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ABSTRACT OF THE DISSERTATION

Empirical Essays in Behavioral Macroeconomics
By
Jai Kedia
Doctor of Philosophy in Economics
University of California, Irvine, 2023

Professor Fabio Milani, Chair

Several years ago, Robert Lucas’s critique of non-structural models led to the rational ex-
pectations revolution in macroeconomics, pioneering several so-called DSGE models of the
economic business cycle. While these serve as an appropriate lens through which we could
view the economy, the picture these models capture is nonetheless blurry. In these essays, I
attempt to correct for a fundamental oversight in some of these models by allowing agents
to deviate from perfect rationality so as to better capture human behavior. The first two
essays model investors as imperfectly rational, exhibiting cognitive biases such as anchoring
and confidence swings that occur both endogenously and exogenously. The results show
that business cycles are more volatile when financial agents are behavioral and that such
biases can explain a host of historic phenomenon such as the 2008 financial crisis. In the
third essay, we explore the effects of cognitive discounting on fiscal multipliers. We show
that Ricardian equivalence is further violated when agents are myopic but that such effects
are non-linear. Myopia also interacts with monetary inflation targeting and the share of
hand-to-mouth agents to have severe effects on the determinacy conditions of the model. All

these intricacies are lost when looking purely through a rational expectations lens.

viii



Chapter 1

The Effects of Investor Confidence

Shocks on Business Cycles



Abstract

This paper extends a quantitative medium-scale New-Keynesian DSGE model with financial
intermediaries to account for shocks to investor confidence. Shocks of this nature manifest
themselves as per period changes to financial intermediaries’ leverage ratios. A Bayesian
MCMC approach is utilized to estimate the base and extended model, including shock process
parameters, for the U.S. economy using five macroeconomic time series from 1984 through
2019. The estimation results suggest that confidence shocks are able to generate a business
cycle. Overconfidence initially provides a boost to the economy but this effect subsides and
then triggers a prolonged recession. In the base model, a decomposition of U.S. output
growth into its constituent shocks shows that the effect of negative shocks to capital quality
contributed significantly to the financial crisis of 2008. However, this effect is muted in the
extended model suggesting that shocks to confidence were important contributors to the

output gap during the Great Recession.

This paper aims to analyze the macroeconomic effects of irrational changes to investor con-
fidence on the short-run business cycle. The prevalence of overconfidence is well established
in the social psychology literature. Its common manifestation is the “better-than-average”
effect: when asked to rate their relative skills, people seem to overestimate their ability
relative to the average of the group (see: Larwood and Whittaker, 1997; Svenson, 1981; Al-
icke 1985). Psychological underpinnings for overconfidence are typically attributed to three
key factors: an illusion of control over outcomes, large commitments to positive outcomes,
and establishing abstract reference points which renders performance comparisons difficult

(Weinstein, 1980; Alicke, 1995).



Introduction

While psychological studies assess subjects’ confidence pertaining to things such as motor
skills or mortality, this phenomenon is also prevalent with respect to economic decision mak-
ing (Camerer and Lovallo, 1999). Theoretical and empirical research in behavioral finance
has shown that investors and managers exhibit overconfidence. For instance, Malmendier
and Tate (2005, 2008, 2015) show that managers and CEOs overestimate the expected re-
turns from investment projects; they overinvest when internal funding is abundant but reduce

investment when relying on external funding.

The empirical finance literature also indicates that such overconfidence had an impact on the
short-run business cycle by exacerbating the financial crisis of 2007-09. Ho, et. al. (2016)
show that in the period leading up to the financial crisis, overconfident bank managers were
more likely to lower lending standards and increase their leverage, making their institutions
more susceptible to the crisis shock. Jlassi, et. al. (2014) claim that overconfidence was
the primary factor that triggered and elongated the crisis in the U.S. market. Abbes (2013)
demonstrates that market price volatility is positively related to overconfidence bias and that

this bias contributed to the financial instability of 2008.

In lieu of the behavioral finance literature, it is possible that the financial crisis was in some
part attributable to irrationality or deviations from rational expectations on the part of fi-
nancial intermediaries. In the past, popular behavioral approaches to explaining macro fluc-
tuations that are unrelated to fundamentals relied on attributing such behavior to “animal
spirits”! or to agent irrationality (Akerlof and Shiller, 2009). Modern behavioral approaches
include macro models that incorporate agent sentiments (Angeletos and La’0O, 2013 and Mi-

lani, 2017), adaptive learning (Milani, 2007), rational inattention?, or bounded rationality

1See: Azariadis, 1981; Benhabib and Farmer, 1994; Cass and Shell, 1983; Diamond, 1982; Cooper and
John, 1988.
2See: Mackowiak and Wiederholt, 2009, 2015; Alvarez, Lippi, and Paciello, 2016.



(Branch and McGough, 2005). However, attempts to model the interaction between financial
agents and non-rational expectations have been relatively sparse, albeit illuminating. In an
estimated model that combines a medium-scale DSGE model with a financial accelerator and
adaptive learning, Rychalovska (2016) shows that the effect of the financial accelerator on the
business cycle varies based on how expectations are modeled. In particular, agents’ percep-
tions regarding asset price persistence can significantly amplify the response of real variables
to financial shocks. In a calibrated model, Caputo, et. al. (2010) also find that business
cycles may be amplified when the financial accelerator is combined with learning. While it
may be the case that adaptive learning adds a valuable means of interaction between the
financial sector and macro variables, the evidence from the prior literature presented above
indicates that it may not be the only behavioral element at play. To my knowledge, there
has been no attempt to explicitly account for changes to investor confidence in a theoretical
model of the short-run macroeconomy. The research proposed herein attempts to fill this
gap and add to the burgeoning macroeconomic literature that aims to incorporate behavioral

elements into a model of the short-run economy.

Section I presents a theoretical investigation of how overconfidence in the financial sector
might induce banks to increase leverage, causing them to be overexposed to financial shocks.
To this end, I begin with the Gertler and Karadi (2011) (henceforth “GK2011”) medium-
scale monetary DSGE model with financial frictions. Section I.A provides an overview
of the equilibrium equations from this model. To provide a theoretical basis for including
confidence, the paper follows Malmendier and Tate (2005) where investors do not perceive the
true expected rate of return, but instead utilize a subjective assessment of what the expected
rate of return might be. Mathematically, this is modeled by scaling the objective expected
rate of return by a confidence factor. The theory indicates that investors maximizing net
worth based on such subjective assessments choose leverage ratios that deviate away from
the optimal amount: over-confident investors over-lever their companies. For the purposes

of computation, confidence is modeled as a shock to capture the impact that exogenous



changes to investor confidence have on the short-run macroeconomy. In this manner, the
modeling of confidence is similar to the sentiments analysis conducted by Milani (2017). In
that approach, exogenous shocks to the adaptive learning process in a medium-scale DSGE
model are interpreted as sentiment. This paper’s approach differs in that this shock is
included directly in the financial sector of the economy and not to any learning process.
Additionally, similar to Malmendier and Tate (2005), this behavioral feature is interpreted

as confidence instead of sentiment.?

Section II describes the data and methodology utilized by the paper. GK2011 attributes the
large fall in output during the Great Recession to a sharp negative shock to capital quality.
However, the paper does not utilize data to show how large this effect is in comparison to
the other shocks present in the model. Since the claim of this paper is that the financial
crisis is in some part attributable to investor confidence shocks, it is imperative to assess the
impact that the varying shocks had on the economy to gauge which shocks were prevalent
and which were not. Consequently, this paper uses a Bayesian MCMC approach to estimate
the model using 5 U.S. macroeconomic time series: real GDP, consumption, investment,
inflation, and nominal interest rate. In this manner, this paper also contributes to the recent
empirical macroeconomic literature that aims to fit DSGE models with financial sectors and
frictions to macro data using Bayesian estimation techniques. For instance, Villa and Yang
(2011) estimate the GK2011 model using 5 U.K. macro time series and find that financial
frictions are important in explaining the dynamics of the U.K. business cycle. Manadir
and Moran (2018) conduct a comparative analysis of two popular approaches to modeling
financial frictions: GK2011 and the financial accelerator mechanism of Bernanke et. al.

(1999). Their paper estimates both models using 6 U.S. macro time series and finds that

3With respect to whether this shock captures confidence or sentiment, the literature does not definitively
fall in favor of either side. Papers seem to use the terms sentiment (see Milani, 2017), optimism (see
Jaimovich and Rebelo, 2007), and confidence (see Malmendier and Tate, 2005) interchangeably. This paper’s
behavioral addition is a scaling up (or down) of expected returns in a manner that is similar to and inspired
by Malmendier and Tate (2005) where it is interpreted as confidence. Since both this paper and Malmendier
and Tate (2005) are primarily concerned with the effects of investor behavior, the introduced feature is
interpreted as confidence and not sentiment.



the aggregate data prefers the modeling approach of GK2011 over Bernanke et. al. (1999).
In a newer approach, Benigno et. al. (2020) propose a model with a regime-switching
specification applied to borrowing constraints. They estimate this model using macro data
from Mexico; the model is able to identify three significant Mexican economic crises more

realistically than standard macro models.

Section III shows the results from the Bayesian estimation. Impulse responses to a nega-
tive capital quality shock indicate that capital quality shocks are amplified in a model that
includes investor confidence, especially in the quarter of impact. Furthermore, impulse re-
sponses to a confidence shock itself demonstrate that over-leveraging may have a large and
persistent effect on the short-run business cycle. Investor overconfidence can stimulate the
economy and boost consumption in the near term, but leads to depressed output and lowered
consumption several periods into the future. Finally, a historical decomposition of the U.S.
output gap into its constituent shocks reveals that the effect of capital quality is significantly
muted in the presence of confidence shocks. Additionally, in line with Malmendier and Tate
(2005), confidence shocks seem to frequently occur in unison with net worth shocks, indi-
cating that investors tend to over-leverage when they have more abundant internal funding

and vice-versa.

1.1 Theoretical Model

1.1.1 GKZ2011 Financial Sector

As an overview, GK2011 incorporates a financial sector into a state-of-the-art DSGE model
with nominal rigidities. Their model includes several features similar to the benchmark
DSGE models of Christiano, Eichenbaum, and Evans (2005) and Smets and Wouters (2007),

such as variable capital utilization, investment adjustment costs, habit formation, etc. The



model’s equilibrium equations are summarized in an appendix at the end of this paper. This
section presents only the financial sector of the model. Note that this paper is identical to

the GK2011 in all respects except for the addition of confidence as detailed in section 1.B.

A banker j in time period ¢ holds S}, shares of goods producing firms that are each priced at
Q: and funds these investments by collecting B; 41 deposits from households and via their

own equity capital N;,. The banker’s balance sheet is given by:

Liabilities

—~
QiSji = Bji1 + Ny, (1.1)
~—— —~—
Assets Net Worth

Note that firms use these investments from from the financial sector to fund their capital
purchases. Deposits from households, paid back at time ¢t+1, earn a real gross return of R; ;.
The banker’s assets earn the stochastic return Rf,; over this same period. Over multiple
periods, the banker’s net worth accrues from the difference between the earnings on assets

and interest payments made to households on their borrowings:

N1 = Rf_}-thSj,t — Re1 B (1.2)

= (Rf+1 — Ry1)QeSj+ + Riyi Ny (1.3)

Let my;4; be the stochastic discount factor the banker utilizes at ¢ to weight earnings at ¢ 4-1.
The formula for this discount factor may be obtained by comparing equation (4) below to
the banker’s objective function from the GK2011 paper. The banker’s objective at time ¢ is

to maximize terminal wealth:

Vie=max By Y mypi14iNjisin (1.4)
=0

= max [, Z Myl (R4 — Revrd) QuriSiass + RegisiNjis] (1.5)
=0



where Vj; is the value of the bank at time ¢.

As long as the discounted risk adjusted premium the banker receives in any time period is
positive, the banker will borrow infinitely from households to invest in firms. To prevent
this, a moral hazard problem is introduced: in any time period, the banker can divert a
fraction A\ of its assets for personal benefit; however, if such a situation occurs, depositors
will force a bankruptcy and recover the remaining (1 — \) fraction of assets. As such, for

depositors to provide the bank with funds, the following incentive constraint must hold:

Vj,t > )\QtSj,t (1'6>

Note that V;; can be mathematically expressed as:
Vit = v:QeSj + 1 Njy (1.7)

This allows for easier mathematical computation. The formulae for v; and 7, may be obtained
from the appendix or from the original GK2011 paper. Now when the incentive constraint

binds, it may be expressed as:
viQeSis + nelNj e = ANQ¢Sj (1.8)
Rewrite this equation as:

QtSj,t = )\ﬁ—tVth,t = Cthj,t (1-9)

It is clear from this expression that the nominal amount of shares the banker can hold is
limited and is proportional to the bank’s equity. The variable ¢; represents the ratio of the

bank’s assets to its equity and is referred to as the bank’s leverage ratio. The evolution of



the banker’s net worth from equation (3) can now be adjusted to account for the leverage

ratio:

Nj,tH = [(Rf+i - Rt+i)¢t + RtJrl]Nj,t (1.10)

It is clear from the expression above that ¢; does not depend on any bank-specific factors.
As such, we can aggregate across the individual banks to obtain the relation between the

financial sector’s demand for investments and its aggregate net worth:

QiSt = ¢V (1.11)

An aggregate financial sector net worth law of motion can now be computed. First, note
that a banker in any time period ¢ — 1 stays a banker in time period ¢ with probability 6.
This is done so as to prevent bankers from reaching a point where they are able to fund all
investments simply by using their net worth. All exiting bankers will be replaced by new
bankers. Consequently, it is important to distinguish between the net worth of existing banks
(N.:) and new banks (N, ;) and recognize that the aggregate net worth must be computed

as:

Ny = Ny + Npy (1.12)

Since only a fraction 6 of bankers survive from period ¢ — 1 to ¢, the law of motion for N,

is calculated as:

Ney = 0[(Rf — Ry)¢r1 + Ri] Ny (1.13)

Bankers entering in any time period receive start-up funds; these funds take the form of a



transfer of a small fraction of the assets accrued by the exiting bankers. Since bankers exit
with the probability (1 — 6), the total amount of assets held by exiting bankers at time ¢ is
(1-0)Q;S;—1. Assuming that the fraction of these assets that are transferred to new bankers

is w/(1 — 0), the aggregate net worth of new bankers is:

Nt = wQiSt—1 (1.14)

Combine equations (12), (13), and (14) to compute the law of motion for aggregate financial

sector net worth:

Ny = 9[(3,]: — Ri)pr—1 + R Ni—1 + w@iSi—1 (1.15)

1.1.2 Modeling Investor Confidence

Now consider the following approach to incorporating confidence into the financial sector of
the model summarized above. To begin, recall that banker j maximizes expected terminal

wealth as shown in the following rational expectations equation:

Vit = max E, Z mt,t+1+i[(Rf+1+i — Ri144)Qe4iSjiri + Riy14iNj i) (1.16)

=0

To incorporate investor confidence, I utilize the technique presented by Malmendier and
Tate (2005). I will assume that the banker does not observe the true expected return from
investing in goods producing firms; rather, the banker utilizes a subjective assessment by
weighting expected returns by (,: investor j’s confidence at time period ¢. Now the banker

maximizes:

Vit = max E, Z M1+l (GaRE1 g — Riviri) QeriSieri + Reg1+iNje44] (1.17)
=0

10



Clearly, a perfectly rational investor would have (;; = 1 for all ¢. In this model, the assump-
tion of perfectly rational investors is relaxed and the value for ¢, is allowed to fluctuate
so that the effects of under ((;; < 1) or over ((;; > 1) confidence may be measured. For
tractability, I will assume that there is no variation in confidence between individual in-
vestors; rather confidence in the market varies at a the financial sector level. In any given

time period, financial intermediaries as a whole may be under or over confident by the factor

G-

Similar to GK2011, we can solve for the banker’s value function as follows:

Vit = 0:QeSj + e Njs (1.18)

Note that unlike the GK2011 model, 7 is now a function of investor confidence. If the banker
is overconfident in any given period ¢, then it follows that ¢, > 1 = 17 is higher in this

model than in GK2011. Now compute the banker’s leverage ratio as:

Ui

%t =35,

(1.19)

Given that 7y is higher than the baseline model, it is clear from equation (19) that the
leverage ratio implied by this model must be higher than the optimal leverage ratio computed

in GK2011. As a result of the banker’s overconfidence the bank is over-leveraged.

Now that a theoretical basis for the inclusion of investor confidence has been established, for
the sake of computational simplicity, the effect of confidence on the leverage ratio may be

modeled directly as follows:

- : o
%J:QAJW (1.20)

11



In this updated context, (; is a source of exogenous variation to investor confidence and may

be modeled as the AR(1) process:

log ¢ = pclog G 1 + &5 (1.21)

Notice that the mean of C~t is zero implying that investors can be over- or under-confident as
a result of an exogenous shock to this AR(1) process. As this model is estimated with the
help of U.S. macroeconomic data, this allows the data to indicate periods of such confidence

swings in U.S. economic history.

