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Abstract

The transmission channel of monetary policy in the benchmark New Keynesian (NK)
framework relies on the counterfactual Full Information Rational Expectations (FIRE)
assumption, particularly at the general equilibrium (GE) dimension. | relax the Full
Information assumption and build a Heterogeneous-Agents NK model under financial
frictions and dispersed information. | find that the amplification multiplier of monetary
policy is dampened by the lessened role of GE effects. | then conduct the standard full-
fledged NK analysis: the determinacy region is widened as a result of as if aggregate
myopia, and the framework beyond FIRE does not suffer from the forward guidance
puzzle. Finally, | find that transitory “animal spirits” shocks generate persistent effects.

Keywords: imperfect information, New Keynesian, heterogeneous agents, monetary
policy.

JEL classification: E31, E43, E52, E71.



Resumen

El canal de transmision de la politica monetaria en el modelo neo keynesiano (NK) se
basa en la suposicion contrafactual de expectativas racionales e informacion completa
(FIRE, por sus siglas en inglés), especialmente en la dimensién de equilibrio general (EG).
El presente documento flexibiliza la suposicién de informaciéon completa y construye un
modelo NK de agentes heterogéneos bajo fricciones financieras e informacion dispersa.
Encontramos que el multiplicador de amplificacién de la politica monetaria se atenta
debido al menor alcance de los efectos de EG. Adicionalmente, mostramos cémo la
region de determinacion se amplia como resultado de la miopia agregada, y como el
marco FIRE no se ve afectado por el rompecabezas de la forward guidance. Por ultimo,
mostramos cémo shocks transitorios de animal spirits generan efectos persistentes en
la economia.

Palabras clave: informacion imperfecta, neokeynesiano, agentes heterogéneos, politica
monetaria.

Codigos JEL: E31, E43, E52, E71.



1. Introduction

Evidence suggests that inequality and information frictions play significant roles in
shaping the transmission of aggregate shocks. The proportion of households that are
financially restricted is 34% in the U.S., in an upward trend since 2001, and around
31% in Europe with some countries exhibiting values greater than 40% (Kaplan et
al. 2014; Almgren et al. 2022).! Recent theoretical and empirical studies suggest that
economies with higher levels of inequality respond more to fiscal and monetary shocks.?
Coibion and Gorodnichenko (2015) provide evidence of forecast underreaction to news
in surveys of expectations to consumers, firms, professional forecasters, and central
bankers. Empirical evidence suggests that households’ and firms’ underreaction to
shocks reduces their effect, increases their persistence, and that the role of general
equilibrium (GE) effects after a monetary policy shock is initially dampened (Angeletos
et al. 2021; Holm et al. 2021; Gallegos 2023).

To understand transparently the mechanism of the interaction of these two forces,
financial and belief frictions, I build a tractable Heterogeneous-Agents New Keynesian
(HANK) model, based on Bilbiie (2021), extended with noisy information a la Angele-
tos and Huo (2021).3 This framework incorporates key micro-heterogeneity inputs of
the quantitative literature: cyclical inequality, idiosyncratic risk, and precautionary
savings, which together generate heterogeneous marginal propensities to consume
(MPCs). In the benchmark Full Information Rational Expectations (FIRE) setup, more
unequal economies react more to exogenous shocks under plausible assumptions. This
amplification result arises from the higher MPCs of financially constrained households,
and depends on the FIRE assumption at the GE dimension. In the FIRE setting, agents
face no uncertainty on the exogenous fundamental and, since information sets are
homogenous across individuals, on others’ actions. In this paper, I accommodate such
doubts. I explore the amplification result under an empirically-consistent deviation
from the FIRE assumption in which agents have imperfect and dispersed information
about the state of nature, following Lucas (1972). At the individual level, agents need
to forecast both the exogenous fundamental (the monetary policy shock) and aggre-
gate variables that are endogenous to individual actions (output and inflation). As a
result, an agent needs to predict other agents’ actions. I study how the PE vs. the GE
dynamics are affected by higher-order beliefs in the beyond FIRE framework, muting
the amplification effect.

I use this setting to study determinacy with interest rate rules, where imperfect
information relaxes the lower bound on the monetary authority dovishness. I also solve

1A household is financially restricted if it has no liquid savings to self-insure against adverse shocks.

2See Gali et al. (2007); Brinca et al. (2016) for the fiscal policy case, and Bilbiie (2008, 2021); Almgren et
al. (2022) for the monetary policy case.

3Auclert et al. (2020); Pfiuti and Seyrich (2022) also study the interaction between these two frictions
under sticky information and bounded rationality, respectively.
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the forward-guidance puzzle (FGP) and study the different effects of a pure monetary
policy shock vs. an “animal spirits” shock.

Amplification. As laid out by Bilbiie (2021, 2008); Gali et al. (2007), as well as richer
models by Gornemann et al. (2016), Werning (2015), Auclert (2019) and Hagedorn et
al. (2019), whether aggregate shocks have bigger or smaller effects on aggregate con-
sumption, compared to the representative agent framework, is ambiguous. In a model
that combines the tractability of TANK models with the most important elements of
heterogeneous agent models, Bilbiie (2021) shows that the output response to shocks is
amplified if the income elasticity of constrained agents with respect to aggregate income
is larger than one. He refers to this case as cyclical income inequality; a channel which is
strengthened if a larger fraction of agents is constrained.* Using Norwegian adminis-
trative data, Holm et al. (2021) decompose the households’ consumption responses to
monetary shocks into PE and GE effects by controlling for households’ income changes
throughout the impulse response, and find that the IRF is initially driven by the PE
effects. Angeletos and Huo (2021) show that dispersed information attenuates the GE ef-
fects associated with the Keynesian multiplier and the inflation-spending feedback in a
RANK economy. I extend their setup by including financial constraints and HtM agents,
and study the implications of dispersed information for the amplification multiplier.
The magnitude of the amplification multiplier is dampened in the dispersed infor-
mation framework, in which PE effects dominate GE effects in the first year after the
shock, compared to the FIRE case in which the PE vs. GE share is constant over time. In
this private and dispersed information economy, agents need to forecast the exogenous
fundamental and aggregate inflation and output. The forecast of the fundamental does
not give rise to higher-order beliefs, since the realization does not depend on others’ ac-
tions and agents do not need to predict others’ beliefs about the fundamental. However,
forecasting aggregate output and inflation has the additional complication of dealing
with higher-order beliefs. In the standard framework, first-order and higher-order
beliefs coincide, whereas in this case higher-order beliefs are more sticky than lower-
order beliefs (more anchored to priors). As a result, the expectations of endogenous
aggregate variables adjust less to news, and are more anchored to priors, attenuating
the GE effect. Aggregate dynamics are initially driven by PE effects, consistent with the
empirical findings in Holm et al. (2021). Over time, the aggregate dynamics rely more
on GE effects, until the PE share converges to the full information benchmark. Formally,
imperfect information reduces the degree of complementarity of actions across agents
and partially mutes the amplification mechanism that critically relies on them. I find

4Almgren et al. (2022); Patterson (2022) find empirical evidence for this assumption. In models that
focus on the cyclicality of income risk, e.g., Werning (2015), the amplification of aggregate shocks is
caused by an increase in the probability of becoming constrained for the unconstrained, which leads the
latter to save more and consume less.
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that (i) the peak response of output is about 1/3 of that in the FIRE case, consistent with
empirical evidence (Ramey 2016); (ii) impulse responses are hump-shaped, which the
standard FIRE framework can only produce if there is habit formation, price indexation,
and lumpy investment;® and (iii) when income inequality is countercyclical (the case
studied in Bilbiie 2021), the response of output after a monetary policy shock is amplified
by 7.72%, compared to 10.28% in the FIRE model. That is, dispersed information reduces
the amplification multiplier and the overall effect of monetary policy.

Forward Guidance. Inthe NK framework, the determinacy region is ultimately linked
to the forward-looking behavior of the model equations. The Taylor rule provides an es-
sential stabilization role, and an excessively dovish monetary authority ends up creating
explosive dynamics in the model equations. Del Negro et al. (2012); McKay et al. (2016);
Andrade et al. (2019); Hagedorn et al. (2019); Angeletos and Lian (2018) have contributed
to a growing literature that tries to find an explanation for the FGP from different angles,
my approach combining those of Hagedorn et al. (2019) and Angeletos and Lian (2018).
I find that, although there is compounding at the aggregate DIS curve arising from
countercyclical income inequality, higher-order uncertainty induces enough anchoring
to cure the FGP, a failure of the standard NK framework. Because expectations play a key
role in the determination of aggregate variables, anchoring in expectations translates
into intrinsic persistence in endogenous aggregate variables and myopia towards the
future. These two results, taken together, enlarge the determinacy region of interest
rate rules and solve the FGP, consistent with the cognitive discounting framework in
Gabaix (2020).

Beliefs Shocks. The last contribution is to study expectation shocks. I consider the case
of public information, and I show that even if the non-fundamental shock is transitory,
its effects are persistent, which aligns with the findings in Lorenzoni (2009). Because
agents cannot fully disentangle whether the shock to the signal that they have observed
comes from the fundamental monetary policy rule or the non-fundamental noise part,
the “animal spirits” shock partially inherits the properties of the pure monetary shock,
which in turn explains its persistent consequences. In a second extension, I consider
both public and private information. I find that monetary policy is more effective than
in the public information case, and the effect of belief shocks is lessened, as a result

SHavranek et al. (2017) present a meta-analysis of the different estimates of habits in the macro
literature and the available micro-estimates. In general, macro models take values around 0.75, whereas
micro-estimates suggest a value around 0.4. Groth and Khan (2010) conduct a similar analysis for the
investment adjustment frictions case, finding that the microeconomic estimates an order of magnitude
below the ones used in the empirical macro literature, in which they are estimated to minimize the
distance between model dynamics and empirical IRFs. Finally, the price-indexation model suggests that
every price is changed every period, which is inconsistent with the micro-data estimates provided by
Nakamura and Steinsson (2008).
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of effectively reducing the degree of information friction by including an additional
signal.

Roadmap. The paper proceeds as follows. In section 2 I describe the reduced-form
theoretical framework, focusing on both household financial heterogeneity and dis-
persed information, and derive the equilibrium dynamics. In section 3 I discuss the
different implications and insights provided by our HANK model beyond FIRE: the
amplification multiplier, the role of the PE vs. GE share, the FGP, and “animal spirits”
shocks. In section 4 I extend the theoretical setup to include firms, whose actions affect
households, and study the applications and insights in the extended framework. Section
5 concludes the paper.

2. The Analytical HANK Beyond FIRE Model

The HANK framework described in this section is a reduced-form version of the standard
incomplete markets model, based on Bilbiie (2021). Households face an idiosyncratic
risk of not being able to access asset markets, instead of risky labor income. This simpli-
fying assumption allows me to solve the model in paper and pencil, and still provides the
desired precautionary savings motive that two-agents New Keynesian (TANK) models
lack. On top of household heterogeneity concerning their market participation, agents
face uncertainty about the state of nature. They receive idiosyncratic signals about the
true state, which endogenously generates heterogeneous information sets. Since agents
rely on different information, their beliefs and forecasts will differ. This aspect will be
crucial for forecasts of endogenous aggregate variables like output or inflation. This
gives rise to higher-order beliefs: to forecast these endogenous outcomes, an agent
needs to forecast the action of other agents, and other agents need to forecast the action
of others, ad infinitum.

For simplicity, I consider only the demand side of the economy in this section. I
extend the model to firms in section 4.

