile

17Splitting the sample into market capitalization deciles yields results that are qualitatively
similar to those based on the entire dataset.
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Panel A: Excluding morning return

Decile α ri,w R2

1 0.0016 (1.54) -0.4010 (-5.75) 0.94%

2 0.0017 (1.66) -0.3705 (-4.37) 0.65%

3 0.0020 (1.92) -0.4294 (-4.63) 0.84%

4 0.0019 (1.86) -0.4306 (-4.63) 0.84%

5 0.0021 (2.09) -0.4815 (-4.85) 1.01%

6 0.0020 (1.98) -0.4865 (-4.65) 1.03%

7 0.0018 (1.88) -0.5177 (-4.76) 1.12%

8 0.0017 (1.88) -0.5208 (-6.23) 1.73%

9 0.0019 (2.03) -0.5397 (-3.92) 1.32%

10 0.0017 (1.96) -0.6021 (-3.98) 1.74%

Panel B: Including morning return

Decile α ri,w rmorningi,w R2

1 0.0022 (2.06) -0.4192 (-4.51) 0.0217 (0.55) 0.86%

2 0.0018 (1.75) -0.3758 (-4.46) -0.0455 (-1.21) 0.71%

3 0.0019 (1.86) -0.4359 (-4.71) -0.0184 (-0.46) 0.89%

4 0.0019 (1.88) -0.4370 (-4.68) -0.0377 (-1.03) 0.90%

5 0.0021 (2.11) -0.4924 (-5.01) -0.0270 (-0.73) 1.09%

6 0.0018 (1.84) -0.4941 (-4.57) -0.0095 (-0.25) 1.08%

7 0.0019 (1.95) -0.5269 (-4.86) -0.0470 (-1.60) 1.25%

8 0.0017 (1.87) -0.5347 (-4.42) -0.0669 (-1.62) 1.37%

9 0.0019 (2.04) -0.5458 (-3.93) -0.0369 (-0.70) 1.36%

10 0.0017 (1.96) -0.6046 (-4.04) -0.0728 (-1.28) 1.78%

Table 18: Estimation results for regressions of the rest-of-week return on the Monday afternoon
return.
This table reports for each firm size decile the results of the regression model (18) where the
stock’s remaining weekly returns are regressed on the Monday afternoon returns ri,w (Panel A) and
additionally on the Monday morning returns rmorning

i,w (Panel B). Reported are coefficient estimates,
corresponding t-statistics (in parenthesis) with two-way clustered standard errors as well as the
coefficients of determination R2.
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Figure 16: Value-weighted out-of-sample cumulative logarithmic returns of the bottom and top
Monday afternoon deciles.
This figure depicts the cumulative logarithmic returns of the bottom and top Monday afternoon
return decile portfolios. The portfolios are formed weekly, and the resulting logarithmic returns are
value-weighted and cumulated weekly.

portfolio is not significantly different from zero. Hence, investors who purchase the
value-weighted portfolio of stocks in the bottom decile of the Monday afternoon
return receive a Sharpe ratio of 1.06 on an annualized basis.

Moreover, the investment strategy is remarkably resilient to the 2008 and 2009
financial crises, as well as to the market decline in 2021 and 2022, whereas the value
of a portfolio of stocks from the highest Monday afternoon return decile decreases
substantially during these time periods. That is, a long-short portfolio that buys
the bottom decile and sells the top decile yields an even higher Sharpe ratio of 1.40.
This increase in the Sharpe ratio is attributable to a reduction in risk, as the average
weekly return of 0.44% per week or 22.18% annually, is slightly lower than that of
the long-only portfolio containing stocks from the bottom decile.

It is important to note that we did not consider transaction costs and other
market frictions in the latter analysis. Quantifying the economic benefits of the
Monday afternoon reversal while including transaction costs is challenging as the
investor’s particular infrastructure and contractual arrangements with the broker
have a non-negligible impact on the effective transaction costs incurring during
trading. Nevertheless, to proxy these costs, we compute the average bid-ask-spread
of all stocks in our dataset. In general, the mean bid-ask spread is 0.06%, however, it
is significantly reduced for stocks in the highest market capitalization decile, having
a mean of 0.03%. Thus, as the previously presented long-short returns are value-
weighted, the estimated weekly return after accounting for the bid-ask spread of the
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long-short portfolio based on Monday afternoon return deciles falls within the range
of 0.38% and 0.41%, i.e., the trading strategy remains profitable.

5.2.5 Overnight versus intraday components

Lou et al. (2019) demonstrate that overnight and intraday returns exhibit strong
return persistence, while returns reverse from the overnight to intraday session and
vice versa. In addition, the authors analyze the returns of trading strategies based
on common asset pricing factors and conclude that these strategies yield returns
either overnight or intraday. Therefore, we investigate whether the bottom-minus-top
Monday afternoon return decile spread occurs exclusively overnight or intraday, i.e.,
whether it is due to the overnight or intraday component.