1.2 Data and Methodology

The model presented in section I is estimated via Bayesian MCMC techniques? using data
for five quarterly macroeconomic U.S. time series as observables: log difference of real GDP,
log difference of consumption, log difference of investment, inflation (log difference of GDP
deflator), and the federal funds rate. The data spans Q1 1984 through Q4 2019; this roughly
matches the modern U.S. macroeconomy with active monetary policy. The model utilizes

the following measurement equation:

Lav,| [y] [rogvi/vi
dlCt y* log C’t/C’t_l

OBS; = |dlI,| = |y*| + | log L)1
dlP, * log P,/ P,y
1t " it

4See An and Schorfheide (2007), Fernandez-Villaverde (2010), and Herbst and Schorfheide (2015) for an
overview of Bayesian MCMC estimation methods pertaining to DSGE models.

12



where dl represents 100 times the log difference, y* is the quarterly trend growth rate common
to Y, C;, and I, 7* is the steady state quarterly inflation rate, and ¢* is the steady state

quarterly interest rate.

Some structural parameters are calibrated to the same values utilized by GK2011. These
parameters are presented in Table 1. The remaining parameters are estimated using a stan-
dard Bayesian MCMC procedure. First, the mode of the posterior distribution is estimated
by maximizing the log of the posterior function; the posterior is computed as the product of
the prior information of non-calibrated parameters and the likelihood of the data described
above. The priors for the selected parameters are set based on standard choices in the
empirical macro literature and may be found in Table 2. Secondly, a Metropolis-Hastings
computational algorithm comprising two MCMC chains and enough draws to achieve con-
vergence is utilized to map a complete posterior distribution for all estimated parameters.
This process is first used to estimate the GK2011 base model and is then used to estimate
the extended model which includes confidence (henceforth referred to as ‘K2022’). Note that
all estimated parameters are identified from the data in both versions of the model. The
estimated posterior means are used to compute IRFs to the various shocks within the model
as well as to break down historical output gaps into its constituent shocks over time. The

results from these analyses are presented in the following section.

1.3 Results

1.3.1 Parameter Estimates

Table 2 provides the mean, 10, and 90 percentiles of the posterior distribution of the parame-
ters obtained from the Metropolis-Hastings procedure described above. The trend of output

growth is estimated at 0.65 for GK2011 and 0.28 for K2022, which are higher and lower

13



Parameter Value Details

B 0.99  Discount rate
o 1 Intertemporal elasticity of substitution
% 0.276 Inverse Frisch elasticity of labor supply
X 3.366  Relative utility weight of labor
A 0.382  Fraction of capital that can be diverted
0 0.972 Bankers’ survival rate
w 0.002 Proportional transfer to new bankers
« 0.33  Effective share of capital
v 7.2 Elasticity of marginal depreciation wrt utilization rate
;i 1.728  Elasticity of investment adjustment costs
€ 4.167  Elasticity of goods substitution
) 0.025 Steady state depreciation rate
b 4 Steady state leverage ratio

RF—R  0.0025 Steady state market premium
L 1/3  Steady state labor supply

G/Y 0.2 Steady state government spending ratio

Table 1.1: Calibrated Parameters

respectively than the corresponding estimate from Smets and Wouters (2007) of 0.43. This
difference is because the K2022 model relies more heavily on large and persistent shocks to fit
macroeconomic data as compared to GK2011. The estimated annual steady state inflation
rate is roughly the same for both models and is estimated to be 2.5 to 2.8%. An interesting
observation from the estimation is that the GK2011 model relies on a high degree of price
indexation (0.997) to fit the data. On the other hand, K2022 provides a more reasonable
value for price indexation (0.46), and instead relies on a higher value of price stickiness (0.91).
Note that both estimates of price indexation are higher than the value of 0.24 computed by
Smets and Wouters (2007) but the K2022 value is much closer than GK2011.

In regard to the shock process parameters, the K2022 model estimates shock processes that
are more persistent than their GK2011 counterparts. Especially with regard to the capital
quality shock, the K2022 model estimates a much larger persistence of 0.48 compared to the
GK2011 estimate of 0.05. Additionally, the results demonstrate the importance of including

the confidence shock as it has an estimated persistence of 0.61 (among the highest) and a

14



Prior Posterior GK2011

Parameter Description Dist. Mean  Dev. Mean 10%  90% Mean 10%  90%
h Habit formation Beta 0.70 0.10 0.63 0.62 0.63 0.75 075 0.76
vy Calvo Beta 0.50  0.15 091 090 091 0.85 0.84 0.87
Yo Price Indexation Uniform  0.50 - 0.46  0.44 047 0.997 0.993 1.000
K Taylor rule Normal 1.50 0.25 1.17 116  1.19 142 141 143
Ky Taylor rule Normal  0.125 0.0625 0.17 0.16 0.18 0.15 0.15 0.16
y* Output trend Normal  0.40 0.10 0.28 026 0.30 0.65 0.63 0.66
* Inflation trend Normal  0.60  0.10 0.69 0.67 0.72 0.63 0.61 0.65
i Interest rate trend Normal  0.75 0.10 0.87 086 0.88 0.64 064 0.65
Pa Tech. shock persistence Beta 0.50 0.20 024 021 027 0.30  0.25 0.34
Di Monetary policy shock persistence Beta 0.50 0.20 0.62 059 0.66 049 046 0.52
Pg Govt. spending shock persistence Beta 0.50 0.20 0.997 0.995 1.000 0.90 087 0.93
Pe Capital quality shock persistence Beta 0.50 0.20 048 045 0.52 0.056  0.03 0.06
pe Confidence shock persistence Beta 0.50 0.20 0.61 0.60 0.62 - - -
Oa Tech. shock deviation Gamma™  0.30 1.00 035 033 0.36 0.06 0.05 0.08
o; Monetary policy shock deviation Gamma™  0.30 1.00 0.04 0.04 0.04 0.04 0.04 0.04
o4 Govt. spending shock deviation Gamma™  0.30 1.00 0.04 0.04 0.04 0.04 0.04 0.05
oN Net worth shock deviation Gamma™'  0.30 1.00 0.12 0.11 0.14 0.15 0.13 0.16
o¢ Capital quality shock deviation Gamma™  0.30 1.00 0.04 004 0.04 0.04 0.04 0.05
o¢ Confidence shock deviation Gamma 0.30  1.00 0.08 0.07 0.10 - - -

Table 1.2: Posterior Distribution of Structural Parameters and Shock Processes

deviation of 0.08 (twice as high as the capital quality shock). Technology shocks have similar
persistence across the two models but have a significantly higher deviation of 0.35 in K2022
compared to only 0.06 in GK2011. Government spending shocks are highly persistent across
both models. Deviations for monetary policy, government spending, and net worth shocks

are also similar for both models.

The fit of the models to the data is relatively inconclusive. For the Great Moderation era of
the U.S. economy (1984 to 2006), the K2022 model provides a better fit than the GK2011
model. During this period, which accounts for 23 years of data, the Laplace approximation
based marginal likelihood is -1039 for GK2011 versus -991 for K2022. However, in the
period following the moderation: 2007 until 2019 (13 years of data), GK2011 outperforms
K2022 with a marginal likelihood of -538 to -552. For the overall sample, the GK2011 model

outperforms K2022 with a likelihood of -1403 to -1624.
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Figure 1.1: Impulse Responses to a Negative Capital Quality Shock

Note: All impulse response values are in terms of percentage deviation from steady-state.
Additionally, the values for R, E[R¥] — R, m, and i have been annualized.

1.3.2 Impulse Responses

This paper is primarily concerned with the effects of two shocks: capital quality and confi-
dence. In this section, impulse responses to both these shocks are discussed, beginning with
capital quality. Figure 1 shows the comparative impulse responses of key model variables to
a one-period, 1 standard deviation, negative shock to capital quality. As expected, the econ-
omy enters a prolonged recession following the shock in both models. In a similar manner
to the mechanism described in GK2011, when the negative capital quality shock occurs the
effective capital in the economy falls. Since the financial sector is invested in this capital and
holds the corresponding shares as assets on their balance sheets, banks experience a sudden
and large fall in asset holdings. To maintain its balance sheet constraints under leverage,

the bankers’ net worth falls along with their demand for more assets. As the demand for
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Figure 1.2: Impulse Responses to an Overconfidence Shock

Note: All impulse response values are in terms of percentage deviation from steady-state.
Additionally, the values for R, E[R¥] — R, m, and i have been annualized.

investments in capital falls, the share price/price of capital also falls. Due to the decreased
effective capital as well as investment in capital, firms cannot produce as much which causes
a drop in output and thereby a recession. Consumption is also lowered as firms curtail their
labor demand and banks reduce the interest they pay on deposits from households. The
economic recovery is driven by investment, which rises above steady state roughly 3 years
after the initial shock. However, even the increased investment level cannot compensate for
the decline in consumption and as a result, output stays below steady state even at a horizon

of 10 years following the shock.

It is interesting to note that the magnitude of the capital quality shock is amplified in the
K2022 model. This is primarily due to two factors: the persistence of capital quality shocks

and the value of the Calvo parameter. The estimated persistence of capital quality shocks is
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higher in the K2022 model (0.48 versus 0.05 in GK2011) while the estimated shock deviation
is relatively similar. As a result, while the initial shock is the same in both economies, the
effect of the shock persists longer in K2022 than GK2011. Additionally, the estimated value
of the Calvo parameter is 0.91 in K2022 versus 0.85 in GK2011. As a result, firms in K2022
are unable to reoptimize their prices as often, amplifying the effects of shocks such as capital
quality. This effect occurs despite the fact that the price indexation parameter is higher in
GK2011 (0.997) than K2022 (0.46), suggesting that the Calvo parameter is more important
in determining the mechanism of shock propagation than price indexation. Owing to these
factors, the recession caused in K2022 is roughly twice as large as GK2011 although the
effect dissipates in approximately the same time. In this manner, the results corroborate
findings from Rychalovska (2016) that effects of financial shocks may be amplified under the

presence of behavioral elements.

Figure 2 shows the impulse responses of key variables to a one-period, 1 standard deviation,
positive shock to investor confidence, i.e. 1 standard deviation “overconfidence” among
financial intermediaries. In the period of impact, investor overconfidence is able to stimulate
the economy above its steady state. As investors are suddenly overconfident in their ability
to generate returns, their demand for shares in goods producing firms increases. This raises
the share price ();; note that this exogenous shock is able to create a stock price bubble:
a sharp increase in stock prices without any actual change to macro fundamentals. As the
investor pours more funds into capital, firms want to increase production. Their demand
for labor increases which raises wages as well as the labor supply. This causes the economy
to go into an expansion. Consumption is initially slow to follow the increases in output;
since banks want more deposits to fund more investments, the interest rate on bank deposits
increases and households choose to save their extra labor income rather than consume. This
boost in output is short-lived as the positive effects of overconfidence dissipate roughly 2

years after the point of impact.
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After the initial boost wanes, the economy enters a prolonged recession. Since banks’ invest-
ment decisions are not based on economic fundamentals, they choose to increase investments
at a period when the market premium is below steady state. As banks’ net worth evolves
proportional to the premium, it starts to fall and goes below steady state. Meanwhile, owing
to lowered interest rates, households curtail their deposits to the financial sector. The result
is that the banks are forced to rapidly sell their assets to maintain their balance sheets. The
decreased demand for assets results in the stock market falling rapidly after its initial spike
to below even the steady state level. While there was too much capital during the expan-
sion, now there is too little. Return to optimality is slow due to the investment adjustment
costs. Though the output does not fall as sharply as it rose during impact, the duration of
the recession far exceeds the duration of the initial boom. The slump in GDP is associated
with a prolonged decrease in labor supply and thereby in consumption. Output does not
return to its steady state value until roughly 8 years after the initial shock. The effects on
consumption are more prolonged than output, staying below steady state 10 years past the
the original shock. In this manner, the results seem to agree with prior literature; a situation
where over-leveraged agents are forced to rapidly deleverage due to economic conditions can

lower aggregate demand, triggering a recession (see Eggertsson and Krugman, 2012).

The magnitude of the effect on the economy is not as high as the effect of a capital quality
shock in the K2022 model; however, the magnitude is comparable in scale to the effect of
a capital quality shock in GK2011. Note that the impulse responses match several facts of
the mid-2000’s U.S. economy: a few years of an economic boom corresponding with high
increases in the leverage ratios of financial institutions followed by the crash of the 2008

Great Recession.
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1.3.3 Shock Decomposition

Figure 3 shows the historical decomposition of U.S. output growth into its constituent shocks
from 1990 to 2019. Panel (a) shows the decomposition for the GK2011 model while panel
(b) shows the same decomposition for K2022 so that it is possible to compare the sources
of U.S. recessions across the two models. Both models show a brief but volatile period of
economic activity in the mid 90’s and also demonstrate the large and elongated recessions
associated with the dot-com bubble bursting in the early 2000’s and the housing crash of
2007.

It is interesting to note that the overall volatility of the U.S. economy is estimated to be
much higher in the K2022 model: there are large shocks to the economy, both positive and
negative, especially in times of great economic uncertainty such as the Great Recession.
Another observation is that while both models attribute the 2001 recession to net worth and

technology shocks, GK2011 highlights net worth while K2022 highlights
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technology as the primary force behind the recession: a more reasonable finding as this

episode was primarily caused by the dot-com bubble burst.

The most interesting comparison between the models arises during the Great Recession. The
estimated GK2011 model confirms its authors’ claim that the recession was caused primarily
by a large negative shock to capital quality, at least during the initial phase of the crisis.
However, the K2022 model shows that in the presence of shocks to confidence, negative
shocks to capital quality do not play as large a role. In fact, the majority of the recession
could be attributed to other factors such as technology, net worth, and confidence, especially

after the initial phase of the crisis.

Another noteworthy observation is that the historical decomposition seems to confirm Mal-
mendier and Tate (2005)’s microevidence in a macro setting: investor confidence seems to
be high at times when they have abundant internal funding. In our model, an investor’s
internal funding is represented by net worth. Notice from panel (b) in Figure 3 that shocks
to net worth are routinely paired with shocks to investor confidence in the same direction.
This association is particularly stark in the mid 2000’s, a period that is characterized by
large increases to leverage ratios in the financial sector. K2022 shows that this period is
marked by sustained positive shocks to investors’ net worth, coupled with a prolonged pe-
riod of overconfidence marked by leverage ratios higher than their steady state. This result
has also been noted by other papers in the finance literature, as previously discussed in the

introduction to this paper.

1.4 Concluding Remarks

This paper has built on prior work that incorporates a financial sector into a DSGE frame-

work by providing an avenue for changes in investor confidence to affect the business cycle.
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The results confirm prior work in the field of finance by demonstrating that suboptimal lever-
aging by financial intermediaries can have a large and sustained effect on the economy and
that the financial crisis of 2008-09 is partly attributable to such leveraging. At the least, the
paper provides some evidence that irrational microbehavior can have macro consequences,

highlighting the need for more business cycle research to include behavioral elements.

Nevertheless, the models estimated herein are stylized and should be nuanced further. The
addition of confidence simply as a shock may be regarded as ad-hoc. In the future, it
may be prudent to include an endogenous measure of confidence that can interact with
other measures of the financial sector, particularly investor net worth. In the absence of a
structural measure, there is always a concern that the effects being attributed to confidence
may actually be capturing the effects of an omitted variable such as changes in financial
regulations that makes it easier or harder for banks to leverage. The interactions between

the financial sector shocks in this model are also fertile ground for future research.
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Abstract

This paper presents a medium-scale quantitative New-Keynesian DSGE model with financial
intermediaries that incorporates a variety of behavioral modifications to investors. Investors
in this model are subject to the anchoring and adjustment heuristic, endogenous confidence
bias, and exogenous confidence bias. A Bayesian MCMC approach is utilized to estimate
various iterations of this model, including shock process parameters, for the U.S. economy.
The estimation aims to fit the model to six macroeconomic time series from 1988 through
2019, along with a measure of investors’ expectations of future stock market performance.
The estimated posterior means show that 18% or 31% of investor expectations arise from
behavioral factors when modeled as exhibiting anchoring or confidence respectively. When
exhibiting anchoring, investors are significantly pegged to 1-qtr and 1-year prior stock re-
turns. In the model with endogenously propagated confidence, investors exhibit a confidence
function that increases at a rate roughly halfway between a square and cubic root function.
Both behavioral features are able to better fit the data as compared to the base model which
includes only exogenous confidence shocks. In response to confidence shocks, the economy
exhibits a dual-response fluctuation characterized by a large initial boom followed by a sus-
tained recession. Models with behavioral features over-react to economic shocks compared

to baseline, leading to more volatile business cycles.
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Introduction

Economists have long stressed the need for incorporating psychological factors as determi-
nants of macro fluctuations. While such arguments date back at least as far as the 1920s,
behavior-based analyses are only beginning to find a place in mainstream models of the U.S.
economy. In the 1927 book Industrial Fluctuations, Pigou hypothesized that business cycles
were largely driven by entrepreneurs experiencing waves of optimism or pessimism. In one
of the field’s seminal works, the General Theory written by Keynes in 1936, macro fluctua-
tions are similarly attributed to entrepreneurs’ “animal spirits” when faced with investment
decisions. This paper models investors to exhibit heuristics and biases and aims to analyze

and quantify the effects of such behavioral features on the U.S. business cycle.