2.1. Households

There is a measure-1 continuum of ex-ante identical consumers in the economy, indexed
by i € Jc = [0,1]. Household i maximizes an infinite stream of its expected utility
over consumption and its dis-utility over labor supply, > 25, B*E;;u(C;;, N;;), where C;;
denotes household i’s consumption decision at time ¢, and N;; denotes its labor supply
choice. Notice that, differently from standard FIRE models, there is an i subscript in the
expectation operator, as a result of the heterogeneity in information sets and forecasts.

Financial frictions are exogenous to individual behavior. In every period, a household
is either financially constrained or not. If the household is financially constrained, it
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is unable to save and loses access to the firm profits, but keeps access to previous-
period savings.® I denote constrained households as Hand-to-Mouth (HtM). In contrast,
unconstrained households benefit from having access to asset markets and firm profits.
To insure against the risk of becoming constrained, which entails losing access to part
of their resources (firm profits) and the ability to borrow, unconstrained households
save in bonds (precautionary savings).

In every period the household learns if it will be financially constrained or not
in that period. The exogenous shock takes the form of a Markov chain. Denote by s
the probability of remaining unconstrained, denote by h the probability of remaining
constrained, and denote by 1- s and 1 - h the respective transition probabilities. For
simplicity, I assume that the Markov process induces a stationary distribution. Formally,
the share of HtM agents A is given by A = (1 - 5)/(2 - s - h). Notice that this analytical
HANK framework nests the TANK model when s = h = 1 (i.e., in the first period the state
of each household is revealed and will never change), and the RANK economy when
A=0.

Unconstrained households. A share (1-\) of unconstrained households have access to
financial income B;;; they also have access to labor income W] N;;, where W/ is the aggre-
gate real wage rate. Finally, they receive the untaxed share of firm profits (1-tp)/(1-A)E,
where Tp is the profit tax rate and E;. With these resources, an unconstrained household
can either consume or save in bonds B;; for tomorrow. The solution to their problem,
derived in Appendix B, is given by an individual Euler condition, C;° > BE; (RtCi‘t‘frl),
where I have assumed that utility takes a CRRA form, with o denoting the intertemporal
elasticity of substitution and ¢ the inverse Frisch elasticity. Opening up the expectation
operator, considering on which state the household can potentially go to (Markov struc-
ture), the condition can be written as (Cft)“f = BLE; {Rt [s (Cgfﬂ) s (1-5) (Cffﬂ) _G} }
The intratemporal optimality condition of the household i € S problem is

@ LW = (CiSt)G (th> ’

which is the optimal labor supply decision.

Hand-to-Mouth households. In contrast, a share A of households is financially con-
strained. They are banned from asset markets and do not have access to firm dividends,
but they still have an intratemporal decision on how much labor to supply, and receive
the taxed share of firm profits as government transfers, TTDEt. Formally, household i € H
only faces an intratemporal labor decision. The optimal labor supply condition satisfies

o P
£ wy = (cif) (v,

6This will be innocuous for the analysis since assets are in zero net supply.
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2.2. Fiscal and Monetary Policy

I assume that the government, which conducts fiscal and monetary policy, does not
face any information friction. In fiscal terms, on top of the aforementioned optimal
production subsidy, it conducts a redistribution scheme: it taxes profits from uncon-
strained households and rebates the proceedings to the constrained. In log-linear terms,
ef = 11__—T>f’et and e}l = TTDet. Furthermore, in the only demand-side setup, monetary policy

is conducted in reduced-form via an exogenous AR(1) real interest rate process

(2) Tt = pre1+ Océy, et ~ N(0,1).

2.3. The Dynamic IS Curve

As in the textbook NK, the demand curve can be summarized as a single equation; but
it cannot be collapsed into a first-order expectational difference equation since the
hierarchy of beliefs prevents the LIE from holding at the aggregate level. In this case,
the individual average-household-level DIS curve is given by

p

@) = _E(l = NEre + [1- BA-M)IE; yp + BIOM = AX) = 1 Epcea1 + BEC; 49

where a lower case variable denotes the logarithm of the capital letter variable, x; =
log X, x =1+ ¢ (1- TTD) measures the degree of amplification with respect to RANK
(if x > 1there is an amplification and if x < 1 there is lessening), and 6 =1+ %)&_s)
measures the degree of compounding at the consumer’s Euler condition (if > 1 there
is compounding and if § < 1 there is discounting).” Iterating forward and aggregating
across agents, the aggregate DIS curve can be written as

@ = —%(1 -0 B Efrg + [1- BA-MOIEE Y, + (5 - B)A-M0) Y B Y
k=0 k=1

where E’:(-) = fol E;;(-) diisthe cross-sectional average forecast across households.

Conditions (3)-(4) are derived under a general information structure, in which I relax
the assumption that the aggregate household expectation operator satisfies the LIE and
where agents do not observe aggregate variables. Each household’s decision (3) can be
described as a beauty contest in which it needs to forecast current real interest rates
and future output, which in turn depend on each other households’ actions.

Note that, given that the inverse of the Frisch elasticity is strictly positive (¢ > 0),
X > lif tp < A. There is an amplification of the effects of real interest rate changes if
X > 1 or if income inequality is countercyclical (tp < A), and a dampening otherwise.

’The model derivation is relegated to Appendix B.
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Almgren et al. (2022) find empirical evidence for the amplification effects of real interest
rate, and I, therefore, focus on the case x > 1, which in turn implies 6 > 1. Under FIRE,
d > 1 (coming from the precautionary savings motive) induces compounding in the
aggregate DIS curve.

Absent information frictions, first-order beliefs coincide with higher-order beliefs
and one can simplify the above expression by making use of the LIE at the aggregate
level and obtain

1 1 —
) Ye=- R+ 0y = - > SKE¢ryi
k=0

where v = 0%. A counterfactual consequence of compounding is that the FGP is

exacerbated. In the FIRE benchmark, one cannot have any amplification and cure the
FGP simultaneously (without including aggregate risk). This is a situation that Bilbiie
(2021) denominates Catch-22.

The beyond FIRE framework solves the Catch-22. In this case there is discounting in
the aggregate DIS curve even if the individual Euler condition preserves compounding
due to precautionary savings. Aggregate outcomes depend on expectations, which move
sluggishly due to an endogenous anchoring to priors. This anchoring in expectations
translates into both intrinsic persistence in outcomes and myopia about the future. I
show in section 3.2 that this myopia is sufficiently large to outweigh the compounding
induced by the precautionary savings motive.

2.4. Information Structure

Households can observe their current private variables (their wage, the consumption
and saving decisions they make, the transfers they receive) but not aggregate variables.
For instance, they observe all goods prices and are thus able to see the (current) aggre-
gate price index, but they do not observe the output, inflation, the nominal interest
rate, or the monetary policy shock.® Every period, each agent receives a dose of private
information on the aggregate fundamental. Formally, there is a collection of private
Gaussian signals, one per agent and period. In particular, the period-t signal received
by household i is given by

(6) Xjp = Tt + Oyllyy, u;; ~ N0, 1).

where 0, > 0 parameterizes the noise in the private signal.

81 assume that agents observe the price level, but do not use this piece of information to form expecta-
tions. Vives and Yang (2016) motivates this through bounded rationality and inattention, while Angeletos
and Huo (2021) argue that inflation contains little statistical information about real variables. Huo and
Pedroni (2021) allow for endogenous information, but such a choice complicates the dynamics and a
closed-form solution is not feasible.
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2.5. Equilibrium Dynamics

The equilibrium dynamics must satisfy the individual-level optimal policy functions
(3), and rational expectation formation should be consistent with the real interest rate
process (2) and the signal process (6). I show in Proposition 1 that the solution to the
fixed point is simply an AR(2) process.

PROPOSITION 1. In equilibrium, aggregate output obeys the following law of motion

) 3\ 1
™) Ye=VYp - (1‘5) mft

whered is a scalar that is given by the reciprocal of the largest roots of the polynomial of the
following matrix

2
P(2) = (B - 2)(z - p) (z 1) - 8 B(1-A)2(5 - )
P oyP

u

PROOF. See Appendix A. O

In this framework, ¥ governs information frictions. When the signal noise is high
enough such that the signals are completely uninformative, ¥ reaches its maximum
value of p. The beyond FIRE model produces intrinsic persistence without assuming
habit formation, and equilibrium dynamics are more persistent, and less sensitive to
real interest rate changes, as a result of sluggish expectations and imperfect attention.
On the contrary, when the signals are perfectly informative, ¥ = 0. In that case, which is
simply the FIRE NK model, the model dynamics are given by y; = —mrt whenever
d € (0,1), and are indeterminate otherwise. Given that I focus on the case 6 > 1,
the following corollary documents the degree of information frictions necessary to

outweight the forward-lookingness introduced by precautionary savings.

COROLL%RY 1. The eqLZLilibrium dynamics described by (7) exist and are unique if A < b;f(;D =
x 0c . _(1-B)(-p)

A and G < BEa0G-D):

PROOF. See Appendix A. O

First, the model requires a moderate degree of amplification. The first condition
requires 1 - Ax > 0. Under the parametric space studied in Bilbiie (2021), this implies
that the share of HtM agents should not exceed 59.5%. Kaplan et al. (2014) find that
the share of HtM agents does not exceed 40% in a cross-country comparison. Second,
the model requires a sufficiently high degree of information frictions, modulated by
the compounding &: the larger the degree of compounding, the larger is the degree of
myopia required.
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Comparative Statics: Interaction between Financial and Information Frictions. 1now
study the interaction between information and financial frictions. I focus in the ampli-
fication case tp < A, which implies x > 1 and 6 > 1. In proposition 1, I have documented
how are the equilibrium dynamics affected by the information frictions parameter
9(0, p). A larger ¥ produces additional intrinsic persistence, generating hump-shaped
dynamics, and reduces the sensitivity of output towards the real interest rate. The
following corollary documents the interaction between the two frictions.

COROLLARY 2. The information-related parameter 9 is increasing in the share of HtM agents
A and decreasing in the persistence of the income process s.

PROOF. See Appendix A. O

First, I find that a larger share of HtM agents increases the effect of information
frictions, holding them constant. A higher share of HtM agents A € (tp, A*) amplifies
the effect of a given shock in the FIRE NK model. Under information frictions, a change
in the share of HtM agents also implies higher strategic complementarities across
agents, making them rely less on their private signals, and amplifying the consequences
of a given level of information on persistence and sensitivity. Second, similar to the
previous case, a decrease in s € (0, 1) increases the effects of information frictions. A
lower persistence of the income process maps to greater relevance of future GE effects,
captured in reduced form by & > 1. A larger & amplifies the effect of a given shock in the
FIRE NK model, and induces greater strategic complementarities among agents under
information frictions, making them less responsive to private signals. For a given level
of information frictions, this amplifies persistence and reduces the sensitivity towards
exogenous shocks.

Calibration. Table 1reports the parameters used in the different analyses. All these
values are standard in the literature. The first block contains the standard RANK param-
eters. The discount factor 3, the intertemporal rate of substitution o, the inverse Frisch
elasticity ¢, and the autocorrelation p and the variance of the real interest rate shock
cr% have standard values in the literature, taken from Bilbiie (2021).

The second block contains the parameters related to household financial heterogene-
ity. These are taken from Bilbiie (2021) and include the probability of being financially
restricted s, set to match the quarterly autocorrelation of the income process in Guve-
nen et al. (2014), the profit tax rate Tp and the share of HtM A, jointly set to match the
aggregate MPC and the amplification magnitude in Kaplan et al. (2018).

The third block contains the parameters related to imperfect information. The
informational friction in our HANK beyond FIRE setting depends on how precise are
the signals that consumers receive. Coibion and Gorodnichenko (2015) focus on annual
inflation (GDP Deflator) expectations and regress the ex-ante average forecast error,
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TABLE 1. Parameter values.