To this end, we compute the weekly Monday afternoon return deciles as before
and decompose the remaining week’s returns into their four overnight and four
intraday components, i.e., one for each weekday. For each of these components,
we compute the respective bottom-minus-top return spreads. Table 19 reports the
bottom and top decile mean returns, the return spread, and t-statistics based on
two-way clustered standard errors for each time component. The overnight return is
defined as the return between the previous day’s market close and the respective day’s
market open. Interestingly, the spread between the bottom and the top deciles exists
during both the overnight and intraday trading sessions. The overnight component
of the spread is significantly positive on Tuesdays and Fridays, while the intraday
component is significantly positive on Tuesdays, Wednesdays, and Thursdays. The
Friday intraday session is the only one with a negative spread, albeit of modest
magnitude and statistically insignificant. Thus, the Monday afternoon reversal occurs
over both the overnight and intraday sessions.

5.2.6 Relationship to systematic risk and firm news

The previous results suggest that a systematic risk factor may be responsible for
the high long-short returns caused by the predictive power of the Monday afternoon
return. Therefore, in order to determine the relationship between the returns of the
Monday afternoon reversal and common systematic risk, we regress the long-short
excess returns from the Monday afternoon return sort on the five factors of Fama
and French (2015) and the momentum factor of Carhart (1997). The regression
provides both an assessment of whether the Monday afternoon reversal is explained
by systematic risk, as well as an estimate of the alpha of the long-short portfolio
returns based on Monday afternoon returns.
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Overnight Intraday

Bottom Top Spread Bottom Top Spread

Tuesday
0.207% 0.082% 0.125% 0.046% 0.000% 0.046%

(4.72) (1.96) (5.47) (0.87) (0.01) (1.35)

Wednesday
0.120% 0.062% 0.058% 0.024% -0.015% 0.038%

(3.17) (1.74) (3.03) (0.44) (-0.29) (1.13)

Thursday
0.048% -0.008% 0.055% 0.077% -0.016% 0.093%

(1.19) (-0.20) (2.83) (1.39) (-0.31) (2.50)

Friday
0.112% 0.069% 0.043% 0.001% 0.017% -0.016%

(2.71) (1.77) (2.17) (0.02) (0.35) (-0.47)

Table 19: Overnight and intraday components of the rest-of-week returns of the bottom and top
Monday afternoon return decile portfolios.
The reported returns are based on equally-weighted portfolios that buy stocks in the bottom
or top Monday afternoon return deciles, respectively, and that are evaluated weekly. For each
portfolio and week, the remaining weekly return (Monday close to Friday close) is subdivided for
each weekday and split into the overnight and intraday components. The overnight return is the
return from the previous day’s close to the displayed day’s open; e.g., the overnight return in row
"Tuesday" measures the return between the Monday close and Tuesday open. Spread is the simple
difference between the bottom and top returns. The t-statistics (in parentheses) are based on
two-way clustered standard errors.

The results are presented in Table 20. As none of the slope coefficients is
statistically significantly different from zero, the returns of the bottom-minus-top
Monday afternoon returns appear to be unrelated to the considered risk factors.
Additionally, the strategy produces a significant alpha of 0.43% per week (with a
t-statistic of 5.94 based on weekly clustered standard errors). Interestingly, the
long leg of the strategy accounts for the majority of the long-short portfolio returns.
When separating the returns into their long (low Monday afternoon returns) and
short (high Monday afternoon returns) legs, we observe a significant and positive
alpha of 0.45% per week for the long-leg, but no significant alpha for the short leg.

Jiang et al. (2021) find that returns tend to drift in the direction of the initial news
response, which may explain a potential mispricing on Mondays that is ultimately
reversed throughout the week. In order to test whether the Monday afternoon reversal
is related to firm news, we estimate Equation (18) with two additional regressors: the
Monday afternoon returns, first, conditional on whether firm earnings announcements
occurred during the previous week and, second, conditional on whether they occurred
during the week in which we measure the Monday afternoon return. While the
unconditional Monday afternoon return remains highly significantly negative (with a
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α Mkt-RF SMB HML RMW CMA MOM R2

B-T
0.0043 -0.0533 0.0832 -0.0208 0.1816 0.0579 0.0006 2.532%

(5.94) (-1.22) (0.98) (-0.23) (1.52) (0.40) (1.09)

B
0.0045 -0.1724 0.2807 -0.1332 0.3316 -0.1291 -0.0004 3.148%

(3.66) (-1.76) (1.90) (-0.82) (1.76) (-0.50) (-0.44)

T
0.0001 -0.1187 0.1981 -0.1129 0.1500 -0.1848 -0.0010 1.726%

(0.11) (-1.46) (1.60) (-0.79) (0.95) (-0.79) (-1.10)

Table 20: Estimation results for Fama and French (2015) and Carhart (1997) 6-factor analysis.
This table presents estimation results of a regression of the weekly excess return of bottom-minus-top
Monday afternoon return portfolios on excess returns of a market portfolio (Mkt-RF), returns of
a size portfolio (SMB), value portfolio (HML), a portfolio on operating profitability (RMW), a
portfolio on investment strategies (CMA) (Fama and French, 2015) and a portfolio on momentum
(Carhart, 1997). Weekly excess returns are measured as the returns from Monday close to Friday
close minus the risk-free rate. The t-statistics (in parenthesis) are based on weekly clustered
standard errors. Dependent variables are B-T (bottom-minus-top), which are returns from a
long-short portfolio on Monday afternoon return deciles, while B and T are the respective long-only
portfolios of the bottom and top Monday afternoon return deciles, respectively.

t-statistic of -4.9 based on two-way clustered standard errors), none of the conditional
variants are significantly different from zero. Hence, the reversal is not a result of
firm earnings announcements durinMonday’s surrounding days.