The American Psychological Association defines a bias as “any deviation of a measured or
calculated quantity from its actual (true) value, such that the measurement or calculation is
unrepresentative of the item of interest” and heuristics as “rules-of-thumb that can be applied
to guide decision-making based on a more limited subset of the available information.”
This paper incorporates such elements by proposing a departure from the standard rational
expectations framework that is the common approach among most benchmark DSGE models
today. Inspired by the arguments dating back to Pigou and Keynes, the mechanism by
which investors in this economy form expectations will account for some common behavioral
elements, thereby preventing evaluations of the future from being merely rooted in pure

probability computations.

Literature in the field of social psychology clearly delineates that decision makers often
exhibit behavior than cannot simply be explained by the classical rational actor model. While
the entire set of possible departures from rational expectations is large, this paper focuses on
a subset of particular behavioral features: anchoring and adjustment and confidence (both

endogenous and exogenous).
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Decision makers often exhibit the anchoring and adjustment heuristic. This is a phenomenon
whereby an agent makes an estimate by starting at an initial value (the “reference point” or
“anchor”) which is then adjusted to arrive at the final estimate. Adjustments are typically
insufficient and biased towards the anchor. In two seminal papers, Kahneman and Tversky
(1974, 1979) explore a variety of psychological factors than impact agents making evaluations
under uncertainty. Among them is the anchoring and adjustment heuristic. Numerous
experiments from their papers corroborate the prevalence of this heuristic among agents and
lead them to conclude that the “location of the reference point...emerge as critical factors
in the analysis of decisions.” In the specific context of investors, the anchor is usually a prior
outcome (or a series of prior outcomes); returns generated in previous time periods are likely
to affect evaluations of the future. Thaler and Johnson (1990) evaluate how risk-taking is
affected by previous gains and losses through a series of experiments. They conclude that
“real decision makers are influenced by prior outcomes” and finds evidence that such agents
demonstrate “increased risk seeking in the presence of a prior gain.” This paper will test

the macroeconomic effects of the anchoring and adjustment heuristic.

Additionally, decision makers seem to bias expectations with their confidence rather than
simply relying on a mathematical assessment of the distribution of potential outcomes. A
common manifestation of confidence is the “better-than-average” effect: when asked to rate
their relative skills, people seem to overestimate their ability relative to the average of the
group (see Larwood and Whittaker (1997), Svenson (1981), and Alicke (1985)). Psychological
underpinnings for confidence are typically attributed to three key factors: an illusion of
control over outcomes, large commitments to positive outcomes, and establishing abstract
reference points which renders performance comparisons difficult (Weinstein (1980); Alicke
(1995)). While these psychological studies assess the effects of confidence pertaining to things
such as motor skills or mortality, this phenomenon is also prevalent with respect to economic

decision making (Camerer and Lovallo (1999)).
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Theoretical and empirical research in behavioral finance has shown that confidence affects
how investors and managers make financial decisions. For instance, Malmendier and Tate
(2005, 2008, 2015) show that managers and CEOs overestimate the expected returns from
investment projects; they overinvest when internal funding is abundant but reduce invest-
ment when relying on external funding. Note that this form of confidence differs from that
hypothesized by Pigou or Keynes; here confidence may be built by an internal evaluation
mechanism that is dependent on generated funds while the Pigouvian or Keynesian theory
of optimistic or pessimistic waves and animal spirits suggests that confidence may also have
an exogenous component that is unrelated to any economic fundamental. This paper will
consider both of these forms of confidence: endogenous and exogenous. Prior literature has
already shown that confidence can have business cycle effects and may have played a part
during the financial crisis of the late 2000s.> In this paper, confidence is explicitly modeled

in a proper DSGE framework to study its effects over modern U.S. economic history.

It is clear from prior literature, both in psychology and economics, that behavior plays a role
in explaining economic outcomes. In the recent past, there have been several papers that
incorporate such features in macro models. However, such attempts have been sparse with
respect to financial agent behavior and unpacking the effects that imperfect rationality on
the part of the financial sector can have on the macroeconomy. Caputo, et. al. (2010), using
a calibration and simulation technique, find that macro fluctuations can be amplified if the
financial accelerator mechanism is combined with a learning process. Similarly, Rychalovska
(2016) also combines the financial accelerator model with adaptive learning but estimates
the model using U.S. data. The paper also finds an amplified response of real variables
to financial shocks but such responses are particularly tied to agents’ perceptions of asset
price persistence. Kedia (2022) combines a benchmark medium-scale financial frictions model
with exogenous shocks to investor confidence and estimates the model using U.S. macro data.

The paper finds that such shocks can trigger a business cycle: initially a shock that makes

ISee: Kedia, 2022; Ho, et. al., 2016; Jlassi, et. al., 2014; and Abbes, 2013.
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investors overconfident can trigger an expansion but such a boom is short-lived. Following a
period of heavy over-investing, the economy goes into a prolonged recession. However, this
paper does not account for an endogenously determined basis for confidence nor do any prior

approaches study the effects of other behavioral features such as anchoring.

Section 3.1 presents the theoretical model utilized in this paper. Sections 2.1.1 to 2.1.4
describe the base model which is similar in most respects to the Gertler and Karadi (2011)
medium-scale, monetary, dynamic, stochastic, general equilibrium model with a financial
sector as well as a financial moral hazard friction. This model builds on and combines
several prior approaches such as the benchmark models of Christiano, Eichenbaum, and
Evans (2005) and Smets and Wouters (2007) that are used frequently in analytical papers
as well as earlier financial frictions literature such as the Bernanke, Gertler, and Gilchrist
(1999) financial accelerator model. Section 2.1.5 presents the mechanism by which investors
form subjective expectations, as well as how such expectations account for behavioral biases
and heuristics. This section also explains the mechanism by which biases and heuristics can
affect the macroeconomy; deviations from rational expectations distort investors’ perceptions
of future returns, causing them to to increase or decrease leverage away from the optimal

amount.

Section 3.4.1 describes the methodology employed by the paper to estimate the model with
behavioral features. To gauge the real impact of these biases and heuristics, it is important
to use actual U.S. data and see how well different behavioral features explain modern U.S.
macroeconomics. This paper utilizes a Bayesian MCMC approach to fit the model to 5 stan-
dard U.S. macro series: real GDP, real personal consumption expenditures, real fixed private
investment, inflation (GDP deflator), and the Federal Funds Rate as well as a measure of
financial sector net worth and a survey measure of investors’ expectations. Real U.S. domes-
tic financial sector net worth is included so that the model may be tested on actual financial

metrics, a feature that has been in lacking in prior approaches. Additionally, the use of ac-
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tual expectations data in behavioral models, often in the form of surveys, has been recently
emphasized by Coibion, Gorodnichenko, and Kamdar (2018) and Milani (2022). This paper
utilizes actual survey data from the American Association of Institutional Investors as an
observable in the estimation process to serve as a proxy for investor expectations. This allows
a researcher to test modeled expectations against real data to see which behavioral factors,
if any, play a role in explaining investors’ thinking and to compare the relative importance of
such factors. Several papers have successfully included survey expectations as observables in
Bayesian macro models in the past but such approaches usually utilize data from the Survey
of Professional Forecasters and aim to fit expectations of fundamental macro-variables. See
Milani (2022) for a thorough literature review of such techniques. With respect to the use
of expectations for model comparison, refer to Del Negro and Eusepi (2011) and Schorfheide
(2005) who utilize inflation expectations to evaluate the importance of information regarding
the inflation target. With respect to behavioral features, Milani (2017) uses expectations
data to test whether persistence is driven by the endogenous features of the model or by
agents’ beliefs. The results highlight that inclusion of survey data favors a learning algo-
rithm rather than structural sources of lags in fitting the data. Similarly, in a model where
expectations depend on misspecified forecasting rules and myopia, Hajdini (2020) finds that
behavioral features provide a better fit of the expectations data than persistence introduced
through real rigidities. However, no attempt has been made to incorporate investor survey
expectations in the evaluation of financial frictions models. This paper attempts to fill that
gap in addition to contributing to the literature that uses survey expectations in evaluating

behavioral macro models.

The results of the analysis are presented in section 2.3. Both behavioral models significantly
outperform the base model with exogenous confidence shocks in fitting the data with large
increases in marginal likelihood. In the presence of subjectively determined investor expec-
tations, traditional sources of persistence are found to be less important, mirroring results

from prior behavioral macro studies such as Milani (2017). As per the MCMC estimation,
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investors anchor roughly 18% of their expectations to prior period (T = 4) returns with
the one-quarter and one-year lagged returns being the most important anchors. If mod-
eled as endogenously confident, investors form 31% of their expectations subjectively, with
a confidence function that grows with net worth at a rate halfway between square and cubic
root. Similar to Kedia (2022), all models exhibit dual-effect impulse responses to exogenous
confidence shocks: due to a sudden wave of overconfidence, the economy experiences an im-
mediate expansion driven by over-investing. However, this is followed by a large, sustained
recession. These IRF's mirror the U.S. economy from the mid-2000s boom through the Great
Recession. Behavioral features significantly amplify business cycles caused by both capital
quality shocks as well as confidence shocks, as investors are cognitively affected by prevailing

economic conditions and drift further away from rational expectations.

2.1 Theoretical Model

This section presents a model that incorporates a financial sector with a moral hazard fric-
tion into a state-of-the-art DSGE model with nominal rigidities. The model is similar to
the Gertler and Karadi (2011) (henceforth ‘GK2011’) and includes several features from
the benchmark DSGE models of Christiano, Eichenbaum, and Evans (2005) and Smets
and Wouters (2007) (henceforth ‘SW2007’), such as variable capital utilization, investment
adjustment costs, habit formation, etc. These papers themselves build on the textbook treat-
ment of business cycles that include a role for money and monetary policy such as Woodford
(2003) and Gali (2008). To obtain an overview of the model, please refer to Appendix B.1
where all the equilibrium conditions are summarized for convenience. This section begins
by describing the economy under rational expectations with households detailed in section
2.1.1, the financial sector in 2.1.2; firms in 2.1.3, and market-clearing and policy relations in

2.1.4. The paper then details how investors’ subjective expectations are modeled to account
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for behavioral heuristics and biases in section 2.1.5.

2.1.1 Households

There is a [0, 1] continuum of households that derive utility from consumption C; that sur-
passes their stock of consumption habits from the past and suffer disutility by providing

labor L;. Their preferences are given by:

L (Cei — hCiq) 7 Li:'w
E ‘ — ! 2.1
max [y ; g T X7 to (2.1)

where 0 < 8 < 1 is the household’s discount factor, 0 < h < 1 is the degree of (external)
habit formation, and ¢ > 0, > 0 are the inverses of the elasticities of intertemporal
substitution and (Frisch) labor supply respectively. The parameter x > 0 is imposed so that

the household devotes 1/3 of its time to work at steady state.

Households save by lending funds to competitive financial intermediaries in the form of one-
period riskless real bonds B;i; which provide a return R; from ¢ — 1 to ¢. The household
receives a real wage W, for each unit of labor supplied as well as earns profits II; from
its ownership of financial and non-financial firms (discussed in further detail in following
sections). In addition, let T; denote any net transfers made to the household. Then the

household budget constraint may be written as:

Ct - WtLt + RtBt - Bt+1 -+ Ht + E (22)

Households comprise two types of members: a fraction f of workers and (1 — f) of bankers.
Workers supply labor and return wages to the household as described above. Each banker
manages a financial institution and also returns all earnings back to the household, thereby

making households indirect owners of all banks. However, household deposits are made in
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banks that are not self-owned. It is assumed that there is perfect consumption insurance
within the family. A family member may switch occupations, which is determined stochasti-
cally: a banker in any period remains so in the following period with independent probability
. Therefore, the average survival time of a banker is given by 1/(1 — #). On average, in
every period (1 — @) f bankers become workers but since the reverse occurs with a similar
probability, the relative proportion of bankers and workers stays the same. More details on

the dynamics of new and existing bankers may be found in the next section.

Returning to the household’s optimization problem, the household chooses C}, L;, and By,
so as to maximize its lifetime expected utility. Let g, denote the marginal utility of con-

sumption; the intratemporal trade-off between consumption and labor may be computed as

follows:

oWy = xL{ (2.3)
where

ot = (Cy — hCy—1)"7 — BhE{(Ciy1 — hCy) ™7 (2.4)

The intertemporal FEuler equation is given by:

EifA 1R =1 (2.5)
where
A1 = Et% (2.6)
Ot
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2.1.2 Financial Intermediaries

Banks? borrow money from households in the form of deposits which is in turn lent to
non-financial firms. A banker j in time period ¢ holds S}, shares of goods producing firms
that are each priced at (); and funds these investments by collecting B, ;11 deposits from

households and via their own equity capital IV;,. The banker’s balance sheet is given by:

Liabilities

—~ =
QiSje = Bjpr1 + Ny (2.7)
—— ~—
Assets Net Worth

Deposits from households, paid back at time ¢ 4+ 1, earn a real gross return of R;.;. The
banker’s assets earn the stochastic return RF '\, over this same period. Over multiple periods,
the banker’s net worth accrues from the difference between the earnings on assets and interest

payments made to households on their borrowings:

N1 = RfJ,-thSj,t — Re1 B (2.8)

Plugging-in the balance sheet relation from (2.7):

Njit1 = (Rf+1 — Riy1)Q:S;¢ + RevaNjy (2.9)

Let my;,4; be the stochastic discount factor the banker utilizes at ¢ to weight earnings at
t + 1. The banker must account for the probability of surviving into each future period as

well as the intertemporal trade-off between current and future consumption. As such, the

2The terms ‘financial intermediaries’ and ‘banks’ are used interchangeably in this paper. This is appropri-
ate since there is only one type of financial institution in this model and it exhibits the most basic borrowing
and lending mechanism that is common to virtually all investment and commercial banks.
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stochastic discount factor may be computed as:
Mygsi = 05 Ap g (2.10)

The banker’s objective at time ¢ is to maximize terminal wealth:

o0

Vit = max [E; Z 5(1 - Q)mt,t+1+z‘Nj,t+1+i (2.11)

=0

which may be combined with the formulation for net worth from (2.9) as:

Vi = max E, Z 5(1 - e)mt,t+1+i[(Rf+1+i - Rt+1+i)

=0

Qu+iSjt+i + Rip1+iNjvi]  (2.12)

where Vj; is the value of the bank at time ¢.

So long as the discounted, risk-adjusted, premium (RY, ., — Ri414:) the banker receives in
any time period is positive, the banker will borrow infinitely from households to invest in
firms. To prevent this, a moral hazard problem is introduced: in any time period, the banker
can divert a fraction \ of its assets for personal benefit; however, if such a situation occurs,
depositors will force a bankruptcy and recover the remaining (1 — A) fraction of assets. As
such, for depositors to provide the bank with funds, the following incentive compatibility

constraint must hold:
Vit = AQiSy (2.13)
Note that for easier computation, V;; may be mathematically expressed as:

Vit = QS + 1 Njy (2.14)
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with

Uy = Et[(l - 9)5/1t,t+1(Rf+1 - Rt+1> + BAt,t—i—lext,t—‘,—th-i-l] (2-15)
e = Ee[(1 = 0) + BA 41020 11M041] (2.16)
where
Qi +iSjtri
Ty pag = —pE 2.17
b QiS;t (2:17)
is the gross growth rate of assets between periods ¢t and ¢t + ¢ and
Njii
;= = 2.18
2t t+ Nj,t ( )

is the gross growth rate of net worth in the same period. The term v; may be interpreted as
the discounted expected marginal benefit to the banker of increasing asset holdings, while
holding net worth fixed. Inversely, 7; may be interpreted as the discounted expected marginal

benefit of increasing net worth, while keep asset holdings fixed.

Now when the incentive constraint binds, it may be expressed as:

i @QeSie + milNje = AQeS;4 (2.19)

which may be re-written to directly express the relation between assets and equity:

QiS5 = /\ﬁ—tVth,t = ¢ Njy (2.20)
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It is clear from this expression that the nominal amount of shares the banker can hold is
limited and is proportional to the bank’s equity. The variable ¢; represents the ratio of the
bank’s assets to its equity and is referred to as the bank’s leverage ratio. The evolution of
the banker’s net worth from equation (2.9) can now be adjusted to account for the leverage

ratio:

Njip1 = [(Riy; — Riyi)d + Ripa] Ny, (2.21)

Additionally, as equation (2.20) shows, ¢; does not depend on any bank-specific factors.
As such, we can aggregate across the individual banks to obtain the relation between the

financial sector’s demand for investments and its aggregate net worth:

QiSt = O N (2.22)

An aggregate financial sector net worth law of motion can now be computed. First, recall
that a banker in any time period ¢ — 1 stays a banker in time period ¢ with probability
6. This is done so as to prevent bankers from reaching a point where they are able to
fund all investments simply by using their net worth. All exiting bankers will be replaced by
workers that have transitioned into new bankers. Consequently, it is important to distinguish
between the net worth of existing banks (N, ) and new banks (N, ;) and recognize that the

aggregate net worth must be computed as:

Ny = Ner+ Npy (2.23)

Since only a fraction 6 of bankers survive from period ¢ — 1 to ¢, the law of motion for NN
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is calculated as:

Ney = 9[(Rf — Ry)pr—1 + Rt]Nt—lgive (2.24)

where ¢, © is an exogenous i.i.d. shock to bankers’ existing net worth.