Parameter Description Value Source

B Discount factor 0.99 Bilbiie (2021)

o Intertemporal elasticity of substitution 1 Bilbiie (2021)

0] Inverse Frisch elasticity 1 Bilbiie (2021)

02 Variance of shock 1 Bilbiie (2021)

P Autocorrelation of real interest rates shock 0.8 Bilbiie (2021)
D Profit tax rate 0.19 Bilbiie (2021)

A Share of HtM 0.37 Bilbiie (2021)

s Pr(unconstrained,i|unconstrainedy) 0.96 Bilbiie (2021)

0'5 Consumer signal innovation variance 298 Coibion and Gorodnichenko (2015)

computed as the difference between the realized variable at ¢ + 3 and the expectation at
time t of that variable at t+3, 71443 + - F¢7143 t, on the average forecast revision, defined as
the change in the forecast of a variable at time t + 3 formed at time ¢ minus the forecast
of that same variable formed at time ¢ -1, F¢7z+3 ¢ — F¢_171443 ¢ I match the underrevision
coefficient of households in Coibion and Gorodnichenko 2015 (using data on forecasts
from the Michigan Survey of Consumers), B = 0.705.° For this purpose, I obtain the
model-implied coefficient in our HANK beyond FIRE, 3. The following proposition
serves that purpose.

PROPOSITION 2. In our beyond FIRE framework the regression coefficient B2 is given by

B = A3 Aud1-A2)(1+9)(1+9%) (1 - pd)
T (P -ADA AL+ A2 +AB)O - Ay) 1-Agd
(®) + 1+ A2){(p = A DL+ Ay) = Au(l = Aud)] = pAZ(L+Ay) (1 - Ay D)}

2
where Ay is the inside root of the polynomial D(z) = (1- p2)(p - 2) - %z
PROOF. See Appendix A. O

Note that A, and ¥ are endogenous to the signal precision oy. I calibrate o, by
minimizing the square distance between the model-implied coefficient B and the
estimated coefficient in Coibion and Gorodnichenko (2015). This implies that cr% =
2.9766.

To be precise, Coibion and Gorodnichenko (2015) estimate a variant of the above regression that does
not include forecast revisions (because the dataset does not permit the calculation) and include oil price
changes in an IV setup. However, they show that for the case of the SPF, in which they can perform both
estimations, the estimated coefficients are nearly identical.
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3. Applications and Additional Insights

In this section, I study the different implications of the HANK beyond FIRE economy by
conducting several policy experiments. I exploit the two main frictions, financial and
informational, and explain their joint interaction and consequences. In particular, I
explain the key role of PE vs. GE effects and how these are affected by financial frictions,
I show that the model solves the FGP, and I obtain the effect of an “animal spirits” shock.
In section 4, the model is extended with a supply side and a Taylor rule, and I show
that the Taylor Principle is relaxed in the economy beyond FIRE (with the determinacy

region widened).

3.1. Response after a Real Interest Rate Shock

The HANK beyond FIRE differs from the textbook NK in two dimensions: household
heterogeneity and information frictions. To isolate the effects of both frictions, I study
these separately. I plot the impulse response of output after a real interest rate shock
in the FIRE economy in figure 1A (solid line). The peak response occurs on impact,
due to the lack of intrinsic persistence. Once I consider information frictions (dashed
line), the IRFs have the hump-shaped dynamics observed in the data (Christiano et al.
2005; Ramey 2016) without compromising the individual (monotonically decreasing)
responses to income shocks documented in Fagereng et al. (2019).

Amplification. Bilbiie (2008, 2021) finds that, under plausible parametric assumptions,
adding HtM households amplifies the response of aggregate variables to monetary
shocks. The proposed transmission mechanism works as follows. Unconstrained house-
holds change their consumption choice after a real interest rate shock (according to their
individual Euler condition), which in turn affects aggregate demand. Because wages
are fully flexible, they adjust to the new schedule. This is how real interest rate shocks
affect the HtM. Because they have a unity MPC, they will consume all income change
from wages and will magnify any change in aggregate demand. In figure 1B, I plot the
ratio between the output response to a real interest rate shock under a given HtM share,
and the output response under no amplification (tp = A), for different degrees of HtM
shares. Consider first the FIRE benchmark (solid line). The HtM transmission channel
is present: output responds more to real interest rate shocks the larger the share of HtM
agents, A. For the benchmark calibration A = 0.37, the peak output response is 69.28%
larger than without financial frictions. Under information frictions (dashed line), the
amplification effect of HtM agents is still present but partially muted. A larger degree
of financial frictions leads to a larger response of output to real interest rate shocks, but
the multiplier is smaller than in the FIRE case. For the benchmark calibration, the peak
output response is 27.48% larger than without financial frictions. The HtM mechanism,
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FIGURE 1. Theoretical Dynamics of Output.

A. Output dynamics after a 100 b.p. real interest rate shock in the FIRE (solid line) and Beyond FIRE
(dashed line) frameworks.
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which operates through general equilibrium dynamics, is partially muted by dispersed
information.

PE vs. GE. Using Norwegian administrative data, Holm et al. (2021) decompose the
households’ consumption responses to monetary shocks into PE and GE effects by
controlling for households’ income changes throughout the impulse response, and find
that the IRF is initially driven by the PE effects. The results obtained in the beyond FIRE
framework can be interpreted as a rationale for this finding.

The amplification effect of HtM agents is present but dampened by information
frictions. The transmission mechanism proposed by Bilbiie (2008, 2021) relies heavily on
GE effects. Beyond FIRE, agents need to forecast the exogenous fundamental (the real
interest rate shock) and aggregate output. While the information friction environment
complicates the forecast of the fundamental, it does not give rise to any higher-order
beliefs since its realization does not depend on others’ beliefs and actions. On the
contrary, predicting aggregate output leads to higher-order beliefs: agents need to infer
what others believe since its realization hinges on their actions. These higher-order
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beliefs, more anchored to priors at each increasing order, increase the sluggishness of
the GE dimension. As a result, aggregate dynamics are driven by PE effects in the initial
periods and, over time, rely more on GE effects until the PE vs. GE share converges to
the FIRE benchmark.

I decompose the total response in the DIS curve (4) into partial equilibrium (direct)
and general equilibrium (indirect) effect components:

o0 O
©) ¥ = —%(1 N> BREr g - BA-MOIE Y, + (8- B)YA-M0 D BFErypap
k=0 ) k=1 ,
PE ;%fect GE e:;cfect

In IRF terms, output at time t € {t,t + 1,t + 2, ...} after a real interest rate shock at
time ¢ can be written in terms of the two PE and GE components, IRF; r = 0 y,/0¢; =
OPE./0¢; + 0GE{/0¢;. Defining the PE share at time T as ur = PE{/(PE; + GE¢), the
following proposition provides the PE share p1r beyond FIRE.

PROPOSITION 3. Beyond FIRE, the time-varying PE share i is given by

BA-Ax)(1-pd) pT - AT
1-ppB p”r+1 —9ttl

PROOF. See Appendix A. O

I plot the aggregate output response, the PE response (grey shaded region), and
the GE response (light grey shaded region) after a real interest rate shock in figure 2A
(figure 2B reports the same dynamics in the FIRE economy). GE effects are arrested
in the first periods compared to the FIRE benchmark, consistent with the empirical
findings in Holm et al. (2021). Therefore, amplification, which nourishes from the GE
dimension, is partially muted. Figure 2C reports the PE share p (solid line) at each t
period after the real interest rate shock, together with the PE share under no information
frictions (dashed line). The GE share beyond FIRE is lower than in FIRE, and mutes the
amplification multiplier coming from HtM households.

To summarize, information frictions reduce the degree of complementarity of ac-
tions across agents, although the amplification mechanism is still present in the model.
Higher-order uncertainty effectively arrests and slows down the GE effect.

3.2. Forward Guidance

A documented failure of the standard NK model is the Forward Guidance Puzzle. Forward
guidance is an unconventional monetary policy tool used by central banks in a situation
in which the nominal interest rate (their main policy tool) is stuck at zero so that further
expansionary conventional policy is unfeasible. The central bank commits to keep the
nominal interest rate low (relative to what their Taylor rule would mandate), in the hope
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of unanchoring the inflation expectations and output. Several central banks made use of
it in the recent financial crisis (see Angeletos and Sastry 2020 for a more comprehensive
treatment).

The (excessively) forward-looking standard NK model predicts that a forward guid-
ance t-shock (i.e., a promise at time t to shock the economy in period T > t by using
the real interest rate) has the same (or more) effect the more into the future it is promised.
This is easily verified from the FIRE DIS curve (5) iterated forward. In the standard
NK, v = 0,6 =1,and y; = -1/0 )2 Et7y44. Any future shock on the real interest rate
(a forward guidance shock) has an identical impact on today’s output, irrespective of
when is it realized. This is aggravated in the case of financial constraints, since the

FIGURE 2. Total, Direct and Indirect Effects.
A. PE, GE and Total effect beyond FIRE.
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FIGURE 3. The Effect of Forward Guidance on current Output.
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precautionary savings motive and amplification induce compounding (6 > 1), making
the process explosive: the further into the future that the shock takes place, the larger
is the increase in the output gap today (solid line in figure 3). This is the situation that
Bilbiie (2021) denominates Catch-22: a realistic amplification of monetary policy effects
aggravates the FGP. It is, however, wishful thinking that this policy tool is so effective.
Del Negro et al. (2012) study this empirically and find that forward guidance is indeed
less effective than what the theoretical model suggests.

Consider a situation in which the economy is stuck in a liquidity trap. Suppose
that the zero lower bound (ZLB) for nominal interest rates is binding between periods
t and T, such that T > t. I show in Proposition 4 that information frictions induce
intrinsic persistence and myopia at the aggregate level, as discussed in Angeletos and
Lian (2018); Angeletos and Huo (2021). This result is sufficient to cure the FGP, whilst
the amplification result is maintained.

PROPOSITION 4. (i) The ad-hoc equilibrium dynamics

1
(10) N R S T
produce identical dynamics to the dispersed information model if

p25 -9

_ pO(1-59) W= s a

(11) o= g2

(i1) Dispersed information cures the FGP if one of the roots of the polynomial Q(x) =
dw fx2 - X + wy, lies outside the unit circle, and the other root lies inside the unit circle.

Furthermore, the effect of forward guidance at period T on consumption in period t is given by

0yt RIS
FG = = _
Lttt OE¢7¢+r wpVv (C wyp

where ¢ € (0,1) is the only inside root of the polynomial Q(x).
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PROOF. See Appendix A. O

To study the effect of forward guidance, I first rewrite the equilibrium dynamics
under FIRE. Proposition 4 (i) delivers the ad-hoc dynamics (10), which under a certain
pair (wy, w f) is observationally equivalent to the beyond FIRE dynamics (7). Dispersed
information adds intrinsic persistence and myopia in the DIS curve: compared to (5),
intrinsic persistence is added by introducing an additional lagged term, w}, and myopia
is introduced by the coefficient w f.10 Part (ii) derives the output response today of
an expected real interest rate shock at time t + 1. Notice that the FGP is only solved
if ¢ € (0,1) and the other root lies is greater than 1. Using the quadratic formula,
these two conditions are met when dw Ftw, <L Using (11), this can be written as
p(p -9) +3(1-9) > p&(p - %), which is satisfied if the degree of information frictions is
sufficiently large. Under the parameterization in table 1, w; = 0.705 and w £ =0.1552,
which satisfies the restriction. In Figure 9B I plot the impact of a forward guidance
shock in period T on today’s output for each T under FIRE (solid line) and beyond FIRE
(dashed line). The FGP is cured, so the further into the future the forward guidance is
executed, the lesser the effect.