5.3 U.S. stock market indices and international ETFs

Given that the Monday afternoon return is a significant predictor of the remaining
week’s return across the cross-section of stock returns, we examine whether this
relationship also holds true for broad U.S. stock market indices and international
equity ETFs. To this end, we analyze the returns of five indices and thirteen
international ETFs from January 2004 to October 2022. The selection of ETFs
represents major international equity markets and includes specific ETFs for the U.S.,
Europe, China, Japan, Germany, and the United Kingdom. Specifically, we cover the
U.S. indices S&P 500, Dow Jones Industrial Average, Nasdaq Composite, Nasdaq
100, and Russell 3000, as well as the following international ETFs: SPDR S&P 500
ETF Trust, Vanguard Total Stock Market ETF, Invesco QQQ Trust, Vanguard Value
ETF, iShares Russell 2000 ETF, Vanguard Total World Stock ETF, Vanguard FTSE
Developed Markets ETF, Vanguard FTSE Europe ETF, iShares MSCI Eurozone
ETF, SPDR Euro Stoxx 50 ETF, iShares MSCI Germany ETF, iShares MSCI Japan
ETF, iShares MSCI United Kingdom ETF, and iShares Trust - China Large-Cap
ETF. Note that all ETFs within the selection are traded on U.S. exchanges.
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Analyzing the Monday afternoon reversal based on decile sorts is not a reasonable
approach due to the relatively small number of indices and ETFs compared to
the number of stocks examined in the preceding sections. Therefore, we adhere
to the regression analysis based on Equation (18) for each index and ETF. We
may anticipate comparable outcomes for indices and ETFs that are typically highly
correlated with the broad U.S. stock market. Moreover, if the effect is not unique to
the U.S. market, we should observe similar results for other international markets as
well.

Table 21 presents the parameter estimates along with corresponding robust t-
statistics and values of R2. First, focusing on the U.S. stock market indices (Panel A)
shows clearly that the Monday afternoon return is a highly significant and negative
predictor of the week’s remaining return for all U.S. indices. Moreover, the estimated
coefficients are large in absolute terms; for example, a decrease of 1 percentage
point in the S&P500’s return on Monday afternoon increases the expected week’s
remaining return by 0.65 percentage points, all else being equal. Furthermore, with
R2 values as high as 3.07%, the Monday afternoon return adequately explains the
variability in the remaining week’s return. We subsequently estimate the regression
model (18) for all indices jointly, yielding a highly significant and negative estimate
of β = −0.63 with a two-way clustered t-statistic of -4.0, which is comparable to the
results for the cross-section of stock returns.

Based on the results for the cross-section of U.S. stocks and for the U.S. stock
market indices, we anticipate a significant Monday afternoon reversal among the
U.S.-related ETFs. This is obviously supported in Panel B of Table 21, which presents
the estimation results for the considered ETFs. However, even more remarkable is
the fact that the Monday afternoon reversal is also observable for ETFs that track
major international stock markets. In addition, the magnitude of the reversal is
remarkably similar across all markets and close to the results observed for the U.S.
markets and the cross-section of U.S. stock returns. This implies that the Monday
afternoon reversal is not unique to U.S. stocks and that the latter are not causing
the effect. We further estimate the regression again jointly for all ETFs, yielding a
significantly negative estimate of -0.62 with a t-statistic of -3.7 based on two-way
clustered standard errors for the coefficient of the Monday afternoon return. Hence,
the magnitude of the Monday afternoon reversal is very similar across international
equity markets.
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Panel A: U.S. stock market indices

Ticker α tα β tβ R2 N

SPX 0.0013 (1.66) -0.6473 (-3.55) 2.67% 663

DJI 0.0015 (1.93) -0.6367 (-3.08) 2.55% 669

COMP 0.0019 (2.17) -0.6687 (-3.45) 2.56% 669

NDX 0.0021 (2.35) -0.5162 (-2.53) 1.65% 668

RUA 0.0014 (1.82) -0.7023 (-3.67) 3.07% 669

Panel B: ETFs

Market Ticker α tα β tβ R2 N

U.S.