Bankers entering in any time period receive start-up funds; these funds take the form of a
transfer of a small fraction of the assets accrued by the exiting bankers. Since bankers exit
with the probability (1 — 6), the total amount of assets held by exiting bankers at time ¢ is
(1—-0)Q:S;—1. Assuming that the fraction of these assets that are transferred to new bankers

is w/(1 — 0), the aggregate net worth of new bankers is:

Nn,t = thSt—l (225)

Combine equations (2.23), (2.24), and (2.25) to compute the law of motion for aggregate

financial sector net worth:

Ny = wQSi—1 + 9[(Rf — Ry)pr—1 + Rt]thgive (2.26)

2.1.3 Firms

This section describes the production side of the economy as well as the investment dynamics
that determine the stock price of capital. There are three types of firms: intermediate goods
producers, capital repairers, and final retailers, each of which are described in further detail

below.
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Intermediate Goods Firms

These are competitive firms that produce goods that are eventually sold to retailers. At the
end of every period, these firms acquire capital K;,; to be used in production the following
period. The intermediate firm does not face any capital adjustment costs and can simply
sell its capital on the free market after it is used in the production process. The acquired
capital is financed by obtaining the required funds from financial intermediaries. To do so,
the firm issues shares S; that act as claims on the K, i units of acquired capital; each share
is valued at @);: the price of a unit of capital. So, ;K. is the total value of acquired capital
and Q);S; the total value of all claims against this capital. Under no arbitrage, K;y; = S;.
Unlike financial intermediaries, the firms do not face any frictions in obtaining funds. These
banks have perfect oversight over goods producers and can costlessly enforce any payoffs.

All intermediate firms are identical so there is no need to index by producer type.

During each time period ¢, the intermediate firm produces output Y,,: by using capital K
acquired in the prior period and the labor L; supplied by workers from households. The
firm can vary the quantity of capital it uses by adjusting the variable capital utilization
rate U;. The firm is subject to two exogenous AR(1) disturbances: A; which denotes total
factor productivity and & which is the quality of capital. Consequently, & K is the effective
quantity of capital that is available to the firm; this is similar in approach to Merton (1973)
as & introduces a simple exogenous source of variation to the return on capital. Accounting

for these factors and assuming constant returns to scale, the firm’s production is given by:

Yii = At(Ut&Kt)"‘Li"" (2.27)

where 0 < a < 1 is the effective capital share of output. The market price of intermediate
outputs is denoted by P, ;. The firm pays a wage W; per unit of labor and it is assumed

that the replacement cost of used capital is one. Let 6(U;) be a function that provides the
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rate of capital depreciation. The firm chooses the utilization rate and labor demand so as

to maximize the sum of discounted expected future earnings:

max [, Z ﬁi/lt,tJri[Pm,tJriYm,tJri — Wil — 5(Ut+i)§t+z‘Kt+i] (228)

1=0

which leads to the following first-order conditions for the optimal choices of U; and L;:

Yo
Pm,tCYTJ = 5/(Ut)€th (229)
t
Yo
Prg(l — )= =W, (2.30)
Ly

Given that these intermediate firms are competitive, they earn zero profits in each period
by paying out any ex-post return to capital back to the banks. This return must include the
per unit value of leftover capital stock given by (Qi11 — 6(Ut1))&e+1. Consequently, Ry ;i1

is computed from:

Ym,t+1

QiRk 41 = P + (Qe1 — 0(Urs1)) &1 (2.31)

Note that there is no explicit risk premium shock added to this model; exogenous variation
in capital returns stems endogenously from the capital quality shocks discussed above. As
such, the current price of capital will depend on expectations of the future path of these

shocks. The specific functional form for the depreciation rate is given by:

b
5(Ut) — 50 + 1—|——VUt1+y (232)

where v > 0, b is the steady state value of the nominal marginal product of capital, and 9,

is set to maintain a steady state depreciation rate of 0.025.
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Capital Producing Firms

At the end of period t, these competitive firms buy capital from the intermediate firms which
they refurbish at the aforementioned cost of one as well as construct new capital valued at
;. Both types of capital are then sold. There are flow adjustment costs that must be paid
to produce new capital; there are no adjustment costs to renew capital. Households own
capital producing firms and collect any accumulated profits. All capital firms are identical
so there is no need to index by producer type. If I,,, is the amount of new capital produced
and it is clear that 6(U;)& K is the amount of refurbished capital, then the total amount of

available capital in the economy is given by:

Iy = Iy + 6(Up &K, (2.33)

Then the capital producing firm maximizes the discounted sum of future profits:

= 7 [n7 7 + [ss
max [E; § ﬁ At7t+i |:<Qt+i - 1)]n,t+i - f (Itt:ﬁ) (In,t—i-i + Iss):| (234)
i—0 n,t—1+i ss

where f(1) = f(1) = 0 and f”(1) > 0. The first-order condition provides the ‘@Q’ relation

for net investment:

Int+Iss Int+1+lss>2

=1+ f()+-——"""f()—EpA ——= f( 2.35

Q: f) Tnir + [sz () B¢ 41 ( Tt + 1o, f'() ( )
The explicit functional form of f(-) is given by:
i Tog+ 1 ?
7 n,t SSs

N=D( 2 78 9 2.

f( ) 2 (In,tl + [ss ) ( 36)

where 7; > 0 is the inverse elasticity of net investment to the price of capital.

New capital produced is added with existing capital to provide the following economy-wide
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capital accumulation equation:

K = &K+ Ing (2.37)

Retail Firms

Monopolistically competitive retailers just re-package the goods produced by intermediate
firms with retailer 7 using one unit of intermediate output Y, to produce a corresponding
unit of retail output Y, ;. The final economy output Y; is a CES aggregate of the retail goods

produced by a [0, 1] continuum of differentiated retail firms:

1 e—1 ﬁ
Y, = (/ n;dr) (2.38)
0

As per the cost minimization by final output users:

Prt -
Y, = ’ Y, 2.
t (Pt) ¢ (2.39)

1

1 1—e
P = ( / Pr{;fdr) (2.40)
0

Since the retailers’ only input is the intermediate good, their marginal cost is the price

of intermediate products P,,;. Nominal rigidities in the form of Calvo (1983) pricing are
now introduced: in each period ¢, a retail firm may freely adjust its price with probability
(1—7y); the fraction 7 of firms that cannot re-optimize simply index their prices to the lagged

aggregate inflation rate. Retailers that can, must then choose the optimal price P so as to
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maximize discounted future earnings:

* ()

P
Fi—i H(1 + Tigj—1)™ — Prtyi

=1

max [E; Z VB A Yot (2.41)

1=0

where 7, is the rate of inflation in the economy and 0 < 7, < 1 is the degree to which prices

are indexed to lagged inflation. The first-order conditions are given by:

> ; P+ €
Eq Z V' B At p4i ﬁ H(l + Mpj1)? — 6_—1Pm,t+i Y46 =0 (2.42)
i=0 t=1

By applying the law of large numbers, the evolution of aggregate price level is:

Py = [(L =) (P 4 (mlry) ] = (2.43)

2.1.4 Resource Constraints and Policy

Aggregate output is divided among consumption, investment (plus any adjustment costs),

and government spending G;. Consequently, the aggregate resource constraint is given by:

[n,t + Iss

i
V,=Ci+ L+ G+~
! ! ! ' <In,t—1+lss

5 — 1)2 (Int + Iss) (2.44)

with
Gt = Gssgt (245)

where G is steady state government spending and g, is an exogenous AR(1) disturbance.

Monetary policy is assumed to be set by a monetary authority via a simple rule with interest
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rate smoothing that resembles a Taylor rule when linearized:

1 e\,
it = thl_l |:E7T:“ (Pm’te——l) :| 5; (246)

where 0 < p; < 1 is the interest rate smoothing parameter, s, > 0 is the inflation weight,
ky > 0 is the output weight, and €} is an exogenous shock to monetary policy. Finally, to
conclude the model, the Fisher equation relates the nominal interest rate, real interest rate,

and inflation rate:

it = Rt+1E7Tt+1 (247)

2.1.5 Modeling Behavioral Features

This section first presents a generalized approach to incorporating behavioral effects into
the financial sector of the model described above. Later, it will demonstrate how specific
behavioral biases can be modeled within this framework. To begin, recall that banker j

maximizes expected terminal wealth as shown in the following rational expectations equation:

Vie =max By > B(L — O)myrsil (R4 — Regrsei)

=0

Qi+iSji+i + Rip14iNj4i] (2.48)

Now assume that the investor forms expectations about the future subjectively; such expec-

tations are denoted by Ef. Equation (2.48) may now be replaced by the banker’s subjective
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maximization problem:

Vit = max Ej Z B(1— 9)mt,t+1+i[(Rf+1+i — Riy1y4)

1=0

Qt+iSj i + Rip14iNjqi]  (2.49)

Bankers are assumed to exhibit heuristics and biases primarily with respect to their evalua-
tions of the future returns they can generate by investing in shares of goods producing firms:
R¥ +1- However, as noted in the introduction, a proper approach to incorporating behavioral
features should also allow for the data to indicate that such elements play no role at all. As
such, this model will assume that investors are not completely irrational; rather a fraction
¢ of investors’ assessments of future returns stems from behavioral factors. This parameter
will be estimated later in the paper so as to allow the data to determine the degree to which
investors exhibit behavioral biases. Subjective expectations of future returns may now be

computed as follows:
Ei Ry, = (R + (1 - OERy, (2.50)

where Rj ; is the assessment of future returns that is determined by any and all behavioral
biases and heuristics. Note that until this point in the model, no specific behavioral feature
has been incorporated within the mathematical framework. Any specific departure from
rational agency or a combination of such features may now be incorporated within the
computational framework for R;, ;. This paper will consider three such behavioral features:
anchoring, endogenous confidence, and exogenous confidence. Note that financial firms in
this model are all identical; for simplicity firm-specific variables are aggregated to an industry
level. As a result, all behavioral features are assumed to affect the model at a financial sector
level rather than for every individual bank. As such, a reader may prefer to interpret ( as

the percentage of investors in the economy that form expectations subjectively, similar to
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the heterogeneous expectations approach of Branch and McGough (2009).

Anchoring

As demonstrated by Tversky and Kahneman (1974), agents make estimates by starting from
an initial reference point and then adjusting towards a final result. Often the adjustments
are insufficient and the final estimate is biased towards the reference measure. Thaler and
Johnson (1990) show that risk-taking agents are affected by prior outcomes. With this result
in mind, anchoring is modeled as a dependence on prior returns generated by investors when
investing in shares of goods producing firms. As such, under the presence of anchoring, for

investors anchored to prior T period returns, R;,; may be computed as follows:
Ri, = PlRiC + PQRf—l +o+ PTRfH—T (2.51)

Note that it would be unrealistic to assume that investors would still be exhibiting such
biases at steady state where the values of all variables never deviate. At such a point,
there would be no uncertainty of the future and therefore investors would be unlikely to
exhibit biased evaluations of economic conditions. As such, the restriction ZjT:l p; =1
is imposed to ensure that the equilibrium under subjective expectations converges to the

rational expectations equilibrium at steady state.

Endogenous Confidence

Agents may also be under/over-confident of their own ability to generate returns. Substantial
evidence, both theoretical and empirical, demonstrates that economic agents suffer from this
bias as documented in detail in the introduction to this paper. To model confidence, this

paper relies on the key result from Malmendier and Tate (2005) that economic agents’
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confidence in their own investing prowess increases proportionally with their own internal
funding. Banks in GK2011 have access to internal and external funding in the form of their
own net worth and deposits from households respectively. As such, confidence is considered

to be a function of net worth so that subjective returns may be computed as:

i1 = f(Ne) R (2.52)

where f(0) =1, f' > 0, and f” < 0. Given this formulation, when the bank has no net worth
at all, the investor has no confidence in generating returns and assumes that the best rate
available is the risk-free rate R; ;. Once the investor starts generating net worth, confidence
increases, albeit at a decreasing rate. This confidence is then used to scale up from the
risk-free rate. Consider the particular functional form for f(-) to be used in the estimation

process:

1 1+Ce
J(ND) = Xxe (Xl—+< + Nt) (2.53)

where x. > 0 and (. > 0 is the elasticity of the confidence function. The parameter y. is
imposed so that R;,; = RF.; at steady state for similar reasons as detailed above during the

discussion on anchoring.

Exogenous Confidence

Investors may be subject to a sudden exogenous wave of optimism or pessimism. This is
represented by a shock process that is appended directly on to the expectation formation

mechanism:

E;Rf., =GR+ (1= QERE,, + &5 (2.54)
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where 6§ is an exogenous i.i.d. shock process that is distributed normally with a mean of 0

and standard deviation o¢.

To understand the effects that such behavioral elements have on the model, recall from

equation (2.14) that the bankers’ value function is computed as:

Vi =1} Q1Sj¢ + Ny (2.55)

Note that unlike the base model, 1§ is a function of the subjective returns evaluation: E{RY. ;.

Also recall the calculation of banks’ leverage ratios from equation (2.20):

g7 = (2.56)

S

The degree to which banks are leveraged is now also dependent on E{RF | via vj. If a
banker, as a consequence of a behavioral bias or heuristic, has a subjective returns assessment
EfRfH > ]EtRfH, then it follows that vy > 1. As is evident from equation (2.56), the
leverage ratio implied by the behavioral model will be higher than the corresponding optimal
leverage ratio from the base model (¢f > ¢;). Consequently, the financial sector could be

over /under-leveraged as a result of subjective returns assessments.

2.2 Data and Methodology

The various behavioral models presented in section 2.1.5 are estimated via Bayesian MCMC
techniques? to fit data for six quarterly macroeconomic U.S. time series: log difference of real

GDP, log difference of real personal consumption, log difference of real private investment,

3See An and Schorfheide (2007), Ferndndez-Villaverde (2010), and Herbst and Schorfheide (2015) for an
overview of Bayesian MCMC estimation methods pertaining to DSGE models.
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demeaned log difference of real financial sector net worth, inflation (log difference of GDP
deflator), and the federal funds rate. The raw data series, prior to conversion to growth
rates, are presented in Figure 2.1. The inclusion of financial data in the form of net worth is
a key feature of this paper’s estimation process and has been missing from many of the prior
empirical papers that use a Bayesian approach to fit financial frictions models to macro data.
Naturally, such an inclusion enriches the results of the paper by providing the model the

ability to fit macrofinance data in addition to the traditional measures of the macroeconomy.

Additionally, as discussed in the introduction, prior empirical approaches in this area of
study have largely ignored expectations data. Since the primary innovation of this paper is
the varied modeling of investor expectations, it is important to include expectations data
to see if the model with such features provides a better fit and thereby better evidence
that investors indeed exhibit such behavior. To derive investor expectations, this paper
utilizes data from the Investor Sentiment Survey conducted by the American Association
of Individual Investors. In this survey, respondents are asked the following question each
week: “What Direction Do AAIT Members Feel The Stock Market Will Be In The Next 6
Months?” They may answer only by selecting either “Bullish”, “Bearish”, or “Neutral”. The
average quarterly spread between the respondents answering “Bullish” versus “Bearish” is
used as a proxy for investor expectations over the coming two quarters. This data series may
also be viewed in Figure 2.1. This approach closely follows the method used by Greenwood
and Shleifer (2014) who similarly use a bull-bear spread as their benchmark measure for
expectations but utilize the Gallup survey instead of the AAII. The AAII survey offers a
few benefits over the Gallup survey: (1) it is easier to access as it does not require a paid
subscription, (2) it began in 1987, offering more observations than the Gallup survey which
began in 1996, and (3) it asks respondents to present their sentiments for the upcoming

6-months instead of a full year as in Gallup, allowing for a nearer term outlook.

The final dataset spans Q1 1988 through Q4 2019: starting from the first full year where
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Figure 2.1: Original Data Series

Note: Output, consumption, investment, and net worth are converted to real terms and expressed
in log-levels. Values of inflation and interest rate are annualized and expressed in levels. The
bullish-bearish spread is computed for every observation from the AAII survey and the average
quarterly value is reported.

AAITI survey data is available and proceeding until the start of the COVID-19 pandemic; this
period also roughly corresponds to the modern U.S. macroeconomy with active monetary
policy. The measurement equation used in the estimation procedure for the standard non-

expectations macro data is given by:

-dlY;- -X- -108; Yi/Yia -
dlC, X log Cy/Cy 4
OBS,; = A _ + tog It/ I (2.57)
dIN, 0 log Ny /N4
dl P, T log P,/ P4
iy i iy

where dl represents 100 times the log difference, Y is the quarterly trend growth rate common

to Y;, Oy, and I,, 7 is the steady-state quarterly inflation rate, and 7 is the steady-state
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Parameter Value Details

B 0.99  Discount rate
% 0.276  Inverse Frisch elasticity of labor supply
0 0.972 Bankers’ survival rate
« 0.33  Effective share of capital
v 7.2 Elasticity of marginal depreciation wrt utilization rate
€ 4.167  Elasticity of goods substitution
) 0.025 Steady state depreciation rate
b 4 Steady state leverage ratio

RF—R  0.0025 Steady state market premium
L 1/3  Steady state labor supply

GJY 0.2  Steady state government spending ratio

Table 2.1: Calibrated Parameters
quarterly interest rate.