3.3. Beliefs Shock

What is the effect of an “animal spirits” shock? The benchmark model does not allow for
this exercise, since a shock to an individual signal does not have any effect on aggregate
variables. In this section, I replace private information with public information and
obtain the model dynamics after a shock to the common signal. Instead of the individual
signal, all agents receive a common and public noisy signal informing them of the real
interest rate shock v;. Formally, there is a collection of public Gaussian signals, one
per period and common across agents. In particular, the period-t signal received by all
agents is given by

(12) 2t =11+ Oc€y, er ~N(0,1)

where o > 0 parameterizes the noise in the common signal. The rest of the model is
unchanged. The following proposition summarizes the equilibrium dynamics under
public information.

PROPOSITION 5. In equilibrium, aggregate output obeys the following law of motion

< 9 1 9 1
" YO (1‘5) Va9t (“5) TN

10T the FIRE NK model, w;, = 0 and w =1, and the DIS curve is reduced to (5).
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whered is a scalar that is given by the reciprocal of the largest roots of the polynomial of the
following matrix

_ 1\ o?
P e = (B -2z - 0) (z _ 5) - S0~

€
PROOF. See Appendix A. O

The new equilibrium dynamics now contain an additional contemporaneous exoge-
nous shock e;. This term can be interpreted as a belief or “animal spirits” shock. Both
shocks have identical effects on impact on aggregate variables, given that agents cannot
completely disentangle the noise and the fundamental shock from the signal. However,
since the belief shock, €; is purely transitory, it has fewer long-lasting effects than the
real interest rate shock (see figure 4, dashed-dotted line). However, although the belief
shock is purely transitory, it produces persistent effects on output over time. This is the
result of having imperfectly informed agents, which cannot immediately differentiate
between a belief shock and a true real interest rate shock.

4. The Full Analytical HANK Beyond FIRE Model

So far I have only considered the demand side of the economy. Since the real interest
rate is assumed to be exogenous, output dynamics are orthogonal to inflation, and I do
not need to keep track of firms’ decisions. In this section, I decompose the real interest
rate into a nominal interest rate part and expected inflation, I assume that the nominal
interest rate follows a standard Taylor rule, which reacts to inflation and output, and I
explicitly model firms’ behavior and revisit the set of results presented in section 3. The
economy will be described as a pair of across-group dynamic beauty contests between
consumers and firms (the inflation-spending NK multiplier), with each group playing a
within-group dynamic beauty contest (the spending-income multiplier running within

FIGURE 4. Impulse response of output after a 100 b.p. real interest rate shock under
FIRE (solid line), beyond FIRE (dashed line), and after a belief shock (dashed-dotted
line). To produce this figure I set the public signal noise to o¢ = 0y.
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the demand block and the strategic complementarity in price-setting running within
the supply block).

4.1. Firms and the Phillips Curve

Households consume an aggregate basket of goodsj € J ¢ = [0, 1], which takes the form of

€
1
the standard CES aggregator, C; = ( fjf ]t ) , Wwhere € > 1is the constant elasticity

of substitution between different good varieties. Cost minimization from the final good

firm implies that the demand from each good is Gy, = <Pjt/Pt+k> Ct+k, Where Pjy/Py is
1
good j’s price in relative terms to the aggregate price index, P; = ( fjf P}t‘edj) "¢ Each

good is produced by an intermediate monopolistic firm that uses technology linear in
labor Y}, = Nj;.

Aggregate Price Dynamics. Nominal price rigidities take the form of a Calvo-lottery
friction. In every period, each firm can reset its price with probability (1-0), independent
of the time of the last price change. A measure (1 - 0) of firms can reset their prices
in a given period, and the average duration of a price is given by 1/(1 - 0). Such an
environment implies that the aggregate price dynamics are given (in log-linear terms)

by 7 = fjf Tt dj=(1-0) [fjf P;ft dj - pt—l} =(1-9) (P? - pt—l)‘

Optimal Price Setting. A firm re-optimizing in period t will choose the price P;Ft that
maximizes the current market value of the profits generated while the price remains
effective. Formally, P]i“t = argmaxp, > 220 OrE; it {/\t 1/ Prrk [ PyY; tikje = Cra( ],t+]|t)} }
subject to the sequence of the demand schedules Y; 1,4, = ( ]t/Pt+k> Y;ix, Where

At vk = = pk ( “k) " is the stochastic discount factor, C¢(-) is the (nominal) cost function,
and Y; ;. denotes output in period ¢ + k for a firm j that last reset its price in period ¢.

Note that, under flexible prices (6 = 0), P]i"t = -7 Wt. Aggregating over firms I obtain
the standard result that the aggregate price level is greater than the aggregate marginal
cost, due to the markup of monopolistic firms: P; = -5, W;. Aggregating the optimal
labor supply condition (1) over households, I obtain Ny = W;C;°. Combining the last
two conditions, I can write N?C? = W; = eT'lPt < P;p = Wy, where Pip is the price set by
a hypothetical social planner. That is, inequality implies that output and employment
are below their efficient levels, which comes as a result of monopolistic competition.
To solve this suboptimality, the government implements the standard optimal subsidy
that induces marginal cost pricing, so that the model is efficient in equilibrium' with

the desired markup defined by P* = 1= Wi, the optimal subsidy is T° = = 1 The

1- Ts
profit function is D, = (1+ TS)P]tY]t W:Nj, - T{ . The subsidy is financed by taxing firms
T{ = 1Y, which gives the total profits D; = P;Y; - W;Ny.
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The (log-linearized) firm-level Phillips curve is given by
(14) e = KOy + (1= O)Ejpme + BOEHTY 14y

where k = w (0 + ). Iterating forward and aggregating across firms, the aggre-
gate Phillips curve can be written as

(15) e =0 S (BOVE] ypup + (1-0) S (BOVE, myu
k=0 k=0

where E{ ()= fol [E]-t(-) dj is the cross-sectional average forecast across firms.!!

Conditions (14)-(15) are derived under a general information structure, in which
I relax the assumption that the aggregate firm expectation operator satisfies the LIE.
Each firm’s decision (14) can be described as a beauty contest in which they need to
forecast current output and inflation, which in turn depend on each household’s and
firm’s actions and their future optimal action.

4.2. Fiscal and Monetary Policy

As in section 2, I assume that the government does not face any information friction.
On top of the aforementioned optimal subsidy and redistribution scheme, monetary
policy is conducted following a Taylor rule of the form

(16) it =G+ Gyyp+ vy
(17) Vi = PV + Oeét, et ~ N(0, 1)

where the monetary policy shock v; follows an AR(1) process, to match the empirically

observed inertia in the interest rate.

4.3. Information Structure

Both types of agents, households and firms, are subject to information frictions: they do
not observe the fundamental shock and are uncertain about the state of nature. Every
period, each agent receives a dose of private information on the aggregate fundamental.
Formally, there is a collection of private Gaussian signals, one per agent and per period.
In particular, the period-t signal received by agent [ in group g is given by

(18) Xygt = Vet Ogligt, Upgr ~ N(0, 1)

The model derivation is relegated to Appendix B.
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where g = {household, firm}, oy > 0 parameterizes the noise in group g. Notice that, by
allowing oy to differ by g, I accommodate rich information heterogeneity (for example,
firms could on average be more informed than households.)

4.4. Equilibrium Dynamics

The equilibrium dynamics must satisfy the individual-level optimal policy functions (3)
and (14), and rational expectation formation must be consistent with the Taylor rule
(16), the exogenous monetary shock process (17) and the signal process (18). I show in
Proposition 6 that the solutions to the fixed points is a VARX(1), where the exogenous
component is the monetary policy shock.

PROPOSITION 6. In equilibrium, the aggregate outcome obeys the following law of motion
(19) Xt = A1, 92)x4-1 + B(d1, D)y

where xt = [ Vi 7'[4 is a vector containing output and inflation, A(d1,99) isa 2 x 2 matrix
and B(91,99) isa 2 x 1 vector

P1102291-P10P2192 _ Y1ro@1-97) Y _9
A= | VYubn-vndy U11b22-U1oa B= Y (1 tr (1 g )
Po1 (1= ) + oo (1 - ﬁ)

2192 (91-92) _ (012021911120 92)
where {1 gk}§=1 11 are fixed scalars that depend on deep parameters of the model, satisfying

Y11p2o-b12do1 Y11p2o-b1pdo1

1-pp L K
Z% 1-Bp)v(1-0p) + byl + k(dr - p)’ ;d)z] (1-Bp)[v(1-0p) + byl + k(dr - p)

and (91, d9) are two scalars that are given by the reciprocal of the two largest roots of the
Cii(2) Clz(z)]
, Where
C1(2) C22(2)

A
cu(z)=xl{(ﬁ—z>(z—5)<z )+ rsz[ (1—7\X+W)—5(1—7\x)”

characteristic polynomial of C(z) = [

o? B
Cro(z )——7\1Z——(1 N1 -zdn)
pos o
2
C21( )= —7\2Z 0-—Ke
sz

2
Ca(2) = Ao [(rse _2) (z —) (- )+ % 0z - B)]
P pO'

2
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where Ag, g € {1, 2} is the inside root of the polynomial D(z) = (1- pz)(p - 2) - z—gz
g

PROOF. See Appendix A. O

The equilibrium dynamics (19) follow a VARX(1) process. In this framework, &; and
¥, govern information frictions. When the signal noise is high enough such that the
signals are completely uninformative, 4; and 9, reach their maximum value of p. On

TABLE 2. Parameter values.

Parameter Description Value Source
0 Calvo probability 0.75 Bilbiie (2021)
02 Variance of monetary shock 1 Bilbiie (2021)
o Inflation response in Taylor rule 1.5 Christiano et al. (2005)
by Output response in Taylor rule 0.1 Christiano et al. (2005)
p Autocorrelation of monetary shock 0.8 Christiano et al. (2005)
(Y% Consumer signal innovation variance 3.50 Coibion and Gorodnichenko (2015)
O'% Firm signal innovation variance 3.50 Coibion and Gorodnichenko (2015)

the other hand, when the signals are perfectly informative, 3; = 9, = 0. The square
coefficient matrix A(91, 9») is endogenous to 9; and 9, (the roots of its characteristic
polynomial), and we have A(0, 0) = 0. In that case, which is simply the FIRE NK model,
the model dynamics are given by x; = B(0, 0)v;.

Two aspects are worth discussing. First, the beyond FIRE model produces intrinsic
persistence, in the sense that A(91,9,) 7 0, without assuming habits, adjustment costs,
or price indexation. Second, the equilibrium dynamics are less sensitive to monetary
policy changes. This is easily verified by comparing B(91,97) and B(0, 0): each element in
B(¥1,¥9) is smaller than each element in B(0, 0) (in absolute terms), given that {91, 92} €
[0, p]?.

Calibration. Table 2 reports the additional parameters used in the different policy
analyses. The first block contains the monetary policy parameters. The Calvo inaction
probability 8, variance of the monetary policy shock o2, taken from Bilbiie (2021), the
autocorrelation p set to match the empirically observed inertia in the Taylor rule, and
the Taylor rule coefficients ¢ y and ¢ to the values used in Christiano et al. (2005).

The second block contains the parameters related to imperfect information. Al-
though the framework is flexible to accommodate heterogeneous signals precision, I
restrict attention to households’ inflation forecasts and set 0; = 09 to match the under-
revision coefficient of households. In this case, the model-implied coefficient in the full
HANK beyond FIRE, B is given by the following proposition.
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PROPOSITION 7. In our beyond FIRE framework the regression coefficient B2\ is given by

}\3
Ber = > X
(P = A+ A1+ A2 +A3) S5 Wog o 1—7\119k
22: (p- sngg MOg(1-AD)(1+9g) (1 +92)(1- pdy)
(21) + 1+ AD P - M)A+ A1) - M A - Adg)] - pATA+ A7) (1 - ADg)}
PROOF. See Appendix A. O

Note that the set (A1, 91, 92, 21, P992) is endogenous to the signals’ precisions o7 and
09. I calibrate the pair (o1, 02) by minimizing the square distance between the model-
implied coefficient )L and the estimated coefficient in Coibion and Gorodnichenko
(2015). This implies that o = 02 3.4989.