SPY 0.0018 (2.55) -0.5457 (-2.78) 1.68% 783

VTI 0.0019 (2.61) -0.5574 (-2.73) 1.65% 766

QQQ 0.0019 (2.33) -0.5030 (-2.55) 1.37% 770

VTV 0.0013 (1.79) -0.5780 (-2.89) 1.75% 755

IWM 0.0016 (1.80) -0.4865 (-2.46) 1.13% 756

Global VT 0.0017 (1.96) -0.6476 (-2.38) 1.85% 611

Global excl. U.S. VEA 0.0012 (1.36) -0.6924 (-2.16) 1.52% 659

Europe

VGK 0.0019 (2.20) -0.6430 (-2.27) 1.33% 738

EZU 0.0016 (1.79) -0.6533 (-2.62) 1.26% 772

FEZ 0.0013 (1.47) -0.8735 (-3.47) 2.41% 712

Germany EWG 0.0017 (1.91) -0.6583 (-2.68) 1.15% 790

Japan EWJ 0.0010 (1.25) -0.6840 (-2.50) 1.41% 775

UK EWU 0.0019 (2.42) -0.6347 (-2.59) 1.30% 798

China FXI 0.0008 (0.79) -0.6572 (-2.45) 1.09% 752

Table 21: Estimation results for the regression of the weekly remaining return on the Monday
afternoon return for U.S. stock market indices and international ETFs.
Reported are parameter estimates along with corresponding t-statistics (in parenthesis) based on
weekly clustered standard errors as well as the R2 and the available number of observations N .
The parameters are estimated for each index and ETF separately. The indices are in row-wise
order: S&P500, Dow Jones Industrial Average, Nasdaq Composite, Nasdaq 100, and Russell 3000.
The ETFs are in row-wise order: SPDR S&P 500 ETF Trust, Vanguard Total Stock Market ETF,
Invesco QQQ Trust, Vanguard Value ETF, iShares Russell 2000 ETF, Vanguard Total World Stock
ETF, Vanguard FTSE Developed Markets ETF, Vanguard FTSE Europe ETF, iShares MSCI
Eurozone ETF, SPDR Euro Stoxx 50 ETF, iShares MSCI Germany ETF, iShares MSCI Japan
ETF, iShares MSCI United Kingdom ETF, and iShares Trust - China Large-Cap ETF.
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5.3.1 Investor disagreement and informed trading

Thus far, we have examined several obvious explanations for the Monday afternoon
reversal, but none of them have been empirically supported by the data, necessitating
further investigation. Recall our findings that the other weekdays’ returns have
no predictive power for the remaining week’s return. Consequently, the Monday is
unique, which may be attributable to the weekend. In fact, it is frequently argued
that individuals have significantly more time to process information during the
weekend than in between weekdays when the stock market is open, which may even
apply to institutional investors (Lakonishok and Maberly, 1990). The processing of
accumulated information over the weekend, without receiving feedback from markets
in the form of returns, may cause investors to hold divergent beliefs regarding
expected returns. This, in turn, potentially leads to Monday afternoon returns that
are subsequently reversed in the following days, as we discuss below.

Several studies investigate the relationship between heterogeneous beliefs and
disagreement regarding expected returns and find a positive relationship between
disagreement and stock volume and volatility (Carlin et al., 2014; Cookson and
Niessner, 2020). Therefore, we assess the effects of trading volume and volatility
during Monday afternoon on the reversal. Hence, if the reversal is more pronounced
on Monday afternoons with higher volume or volatility, it indicates that the reversal
may be due to disagreement. To this end, we compute the Monday afternoon trading
volume as the sum of shares traded times the closing price of the respective half-hour
returns. Similarly, we define the Monday afternoon volatility as the sum of squared
half-hourly returns for each stock. Afterwards, we compute weekly deciles for each
measure.

Tables 22 and 23 report mean remaining week’s returns for double decile sorts on
the Monday afternoon return and on the Monday afternoon volume and volatility,
respectively. Obviously, the bottom-minus-top Monday afternoon return spread is
2.6 times higher in the highest volume decile (0.636%) than in the lowest (0.243%),
supporting the hypothesis that disagreement about expected returns drives the
reversal. Furthermore, the reversal is only marginally significant at the 10%-level in
the smallest volume decile with a t-statistic of 1.78, while it is highly significant in
the largest volume decile with a t-statistic of 4.19.

The results are even more pronounced when we consider the Monday afternoon
volatility. The bottom-minus-top Monday afternoon return spread is as high as
1.021% for stocks in the highest volatility decile with a t-statistic of 5.5. Although
this is the strongest reversal we have observed so far, it is perhaps even more
interesting that below-median Monday afternoon volatility stocks do not reverse

107



A
ft
er
no

on
re
tu
rn

Volume

D
ec
ile

s
1

2
3

4
5

6
7

8
9

10
M
ea
n

Sp
re
ad

(1
-1
0)