An additional measurement equation is needed for the investor expectation data. Note that
since the AAII survey data asks investors about their sentiments towards the stock market
two quarters ahead, this measurement equation will require a connection between the bullish-
bearish spread and the sum of the subjective returns expectations over the upcoming two

quarters using a standard regression equation:

SPREAD; = By + B1(R,; + Ri,) + e (2.58)

where €2 is a normally distributed measurement error.

Some structural parameters are calibrated to the same values utilized by GK2011. These
parameters are presented in Table 2.1. The remaining parameters are estimated using a
standard Bayesian MCMC procedure. The priors for these selected parameters are set based
on standard choices in the empirical macro literature and may be found in Table 2. Habit
formation (h), intertemporal elasticity of substitution (o), Calvo pricing (y), Taylor rule
coefficients (k. and k), output trend (7), and inflation trend (7) all follow the same distri-

butions as SW2007. In the cases of o, 7, and &, standard deviations are slightly elevated
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from their corresponding values in SW2007. Owing to varied estimates of price indexation
(7p) across the literature, this parameter is assigned an uninformative uniform prior. Invest-
ment adjustment mechanics in this model also differ from prior approaches such as SW2007
so the elasticity of investment adjustment is assigned a wider prior that follows a Gamma
distribution with mean 4.00 and deviation 1.50. Unlike SW2007, interest rate trend (i) is
modeled separately from the economy and output trends so it is assigned its own prior which
follows a Normal distribution with mean 0.75 and deviation 0.10. The regression coefficients
(Bo and B;) that fit investor expectations to the survey data are both distributed Normal
with means 0 and 1 and deviations 0.30 and 0.20 respectively. The prior for the degree of
subjectivity ({) is kept uninformative with a Uniform distribution. Anchoring coefficients
(p1,...,p3) are assigned (relatively) Minnesota priors: all coefficients are distributed Normal
with mean 0 and deviation 0.25 except the one-quarter lag which is assigned a mean of 0.9.
Recall that these coefficients must all add up to unity, suggesting an implied prior mean of
0.1 on the l-year lag. The elasticity of the confidence function (¢.) is given a wide prior
distributed Gamma with mean 2 (corresponding to a cubic root relation between net worth

and confidence) and deviation 1.50.

The Bayesian algorithm proceeds as follows. First, the mode of the posterior distribution
is estimated by maximizing the log of the posterior function; the posterior is computed as
the product of the prior information of non-calibrated parameters and the likelihood of the
data described above. Secondly, a Metropolis-Hastings computational algorithm comprising
two MCMC chains of 500,000 draws each (enough to achieve convergence) is utilized to
map a complete posterior distribution for all estimated parameters. This process is used to
estimate various iterations of the base model with various behavioral features added (more
details in the next section). Note that all estimated parameters are identified from the data
in all versions of the model. The estimated posterior means are used to compute IRFs to
the various shocks within the model. The results from these analyses are presented in the

following section.
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Exo. Confidence | Anchoring (7' =4) | End. Confidence
Parameter Description Prior K2023(a) K2023(b) K2023(c)

h Habit formation | B(0.70,0.10) 0.8389 0.7915 0.8107
o IES I'(1.50, 1.00) 0.5712 0.8369 0.7706
vy Calvo factor B(0.50,0.15) 0.8172 0.9001 0.9009
Yo Price Indexation | U(0.00, 1.00) 0.7720 0.0525 0.0578
M Inv. Adjustment | I'(4.00,1.50) 4.2032 0.1793 0.1765
K Taylor Rule N(1.50,0.25) 2.1320 1.8516 1.7866
Ky Taylor Rule N(0.13,0.06) 0.3536 0.0547 0.0584
X Trend N(0.40,0.10) 0.7426 0.9305 0.9360
0 Trend N(0.60,0.10) 0.5654 0.7707 0.7560
i Trend N(0.75,0.10) 0.7043 0.7907 0.6725
Bo Observation N(0.00, 0.30) 0.0761 0.0747 0.0766
51 Observation N(1.00,0.25) 0.0167 0.0405 0.0393
¢ Subjectivity U(0.00, 1.00) - 0.1755 0.3144
01 Anchoring N(0.90,0.25) - 0.6835 -

02 Anchoring N(0.00,0.25) - -0.2099 -

P3 Anchoring N(0.00,0.25) - 0.1219 -

P4 Anchoring - - 0.4045 -

Ce Confidence I'(2.00, 1.50) - - 1.5549

Table 2.2: Posterior Means of Structural Parameters

Note: The table reports posterior means for the following models: under rational expectations
[K2023(a)], with T' = 4 quarters of anchoring [K2023(b)], and with endogenous confidence
[K2023(c)]. All models include exogenous confidence shocks to investors’ expectations formation
process. For the priors, symbols represent distributions in the following manner: B - Beta, T -
Gamma, U - Uniform, and N - Normal. All prior distributions are presented with means and
standard deviations in parentheses except U which shows lower and upper bounds. Posterior
means have been computed over two chains of 500,000 Metropolis-Hastings draws each and after
a 40% burn-in. The data sample spans from Q1 1988 to Q4 2019.

2.3 Results

2.3.1 Posterior Estimates

Table 2.2 shows the mean of the posterior distribution of structural parameters obtained
from the Bayesian estimation procedure described above. The table compares the results
from estimating the following variations of the model: exogenous confidence (“K2023(a)”), 4
quarters of anchoring (“K2023(b)”), and endogenous confidence (“K2023(c)”). Note that no
comparison is made to the base GK2011 model; this exercise is conducted in a prior paper:

Kedia (2022), which already shows that a model including exogenous confidence shocks offers
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Exo. Confidence | Anchoring (7' =4) | End. Confidence
Parameter Description Prior K2023(a) K2023(b) K2023(c)
Persistence
Pa Technology B(0.50,0.20) 0.3929 0.5243 0.5161
Py Govt. Spending B(0.50,0.20) 0.9489 0.9642 0.9651
Di Monetary Policy B(0.50,0.20) 0.3973 0.0932 0.1105
Pe Capital Quality B(0.50,0.20) 0.2643 0.0123 0.0124
Ps Ex. Confidence B(0.50, 0.20) 0.3344 - -
Deviation
o Technology r~1(0.30,1.00) 0.0394 0.0513 0.0533
oy Govt. Spending r'-1(0.30,1.00) 0.0419 0.0443 0.0440
o; Monetary Policy I'1(0.30,1.00) 0.0371 0.0371 0.0371
O¢ Capital Quality r'-1(0.30,1.00) 0.0377 0.0387 0.0390
ONe Net Worth r'~1(0.30, 1.00) 0.2172 0.0514 0.0516
O Ex. Confidence r'~-1(0.30,1.00) 2.0011 0.9318 0.9424
Oobs Measurement Error | T'"(0.30, 1.00) 0.1112 0.1199 0.1191

Table 2.3: Posterior Means of Shock Processes

Note: The table reports posterior means for the following models: under rational expectations
[K2023(a)], with 7' = 4 quarters of anchoring [K2023(b)], and with endogenous confidence
[K2023(c)]. All models include exogenous confidence shocks to investors’ expectations formation
process. For the priors, symbols represent distributions in the following manner: B - Beta and
I'! - Inverse Gamma. All prior distributions are presented with means and standard deviations.
Posterior means have been computed over two chains of 500,000 Metropolis-Hastings draws each
and after a 40% burn-in. The data sample spans from Q1 1988 to Q4 2019.

several benefits over the base financial frictions model. Another advantage to this method is
that it allows for all versions of the K2023 model to be tested on the same dataset: 7 time
series with a corresponding 7 shock processes. The table only shows the mean and not the
dispersion of the estimated posteriors; the 10% and 90% credible intervals of each parameter

may be found by viewing Table B.1 in the appendix.

The key finding is that the inclusion of subjective expectations is important; when consid-
ering anchored investors, subjectivity (¢) forms approximately 18% of their expectations of
future returns. Within the expectation formation process, it is clear that anchoring plays
an important role. The first (p;) and fourth (p,) quarters of anchoring have large estimated
values of 0.68 and 0.40. The finding that the one year prior returns exhibit high persistence
is in accordance with the empirical results from Figure 6 and Table 3 of Greenwood and
Shleifer (2014), who also find that one year lagged stock returns are an important deter-

minant of investor expectations. The degree of subjectivity is an even higher 31% when
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Exo. Confidence | Anchoring (T=4) | End. Confidence
K2023(a) K2023(b) K2023(c)
Marginal Likelihood -2531.47 -2426.31 -2422.43

Table 2.4: Model Comparison

Note: Marginal likelihoods are computed using the Geweke (1999) modified harmonic mean
approach.

modeling investors as endogenously confident. The value of (., the parameter that governs
the shape and rate of diminishment of the confidence function, is estimated to be 1.55; this
corresponds to a confidence function that depends on net worth in a manner that is roughly
halfway between square and cubic root. Interestingly, the posterior from both behavioral
models look similar. Means across most parameters are roughly the same in both behav-
ioral iterations of the model. This is particularly fascinating given the different approaches
taken in modeling these two different biases, perhaps suggesting that both anchoring and

overconfidence are capturing the same cognitive element within the data.

The analysis between these models offers several other insights that support the inclusion of
anchoring or endogenous confidence. The need for several structural sources of persistence
falls precipitously in the presence of behavioral elements. The degree of price indexation (7,)
falls drastically from 0.77 in K2023(a) to 0.05 and 0.06 in K2023 (b) and (c) respectively,
virtually rejecting the need for any indexation of prices to prior lags. Interestingly, the
coefficient that governs the importance of investment adjustment costs falls drastically from
4.20 in K2023(a) to approximately 0.18 in both the behavioral models. This indicates that
the sluggishness of investment responses is likely due to investors’ own cognitive pegs to prior
return lags or to their confidence via their net worth rather than mechanical hindrances to
investment updating. This result corroborates findings from Milani (2017) that the inclusion
of behavioral features lessens the need for structural sources of persistence, elasticity of

investment adjustment costs in particular, that often have poor micro-founded evidence.
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The degree of habit formation (h) remains relatively unchanged across all models: 0.84 in
(a), 0.79 in (b), and 0.81 in (¢). Given that habit formation is usually included even in rudi-
mentary DSGE models of the macroeconomy, this is further confirmation of its importance
to fitting macro data; habits continue to remain necessary even in the presence of behavioral
features. The intertemporal elasticity of substitution (o) moves closer to a log-utility speci-
fication in the behavioral models, increasing from 0.5712 in (a) to 0.84 in (b) and 0.77 in (c).
The level of price stickiness () is high in the base model with a value of 0.82; this increases
further to 0.90 in both (b) and (c). This closely matches estimated price stickiness from
Milani (2017), suggesting that Calvo pricing plays an important role in behavioral models.
In both behavioral models, monetary policy is less responsive to both inflation and output.
The inflation targeting coefficient (k) falls from 2.13 to 1.85 and 1.79, values that are much
closer to usual calibrations of this parameter. In the base model, the coefficient of output
targeting (k,) is unreasonably high at 0.35 whereas this coefficient is significantly smaller in

K2023(a) and (b) at 0.06.

The posterior distribution of shock process parameters is displayed in Table 2.3. Again,
the table only shows the mean and not the dispersion of the estimated posteriors; the 10%
and 90% credible intervals of each shock process persistence and deviation may be found by
viewing Table B.2 in the appendix. Similar to most empirical estimates, the persistence of
government spending is high (above 0.94) and both the AR coefficient as well as the shock
deviation are relatively similar across all models. Other shocks show marked differences
between the base and behavioral models. Technology shocks are more persistent: 0.39 in
K2023(a) compared to 0.52 in both K2023(b) and K2023(c). Monetary policy is significantly
less pegged to past interest rates with its persistence falling from 0.40 in (a) to 0.09 and 0.11 in
(b) and (c) respectively. The deviation of monetary shocks remain virtually unchanged across
all models. Capital quality shocks are remarkably less persistent: 0.26 in (a) versus 0.01 in
the behavioral models. The deviation of these shocks stays fairly similar. Interestingly, as

discussed in more detail in the next section, the effect of this shock on the economy is often
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Figure 2.2: Implied Subjective Expected Returns

Note: Implied expected returns are reported for the models with T' = 4 quarters of anchoring
[K2023(a)] and endogenous confidence [K2023(b)] from left to right respectively. Grey shaded
bars represent official NBER-dated recessions.

larger in the behavioral models as the one-time shock is propagated more vigorously through
the model dynamics owing to its interaction with investors’ subjective expectations. The
persistence of exogenous confidence shocks, present only in the base model, is estimated
to be 0.33. The volatility of such shocks are markedly different; K2023(a) requires large
confidence shocks to fit the data. This is no longer the case when investor expectations are
modeled explicitly. The deviation of these shocks falls from 2.00 in (a) to only 0.93 and
0.94 in (b) and (c) respectively. Net worth shocks are never modeled with AR coefficients;
their deviations are also lower, falling from 0.22 in the base model to 0.05 in the behavioral

extensions.

Behavioral features markedly improve the model’s ability to fit the macro time series data.
Table 2.4 shows the marginal likelihood for all three models, computed using the Geweke
(1999) modified harmonic mean approach. K2023(a) has an estimated marginal likelihood
of -2531 versus values of -2426 and -2422 for K2023(b) and K2023(c) respectively: a stark
increase in likelihood of over 100 points. In the presence of anchoring and endogenous confi-
dence, along with the inclusion of financial sector net worth and expectations as observables,

the addition of behavioral features now offers clear improvements in model fit.

Does the model generate realistic subjective returns? Figure 2.2 shows the investors’ model-
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implied smoothed subjective expected returns from all three models. As noted above, the
parameter estimates from K2023(b) and (c) are similar which results in subjective returns
that are equivalently similar. The graph shows that investors’ subjective expectations mir-
ror optimistic/pessimistic cycles in modern U.S. economic history across all models. For
instance, the mid-2000s period prior to the Great Recession, characterized by highly lever-
aged financial institutions and the inflation of asset bubbles (especially in the housing sector),
corresponds to investors’ expectations being significantly elevated. In K2023(a), these expec-
tations are at the highest level during the entire sample while in the behavioral models they
are second only to the period immediately after the end of the financial crisis. Unsurpris-
ingly, investors’ expectations are also affected by the state of the business cycle; pessimism
increases during recessions with lowest expected returns corresponding to the dot-com bubble
burst and the financial crisis. The model with only exogenous confidence shocks generates
the most volatile expectations, likely due to the lack of any disciplining element in the way
expectations are modeled in K2023(a). Under anchoring and confidence, backward-looking
behavior prevents investors from over-reacting to economic events. Note that this correlates
with a famous result in macro expectations: Coibion and Gorodnichenko (2015) find that
aggregate surveys of institutional respondents under-react to news; this is confirmed under

the behavioral models presented here.

2.3.2 Impulse Responses

This paper is primarily concerned with the effects of two shocks: capital quality and confi-
dence. In this section, impulse responses to both these shocks are discussed, beginning with
capital quality. Figure 2.3 shows the comparative impulse responses of key model variables to
a one-period, 1 standard deviation, negative shock to capital quality. As expected, the econ-
omy enters a prolonged recession following the shock in both models. In a similar manner

to the mechanism described in GK2011, when the negative capital quality shock occurs the
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Figure 2.3: Impulse Responses to a Negative Capital Quality Shock

Note: The figure displays mean impulse responses across Metropolis-Hastings draws. All impulse
response values are expressed as percentage deviation from steady-state. Values for R, E[Rk] — R,
7, and 7 have been annualized.

effective capital in the economy falls. Since the financial sector is invested in this capital and
holds the corresponding shares as assets on their balance sheets, banks experience a sudden
and large fall in asset holdings. To maintain its balance sheet constraints under leverage,
the bankers’ net worth falls along with their demand for more assets. As the demand for
investments in capital falls, the share price/price of capital also falls. Due to the decreased
effective capital as well as investment in capital, firms cannot produce as much which causes
a drop in output and thereby a recession. Consumption is also lowered as firms curtail their
labor demand and banks reduce the interest they pay on deposits from households. The
economic recovery is driven by investment, which rises above steady state roughly 3 years

after the initial shock. However, even the increased investment level cannot compensate for
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Figure 2.4: Impulse Responses to an Overconfidence Shock

Note: The figure displays mean impulse responses across Metropolis-Hastings draws. All impulse
response values are expressed as percentage deviation from steady-state. Values for R, E[Rk] — R,
7, and 7 have been annualized.

the decline in consumption and as a result, output stays below steady state even at a horizon

of 10 years following the shock.