4.5. Applications and Additional Insights

I study the different implications of the HANK beyond FIRE economy by conducting
several policy experiments, revisiting the results in section 3. I exploit the two main fric-
tions, financial and informational, and explain their joint interaction and consequences.
In particular, I show that the Taylor Principle is satisfied in the economy beyond FIRE
(with the determinacy region widened), I explain the key role of PE vs. GE effects and
how these are affected by financial frictions, I show that the model solves the FGP, and
I obtain the effect of an “animal spirits” shock.

4.5.1. Response after a Monetary Policy Shock

The HANK beyond FIRE differs from the textbook NK in two dimensions: household
heterogeneity and information frictions. To isolate the effects of both frictions, I study
these separately. I plot the impulse response of output after a monetary policy shock
in the FIRE economy in figure 5A (solid line). The peak response occurs on impact,
due to the lack of intrinsic persistence since x; = B(0, 0)v;. Two problems arise. First,
the finding that output increases by 1.25 p.p. after a 100 b.p. monetary policy shock
is excessive. The empirical macro literature generally presents results in the range
of 0.2 - 0.8 b.p. (see e.g. Ramey (2016) for a literature review.) Second, the peak of the
IRF occurs on impact, while empirical evidence suggests a hump-shaped IRF. I show
in the sequel that information frictions solve these puzzles, reconciling the micro-
and macro-econometric evidence. An additional counterfactual prediction of the FIRE
framework is that the policy rate increases after an expansionary monetary policy
shock (see figure 5C, solid line), as opposed to the decrease found by empirical evidence

BANCO DE ESPANA 28 DOCUMENTO DE TRABAJO N.° 2418



(Ramey 2016). Once I consider information frictions (dashed line), the peak effect in
output is around 1/4 of that of the standard framework, around 0.3 p.p. and in line with
the findings in Ramey (2016), and the IRFs have the hump-shaped dynamics observed
in the data (Christiano et al. 2005; Ramey 2016) without compromising the individual
(monotonically decreasing) responses to income shocks documented in Fagereng et
al. (2019). Finally, the nominal interest rate decreases after an expansionary monetary
policy shock.

FIGURE 5. Theoretical Dynamics of Output.

A. Output dynamics after a 100 b.p. monetary policy shock in the FIRE (solid line) and Beyond FIRE
(dashed line) frameworks.

5 1.5 T
= ——FIRE
3 - - Beyond FIRE
g 1f f
c
o
Q.
n
(0]
X 05+ i
(0]
(2]
3
&
£ 0 ‘
0 2 4 6 8 10 12 14 16 18 20

Quarters
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Amplification. As argued in section 3, HtM households amplify the response of ag-
gregate variables to monetary shocks. In figure 5B I plot the ratio between the output
response to a monetary policy shock under a given HtM share, and the output response
under RANK, for different degrees of HtM shares (solid line). The HtM transmission
channel is present: output responds more to monetary policy shocks the larger the share
of HtM agents, A. For the benchmark calibration A = 0.37, the peak output response is
10.28% larger than without financial frictions. Under information frictions, the amplifi-
cation effect of HtM agents is still present but partially muted (dashed line). A larger
degree of financial frictions leads to a larger response of output to monetary shocks,
but the multiplier is smaller than in the FIRE case. For the benchmark calibration
A =0.37, the peak output response is 7.72% larger than without financial frictions. The
HtM mechanism, which operates through general equilibrium dynamics, is partially
muted by dispersed information.

PE vs. GE. The amplification effect of HtM agents is present but dampened by infor-
mation frictions, which mute the GE dimension. Following (9), I decompose the total
response in the DIS curve into partial equilibrium (direct) and general equilibrium
(indirect) effect components, with the caveat that what I used to call PE effects are now
composed of pure PE effects coming from the monetary shock, the stabilization role of
the Taylor rule (16) and inflation expectations. The following proposition provides the
PE share 7 in the full HANK economy.

PROPOSITION 8. Beyond FIRE, the time-varying PE share |1t is given by

p (251 ig — 81) 07 - POIAT - 2o (gD + 89
p Z§=1 PgpT - Z§:1 ll)l‘gﬁgﬁg

o
where
51= {1- BL- M0l + (5 - B)AL- M0 }Z%

A (p-9))(1-pd))
;- A1 -9M)

82 = [1- B(1-Ax)] bel] 2

2 Mlp-9)) [07\1(1 = BY;) + Ard;(1- pAy) - pO;(1- 957\119]')}

+(5-B)(1-Ax)B ]Z:;l"li p2(1-pR)(1 - BY;)(®; - A1) - D;A1)

o byl -Aa-ehy
oo p2(®; - A1)(1-9;A1)

9.
{[1— BA=-MOI+ (6= B)A-A0B és}
J

PROOF. See Appendix A. O
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I plot the aggregate output response, the PE response (grey shaded region), and
the GE response (light grey shaded region) after a monetary policy shock in figure 6A
(figure 6B reports the same dynamics in the FIRE economy). GE effects are arrested
in the first periods compared to the FIRE benchmark, consistent with the empirical
findings in Holm et al. (2021). While GE effects depend on the hierarchy of beliefs,
with each higher-order belief creating more intrinsic persistence, PE effects depend
partially on the expectations of the fundamental, which do not lead to higher-order
beliefs. Therefore, amplification, which nourishes from the GE dimension, is partially
muted. Figure 6C reports the PE share it (solid line) at each T period after the monetary
policy shock, together with the PE share under no information frictions (dashed line).
The GE share beyond FIRE is lower than in FIRE (except for the initial period), and
mutes the amplification multiplier coming from HtM households. As stressed before,
the PE effect is contaminated by higher-order beliefs, which results in a non-monotonic
PE share over time. The non-monotonic shape of the PE share depends crucially on
the hawkishness of the monetary authority. Suppose instead that the central bank
is less aggressive with respect to inflation, such that ¢, = 1. Figure 7 presents the
dynamics in that case, which are monotonically decreasing and closer to those in
section 3. Now, suppose that the monetary authority increases ¢. This increase will
dampen GE effects, since nominal interest rates will react more to exogenous shocks to
provide the desired stabilization. This reduces the degree of strategic complementarities
(and increases strategic substitutability), affecting agents’ forecasting. Since strategic
complementarities are less important, agents rely more on their private signal, and
forecasts become less anchored to priors. As a result, forecasts are closer to the FIRE
case, in which case GE effects dominate PE effects.

4.5.2. The Taylor Principle beyond FIRE

Extending the demand-side model in section 2 allows us to study the Taylor Principle.
As in the standard NK model, the Taylor Principle boils down to studying the determi-
nacy of the system (4), (15), (16) and (17). The equilibrium is indeterminate when the
current outcomes are excessively affected by expectations of the future. One should
therefore expect, as discussed in Gabaix (2020), that introducing myopia should widen
the determinacy region, making the system (4), (15), (16) and (17) stable for a larger set
of (¢, ¢ y) combinations.

I start discussing the FIRE benchmark. In the empirically factual case of ampli-
fication, § > 1 generates compounding in the DIS curve, the model becomes more
forward-looking, and the stability region is reduced. Part (i) in the following proposition

summarizes how financial frictions affect the determinacy region.

PROPOSITION 9. (i) The FIRE equilibrium exists and is unique if
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22) (1- B8) + - (b + &) >0
23) (1= BY1L-8)+ [~ 1)+ (1= )b,] >0
(24) 1+ )+ 8) + k(o + 1)+ (1+ B)by] > 0

(i) The beyond FIRE equilibrium exists and is unique if

(25) 1-9192>0

FIGURE 6. Total, Direct and Indirect Effects.
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(26) (1-9)1-99) >0
(27) (1+9)1+99) >0
and 9 and ¥, are the only two outside roots of polynomial C(z), defined in proposition 6.

PROOF. See Appendix A. O

In the TANK case 0 = 1, (24) is always satisfied for strictly positive Taylor rule
coefficients, condition (23) implies (22), and I am only left with k(¢ -1) + (1- )P > 0.
The term v is completely innocuous for determinacy. As a result, the determinacy

FIGURE 7. Total, Direct and Indirect Effects with ¢ = 1.
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region in RANK and TANK is identical. It is ultimately 5, which is the companion of the
forward-looking element in (5), that will drive the restrictions on the Taylor Principle.
Under HANK (with & > 1), the determinacy region is reduced. In that case, (24) is always
satisfied. The coefficient 6 > 1 is reducing the leftmost term in (22)-(23). As a result, the
rightmost element on the left-hand side in both conditions needs to be sufficiently larger.
Precautionary savings are reducing the determinacy region, which I report in Figure
8A, through compounding in the individual Euler condition.
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I now turn to the beyond FIRE case. Under the parameter values reported in Table 2,
I conduct the beyond FIRE equivalent of Blanchard and Kahn (1980), which I summarize
in Proposition 9, part (i1). Condition (26) is usually the only one considered in the stan-
dard framework since the FIRE equivalent of conditions (25) and (27) is trivially satisfied.
In the beyond FIRE framework (25)-(27) are satisfied since {9g}g=1,2 € [0, p]. The most

FIGURE 8. Determinacy regions.

A. RANK FIRE vs. HANK FIRE. Determinacy region under FIRE, both RANK and HANK (black), additional
determinacy region under RANK (gray), and indeterminacy region (white).
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restrictive condition is that §; and 9, are the only outside roots of polynomial C(z). Note
that 9; and ¥, are endogenously determined by the deep parameters in the model, so
that some parameterizations can yield an indeterminacy even if conditions (25)-(27)
are met but C(z) contains more than two outside roots. I plot the determinacy regions
both beyond FIRE and under FIRE in Figure 8B. Imperfect information widens the de-
terminacy region as a result of aggregate myopia, micro-founded through sluggishness
updating of expectations.

4.5.3. Forward Guidance

In the FIRE model, the Phillips curve is given by m; = k y; + BE¢7441, the DIS curve is
given by (5), and the Taylor rule is given by (16)-(17). Inserting the Taylor rule into the
DIS curve, one can write the model as a system of two first-order stochastic difference
equations, Ax; = BEsxsqq + Evt, where

o ol ] e[
«x 1 0 B 0

Premultiplying the system by A~ I obtain
(28) Xr=@vt+ S[Etxtﬂ

where 8 = A1 Band @ = A™1C. I show in Proposition 10 that information frictions induce
intrinsic persistence and myopia at the aggregate level, as discussed in Angeletos and
Lian (2018); Angeletos and Huo (2021). This result is sufficient to cure the FGP, whilst
the amplification result is maintained.

Consider a situation in which the economy is stuck in a liquidity trap. Suppose that
the ZLB for nominal interest rates is binding between periods t and T, such that T > t.
The following proposition rewrites the DIS curve beyond FIRE in FIRE terms, and proves
that there is no FGP anymore.