t

1
0.
34

1%
0.
24

2%
0.
22

4%
0.
15

4%
0.
21

2%
0.
12

1%
0.
10

3%
0.
16

4%
0.
02

1%
0.
09

8%
0.
16
8%

0.
24
3%

1.
78

2
0.
24

8%
0.
23

2%
0.
18

3%
0.
22

7%
0.
15

0%
0.
06

8%
0.
16

2%
0.
17

8%
0.
06

7%
-0
.0
07

%
0.
15
1%

0.
25
5%

1.
86

3
0.
37

1%
0.
25

6%
0.
23

2%
0.
25

4%
0.
23

1%
0.
11

7%
0.
16

6%
0.
18

8%
0.
06

3%
0.
00

3%
0.
18
8%

0.
36
8%

2.
82

4
0.
23

2%
0.
25

1%
0.
20

3%
0.
20

4%
0.
21

9%
0.
19

4%
0.
04

1%
0.
22

5%
0.
20

0%
0.
09

1%
0.
18
6%

0.
14
1%

1.
10

5
0.
37

2%
0.
28

0%
0.
14

2%
0.
15

0%
0.
15

8%
0.
15

2%
0.
22

1%
0.
14

0%
0.
14

1%
-0
.0
56

%
0.
17
0%

0.
42
8%

3.
84

6
0.
38

9%
0.
26

1%
0.
25

9%
0.
23

8%
0.
24

3%
0.
14

9%
0.
22

3%
0.
18

9%
0.
11

4%
-0
.0
24

%
0.
20
4%

0.
41
3%

3.
42

7
0.
40

7%
0.
20

8%
0.
15

8%
0.
21

2%
0.
18

4%
0.
08

2%
0.
13

2%
0.
20

7%
0.
15

8%
-0
.0
86

%
0.
16
6%

0.
49
3%

3.
96

8
0.
44

7%
0.
20

9%
0.
22

7%
0.
26

5%
0.
26

5%
0.
14

3%
0.
22

8%
0.
21

1%
0.
13

0%
0.
11

0%
0.
22
4%

0.
33
7%

2.
68

9
0.
49

2%
0.
26

5%
0.
29

9%
0.
29

2%
0.
23

6%
0.
22

2%
0.
10

7%
0.
14

8%
0.
08

7%
-0
.0
01

%
0.
21
5%

0.
49
3%

3.
67

10
0.
53

9%
0.
33

0%
0.
31

1%
0.
27

6%
0.
20

7%
0.
23

7%
0.
13

6%
0.
06

0%
0.
04

8%
-0
.0
97

%
0.
20
5%

0.
63
6%

4.
19

M
ea
n

0.
38

4%
0.
25

3%
0.
22

4%
0.
22

7%
0.
21

1%
0.
14

9%
0.
15

2%
0.
17

1%
0.
10

3%
0.
00

3%
0.
18
8%

0.
38
1%

2.
93

T
ab

le
22
:
D
ou

bl
e
de
ci
le

so
rt

on
th
e
M
on

da
y
af
te
rn
oo

n
re
tu
rn

an
d
vo
lu
m
e.

T
hi
s
ta
bl
e
sh
ow

s
th
e
re
m
ai
ni
ng

w
ee
kl
y
m
ea
n
re
tu
rn
s,

bo
tt
om

-m
in
us
-t
op

sp
re
ad

s,
an

d
co
rr
es
po

nd
in
g
t-
st
at
is
ti
cs

(b
as
ed

on
tw

o-
w
ay

cl
us
te
re
d
st
an

da
rd

er
ro
rs
)

re
su
lt
in
g
fr
om

a
do

ub
le

de
ci
le

so
rt

on
th
e
M
on

da
y
af
te
rn
oo

n
re
tu
rn

an
d
tr
ad

in
g
do

lla
r
vo
lu
m
e.

W
e
de
fin

e
vo
lu
m
e
as

th
e
su
m

of
th
e
tr
ad

in
g
do

lla
r
vo
lu
m
e
of

ea
ch

ha
lf-
ho

ur
re
tu
rn

du
ri
ng

th
e
M
on

da
y
af
te
rn
oo

n.

108



A
ft
er
no

on
re
tu
rn

Volatility

D
ec
ile

s
1

2
3

4
5

6
7

8
9

10
M
ea
n

Sp
re
ad

(1
-1
0)

t

1
-0
.1
12

%
-0
.0
11

%
0.
06

4%
0.
09

7%
0.
15
9%

0.
10

5%
0.
15

5%
0.
24

4%
0.
41

5%
0.
84
8%

0.
19
6%

-0
.9
60
%

-2
.7
0

2
-0
.1
88

%
-0
.0
54

%
0.
06

1%
0.
08

9%
0.
15
9%

0.
23

9%
0.
23

1%
0.
24

1%
0.
36

0%
0.
57
7%

0.
17
1%

-0
.7
66
%

-2
.5
7

3
-0
.0
10

%
0.
04

2%
0.
13

2%
0.
14

4%
0.
22

6%
0.
12

4%
0.
17

7%
0.
28

1%
0.
26

6%
0.
48
3%

0.
18
6%

-0
.4
93
%

-2
.1
4

4
0.
05

3%
-0
.0
35
%

0.
05

5%
0.
23

1%
0.
21

6%
0.
23

5%
0.
12
0%

0.
16

1%
0.
19

2%
0.
25
5%

0.
14
8%

-0
.2
02
%

-0
.9
8

5
0.
05

7%
0.
16

8%
0.
15

5%
0.
30
6%

0.
28

7%
0.
23

8%
0.
21

9%
0.
16

4%
0.
12

5%
0.
09
8%

0.
18
2%

-0
.0
41
%

-0
.2
7

6
0.
13

0%
0.
27

5%
0.
28

8%
0.
29
0%

0.
25

6%
0.
11

5%
0.
19

3%
0.
11

3%
0.
15

3%
0.
11
7%

0.
19
3%

0.
01
4%

0.
11

7
0.
21

0%
0.
33

3%
0.
41

1%
0.
38
9%

0.
21

9%
0.
10

0%
0.
00

0%
0.
08

0%
0.
07

7%
0.
09
0%

0.
19
1%

0.
12
0%

1.
15

8
0.
20

7%
0.
39

3%
0.
50

1%
0.
33
3%

0.
25

1%
0.
15

3%
0.
01

0%
0.
15

2%
-0
.0
96

%
0.
08
4%

0.
19
9%

0.
12
3%

1.
22

9
0.
44

9%
0.
61

4%
0.
47

0%
0.
32
6%

0.
24

4%
0.
12

8%
0.
09

4%
0.
04

6%
-0
.0
26

%
-0
.1
00
%

0.
22
4%

0.
54
9%

4.
44

10
0.
78

1%
0.
56

6%
0.
31

1%
0.
30
8%

0.
07

0%
-0
.2
57

%
0.
29
7%

0.
19

0%
-0
.2
01

%
-0
.2
40
%

0.
18
3%

1.
02
1%

5.
50

M
ea
n

0.
15

8%
0.
22

9%
0.
24

5%
0.
25
1%

0.
20

9%
0.
11

8%
0.
14

9%
0.
16

7%
0.
12

7%
0.
22
1%

0.
18
7%

-0
.0
64
%

0.
38

T
ab

le
23
:
D
ou

bl
e
de
ci
le

so
rt

on
th
e
M
on

da
y
af
te
rn
oo

n
re
tu
rn

an
d
vo
la
ti
lit
y.