It is interesting to note that the magnitude of the capital quality shock is amplified in
the K2023(b) and (c¢) models, although the recession is not as prolonged. Since capital
quality is directly linked with the return to capital and since investors draw expectations of
the future using multiple prior quarter returns, the effect of the shock lingers for multiple
periods under anchoring in K2023(b). In K2023(c), the massive and prolonged fall in net
worth reduces investor confidence for multiple periods, causing a larger decline in investment

than normal. As a result, investors over-react to the immediate shock and only later adjust

66



their expectations in both models, the cognitive effects of a shock affecting the economy
even in quarters when the economy is not undergoing a shock. The inclusion of behavioral
features may also help explain the “missing deflation” puzzle following the financial crisis.
Owing to the recession, economists expected an accompanying deflationary episode that
never materialized; in the IRFs from K2023(b) and (c), deflation occurs very briefly at the
start of the recession and in turn leads into an inflationary episode, mirroring the actualized

recession of 2008-09.

Figure 2.4 shows the impulse responses of key variables to a one-period, 1 standard devia-
tion, positive shock to investor confidence, i.e. 1 standard deviation “overconfidence” among
financial intermediaries. In the period of impact, investor overconfidence is able to stimulate
the economy above its steady state. As investors are suddenly overconfident in their ability
to generate returns, their demand for shares in goods producing firms increases. This signifi-
cantly raises the share price (J;; note that this exogenous shock is able to create a stock price
bubble: a sharp increase in stock prices without any actual change to macro fundamentals.
As the investors pour more funds into capital, firms want to increase production. Their
demand for labor increases which raises wages as well as the labor supply. This causes the
economy to go into an expansion. Consumption is initially slow to follow the increases in
output; since banks want more deposits to fund more investments, the interest rate on bank
deposits increases and households choose to save their extra labor income rather than con-
sume. This boost in output is short-lived as the positive effects of overconfidence dissipate

roughly 1 year after the point of impact.

After the initial boost wanes, the economy enters a prolonged recession. Since banks’ invest-
ment decisions are not based on economic fundamentals, they choose to increase investments
at a period when the market premium is below steady state. As banks’ net worth evolves
proportional to the premium, it starts to fall and goes below steady state. Meanwhile, owing

to lowered interest rates, households curtail their deposits to the financial sector. The result
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is that the banks are forced to rapidly sell their assets to maintain their balance sheets.
The decreased demand for assets results in the stock market falling rapidly after its initial
spike to below even the steady state level. While there was too much capital during the
expansion, now there is too little. Return to optimality is slow due to the investment adjust-
ment costs in the base model and investor subjectivity in the behavioral models. Though
the output does not fall as sharply as it rose during impact, the duration of the recession
exceeds the duration of the initial boom. The slump in GDP is associated with a prolonged
decrease in labor supply and thereby in consumption, although this effect is much larger in
the base model. In this manner, the results seem to agree with prior literature; a situation
where over-leveraged agents are forced to rapidly deleverage due to economic conditions can
lower aggregate demand, triggering a recession (see Eggertsson and Krugman, 2012). Note
that the impulse responses match several facts of the mid-2000’s U.S. economy: a few years
of an economic boom corresponding with high increases in the leverage ratios of financial

institutions followed by the crash of the 2008 Great Recession.

The size of the initial effect of the overconfidence shock on the economy is almost as high
as the effect of a capital quality shock in the models with behavioral features. The models
with behavioral features experience a significantly more volatile business cycle. The boom
and bust are both accentuated as investors’ subjective returns expectations overreact to the
initial shock. While the IRFs look similar in both behavioral iterations, the propagation
mechanisms are different. In K2023(a), the effects of the shock cognitively affect investors
for several future quarters as they are anchored to prior returns when evaluating the future.
In K2023(b), the initial expansion of net worth via increased stock returns causes investors’
endogenous confidence in generating future returns to increase, thereby leading to over-
investment which must be curtailed in the future. As both returns to capital and net worth
are relatively quick to return to steady state, investors’ subjective expectations also revert
back quickly to rational expectations. Consequently, business cycles in K2023(b) and (c) are

more volatile but less prolonged than baseline.
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2.4 Concluding Remarks

This paper includes subjective investor expectations in a medium-scale monetary DSGE
model of the macroeconomy. Such subjective expectations are based on behavioral biases
and /or heuristics such as anchoring and confidence. The empirical results confirm prior work
in this field by demonstrating that in the presence of behavioral features, structural sources
of persistence are less important. Additionally, the estimation shows that behavioral features
are important in determining the model fit; anchoring and endogenous confidence are able

to significantly improve the marginal likelihood.

Nevertheless, the models presented in this paper are stylized and offer paths for further
nuance. Several other behavioral heuristics such as myopia, availability, representativeness
among others, have not been included in this analysis. Future work can study these in
isolation as well as in a model that incorporates several behavioral features to determine
which is preferred by the data. Sensitivity tests are also required; using a variety of other
expectation measures will help with model comparison and whether the results from this
paper are sustained. Additionally, this paper does not indicate what effects, if any, such cog-
nitive features should have on policy. If subjective expectations are important in explaining
economic environments, they must also be important to social planners who aim to control

these systems and mitigate its deleterious effects.
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Abstract

The ability to increase the level of economic activity through government spending has been
an ongoing discussion. Prior literature considers the persistence or financing of the spending
and the state of the economy as primary factors in influencing the government spending
multiplier. We emphasize the need for behavioral factors, i.e. partially myopic agents in
a medium-scale new Keynesian model that includes hand-to-mouth consumers. Such an
inclusion has drastic effects on the determinacy of the model; we uncover a determinacy
trilemma where only two of the following three are possible: reasonable myopia, realistic
hand-to-mouth share, and active monetary policy. We find that with partially myopic agents,
fiscal multipliers may be higher but there is a non-linear interaction with the share of non-
Ricardian consumers. The crowding-out effect is significantly higher under myopia with
massive declines to private investment in the presence of fiscal stimulus. Finally, the model
is estimated to fit several macro time series as well as government spending expectations
using Bayesian MCMC methods. The estimated parameters show that the data prefers a

non-behavioral equilibrium with low cognitive discounting and active monetary policy.
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Introduction

In recent times, fiscal policy has taken a more active role in stimulating the economy, yet
there has not been a widespread consensus on how much consumption and output responds
to a positive government spending shock. The American Recovery and Reinvestment Act,
which was the largest U.S. fiscal stimulus legislation prior to the COVID-19 pandemic, was
incentivized with a fiscal multiplier of 1.6 (Nakamura & Steisson, 2014; Romer & Bernstein,
2009). Empirical literature has found values more conservative values, ranging anywhere

between 0.8 and 1.5, but values of 0.5 or 2.0 are deemed reasonable as well (Ramey, 2011).

The differences in these multipliers depend on the models and assumptions used in the
empirical analysis. Neoclassical models conclude that although consumption and output does
increase in response to a spending shock, the multiplier is dependent on how the government
spending is financed (Hall, 1980; Barro, 1981, 1987; Baxter & King, 1993; Aiyagari et al.,
1992).! However, Cogan et al. (2010) find that the multiplier is much smaller when using a
new Keynesian model, such as the Smets & Wouters (2007) model, than those predicted by

the neoclassical models.?

One exception to the smaller multipliers found from new Keynesian models is Gali et al.
(2007), where they find multipliers as high as 2.0. However, it requires two key assumptions.
First, the share of rule-of-thumb households must exceed at least 0.5. Secondly, workers are
willing and able to supply as many hours as the firm demands. A second exception comes
from Nakamura and Steinsson’s (2014) open economy relative multiplier, which is “the effect
of an increase in government spending in one region of [a monetary and fiscal] union relative

to another has on relative output and unemployment”. Using this approach, they are able

!Baxter & King (1993) find that financing temporary spending through distortionary taxes can generate
a multiplier as low as -2.5, whereas financing through deficit spending or current taxes without distortionary
taxes will have no differences in effect on the multiplier.

2Using a neoclassical model, Aiyagari et al. (1992) find that when the government spending is sufficiently
persistent, the multiplier can exceed one.
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to estimate the multiplier to be around 1.5. Aside from the two exceptions above, the only
other circumstance with multipliers consistently above unity is observing the case where the
nominal interest rate is constrained at the zero lower bound (Christiano et al., 2018; Correia
et al., 2013; Eggertsson 2010; Ramey & Zubairy, 2018; Woodford, 2011; Cogan et al., 2009;

Miyamoto et al., 2018).

We argue here that the conditions that Gali et al. (2007) assume in order to achieve such
high multipliers are too stringent. To assume that over fifty percent of households are
rule-of-thumb is improbable, when evidence points to a proportion closer to one-third. 3
Furthermore, the assumption of having demand-determined employment hours does not ac-
curately reflect the labor structure of the economy. It is improbable that individuals will
work any number of hours that their employers demand, given the physical and legal con-
straints surrounding the number of hours that can be worked a day. Furthermore, Nakamura
and Steisson’s open economy relative multiplier relies on regional military procurement and
aggregate military buildups and reductions rather than aggregate fiscal spending. Thus,
the high multiplier could simply come from the result that military spending produces the

largest multiplier when estimating using disaggregated spending variables (Auerbach and

Gorodnichenko, 2012).

Instead of relying on the assumptions from Gali et al. (2007), focusing on military spending,
or being constrained to the zero lower bound to generate high multipliers, we hypothesize that
adding behavioral factors to the new Keynesian model will also result in higher (or at least,

varied) multipliers.?

With behavioral factors (i.e. myopia), agents that are not perfectly
rational and forward looking will not be able to smooth out consumption in response to
a government spending increase, which would lead to a higher effect from the spending.

Additionally, Milani (2017) shows that in the presence of behavioral features, traditional

3Weidner, Justin, Greg Kaplan, and Giovanni Violante. “The Wealthy-Hand-to-Mouth.” Brookings.
Brookings, September 13, 2016. https://www.brookings.edu/bpea-articles/the-wealthy-hand-to-mouth/

4Cogan et al. (2010) argue that new Keynesian models are more realistic than neoclassical models for
fiscal policy analysis since they incorporate forward looking firms and households as well as sticky prices.
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frictions become less important.

To model irrational agents, we use Gabaix’s (2020) microfounded ”cognitive discounting”
parameter, myopia, and incorporate it into Gali et al.’s (2007) new-Keynesian model with
optimizing and non-Ricardian consumers. We look into the effects of differing levels of
myopia on the government spending multiplier, taking into account the discrepancies between
hand-to-mouth versus optimizing consumers. We proceed to use expectations of government
spending to estimate the model and conduct an empirical analysis with a DSGE model, since
with the incorporation of behavioral features, it is important to include expectations data in
order to compare the fit (Milani, 2022). To our knowledge, the only literature that studies
the impacts of irrational agents on fiscal policy is Bianchi, et al. (forthcoming), where they
look at the effects of irrational agents on government spending multiplier and tax policy at
the zero lower bound and conclude that less sophisticated agents will decrease the size of
the multiplier. However, our paper includes irrational agents without the constraints being

at the zero lower bound.

We find that government spending has a larger positive effect on the economy with more
myopic agents. Compared to Gali et al. (2007), we show that in the new Keynesian model
with myopic agents, government spending multipliers are higher compared to the model
with rational expectations; however this effect flips after crossing a certain threshold of the
proportion of rule-of-thumb households. The crowding-out effect is significantly exacrebated

with private investment falling drastically in the presence of fiscal stimulus.

The paper proceeds as follows. Section 3.1 describes the baseline New Keynesian model
used in the paper. Section 3.2 presents the implications of the model including myopia on
determinacy and highlights the determinacy trilemma. Section 3.3 shows the effect of myopia
on fiscal multipliers from the model at multiple horizons and its interactions with the share
of hand-to-mouth consumers. The paper also conducts a Bayesian estimation of an extended

model; this is presented in section 3.4. Section 3.5 concludes.
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3.1 Theoretical Model

We use a conventional New Keynesian model adopted from Gali et al. (2007), which consists
of two types of households, a continuum of differentiated intermediate goods producing firms,
a final good producing firm, a central bank that sets the monetary policy, and a fiscal entity
that sets the fiscal policy. Our contribution to this model is the myopic parameter M, which
will enter after we have log-linearized the model. Additionally, We include the monetary

policy, preference, technology, and labor supply shocks.

3.1.1 Households

The economy consists of a continuum of households denoted by j € [0, 1], where a proportion
1 — X are optimizing or Ricardian households (o), and the remaining proportion \ are rule-
of-thumb households (r). Optimizing households have full access to the capital and asset
markets and the rule-of-thumb households fully consume their current period income with
no ownership of capital and assets. The distinction between the two types of households
is important in this context since the effects of a fiscal stimulus may affect the behavior of
rule-of-thumb households more. All households (A) share the same preferences represented

by equation:

. apa NEAG)H
Ey ;W [108“ Ci(j) — R (3.1)

where  is the inverse of the Frisch labor supply elasticity. C;(j) is the consumption of the

final good and N/() is the amount of labor supplied by household j.

Optimizing households. Optimizing households j € (0,1 — \) maximize their utility
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subject to the following budget constraint and capital accumulation equation:

P(CY+I?) + R "By, = W,P,N? + Ry P,K{ + BY + D} — Py (3.2)

o

1
= (1= 0)K7 + 0T (33)

In each period, the real consumption (C7) and investment () expenditures, as well as the
risk-less nominal government bond (B?) paid out with the nominal gross interest rate R;*
must equal the total labor income W; P, N?, capital holdings income RFP,K?, risk-less bonds
carried over from the previous period, dividends from firm ownership D7, and lump sum
taxes (or transfers) P T?. Thus, P, is used to denote the price level, W} is the real wage, N}

is hours worked, and K7 is the capital holdings.

In the capital accumulation equation, the ¢(%)K§’ is the capital adjustment costs, which
t

establishes the change in capital generated by investment spending. Following Gali et al.

(2007), I assume ¢’ > 0, and ¢” < 0, with ¢/(0) = 1, and ¢(d) = 0.

Wages are set by two different labor market structures: there is a competitive labor market
where each household chooses the hours worked given the market wage and an economy-wide
union that sets wages in a centralized manner so that firms choose hours supplied instead of
the households. In the case of the competitive labor market, the labor supply of optimizing

households must follow:

Wi = C7(N?)? G (3.4)
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(; is the labor supply shock that follows the AR(1) process:

G = peGemr +ec. (3.5)

A thorough description of the case where the union sets wages can be found in Gali et al.

(2007), since it does not follow the same condition as in (4).

After log-linearization of the equations describing the optimizing consumers, I have:

CtO = mEtCt+1 — (Tt - Etﬂ-t-i-l) + Xt- (36)

Here, m € [0, 1] is the myopia parameter that represents cognitive discounting for optimizing
households. When m = 1, agents are fully rational and the model reverts back to the baseline
model in Gali et al. (2007). With myopia, m is strictly less than one, so that innovations
to the economy in the future get heavily discounted. In this case, Ricardian equivalence
no longer holds even for optimizing agents. This should mean that any changes in the
economy, such as changes in fiscal policy, would have a bigger impact when they happen in

the present. For the mathematically derivation of this log-linearized equation, please refer

to Gabaix (2020).

Rule-of-thumb households. Since rule-of-thumb households can only consume the labor

income they receive net of taxes, they face the budget constraint:

BC[ - WtPtNtr - PtTtT. (37)

Similar to the optimizing households, rule-of-thumb households also follows two labor market
structures. In the case of when the wage is set by the union, I suggest referring to the

Appendix in Gali et al. (2007) for a detailed description. The case of the competitive labor
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market must satisfy the condition:

Wy = C{(NY) G- (3.8)

Notice that there is no myopia parameter for rule-of-thumb households since they consume

all of their income in each period.

Aggregation. The aggregated consumption and hours supplied by all households are:

CA=MCT + (1= N\)CY (3.9)

and

NA = AN 4 (1 — \)NY. (3.10)

Since investment and capital stock is only determined by the proportion of optimizing house-

holds, the total investment and capital stock is written as:

L=(1-NI (3.11)

and

K= (1- \NK?. (3.12)

3.1.2 Firms

The production sector is made up of monopolistically competitive firms that produce differ-

entiated intermediate goods and a representative firm that uses these intermediate goods to
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produce a single final good.

The intermediate good firm (i) produces a differentiated good Y;(i) with the Cobb-Douglas

production technology:
Yi(1) = At(i)Kt(i)aNt(i)l_a- (3.13)

K;(i) and Ny(i) denote the capital and labor services hired by firm 4, and A;(7) is the total

factor productivity. The total factor productivity shock follows the AR(1) process:

Ay = paAiy + el (3.14)

The intermediate goods firm takes wage and rental costs of capital as given and adjusts

prices according to the Calvo pricing mechanism.