PROPOSITION 10. (i) The ad-hoc equilibrium dynamics

(29) Xt = WXy 1+ 8w pErxpey + @Vt

) w w w w . : .
with wy, = [ b,11 b’12] and w ¢ = [ S s ’12] produce identical dynamics to the
Wpo1 Wp22 Wyro1 Wf oo

dispersed information model if (wp, w ¢) satisfy

[I- Swa]A
gwf(A + p)B

(30) o

B-¢
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The DIS curve can be written in FIRE terms as

1

(31) Vi = Wpy Y1+ WpnT-1 = - (= Beten) + gy Be Vi + W prbamme
_ (vtdy)wy 11+ drwp o1 _ (vhy)wy 1ot drwy 90 _ Vdwgtwr o
where wy,, = S , Wy = s , Wpy = —=5—==, and
_ Véw )12+(,U )22—1
wfn = ! oy ! .

(1) Dispersed information cures the FGP if one of the roots of the polynomial Q(x) =
w ¢ J,x2 = X + wy,, lies outside the unit circle, and the other root lies inside the unit circle.
Furthermore, the effect of forward guidance at period T on consumption in period t is given by

2 T
0 C 1 w w
FGg et = AT ctwegt wﬁg% Cﬂ
O 47t Wpy \ v wby Wpy
where € (0, 1) is the only inside root of the polynomial Q(x).
PROOF. See Appendix A. O

In the benchmark NK model with no information frictions, wy,, = wp; = w s, =0
and w ¢, = §, and the DIS curve is reduced to (5). A caveat of the above proposition is that
the scalars {wy, 3 Wy W £y W fﬂ} are not unique, although the dynamics are unique.
That is, different weights are consistent with the equilibrium dynamics described by (19).
Intuitively, agents’ actions can be anchored and/or myopic with respect to aggregate
output or inflation, or a combination of both. Hence, to study the dynamics in the
Phillips curve and the FGP, the theorist is left with one degree of freedom for each
equation. For {w ¢ 11, w £ 5} € [0, 1], 1 plot in Figure 9A the space in which the FGP is
cured (that is, a polynomial O(x) has only one inside root). Only the dark-shaded region
is consistent with (30) and cures the FGP.

Proposition 10 derives the general DIS curve in FIRE terms. To analyze the effects
of forward guidance, consider a situation in which the economy is stuck at the ZLB
in which nominal interest rates are binding at the zero constraint for k € (¢, t). The
ex-ante real interest rate is the (log) inverse of expected inflation, E¢ry = -E4m;49, and
the DIS curve (31) becomes

1
(32) Yt = Woy Y1t WpnTi-1 = ( S ¥ Wpn | Bare + gy By gy

Dispersed information adds intrinsic persistence and myopia in the DIS curve: intrinsic
persistence is added both via output and inflation by introducing two additional lagged
terms. Myopia is introduced by introducing a term w ¢, € (0,1). The contemporaneous
effect of a real interest rate shock is also diminished since w ¢, < 0. In Figure 9B I plot
the impact of a forward guidance shock in period t on today’s output for each T under
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FIRE (solid line) and beyond FIRE (dashed line). The FGP is cured, so the further the
forward guidance is implemented, the lesser the effect.

4.5.4. Beliefs Shock

Public Information. Consider a collection of public Gaussian signals, one per period
and common across agents. In particular, the period-t signal received by all agents,

regardless of their group g, is given by
(33) 2t =Vt + Oc€t, er ~ N(0,1)

where o > 0 parameterizes the noise in the common signal. The rest of the model is
unchanged. The following proposition summarizes the equilibrium dynamics under

public information.

FIGURE 9. The Effect of Forward Guidance.

A. FGP cure region (in black) for different values of the degrees of freedom {w 7 11, w7 51} € [0, 112
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PROPOSITION 11. In equilibrium, the aggregate outcome obeys the following law of motion
(34) Xt = A(V1,92)X¢-1 + Bd1, 92)vr + B(d1, 2)€r

where (91, 99) are two scalars that are given by the reciprocal of the two largest roots of the
characteristic polynomial of the following matrix

C2) = [CH(Z) C12(Z)]
Co1(2) Caa(2)

where

=3 { - >(z_1)<z-p>+ﬁ_é4z(1+ﬁ)_5}}
p poé v

2
C12(2) = -Az 82 (1 2r)
poe Vv
2
Co(2) = -Az2—E k0
POe

2

c22<z>=il<rse—z> (z—) (- 0)+ 2 0z (z - B)]
P pG

€

~ 2
where A is the inside root of the polynomial D¢ (2) = (1- p2)(p - 2) - %z
PROOF. See Appendix A. O

The equilibrium dynamics still follow a VARX(1) process, with an additional con-
temporaneous exogenous shock €;. This term can be interpreted as a belief or “animal
spirits” shock. Both shocks have identical effects on impact on aggregate variables, given
that agents cannot completely disentangle the noise and the fundamental shock from
the signal. However, since the belief shock, €; is transitory, it has fewer long-lasting
effects than the monetary policy shock (see figure 10A). Although the belief shock is
purely transitory, it produces persistent and hump-shaped dynamics of output over time.
This is the result of having imperfectly informed agents, which cannot immediately
differentiate between a belief shock and a true monetary policy shock. Notice also the
different response of the policy rate: after the expansionary monetary policy shock the
policy rate decreases. After the non-fundamental belief shock, the central bank raises
the interest rates to cool down the economy, which reduces the GE effect of the belief
shock (see figure 10B).12

Private and Public Information. What if instead of replacing private with public
signals, I allow agents to observe both private and public signals? I extend the model to

12To produce these figures I set the public signal noise to o¢ = 07 = 05.
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include public information and obtain the model dynamics after a shock to the common
signal. On top of the individual signal (18), all agents receive a common and public
noisy signal informing them about the monetary policy shock v;, (33). The following

proposition summarizes the equilibrium dynamics under public information.

FIGURE 10. Output and Policy Rate dynamics with Public Information (figures 10A and
10B) and Public and Private Information (figures 10C and 10D).

A. Impulse response of output after a 100 b.p. monetary policy shock under FIRE (solid line), beyond
FIRE (dashed line), and after a belief shock (dashed-dotted line).
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B. Impulse response of the policy rate after a 100 b.p. monetary policy shock under FIRE (solid line),
beyond FIRE (dashed line), and after a belief shock (dashed-dotted line).
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C. Impulse response of output after a 100 b.p. monetary policy shock under FIRE (solid line), beyond
FIRE (dashed line), and after a belief shock (dashed-dotted line).
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D. Impulse response of the policy rate after a 100 b.p. monetary policy shock under FIRE (solid line),
beyond FIRE (dashed line), and after a belief shock (dashed-dotted line).
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PROPOSITION 12. In equilibrium, the aggregate outcome obeys the following law of motion

(0] o0
(35) xe=Qv Y ARy +Qu Y ARTe
k=0 k=0

where

Yy U 9 0 1-91/
Qv:[ 11 12]’ Qu:[d)u ¢12]’ Azll ]) F:[ 19]
Pa1 W22 $21 P22 0 b 1-9y/p
where {4y, ¢ gk}§:1 11 are fixed scalars that depend on deep parameters of the model, and

(81, 99) are two scalars that are given by the reciprocal of the two largest roots of the charac-
teristic polynomial of the following matrix

-Cu(z) C2(z) Ci3(2) C14(Z)-
Co1(2) Co(2) C23(2) Cos(2)

C(z) =
C31(2) C32(2) C33(2) C34(2)
1C41(2) Cao(2) Caz(z) Caa(2)]
where  Cy1(2) = B {(I—Ax) (1— %) + w}, C12(2) =
Aot BI5(1-Ax)-11+2[1-p (1-Ax+ L2EN 2
- { (Z_Al)(l[_AIZSpG% ﬂ}, Ci3(z) = Lﬁ)‘* (¢n-%>, Cuulz) =

A 4 1-A) (1= 2 2 2
RIS, Ca@) = 0, Coa(@) = 1- B + Ca(d) B, Cos(2) = 0, Caa(o) = Cua(@) &5,

A0 k0

Cauz) = -0Kk0, Caa(e) = -go¥in oo Cus® = 1- of -6 (1-8)],
_ A20?(1-0)z _ _ _ Aoixkbz _

Caalz) = " (2-A\2)(1-A22)p02’ Cun(z) = 0, Calk) = (z-A2)(1-A\22)p03’ Ci3() = 0,

- 1_ .2|po A202(1-0)z . .

Cs4(2) 1-o0;|5%+ ) (ha2)pad |’ and Ag, g € {1,2} is the inside root of the
. (020207

polynomial Dg(2) = (1- p2)(p - 2) - ggéT

PROOF. See Appendix A. O

The first aspect to notice is that the equilibrium dynamics do not follow a VARX(1)
process anymore unless Qy = Qy, which is not generally satisfied. In this case, the two
exogenous shocks no longer share the impact effect anymore, since agents can partly
disentangle them through the two signals. By introducing an additional signal, I am
effectively reducing the degree of information friction that agents face. Even if there
is an exogenous shock to the common signal, private signals will be unaffected. As a
result, agents will not fully react to the “animal spirits” shock. I find that the effect of
the belief shock is smaller than before, the monetary policy shock is more powerful
and the produced dynamics are closer to the standard FIRE dynamics (see Figure 10C).

BANCO DE ESPANA 40 DOCUMENTO DE TRABAJO N.° 2418



The policy rate dynamics are qualitatively similar to the only public information case
(see Figure 10D).

To summarize, adding public information reduces information frictions, which in
turn dampens the effect of any belief shock and enlarges the effect of monetary policy
shocks.

5. Conclusion

I study the transmission channel of monetary policy in HANK economies. The amplifi-
cation result in the FIRE benchmark relies on financially constrained households being
immediately affected after a monetary policy shock through the GE effects. By relaxing
the FIRE assumption, I show that a framework with dispersed information results in a
different PE vs. GE share than in standard FIRE models, and is consistent with recent
empirical evidence. By introducing dispersed information, the GE effects are dampened
in the initial periods, thus reducing the magnitude of the multiplier.

I use the theory to shed some light on other questions. I find that the framework
produces hump-shaped IRFs without resorting to ad-hoc micro-inconsistent adjustment
costs in habits, pricing, or investment decisions. Instead, I micro-found aggregate
sluggishness through expectation formation sluggishness, for which the literature has
found empirical evidence. I also show that dispersed information produces as if myopia,
which extends the equilibrium determinacy region and is crucial for the solution of the
forward guidance puzzle. Finally, I find that purely transitory “animal spirits” shocks
can generate large and persistent effects on output.
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Appendix A. Proofs of Propositions

Proof of Proposition 1. The best response of household iis a;; = @ulE;ve + Buliyaigrq +
YulEjar + cxu[Eitath. Parameters {4}, {yu}, {xu} help parameterize PE and GE con-
siderations. Parameter {¢,} captures the direct exposure of household i to the ex-
ogenous shock. Iterating forward, a; = @u) 72, BRE, Vg + Yubyay + (Buyu +
o) Y220 BXE,,a,4141. The aggregate action for household i is

00 2 00
(A1) ar = Qu Z BIELEtVHk + ZYuEtajt + (Buyu + o) Z Bﬁﬁtaﬁkﬂ
k=0 j=1 k=0
Notice that (Al) is equivalent to (4) if a; = y;, v¢ = 11, E(-) = Ei(-), and the following
parametric restrictions are satisfied: @, = —B%—)‘), Bu =B, vyu =1-p(1-Xx), and
xy = B[3(1-Ax) -1].
I now turn to solve the expectation terms. I can write the fundamental representation

of the signal process as a system containing (2) and (6), which admits the following
state-space representation:
(A2) Z;=FZ; 1+ (Dsit) Xy = HZ; +‘l’sit

. T . .
withF=p, ® = [Gs 0},Zt =T, 85 = [g; uit] ,H=1,and¥ = [0 o‘u}.ItIS convenient

to rewrite the uncertainty parameters in terms of precision: define T, = 0—12, Ty %,
fat u

and tey = % The signal system can be written as

Nl—

o 21
(A3) xlt = 1_ ;LE;; + O—uuit = |:T£2 -

el
oL Tu } [ t] = M(L)s;;, sit ~ N0, I)