T
hi
s
ta
bl
e
sh
ow

s
th
e
re
m
ai
ni
ng

w
ee
kl
y
m
ea
n
re
tu
rn
s,

bo
tt
om

-m
in
us
-t
op

sp
re
ad

s,
an

d
co
rr
es
po

nd
in
g
t-
st
at
is
ti
cs

(b
as
ed

on
tw

o-
w
ay

cl
us
te
re
d
st
an

da
rd

er
ro
rs
)

re
su
lt
in
g
fr
om

a
do

ub
le

de
ci
le

so
rt

on
th
e
M
on

da
y
af
te
rn
oo

n
re
tu
rn

an
d
vo
la
ti
lit
y.

V
ol
at
ili
ty

is
ca
lc
ul
at
ed

as
th
e
su
m

of
sq
ua

re
d
ha

lf-
ho

ur
re
tu
rn
s
du

ri
ng

th
e

M
on

da
y
af
te
rn
oo

n.

109



during the remainder of the week, but rather follow their Monday afternoon return.
Specifically, the bottom-minus-top Monday afternoon return spread is strongly
negative at −0.960% with a t-statistic of -2.7, indicating strong momentum for low
Monday afternoon volatility stocks. Thus, our findings of the Monday afternoon
reversal are exclusive to stocks with high Monday afternoon return volatility.

The results indeed strongly suggest that disagreement among investors is responsi-
ble for the Monday afternoon reversal. If so, there may be a relatively informed group
of traders anticipating a potential over- or undervaluation on Monday afternoons
and the subsequent reversal throughout the rest of the week. Therefore, we expect
a strong reversal during the rest of the week when returns strongly point in the
opposite direction than predicted by informed traders during the Monday afternoon.

A well-studied group of informed traders are short sellers, who accurately an-
ticipate price movements (Boehmer et al., 2008; Cohen et al., 2007; Dechow et al.,
2001; Desai et al., 2002; Diether et al., 2009). To test whether short sellers correctly
identify potentially over- or undervalued stocks on Monday afternoons, we utilize
data about the number of shorted shares available from Compustat. The number of
shorted shares per stock is released twice per month. Focusing on Mondays, we only
keep observations for this day, totaling 38,450 observations. For our analysis, we use
the days-to-cover as a relative measure of short positions in a given stock, which is
defined as the number of shorted shares divided by the share volume on the given
Monday. This metric is also well-suited for our analysis as it is closely related to
short sellers’ expected returns. In particular, short sellers generally anticipate high
(low) future returns when a stock’s days-to-cover is low (high).

As the number of shorted stocks is obtained only twice per month and as these
releases do not necessarily coincide with a Monday, the sample size in the following
analysis is much smaller than that of Section 5.2. Therefore, we focus on quintiles
of the days-to-cover rather than deciles. If short sellers are well-informed and the
Monday afternoon reversal is due to investors’ disagreement about expected returns,
then the reversal should be amplified when short sellers disagree with Monday
afternoon prices. That is, we expect significantly higher remaining week’s returns for
stocks with low days-to-cover (i.e., relatively small amounts of shorted shares) and
a low Monday afternoon return, compared to stocks with high days-to-cover (i.e.,
relatively large amounts of shorted shares) and a high Monday afternoon return.

The results presented in Table 24 confirm this expectation, which reports the
remaining week’s mean return from a double sort on the Monday afternoon return
deciles and the days-to-cover quintiles. According to the results, the reversal is
even amplified when short sellers disagree with price movement on the Monday
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afternoon return, whereas short sellers appear to anticipate the remaining week’s
returns on average correctly. The mean remaining week’s return for stocks in the
lowest days-to-cover quintile and lowest Monday afternoon return decile is 0.75%,
while it is -1.00% for stocks in the highest days-to-cover quintile and highest Monday
afternoon return decile. The difference of 1.75 percentage points is highly significant,
with a t-statistic of 2.8 using two-way clustered standard errors. On the other hand,
we find no reversal when short sellers agree with Monday afternoon returns. That is,
we find no significant difference between the remaining week’s return between stocks
in the lowest days-to-cover quintile and highest Monday afternoon return decile and
stocks in the highest days-to-cover quintile and lowest Monday afternoon return
decile (with a t-statistic of -0.1).

Overall, the results indicate that disagreement about expected returns and
ultimately fundamental values may be the underlying cause of our documented
reversal. We approximate the disagreement in expected returns by the half-hourly
volume and volatility on Monday afternoons and observe the reversal exclusively
for stocks with high Monday afternoon volume or volatility. Likewise, we document
significant momentum when volatility is low. Moreover, informed traders appear to
effectively anticipate reversals in both directions.