The perfectly competitive firm that produces the final good follows the constant returns

production function:

€p

Y, = Uolxt(z)e’?;ldi} o (3.15)

Here, £, > 1 and X,(¢) represents the amount of intermediate good i used as inputs. Given
the prices for intermediate goods P;(i) and the price of the final good P, the final goods

producer’s demand function for intermediate inputs is given by

X,(i) = (B@)_%Yt. (3.16)
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Finally, the final goods firm also faces the zero-profit condition

P, = (/01 Pt(i)l‘apdj)llsp. (3.17)

Firms can also be myopic, and similar to optimizing consumers, the myopia parameter m

enters in the log-linearized equation as:

T = mBEm., — (1= Me)(l — e)uf. (3.18)

3.1.3 Monetary Policy

The central bank sets the nominal interest rate r, = R; —1 every period following the interest

rate rule

Tt = O + MP, (3.19)

with M P, being monetary policy shock process that follows:

MP; = pppyMP;_y +eM¥ (3.20)

As mentioned in Gali et al. (2007), the interest rate rule here satisfies the Taylor principle
if and only if ¢, > 1, which is also necessary and sufficient to guarantee the uniqueness of

equilibrium in the absence of rule-of-thumb consumers.
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3.1.4 Fiscal Policy
The government is subject to the budget constraint:
BE + R;lBt+1 = Bt + P)th, (321)

where aggregate taxes are calculated from the sum of taxes received from optimizing house-
holds and rule-of-thumb households such that 7, = AT} + (1 — A\)1?. By defining ¢, =
(G —G))Y, t,=(T,—T)]Y,and b; = ((B;/P,—1) — (B/P))/Y, I can assume a fiscal policy

rule as

tt = (bbbt + ¢ggt; (322)

where ¢, and ¢, are greater than zero.

Government spending follows an AR(1) process:

9t = pggi1 + €7, (3.23)

where 0 < p, < 1is the persistence parameter and &f is the i.i.d government spending shock

2

with constant variance oZ.

3.1.5 Market Clearing

Factor and good markets clear when the following conditions are met for all periods ¢:

1
N, = / N,(i)di,  Y(i) = X,(i) forall i, (3.24)
0
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Figure 3.1: Determinacy Region: A v. ¢, M = 0.85

1
0

Please refer to the Appendix for the log-linearized equations and Gali et al.’s (2007) for a

more detailed presentation of the model.

3.2 Determinacy Analysis

This section documents the implications of the interactions between the degree of myopia
(M), share of HTM agents (\), and response of monetary policy to inflation (¢, ) on the de-
terminacy of the model presented in section 3.1. We shows three pairwise determinacy plots
for the aforementioned variables in the style popularized by Bullard and Mitra (2002) and
similarly shown in GLV2007. Unlike GLV2007, the results are presented for the version of the
model that includes imperfect labor markets which increases the regions of indeterminacy
altogether although the overall implications remain similar under both perfectly and imper-

fectly competitive labor markets. In all graphs, regions of indeterminacy are demarcated
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Figure 3.2: Determinacy Region: A v. M, ¢, = 1.5

Figure 3.3: Determinacy Region: ¢, v. M, A =0.35
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by red dots. Unmarked regions represent parameter combinations that lead to model deter-
minacy. Similar to GLV (2007), model determinacy is established via a numerical method
utilizing the gensys tool from Sims (2002). Given the multitude of model equations, it is
difficult to analytically compute explicit algebraic determinacy conditions such as the Taylor
Principle computed in Bullard and Mitra (2002). The key finding from this analysis is the
presence of a determinacy trilemma: reasonable values (for the U.S. macroeconomy) for M,
A, and ¢, cannot simultaneously co-exist while having a determinate model solution. One
of these three must be calibrated to a value that sharply differs from existing literature for

the model to be determinate.

Figure 3.1 shows the pairwise effect of A and ¢, with M calibrated at its value of 0.85 from
Gabaix (2020). As mentioned in the introduction, roughly 1/3 of the U.S. population is HTM.
Notice from the graph that for A values around 33%, FED response to inflation must actually
be relatively passive for model determinacy; this in stark contrast to the Taylor Principle
where ¢, > 1 ensures determinacy. Values marginally over one are still determinate but any
deviation towards stronger inflation responses may trigger indeterminacy. Estimates of ¢,
are usually significantly higher than unity; for instance Smets and Wouters (2007) estimate
an inflation response of 2.04 for the U.S. economy. The conviction that inflation responses
are well above one is so strong that most empirical literature in macroeconomics that utilize
Bayesian methods to estimate inflation responses usually utilize a prior mean of 1.5 for
¢=. Under Smets and Wouters (2007), both prior and posterior means for ¢, would result
in indeterminacy if M is calibrated at 0.85. Aggressive monetary policy only establishes
determinacy in countries where 60% to 80% of consumers are HTM although such countries

will likely have significantly different cognitive discounting parameters.

Figure 3.2 shows the pairwise effect of A and M with ¢, calibrated to 1.5. Again, within
the context of the U.S. with a roughly 33% HTM ratio, only strong (< 0.55) or very weak

(0.90) degrees of myopia are able to achieve determinacy. Note that for values between these
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two points, the region that corresponds with reasonable values for cognitive discounting
as described in Gabaix (2020), the model is indeterminate. A likely explanation is that for
strong degrees of myopia, optimizing agents tend to mimic HTM agents, effectively increasing
the share of rule-of-thumb consumers. As this share increases, active monetary policy begins

to help rather than hurt model determinacy as shown in the prior graph.

Finally, Figure 3.3 shows the pairwise effect of ¢, and M, with A\ calibrated to a value
of 0.35 to accurately capture the share of U.S. consumers that are HT'M. Once again, the
determinacy dilemma is presented where strong responses of monetary policy to inflation
can only lead to determinate outcomes only when the optimizing agents barely exhibit any
cognitive discounting. For values of M around 0.8, the FED should either be passive or
barely active (¢, < 1.3). As the degree of myopia increases (i.e. M decreases) the monetary
authority can correspondingly react more aggressively to inflation but still in a manner that

is more restricted than indicated by prior macro literature.

Parameter Value Details

6] 0.99 Discount rate

) 0.025 Depreciation rate

Q 0.33  Effective share of capital

A 0.35  Fraction of HTM agents

0 0.75  Calvo pricing

© 0.2  Inverse Frisch elasticity of labor supply
n 1 Elasticity of investment adjustment
O 1.5 MP inflation weight

o 0.1  FP govt. spending weight

D 0.33 FP debt weight

Ye 0.6  Consumption share

Vi 0.2  Investment share

Table 3.1: Calibrated Parameters
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3.3 Fiscal Multipliers

For the nuanced empirical analysis pertaining to fiscal multipliers presented in this section
as well as the estimation analysis in the following section, the paper utilizes a model that
includes several other common frictions and shocks in addition to the features of the base
model presented in section 3.1. This is to ensure that the analysis presented here may be
comparable to benchmark structural models such as Christiano, Eichenbaum, and Evans
(2005) and Smets and Wouters (2007). To test the importance of myopia on fiscal policy,
it is important to first include sources of persistence that are common to most empirical
DSGE macro models so that the results are not spuriously attributed to myopia instead of
some other source of persistence of friction. The model is expanded to include the following

additional features:

Habit formation

Wage stickiness (instead of the imperfect labor market)

Price indexation

Wage indexation

Variable capital utilization

Backward-looking Taylor Rule

The model also has several other AR(1) shocks:

e Monetary policy
e Preference

e Price markup
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e Wage markup

e Investment-specific technology

Since these features are standard in the macro literature, we will not discuss them in greater
detail here. The full set of log-linearized equilibrium conditions for this version of the model

may be found in Appendix C.1.

In this section, we analyze the effect of myopia on the fiscal multiplier. Note that in tra-
ditional models of the macroeconomy where all agents optimize their future consumption
paths with perfect foresight, government stimulus is ineffective as per Ricardian equivalence.
Under this theory, when the government issues debt to finance its spending, rational house-
holds anticipate that future taxes will need to be raised to repay this debt. Consequently,
households increase their savings to prepare for the higher tax burden, which offsets the
fiscal stimulus. This implies that debt financing and tax financing have equivalent effects on
aggregate demand, as the increase in savings cancels out the stimulus effect of government
spending (see Barro (1989) for a detailed explanation). The original Gali et. al. (2007)
paper included HTM agents who violated Ricardian equivalence as they simply consumed
all earned income with no ability to offset the stimulus by saving. In this section we investi-
gate if relaxing the assumptions of perfect foresight and rationality on the part of optimizing
agents via cognitive discounting can lead to further increases in the effectiveness of fiscal

stimulus.

Figure 3.4 plots the fiscal multipliers for the quarter of impact for output (Y M;), consump-
tion (C'M;) and investment (/M;). The results closely match the multiplier analysis from
Gali et. al. (2007) except that myopia is able to further raise the Y M for the U.S. share of
HTM consumers (A =~ 0.35). At this value for A, the multiplier increases with the degree of
myopia. As optimizing agents become increasingly myopic, they value current consumption

to a greater degree than future consumption via savings (essentially acting more like HTM
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consumers); this allows them to increasingly violate Ricardian equivalence. Interestingly,
the effect of myopia does not remain the same for all levels of A\. At a HTM share of ap-
proximately 0.45, the effect of myopia inverts; from this point onwards, increased cognitive
discounting decreases Y M. In fact, as will be clear from the graphs and discussion below,
this facet of fiscal multipliers is true for all horizons of analysis and all key macro variables.
The interactions of several variables in this sophisticated model results in a non-linear re-
lationship between A\, M, and the multiplier. C'M; follows in a similar manner to output
is almost always positive. Myopia has an even stronger effect, raising impact consumption
significantly higher for higher degrees of discounting with a flip occurring at a value of A
slightly higher than 0.4. Higher myopia is accompanied by a stronger crowding-out effect.
At A = 0.35, I M is around -0.36 without myopia but falls drastically to -0.65 for M = 0.85.
These results clearly indicate that fiscal stimulus is much more effective at impact for U.S.
consumers, keeping output multipliers higher than 1 without crowding-out private consump-

tion. However, the investment sector suffers a significantly sharper decline than suggested

in Gali et. al. (2007).

At longer horizons, fiscal multipliers expectedly diminish. Figure 3.5 plots the fiscal multi-
pliers for a year after impact for output (Y M,), consumption (C'M,) and investment (1My).
Y M4 may be above 1 but only for A values greater than 0.6 with the effect inversion of
myopia occurring at around the same point. Myopia can still keep C'M, above 0 for A = 0.35
but without myopia, private consumption is crowded-out at this horizon. As with the imme-
diate quarter, I M, stays well below zero and the crowding-out effect is strong. Any degree
of myopia severely exacerbates this phenomenon; the results are similar for M ranging from
0.10 to 0.85. Only under the absence of myopia entirely is M, higher as agents trade-off
increases government spending with decreases in both consumption and investment. Figure
3.6 plots the fiscal multipliers for two years after impact for output (Y Mg), consumption
(C'Myg) and investment (IMg) and Figure 3.7 plots the fiscal multipliers for five years after

impact for output (Y My), consumption (CMy) and investment (IMsg). The results for
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output are similar; all multipliers are positive with Y Mg > Y My, as expected. There are no
values of A\ for which the multiplier can be pushed above 1. The excess increases in output
in the short-run are now paid off in the longer horizons with no myopia leading to highest
Y M at distant horizons. At the 5-yr horizon the results are stark; Y My, is over twice as
large under no myopia as compared to high degrees of discounting. Consumption results
are similar at both horizons. Both C'Mg and C'M,, are below zero as agents have been
over-consuming in the immediate aftermath of stimulus and must now revert to reducing
consumption. However, private consumption is crowded-out to a significantly lesser extent
when agents are highly myopic. Short-run trends for investment continue into the longer
horizons with massive crowding-out at virtually every level of myopia. Only in the case of no
myopia does the model exhibit I Mg and [ M,y that are above -1. For the U.S. HTM share of
0.35 with the Gabaix (2020) value of M = 0.85, crowding-out is very large with I Mg ~ —1.8
and I My ~ —2.

3.4 Bayesian Estimation

3.4.1 Data and Methodology

The extended model presented in section C.1 is estimated via Bayesian MCMC techniques®
to fit data for six quarterly macroeconomic U.S. time series: log difference of real GDP, log
difference of consumption, log difference of investment, log difference of wages, log difference
of government spending, inflation (log difference of GDP deflator), and the federal funds rate.
Additionally, as discussed in the introduction, prior empirical approaches in this area of study
have largely ignored expectations data. Since the primary innovation of this paper is the

inclusion of a parameter that discounts expectations, it is important to include expectations

°See An and Schorfheide (2007), Ferndndez-Villaverde (2010), and Herbst and Schorfheide (2015) for an
overview of Bayesian MCMC estimation methods pertaining to DSGE models.

101



data in the data series that is to be fitted. Data on expectations of government spending
were collected from the Survey of Professional Forecasters. Expectations of future growth in
government spending (using the mean forecast) at 1-quarter, 2-quarter, and 1-year horizons

are included as observables.

The final dataset spans Q1 1984 through Q4 2019: roughly corresponding to the start of the
post-Volcker monetary era and proceeding until the start of the COVID-19 pandemic; this
period also roughly corresponds to the modern U.S. macroeconomy with active monetary
policy. The measurement equation used in the estimation procedure for the standard non-

expectations macro data is given by:

Cavi | 5] [eevi/vi |
dlC, X log Cy/Cy—q
dll, Y log I/,
OBS; = | diw, | = |x| + [logW,/W,_, (3.26)
diG, X 9 — g1
dlP, T log P,/ P4
FFR| |7 | n |

where dl represents 100 times the log difference,  is the quarterly trend growth rate common
to Vs, Cy, I; and W,, 7 is the steady-state quarterly inflation rate, and 7 is the steady-state

quarterly interest rate.

Additional measurement equations are needed for the SPF expectations data. Expectations

of future real government spending are converted to growth rates and are fit as follows:

log(SPFisn/SPFrin-1) = Ei(girn — gran1) +f (3.27)

where €? is a normally distributed measurement error for horizon h = 1,2, 4.
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Parameter Value Details

I6] 0.99  Discount rate

) 0.025 Depreciation rate

! 0.33  Effective share of capital
Ly 1.20  Steady state price markup
v, 0.75  Capital utilization share
Ye 0.6  Consumption share

Yi 0.2  Investment share

Table 3.2: Calibrated Parameters: Bayesian Estimation

Some structural parameters are calibrated; these parameters are presented in Table 3.2. The
remaining parameters are estimated using a standard Bayesian MCMC procedure. First,
the mode of the posterior distribution is estimated by maximizing the log of the posterior
function; the posterior is computed as the product of the prior information of non-calibrated
parameters and the likelihood of the data described above. The priors for the selected
parameters are set based on standard choices in the empirical macro literature and may
be found in Tables 3.3 and 3.4. Secondly, a Metropolis-Hastings computational algorithm
comprising two MCMC chains and enough draws to achieve convergence is utilized to map
a complete posterior distribution for all estimated parameters. Note that all estimated
parameters are identified from the data. The estimated posterior means are used to compute
IRF's to the various shocks within the model. The results from these analyses are presented

in the following section.

3.4.2 Posterior Estimates

Table 3.3 shows the posterior estimates (means and 90% credible intervals) for the struc-
tural parameters of the model. We begin the results discussion with the key parameters
of this model. It is immediately clear that the data prefers a non-behavioral equilibrium.
The posterior mean for M is 0.98, suggesting that agents in the U.S. exhibited barely any

cognitive discounting. The estimated HTM share () is only 14%, significantly lower than
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Prior Posterior
Parameter Description Dist. Mean Dev. | Mean 10% 90%
0] Inverse Frisch elas. | Normal 4.00 1.50 | 3.10 3.00 3.22
h Habit formation Beta 0.70  0.10 | 0.74 0.73 0.75
A Fraction HTM Beta. 0.35 0.10 | 0.14 0.13 0.14
0, Calvo prices Beta 0.50 0.10 | 095 0.95 0.95
O Calvo wages Beta 0.50 0.10 | 0.63 0.62 0.64
lp Price indexation Beta 0.50 0.15 | 0.67 0.66 0.69
L Wage indexation Beta 0.50 0.15 | 0.69 0.69 0.70
oy Labor supply elas. | Normal 2.00 0.75 | 0.58 0.57 0.60
Y Capital util. elas. Beta 0.50 0.15 | 025 0.24 0.26
M Myopia Beta 0.85 0.10 | 0.98 0.98 0.99
X MP inflation Normal 1.50 0.25 | 1.66 1.65 1.67
Xy MP output Normal 0.12 0.05 | 0.10 0.10 0.10
o FP govt. spending | Normal 0.10 0.05 | 0.11 0.11 0.11
o FP debt Normal 0.33 0.10 | 0.30 0.30 0.30
y* Trend Normal 040 0.10 | 0.37 0.37 0.38
* Trend Normal 0.60 0.10 | 0.44 0.43 0.45
7 Trend Normal 0.75 0.10 | 0.53 0.52 0.54

Table 3.3: Posterior Estimates: Structural Parameters

micro-estimates of 0.35. The data also prefers a high monetary response to inflation with
X~ estimated to be 1.66. Remember that this model is estimated under determinacy so
this solution is consistent with the "unreasonable” myopia determinate solution. Fiscal pol-
icy coefficients (¢, and ¢;) estimates stayed close to their prior means at 0.11 and 0.30

respectively.