Uit

The Wold theorem states that there exists another representation of the signal process
(A3), x;; = B(L)w;; such that B(2) is invertible and w;; ~ (0, V) is white noise. Hence, I
can write x;; = M(L)s;; = B(L)w;;. In the Wold representation of x;;, observing {x;;} is
equivalent to observing {w;;}, and {xl?} and {wl'?} contain the same information. Further-
more, note that the Wold representation has the property that both processes share
the autocovariance generating function, pyx(z) = M(z)MT(z 1) = B(z)VBT(z1). Given
the state-space representation of the signal process (A2), optimal expectations of the
exogenous fundamental take the form of a Kalman filter E;;vy = AyE;;_;v:_1 +Kx;;, where
Ay = (I - KH)F, and K is given by

(A4) K=pPHTV!
P=F[P-PH'VHP|F+ ®DT

I still need to find the unknowns B(z) and V. Propositions 13.1-13.4 in Hamilton (1994)
provide us with these objects. Unknowns B(z) and V satisfy B(z) = I + H(I - Fz)'FK and
V =HPHT +WYYT, I can write (A16) as
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(A5) P> +P[(1- pz)cr% - o%] - 0%0'% =0

from which I can infer that P is a scalar. Denote k = P! and rewrite (A5) as k =

F {1— p2 =Ty + \/[Tw -(1- pz)]2 +4T£u}. I also need to find K. Now that I have

1

found P in terms of model primitives, I can obtain K using condition (A4), K = il
u

2 2
I can finally write A, = kowp 3 %+p+TETu:t \/<%+p+7—5”> - 4|. One can show
u

that one of the roots A, lies inside the unit circle and the other lies outside as long
as p € (0,1), which guarantees that the Kalman expectation process is stationary and
unique. I set A, to the root that lies inside the unit circle (the one with the ‘-’ sign).

Notice that I can also write V in terms of A, V = k™1 + 02 = ﬁ, where I have used the
: : — ATy : -1+ pz — 1Az
identity k onL. Finally, I can obtain B(z) =1 o9 arkol) = T and therefore one

can verify that B(z)VBT(z1) = M(z)MT(z™}) — (p-Au)(1 - pAy) = AyTey.

Let us now move to the forecast of endogenous variables. Consider a variable f; =
A(L)s;;. Applying the Wiener-Hopf prediction filter, I can obtain the forecast as E;, f; =
[A@MT(LHBL)], vIB(L)x;, where [+ denotes the annihilator operator.

I need to find the A(z) polynomial for each of the forecasted variables. Let us start
from the exogenous fundamental v; to verify that the Kalman and Wiener-Hopf fil-

ters result in the same forecast. I can write the fundamental as v; = % ol Sit =

Ay(L)s;;. Let me now move to the endogenous variables. Guess that household i’s pol-

icy function satisfies a;; = h(L)x;;. The aggregate outcome can then be expressed as
1

ar = fait di = fh(L)xit di = h(L)lfﬁst = [h(L) T2 0} s;;; = A(L)s;;. Similarly, the

1-pL
own and average future actions can be written as a4 = ‘#sit and a;p4q = M(L)X; 141 =

1 -1 _
[T€ 2 L(f{(_Lp)L) 1,2 h(L)] s;; = A;(L)s;;. I now obtain the forecasts,

L
_ v _ _ L AuTey 1-pL
v = |Ay@MTECYHBEL ™Y vIBL)lx;, = i :
vt = [AOMTEDBE | VB = | | S
L A 1-pL L)- Ayw) A 1-pL
_ $1(L) uTeu P xit:d)l() $1(A\u) AuTen P Xy, $1(2) = 2
L-Ayls p 1-A4L L-)\y p 1-AyL 1-pz
(A6)
}\uTgu 1 Au 1
= o= 1-—= P VT L)x:
p(1-pAy) l—AuLxlt ( [ ) l—AuLxlt Gr(L)xie
A(L) 1 In-1 1 -1 h(L) AuTey 1-pL
E: = |—MT(L™B(L VB(L = ;
it { p MIUEDBET VB = D@ A |, e 1o AL
L A 1-pL L) - Au) A 1-pL h
_ $2(L) uTeu p X = $2(L) - d2a(Aw) Aduty p Xy, Go(2) = (2)
L-Ayly p 1-A4L L-A\y pTe 1-AyL 1-pz
(A7)
:)\u’feu

= Gz (L)xit

{h(L) _ B PE ] L

1- pAu| (= AL)(L-Ag) it
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_ Npr-1y-1] v-lp(7)-ly. —
E;iar = [A(L)MT(L )B(L™) ]+V B(L)"x;; = 1- pL)(L-Ay) |,

_ $3(L) | AuTew 1-pL o, = $3(L) - d3(Aw) Aty 1-pL
L-Ayly p 1-AJLH L-My 0Te 1= A L it

(A8)
7\u’t cu

{ (DL - B pL} L

T- phu ] - AuL)(T - )
lg(L MT(L‘1 B VB
ML)L-p) | Auty 1-pL )
Te(1- pL) L M) TuL(L- Au)] L p 1-ALi
{ h(L) ] N { h(L)(L - p) } } AyTy 1-pL

lta’l t+1 —

(1= pL)(L - Ay) Tl | o 1-AgLH

¢4(L] [ $5(L) } }AuTu 1-pL
L-Ayl4

x.
L(L-Ay) p 1-A LM

= G3(L)x;;

L-)y ML -7y AuL

- |4
|
|
|
i

ba(l) - da(Au) | b5(L) - b5(Aw) <|>5(L)-<|>5(0)} Auty 1-pL
p 1-ALL°H

$3(2) =

h(L)L AuTey 1-pL x-
( 1-A L%

h(z)z
1-pz

h(L)

L -
:{ h(L) KI_M) 1- 97\u+7\u(L‘p)} _h(O)} 1-pL
L-Ay p ) 1-pL oL L [1-A L7

(A9)
h(z) Ps(2) = h(2)(z - p)

= G4(L)xit, d4(z) = m’ Ty

Inserting our obtained expressions into (A10),

h(L)xjs = @uG1(L)xjs + BuGa(L)xjs + YuG3(L)xjy + o, Go (L)X

{ [ Tu _I_L—P]_h(?\u) [ Tu +7\u‘p B
Ay [Te(l-pL) L L-Ay [Te(l-pAw) Ay

ph(0)] 1-pL
AuL

x.
1-A L8

Ay 1 (L) Au\ 1-pAy | Au(L-0p)
= 1-— o+ 1- — +
(Pu< p)l—)\uLxlt Bu{L—?\u {( p) 1-pL

AuTey 1-pL 1
1-pAy | I-AyL)(L- ?\u)
1-pL 1

1- pxu} - ML) (L -Ag) ¥

Yu

{h(L)L - h(Aw)Ay

AuTeu
+ o0y

D) - HO)
Removing the x;; terms, and rearranging terms on the LHS and RHS

A\ 1-pAy  Au(z-p) 1-pz
@ {1- o (1- ) s MR

(P-Aw(d-pAy)  vu+oy
A O S TP Wy

}_

_ Au 1 1-pz Au Yulu + oy
= ou (1— ;) By h(0) - h(\w) (1— ?) o

1-Ayz 2(1-2Ay2)

Multiplying both sides by z(z - Ay)(1 - Ay2),
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RO) 1-pL
L [1-AL7H

(1-p2)



(P =Aw)(1-pAy)

h(2) [2(z - M)A = Au2) - Bulz - Aw)(1- Au2)] - h(2) 2(yuz + &y)

- ou (1 _ %) (2 - M) - Bu(l- p2)(z - AWh(0) - h(\w) (1 _ %) (Yuhu + o)zl - p2)

I can write the above system of equations in terms of h(L) in matrix form

Cl2)h(z) = d() where C(z) = (2 - Bu)(e - Aw)(l - Ayz) - EPuOMy iz +

xy) = Ay {([Su -2)(z-p) (z - %) - T—g”z[ocu +By-(1 —yu)z]}. I can also write d(z) =
ou (1-3) 2(2 - A) - Bu(l- p2)(z - M)h(0) - h(Aw) (1- 3 ) (yuhu + )z(1- p2). Note
that C(2) is a polynomial of degree 3 on z. Denote the inside roots of det C(z) as {(;, (o},
and the outside root as {8‘1}. Because agents cannot use future signals, the inside roots
have to be removed. Note that the number of free constants in d(z) is 2: {h(O)} and
{?l(?\u) = h(Ay) (1 - %“) (Yury + ocu)}. With a unique solution, it has to be the case that
the number of outside roots is 2. By choosing the appropriate constants, the 2 inside
roots will be removed. Therefore, the 2 constants are solutions to d;((;;) = 0 for {Cn}%zl.
Using C(2) = -Ay(z - {1)(z - {2)(z -971), the Vieta properties to eliminate the inside roots,

and C(d1) = 0, I obtain a; = h(L)v; = (1 - %) 1—Yu—(§%g¢u+ﬁu) 1_}9Lvt. O

Proof of Corollary 1. We begin by showing that P(z) has two inside roots and one outside

root:

PO)=F>0

G% 2
P(B) = -5 BAL-A)(E - B) < 0
poy

_(A-B)a-p)? 632 BA-Ax)(5-1)>0
Y POy

P(1)
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where the second condition is satisfied when A < (1+ @tp)/(1+ @) and 6 > 3 [benchmark

calibration implies A < 0.595, satisfied in all countries Kaplan et al], and the third
2

condition is satisfied when there is a sufficient level of information frictions, <

u
el el 2 . . L . . 3
%. Notice that this condition always holds in the case = 1, irrespective from
the degree of information frictions. In our case, since § > 1 generates compounding in

the Euler condition, a sufficiently larger degree of myopia is required. O

Proof of Corollary 2. Note that P(p!) = pg(ziz BA - Ax)1 - p8) > 0 and P(\) =

TE” [1 BAu - (1-3Aw)B(A-Ax)] < 0, Whereuboth expressions are satisfied under
?\ < 1+ @tp)/1+ @), d < 1/p and B < §. By continuity of P(z), there exists a root
between A, and p, such that A, < 9 < p. It also implies that P(2) is decreasing in the
neighborhood of z = 971, a property that we use in the sequel to characterize com-
parative statics of 9. Taking the derivative, atg;\z) = MuTeuy (aa";\u + %z) Evaluated at

p
z=971,

633(19‘1) _ AuTey (a(xu + Ovu 1) _ _7\uTeu {(1_3)[3(PTD [3(1"' ®)

A pd \ oA oA D pd A2 (1- 8)}

where aa";\” = (=980T _ 3(1 + ) and ay” = B(1 + ¢). Knowing P(®1) = 0, making

A2
-1
use of the Implicit Function Theorem, aTég )21)9\ + a?(ﬁ D = = 0, which implies gi =
097
-5 ?( = R Combining this last result with the earlier observation that 2 (19 ) < 0in the
T o0
neighborhood of z = 971, we infer that ¥ is an increasing function of A.
Similarly, we can write m }‘”Tsuzao‘” Evaluated at z = 97, 0P®7)
Y ) 0s
—% agcsu = A”TS”B(X 1) >0, Where a‘x” = B(1 - ). Combining the Implicit Func-
tion Theorem with the earlier observation that % < 0 in the neighborhood of
z =971, we infer that ¥ is a decreasing function of s. O

Proof of Proposition 2. From the proof of proposition 1, I have the following objects:
Tar = ML)Vyip, Bty = {p-Au)(1-pAu) [Ll‘kh(L) LOLALKR(N,) |, and 7,4, - Ejtyyy, =

p(L-Ay)(1-Ay L) 1-pAy
m (L-p)L*W(L) + (p - Au)A{LkhO\u)} ¢¢+. The forecast error of annual infla-
tion is