5.4 Conclusion

This Chapter shows that the cross-section of returns exhibits a significant reversal
on the Monday afternoon return during the remainder of the week. We analyze
high-frequency data of 1,838 companies from 2007 to 2022 and find that a bottom-
minus-top portfolio based on the Monday afternoon return yields a mean weekly
value-weighted return of 0.44% with an annualized Sharpe ratio of 1.40. The majority
of the portfolio’s performance is attributable to its long position.

We also conduct numerous robustness checks in order to address potential ex-
planations that might drive the observed Monday afternoon reversal. Foremost, we
observe that the reversal is not driven by small stocks. We also find no evidence
that the Monday afternoon reversal is due to fund managers’ daily routines, such
as daily rebalancing of the portfolio during the afternoon. In addition, both the
overnight and intraday components of weekly returns contribute to the effect. The
week’s remaining return of the bottom and top Monday afternoon return deciles is
not driven by any of the commonly considered risk factors of Fama and French (2015)
and Carhart (1997), resulting in a significantly positive risk-adjusted alpha, and it
is not due to earnings announcements. Moreover, the results are not attributable
to a January, week-of-the-month, or weekend effect. Lastly, the Monday afternoon
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reversal is present in several U.S. stock market indices and numerous international
ETFs.

Hence, the Monday afternoon reversal seems to be a prominent and very robust
phenomenon that is not specific to U.S. stocks but can be observed among inter-
national equity ETFs. As such, we investigate whether the relatively long market
closure on weekends and the subsequent potential disagreement about the effects of
information on expected asset returns causes the reversal. In favor of this hypothesis,
we find that the reversal only exists for stocks with high Monday afternoon volume
or volatility. Furthermore, we show that a well-known group of informed traders,
short sellers, correctly anticipates the Monday afternoon reversal in both directions.

6 Summary and conclusions

This dissertation examines several issues in contemporary asset pricing and portfolio
management. Initially, we discuss the potential of deep learning for portfolio manage-
ment and asset pricing. We develop a portfolio management approach based solely
on DRL. DRL consists of a set of algorithms that seek to fit policies so that agents
who follow these policies receive the greatest possible rewards. An environment, in
which we strive to optimally choose a portfolio from a wide range of stocks, provides
rewards. The agents receive rewards in the form of returns, and the goal is to
maximize portfolio returns.

Our method solves several shortcomings of DRL for portfolio management. Given
a large cross-section of n stocks from which one intends to construct a portfolio,
the corresponding policy’s neural network is typically required to have n output
neurons. Furthermore, given p features, each state contains p ·n inputs, necessitating
a reasonably large sample size. However, a long and continuous, i.e., gap-free, time
series of cross-sectional returns at a low frequency (e.g., daily returns) does not
exist in finance. Therefore, we propose to sequentially set up trading environments
for individual stocks instead of portfolios. To achieve a portfolio-focused policy,
we reward investments in each stock with its respective return but no investments
with the equally-weighted portfolio return of the remaining available stocks in the
respective period.

The latter approach keeps the number of inputs as well as output neurons relatively
small, which mitigates common overfitting in financial machine learning and scales
well into larger portfolio sizes. We demonstrate these features in numerous out-of-
sample tests in which the algorithm shows dominant performance against passive
and active benchmark strategies in the vast majority of the setups. Furthermore,
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as the approach is highly flexible in the number of assets, we obtain strong results
with only one configuration of hyperparameters, i.e., the size of the network and the
training schedule.

Although our proposed DRL algorithm performs remarkably well, it comes with
high computational costs as the algorithm is difficult to parallelize. Thus, we show
how the task of algorithmic portfolio management can be conducted highly efficiently
with vanilla feed-forward neural networks that are trained in a supervised learning
framework. For that, we use a two-stage approach to predicting cross-sectional
expected returns. First, we train a binary classification neural network that predicts
the sign of returns. Second, we train two more models that predict future return
magnitudes, whereas one solely learns from positive returns and the other from
negative returns. Ultimately, we combine the models’ individual predictions by
first predicting the sign of future returns and, depending on this prediction, using
the model that is trained on returns with the corresponding sign to predict the
magnitude.

Separating the task of predicting cross-sectional returns enables the utilization
of smaller models. This is due to the reduced complexity of the subtasks and the
consideration of the distinct characteristics exhibited by negative returns compared
to positive returns. The smaller models, on the other hand, are less sensitive to
overfitting and can be trained with low computational efforts. We rigorously test
the performance of the model stack in out-of-sample tests and show that the stack
consistently outperforms passive investment benchmarks, even after accounting for
common risk factors and transaction costs.

The stack also enables us to conduct a more comprehensive analysis of feature
importance. We document large differences in the feature importance between
three models, as, e.g., past volatility appears to be significantly more important
for predicting the magnitude of positive returns than for negative returns or the
direction of returns itself. On the other hand, firm characteristics are most valuable
for predicting the direction of returns and least valuable for predicting the magnitude
of negative returns. However, past returns are by far the most important predictors
among all three models.

Overall, our application of deep learning for portfolio management highlights
an important observation: a substantial part of return predictability arises from a
non-linear relationship between past and future returns, whereas we suspect that
this non-linearity is particularly concentrated around the threshold of zero. Closely
related, the findings from behavioral finance suggest that investors exhibit distinct
behavior on losses than on gains, as they tend to display a significantly higher level
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of risk aversion when faced with losses than gains (Kahneman and Tversky, 1979).
Thus, we empirically assess in the fourth Chapter whether risk-averse investors avoid
stocks with prior realized losses.