Contrary to Milani (2017), mechanical sources of persistence uphold their importance in
fitting the sluggishness of macro variables, even in the presence of behavioral features. For
the rest of this discussion, we will highlight any cases where there is significant disagreement
between our parameter estimates and those of Smets and Wouters (2007) (“SW2007") as
that provides a valuable benchmark for comparison. If a SW2007 value is not provided, it is
because our estimates are similar. Habit formation (h) is moderate at 0.74 which is within
the range of standard studies. The Calvo parameter for sticky prices (6,) is extremely high at
0.95, much higher than 0.65 from SW2007. The parameter for sticky wages (6,,) is 0.63, lower
than SW2007 (0.73). This suggests that the data favors a much higher degree of sluggishness

in price adjustments instead of wage adjustments. Price indexation (¢,) and wage indexation
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Prior Posterior

Parameter Description Dist. Mean Dev. | Mean 10% 90%

Persistence
Py Preference Beta 0.50 0.20 | 0.65 0.64 0.66
Pw Wage markup Beta 0.50 0.20 | 097 0.96 0.98
Pp Price markup Beta 050 0.20 | 0.62 0.62 0.64
Pa Technology Beta 0.50 0.20 | 0.90 0.89 0.91
Py Govt. Spending Beta 0.50 0.20 | 0.88 0.85 0.89
Di Investment specific | Beta 0.50 0.20 | 0.16 0.15 0.18
Dr Monetary Policy Beta 050 0.20 | 0.93 0.93 0.94

Deviation
oy Preference r-t 030 1.00| 004 0.04 0.04
Ow Wage markup r-t 030 1.00/| 0.04 0.04 0.05
op Price markup r-t 030 1.00| 038 0.38 0.39
Oq Technology r-* 030 1.00| 010 0.09 0.10
o4 Govt. Spending r-t 030 1.00| 028 0.28 0.28
o Investment specific | '™ 0.30 1.00 | 0.04 0.04 0.04
o, Monetary Policy r-t 030 1.00| 004 0.04 0.04

Table 3.4: Posterior Estimates: Shock Processes

(1) are roughly equally important with posterior means of 0.67 and 0.69 respectively, both
of which are higher than their SW2007 counterparts: 0.22 and 0.59. Price stickiness and

price indexation are both significantly more important in fitting the data under this model.

Next we discuss the estimates of standard macro parameters. There is a wide range of
estimated values for the inverse Frisch elasticity (¢); our estimated mean is 3.10 which is
quite different from the SW2007 value of 5.74. The elasticity of labor supply to wages (o;)
is quite low at 0.58, significantly different from SW2007’s estimate of 1.92. The elasticity of
capital utilization (¢) is 0.25, lower than 0.54 from SW2007. The Fed response to output
(xy) is expectedly low at 0.10. The trend coefficients, y*, 7*, and i*, are along expected
values at 0.37, 0.44, and 0.53 respectively. Inflation and interest rate trends are lower than
SW2007, which intuitively corroborates the low interest rate, low inflation period following

the sample used in SW2007.

Table 3.4 shows the posterior estimates of the shock processes. Preference shocks have a
moderate degree of persistence of 0.65 but a low deviation of 0.04. Both markup shocks,

wage and price, have high persistence (similar to SW2007) of 0.97 and 0.62 but wage markup
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shocks have a low deviation of 0.04. Price markups are persistent and large with the highest
deviation of any shock at 0.38. Technology shocks are very persistent with an AR parameter
value of 0.90, again similar to its value from SW2007; it has the third largest deviation among
the shocks with a value of 0.10. Government spending shocks are highly persistent (0.88)
but not as persistent as in SW2007 (0.97). It is also highly volatile with the second highest
deviation of 0.28. Investment-specific shocks are neither persistent (0.16) nor volatile (0.04),
suggesting they are not important to the model. Monetary policy exhibits a high degree of

smoothing with an AR coefficient of 0.93 but is mildly volatile with a 0.04 mean deviation.

3.5 Concluding Remarks

This paper includes cognitive discounting of expectations in a medium-scale monetary DSGE
model of the macroeconomy that is typically used for fiscal policy analysis. Such deviation
from rational expectations has drastic effects on the determinacy of the model. The analysis
unveils a determinacy trilemma: the model can only select 2 of 3 reasonable values for
myopia, share of hand-to-mouth consumers, and active monetary policy. Myopia also causes
a larger deviation from the Ricardian equivalence equilibrium so that fiscal multipliers are
larger at multiple horizons. However, the larger multipliers are accompanied by significantly
larger crowding out of private investment. Additionally, the effects of myopia on fiscal
multipliers are non-linear and reverse after crossing a particular threshold of the ratio of

hand-to-mouth consumers.

This paper raises many more questions and research avenues that may be addressed in future
iterations or other papers altogether. Myopia is just one potential form of behavioral bias,
and a stylized one at that. It is also used in a reduced-form context. It may be interesting
to apply other behavioral factors such as sentiment, anchoring, etc. and check if our results

still hold. Additionally, the estimation is conducted under the assumption of determinacy.
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Given that determinacy may not be maintained in this context even if the Fed responds
strongly to inflation, it will be interesting to estimate the model again under indeterminacy

and compare the results.
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Appendix A

Chapter 1

A.1 Summary of GK2011 Model

1. Marginal utility of consumption:
0t = (Cy — hCy 1) 7 = E4[Bh(Cyy1 — hCy) 7]

where C} is consumption, 0 < A < 1 is the household’s degree of habit formation, 0 <

£ < 1 is the discount factor, and ¢ > 0 is the intertemporal elasticity of substitution.

2. Stochastic discount rate:

Ot+1
At,t+1 = —

Ot

3. Euler equation:

1=E [BRt+1At,t+1]
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where R;,; is the gross real return on one-period bonds from ¢ to ¢ + 1.

. Labor market equilibrium:
xLi = oW,
where L, is household’s labor supply, W, is the wage rate, x > 0 is the relative weight

of labor to utility, and ¢ > 0 is the inverse Frisch elasticity of labor supply.

. Growth rate of banks’ assets:

. Qi+iSt4i
Tip+i = Q—S
Ot

where S;; is the amount of shares of non-financial firms that financial firms hold as

assets in their balance sheets with (); being the price of each share.

. Growth rate of banks’ net worth:

where N, is banks’ net worth or equity.

. Value of banks’ capital:

= Et[(l - H)ﬁAt,tH(Rk,tH - Rt+1) + BAt,t—i—lext,t—‘,—th-i-l]

where Ry 441 is the stochastic return on assets earned by the banker from ¢ to t+1 and

0 < 6 < 1 is bankers’ survival rate.

. Value of banks’ net worth:

= E(1 —0) + BN 141020 1017141]
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10.

11.

12.

13.

Optimal leverage ratio:

T
¢t—>\_yt

where 0 < A < 1 is the fraction of assets that may be diverted away by bankers.

Aggregate capital:

QthJrl = ¢tNt

where K., is the capital acquired by intermediate goods producers. This capital is

financed by funds obtained from the financial intermediaries.

Banks’ aggregate net worth:
Ny = Ney+ Ny i

where N, and N,,; is the net worth of existing and new banks respectively.

Existing banks’ net worth accumulation:
Ney = ezt,tletflgive

where eV is an exogenous shock to existing banks’ net worth.

New banks’ net worth creation:

Nn,t = wQ Ky

where & is the quality of capital and is governed by the AR(1) process: log& =

pelog &1 + ef. 0 < w < 1 is the proportion of exiting banks’ assets that is provided
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14.

15.

16.

17.

to new banks as “start up” funds.

Intermediate firms’ production function:

Yoni = Af(Ui& K L~

where A; is the total factor productivity which is governed by the AR(1) process:
log Ay = pslog A1 + €. U, is the utilization rate of capital and 0 < o < 1 is the

effective share of capital.

Optimal capacity utilization rate:

Pm,taYm,t

1+v
Ui = 70K,

where P,,; is the price of intermediate firms’ goods, v is the elasticity of marginal
depreciation with respect to the capital utilization rate, and b is the steady state value

of the nominal marginal product of capital.

Depreciation rate:

b

5<Ut):6c+1—|—1}

Utl +v

where 0. is set to maintain a steady state depreciation rate of 0.025.

Return to capital:

Pm,ta;?:l + &41(Qu1 — 0(Uisa))
Rk,t+1 = Q
t

where Y; is the aggregate retail output in the economy.
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18.

19.

20.

21.

22.

23.

Optimal investment decision:

7 In - In — ? [n - [n — In + Iss
Qt:1+77_( it it 1) +77i< it it 1)( it )
2 [n,t—l + Iss In,t—l + [ss [n,t—l + Iss

where I, ; is the new capital created in the economy, I, is the steady state investment

level, and n; is the inverse elasticity of net investment to the price of capital.

Gross investment:

I = 0(Up) & Ky + Lyt

Capital accumulation:

K1 =K+ 1y

Government expenditure:
Gt = Gss gt
where G, is steady state government spending and ¢, is an exogenous disturbance that

is modeled as the AR(1) process: log g: = p,log g;—1 + 7.

Aggregate resource constraint:

]n,t - In,t—l

i
Y, =Ci+ G+ L+ —
! ‘ ! ! ( In,tfl + Iss

2
In [SS
L ) (b 1)

Price dispersion:

o )

Dy =Dy _ym, Pm 4+ (1 —7)
t t—1T—1 Ty 1—~

117



where 7; is the economy’s inflation rate from ¢t — 1 to ¢, 0 < v < 1 is the Calvo
probability of firms having to keep prices fixed, 0 < =, < 1 is the degree of price

indexation, and € is the elasticity of substitution across intermediate firms’ products.

24.

25.

26.

27.

28.

29.

Retail output:

Pricing equation (1):

F, =Y, Py + EByApiamim P Fi
Pricing equation (2):

Zy =Y + Etﬁ’yAt,tHW;%WZp(lie) Ly

Optimal price choice:

T = ¢ Ft7r
= — Tt
t 6_1Zt

Price index:

= Am )+ (L= )t

Fisher equation:

1 = Rt+1Et7Tt+1
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30. Taylor rule for interest rate:

1—p;

1 e \™ b
N & T

iy =1 |:—57T: Pm’t—e : H

where 0 < p; < 1 is the interest rate smoothing parameter, x, is the inflation weight,

K, is the output weight, and &} is an exogenous shock to monetary policy.
Further details on these equilibrium equations or their detailed derivations are beyond the

purview of this paper and may be found by perusing GK2011 and its accompanying materials

directly.
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Appendix B

Chapter 2

B.1 Base Model Equilibrium Conditions

1. Marginal utility of consumption:
Ot = (Ct - th—l)_U - Et[ﬁh(ctﬂ - th)_U]

where C} is consumption, 0 < A < 1 is the household’s degree of habit formation, 0 <

B < 1 is the discount factor, and ¢ > 0 is the intertemporal elasticity of substitution.

2. Stochastic discount rate:

Ot+1
At,t+1 = —

Ot

3. Euler equation:

1=K [BRt—&—lAt,t-&-l]
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where R;,; is the gross real return on one-period bonds from ¢ to ¢ + 1.

. Labor market equilibrium:
xLi = oW,
where L, is household’s labor supply, W, is the wage rate, x > 0 is the relative weight

of labor to utility, and ¢ > 0 is the inverse Frisch elasticity of labor supply.

. Growth rate of banks’ assets:

. Qi+iSt4i
Tip+i = Q—S
Ot

where S;; is the amount of shares of non-financial firms that financial firms hold as

assets in their balance sheets with (); being the price of each share.

. Growth rate of banks’ net worth:

where N, is banks’ net worth or equity.

. Value of banks’ capital:

= Et[(l - H)ﬁAt,tH(Rk,tH - Rt+1) + BAt,t—i—lext,t—‘,—th-i-l]

where Ry 441 is the stochastic return on assets earned by the banker from ¢ to t+1 and

0 < 6 < 1 is bankers’ survival rate.

. Value of banks’ net worth:

m=E(1 —0) + BA 141020 1017141]
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10.

11.

12.

13.

Optimal leverage ratio:

T
¢t—>\_yt

where 0 < A < 1 is the fraction of assets that may be diverted away by bankers.

Aggregate capital:

QthJrl = ¢tNt

where K., is the capital acquired by intermediate goods producers. This capital is

financed by funds obtained from the financial intermediaries.

Banks’ aggregate net worth:
Ny = Ney+ Ny i

where N, and N,,; is the net worth of existing and new banks respectively.

Existing banks’ net worth accumulation:
Ney = ezt,tletflgive

where eV is an exogenous shock to existing banks’ net worth.

New banks’ net worth creation:

Nn,t = wQ Ky

where & is the quality of capital and is governed by the AR(1) process: log& =

pelog &1 + ef. 0 < w < 1 is the proportion of exiting banks’ assets that is provided
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to new banks as “start up” funds.

14. Intermediate firms’ production function:

Yoni = Af(Ui& K L~

where A; is the total factor productivity which is governed by the AR(1) process:
log Ay = pslog A1 + €. U, is the utilization rate of capital and 0 < o < 1 is the

effective share of capital.

15. Optimal capacity utilization rate:

Pm,taYm,t

1+v
Ui = 70K,

where P,,; is the price of intermediate firms’ goods, v is the elasticity of marginal
depreciation with respect to the capital utilization rate, and b is the steady state value

of the nominal marginal product of capital.

16. Depreciation rate:

b

5<Ut):6c+1—|—1}

Utl +v

where 0. is set to maintain a steady state depreciation rate of 0.025.

17. Return to capital:

Pm,taym’”1 +&41(Qig1 — 6(Upgr))

Ky
Q¢

Riyi1 =
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18. Optimal investment decision:

7 ]n - In — ? In - ]n — ]n + Iss
Qt 1 77_ it t—1 . )t t—1 it
2 In,tfl + Iss In,tfl + Iss In,tfl + Iss

Lvit — I\ [ Tossr + Iss \ 2
—Etﬁ/lt,tﬂm( I’ttl+[ ’t> < I’t:1+] )

where I, ; is the new capital created in the economy, I, is the steady state investment

level, and n; is the inverse elasticity of net investment to the price of capital.

19. Gross investment:

I = 6(U) & Ky + 1y

20. Capital accumulation:

K =§K + 1,

21. Government expenditure:
Gt = Gss gt

where G is steady state government spending and g; is an exogenous disturbance that

is modeled as the AR(1) process: log g: = pylog gi—1 + 7.

22. Aggregate resource constraint:

2
Ui ]nt_[nt—l
Y, =Ci+G+ 1L+ = | ——— I, I
! t+ t+ t+2 <In,t—1+lss) ( 7t+ )

where Y; is the aggregate retail output in the economy.
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23.

24.

25.

26.

27.

28.

Price dispersion:

e 1 _,}/71_73(1_’7)7.[.’7*1 T 1y
Dt:’)/Dtl’]Tt’yfﬂt—F(l—’)/)( ]%_17 t

where 7; is the economy’s inflation rate from t — 1 to ¢, 0 < v < 1 is the Calvo
probability of firms having to keep prices fixed, 0 < =, < 1 is the degree of price

indexation, and ¢ is the elasticity of substitution across intermediate firms’ products.

Retail output:

Pricing equation (1):

F=Y P, + EtﬁV/lt,tHWfHWt_%EH

Pricing equation (2):

Zy =Y + EtBVAt,tHWfI%W?p(l_E) Zi

Optimal price choice:

€ Ft

T 6—].Zt

Price index:

—€ 1—e xl—e
m =+ (1= )
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29.

30.

Fisher equation:

1 = Rt+1Et7Tt+1

Taylor rule for interest rate:

1—p;

1 € " b
I K 7
% =14 |:B7Tt Pth—e 1 €t

where 0 < p; < 1 is the interest rate smoothing parameter, . is the inflation weight,

K, 1s the output weight, and &} is an exogenous shock to monetary policy.
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Appendix C

Chapter 3

C.1 Expanded Model: Log-Linearized equations

1. Optimizing consumers:

3. Consumption aggregation:

e =Af + (1= XN)ey
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4. Labor aggregation:

ne = Any + (1 — A\)ng

5. Wage determination:

1 5 1+ By Lw (1 —=30,)(1—0y)
wy = 1+Bwt—1+1+6(Etwt+1+Et7Tt+1) 155 7Tt+1+/67rt—1 oL+ B

(g —pg"™™)

6. Wage markup:

w r 1—
Hy :wt_()‘ct+1_h

(¢} — heg 1) + omy)

7. Investment adjustment:

i

U= ——%—1 + ——= By + Gt + vy

1
1+ 1+ 83 1+ 3)

8. Capital accumulation:
ke = (1= 8)ki—1 + iy + (0(1 + B)p);
9. Capital utilization:
Z = wrf
10. 'Q’ relation for investment:

¢ = (1 = 0)Erqr + [1+ B(1 — 5)]Et7'f+1 — (re — Eymiqr + Vx)
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11.

12.

13.

14.

15.

16.

17.

New-Keynesian Phillips curve:

bp

T = T+ ——Fm —
L T R TP

Price markup:

Mf = (yt _nt) — Wy

Rental rate of capital:

rh =, — 2 =k + (14 o)y

Production function:

vy = (1 —a)ng + aki 1+ az + o

Aggregate resource constraint:

Ye = Vel + Vile + V22 + G

Government debt:

by =By, + gt — 1]

Taxation:

ty = Ppby—1 + ¢ggt
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18. Taylor rule:

re = ppre—1 + (1 — pr)[XTFWt + nyt] + &
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