To this end, we develop a novel measure of risk aversion that depends on the long-
short spread of common risk factors, for which we also establish a strong theoretical
motivation. Based on this measure, we find that there are substantial differences in
returns between stocks with preceding positive and negative returns during periods
of high risk aversion. The disparity in returns stems from unusually low returns
from stocks with preceding negative returns during periods of high risk aversion, as
we argue that risk-averse investors become anxious to invest in stocks with recent
realized losses, a phenomenon we refer to as the anxiety anomaly. Moreover, we find
that investors’ response to negative returns is convex in losses.

As the investor’s reaction to losses appears to be predictable, we construct a
straightforward linear model that exploits the anxiety anomaly to its capabilities
in an out-of-sample setting. We show that a simple linear model based on the
anxiety anomaly yields predictive performance comparable to that of a deep neural
network with hundreds of predictors. The striking results suggest that the predictive
performance of neural networks in cross-sectional returns may originate from the
predictability of investors’ preferences. In line with this result, we train a neural
network using the preceding return and the long-short size factor spread to predict
following returns, which indeed convergences to similar predictions as given by the
anxiety anomaly. This could potentially also explain why we find neural networks to
appreciate past returns the most among the considered features.

Increasing the frequency of analyzed returns, we document another predictive asset
pricing anomaly in the fifth Chapter: the Monday afternoon reversal. We find that
returns on Monday afternoons are significantly reversed throughout the remainder
of the week. Similar to the anxiety anomaly, we do not find any explanation for
this phenomenon in common systematic risk factors or overnight risk. Furthermore,
the reversal is not due to limited arbitrage opportunities in small stocks and is
attributable to both overnight and intraday returns during the rest of the week. The
reversal is even of similar magnitude and significance among international equity
ETFs.

We find strong empirical evidence that investors disagree about fundamental
values and, thus, expected returns of stocks during the late Monday. Investors have
significantly more spare time to process the weekly accumulated information in
detail without receiving any market feedback, potentially leading to a heterogeneous
evaluation of the information among investors. Thus, we test whether the reversal is
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stronger for stocks with high investor disagreement, which we measure by relatively
high volume and volatility. When volume is low, we find no significant Monday
afternoon reversal, while we even find significant momentum when volatility is low.
On the other hand, stocks with high volume or volatility on Monday afternoons
exhibit the strongest reversals.

Moreover, we provide additional evidence that investor disagreement is likely to
be the underlying cause of the Monday afternoon reversal. For that, we analyze short
interest data, in particular the days-to-cover of stocks on Mondays. As short sellers
are commonly considered well-informed investors, we expect a stronger reversal when
this group of informed traders disagrees with returns on Monday afternoons. Indeed,
we find the strongest reversals when short sellers disagree with Monday afternoon
returns in both directions, further supporting the idea that investor disagreement
drives the Monday afternoon reversal.

Overall, this dissertation contributes to the literature in several ways. In the
first place, we make contributions to the literature that is concerned with empirical
portfolio management using machine learning. To this end, we develop a DRL algo-
rithm that is capable of managing portfolios of any size while mitigating overfitting
during training. Furthermore, we show that supervised deep learning can provide
significant economic gains to investors without necessitating an advanced compu-
tational infrastructure. Our approach also reveals insights into feature importance,
showing that past realized returns are the most important features, but with altering
effects depending on whether return directions, positive or negative returns, are to
be predicted. Motivated by these observations, this thesis additionally analyzes the
predictability of past returns and asymmetries given by combining the long-short
risk factor spreads and the return sign to explain the cross-section of returns and
predict returns out-of-sample. These insights lead us to uncover two novel return
anomalies that are both based on past realized returns: the anxiety anomaly and
the Monday afternoon reversal. The first builds on behavioral finance, the second
focuses explicitly on high frequency return predictability.

We find that investors’ behavior is the most plausible explanation for both of
the anomalies presented in this dissertation. As empirical models, such as neural
networks, appear to capture non-linear patterns in the time series of returns like
the anxiety anomaly we presented, are these patterns then merely instrumental
variables in predicting long-lasting investors’ behavior? This dissertation discusses
the interconnections between the domains of artificial intelligence-based portfolio
management and behavioral finance, providing evidence of predictable behavioral
patterns of investors that are empirically identified by deep learning models.
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With increasing computational possibilities and further enhancements in deep
learning, it is reasonable to anticipate that these methods will identify a large
number of yet unidentified factors that drive asset return. It may, however, be
challenging to economically rationalize these empirical factors, leaving them as mere
historical artifacts, which are not guaranteed to drive asset returns in the future
independent of their historical performance. Consequently, deep learning-based
portfolio management carries the additional methodological risk of whether these
factors are merely noise in the data or true fundamental drivers of asset returns. We
illustrate this risk in the third Chapter, demonstrating that trading performances
may greatly vary depending on the portfolio and the neural network’s convergence.
Therefore, future advancements in deep learning-based portfolio management systems
should not result in an exponential increase in the complexity of neural networks,
but rather in analyzing their robustness and interpretability, in order to reduce
the methodological risk component and build the required investors’ trust in these
systems.
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