=c =c =c =c —=c
T3t = BTtz = (70 = B7ee) + (Tpe — B7ipe) + (T2 — Bp7rpen) + (43 = B4 743)

_ }\u
- P(L - Ay)(1-AyL)

(p =91 - pN)AyY .
p2(1- Aud)(1 - AL)(1-9L) '
, (=) [p(1-Au) - (o - Aw)L] ¥
p2(1-Ay®)L(1-AyL)(1-9L)

ZLk h(L) + (p - Au) Z)\‘ h\u) | e
k=0
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, (P =9) [pPAu(1-Aud) + (p - Au)(1 - Aud)L - H(p - Au)L?]
p2Ay (1= Ay®)L2(1 - Ay L)(1-9L)
, (P =9) [(L2 + AL+ A5)(p + AudL) - (L + Aw)AuL + (L2 + A5)pd]] ¥
P2A2(1-Ay®)L3(1 - AyL)(1- L)
- (=9 {px(1-A9>+A(1-A{»m-(y-mA]L
p2A2 (1= Ay®)L3(1- AuL)(1-91L) wihe e "
+H(1=Aud)[p - (1= PPAu(l+ AIE2 + [N - 9(p - (L= PAu(l+ Au + NIL® | &
_ (p=9)pgy (1-&L)A-&L)(1-E3L)
p2A2(1-Ay®)  L3(1-AyL)(1-9L)
_ (p-9gy (1-&L)(1-&3L) (19 g1 AM-§ 1 )
p2A2(1- Agd) L3 9 -Aul-9L D-Ay l-AlL
(p - D)PE(® - £1) (1-EaL)(1-E3L)
221 -Ad)® -Ay)  L3A-oL)
Gl NPEE(E1-Aw) 1-&L)(A- ésL)
PZAZ(1-A)@® -Ay)  L3(1-AyL)
(1-&L)(1-&3L) (1-&L)(1-&3L)
M Easen YT Ba-a o
~(Eat EgLtEptsl? | 1-(Ep+Eg)L+ EpEgl?
13(1-9L) YT ALL)

(0] o0 (0. 9]
=v1 Y eps - vilEa+t E) D e g tvitals Y Oer g
k:o k:O k:O

o0 (0] o0
+v2 Z AKe sk —va(Ea + E3) Z AKe o +¥2E0E3 Z AKe g
k=0 k=0 k=0

o oo o0
= PB1 Zﬁkitw_k + 2 Zﬁkﬁm_k + B3 Z‘Skatﬂ—k

k=0 k=0 k=0

o0 o0 o0
k k k
+ B4 Z Augtsz—k t Bs Z Aupro-k t Pe Z AuEt+1-k
k=0 k=0 k=0

€t

&t

&t

=Y1 &t

where 11’ = _WJ EvO = p}\%(l - Auﬁ)) _((—.0(51 + ‘(—72 + E:S) = Au(l - }\us)[p - (1 - p)Au]J
Eo(E1Ep+ErEgtinly) = (1—Au8>[p (1-p)Au(1+A)], —E0 &1 E2E3 = AJ—Hp-(1-p)Au (I+Au+AZ)],
Y1 = z(ig?l)ﬂ;\i%(ﬁsa;\)u)) Y2 E&Z‘iiwfjs‘;ﬁ)), B1 = v1, B2 = —v1(&2 + &3), B3 = V16283,
B4 =7v2, Bs = —v2(& + &3), and g = y2&2&3. Before computing the forecast revision

of annual inflation, notice that Eym,,; - Ey_17,4; = = (e )‘uih(?‘”) T )}uLSf' Therefore, the
P

forecast revision of annual inflation is
—C —C —C —C —C —C —C —C
Eetees,t = Bamieas e = (Bpme = Bpogme) + (Bp7tpen — Brogmtpe) + (Bt = BEpoq7teen)
—C —C
+ (Ef7te43 — Ef170443)

ADEAY) A+ AT+ A2+ A3 & >
_ (P = Aw)h(Au)( u u w) lel(tet—k: “uzxﬁet_k
P k=0 k=0
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(p-Au) (LA A2 D) (2520

where oy = 3 . I now seek to compute the OLS coefficient. The
u

covariance is

C (forecast error, revision) = [

B1oy®® + Booyd? +f3306u8 BaoAd + BsoyA2 + BeouAy | o
O¢
1-Ayd 1-A2

2
The variance is V (revision) = 1‘"—}\“203. Finally, the OLS coefficient is
—u

2

C (forecast error, rev131on) = [(31193 N 52‘9 N 53‘9) -AL + 547\3 + [55)\ n [567\u]
u

V (revision)

_ 1 (p - WO -A%)
_aﬂlhalhﬁmﬁAw%w-ﬁmﬁ&M&fg

(o -y
TRl = M) (@ Ay 0 ™ 8= E) 63)]

_ 1| (p=D)WALD(L-AZ) (L +9)(1+9%)(1- pd)
o p2(1 - Aud)2(® - Aw)

L (0 =W+ AD{(P - MDA+ Aw) = Aul - Aud)] - PAF(L+Au)(1 - m)}]

Bcg =

- Ay

P?(1-Aud)(® - Aw)

1 (-9 Aud(1-A5)(A+9)(1+9%)(1 - pd)
oy p2 (1= Aud) (@ - Ay) 1-Ayd

+(1+ A2 D =AW PA+Ay) - Au(l-Ayd)] - (1 +Au)(1- Auﬁ)}]

A Aud(1- AZ)(1+9)(1+92)(1- pd)
(p M)A+ AL +AZ +A3) (O - Ay) 1-Ayd

+ (1+A2){(p - A B+ Ay) - Ay(1-Ayd)] - pxiawxl—xum}]

Proof of Proposition 3. The aggregate outcome is

_ 9\ 1
yt—d)(b——)l oL (1 )(1 SL)(1-pL) !
1 k+1 k+1
(1__)[9 91- pL p- 81 aL]”“‘EZW - e g

The PE component is given by

PE; = _E (1-2A) Z Bk[Eter == 1 A) Z (Bo) Eyre = ——(i_ p7\[3)) Etry
k=0
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_[5(1—)\) (1_M> 1 V:_ﬁ(l—?\) <1_M) 1 .
o(1-pP) 0 )1-AL 't o(l-pp) p (1—AuL>(1—pL)’f

BA=A) () A P 1 Ay 1 __ BA-A ok ke
“o(1-pB) (1_?) [p—?\ul—pL_p—Aul—AuL} T e - pfg)z = Au ek

Therefore, the PE share p is given by

1-A
_OPERer _ potipm T A _ pa-n) ptoagt
COTEder  Y(pri_gel)  bo(l-pp) pTﬂ 971

]

Proof of Proposition 4. 1 first prove (i). To show (10) captures the HANK beyond FIRE
under certain (w £ wp), I rely on the Method for Undetermined Coefficients. Both
dynamics are observationally equivalent if

0 1 0 1
VY - (1— 5) = WpYpg t 0wkt Yy - 7T WpYe +ow [Syt - (1— 5) rt+11 - Tt

0 1
=g+ sw gy -Suogp (1) re- 1
= + _(1-Y B 12 1
WpYia 6wf19 {Syt_l ( p) Tt] 6wfp ( p) rt Vrt
= Wp Y1 + 8w DYy g~ Sw gD (1' g) rt=dwgp (1_ %) -
= + 2 _ 1_ v f— +1
(wb dw ¢d )yt_1 o) Yi-p8) Ty Tt

They are thus equivalent when (11) is satisfied.
I now move to (ii). Using the lag operator, I can factorize (10), [E; [%rt} =

Es [(6(» FL2-L7T+ wb) yt_l} = [y [6(» £ (L =) (L7 -3 yt_l] ,wherey7! and y3!
are the roots of the polynomial O(x) = dw fx2 - x + wy,. Dividing both sides by (L1- 1/51),

dw f[Et[(L‘1 - yil) Vil = Bt [%L-%y;rt} = [—% 1—;/22L‘1 rt} . Hence, I can write the dy-

éwf
namics as y; = ¥7' Y1 - 5wfv >k 0V2[Etrt+k Y1 Y1 - 1wbv > k0 iy | EtTerio

where I have applied the Vieta properties. Therefore, the effect of a forward guidance
T

, which is

. . . . . 0 dw
shock promised at time t in period T is FGt t+r = a[EtJr/;T = -7 ibv 7 wfb

decreasing in T provided that y; € (0, 1) is the only inside root, limt_y~, FGs+r = 0, and
the forward guidance puzzle is solved. O

Proof of Proposition 5. The proof is identical to the proof of Proposition 1, modulo the
replacement of oy for oe¢. In the public information case, the individual action is given
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by a;; = h(L)zt = h(L)(vt + €t). The policy function is given by h(z) = - (1 - %) mﬁ,
_ _ 9 1 1
and hence I have a; = hg(L)(vt + €1) = - (1— 5) V(Tpé)m(vt + €4). H

Proof of Proposition 6. The best response of agent [ in group g is specified as follows

2

2
(A10) Agt = (pg[ElgtVt + ﬁg[Elgtaigtﬂ + Z ng[Elgtajt + Z ‘ng[Elgtajtﬂ
=1 =1

where a_g; is the aggregate action of the other group at time ¢. Parameters {Bg}, {yg},
{otgr} help parameterize PE and GE considerations. Notice that GE effects run not only
within groups but also across groups (the interaction of the two blocks of the NK model).
Parameters {(g} capture the direct exposure of group g to the exogenous shock. Iterating
forward, a;g; = g Y700 BEErgVerk + X VgiF1gtje + (Bggi * 0gi) 21 BEE1ge oo
The aggregate action for group g is

2

o o
(A11) agr = @g > Bgfgtvﬁk Y Vit + (Bgvgi+ o) D Béﬁgtaj) t+k+1
k=0 j=1 k=0

Let as = (agr) be a column vector collecting the aggregate actions of all groups (e.g.,
the vector of aggregate consumption and aggregate inflation), let @ = (¢pg) be a column
vector containing the value of @z across groups, let B = diag(Bg) be a 2 x 2 diagonal
matrix of discount factors, with off-diagonal elements equal to 0, let y be a 2 x 2 matrix
collecting the (contemporaneous) interaction parameters vy, let &« = (o) be a2 x 2
matrix collecting the (future) interaction parameters «,;, and finally let § =  + «,

a1t B O B Cloar o2
at = b} B - b} Y= b} X =
0 B2 01 X2

azt
Notice that (A11) is equivalent to (4) and (15), respectively, if aj; = y;, ast = 7, V¢ = Vi,

?1
©2

Y1 Y12
Y21 Y22

y P =

Epp() = E5(), Exe()) = E £¢() and the following parametric restrictions are satisfied:
1= —@, B1=B,vy11=1-P [1 - Ax + %(1 - 7\)],1/12 = —5(1—7\)%”, o1 = BLO(1-Ax)-1],
12 = B(1-N), 92 =0, B2 = BO, y21 = k0, Y22 = 1- 6, and 01 = atpy = 0.

I now turn to solve the expectation terms. I can write the fundamental representation
of the signal process as a system containing (17) and (18), which admits the following
state-space representation

(A12) Zi=FZ; 1+ (I)slgtJ xlgt =HZ; +‘l’gslgt

. T .
with F = p, ® = [o‘e 0}, Zt = Vi, Sgr = [5}’ ulgt] ,H=1,and ¥y = [0 Ugu]- It is
convenient to rewrite the uncertainty parameters in terms of precision: define 1, = (%2 s

€

=_1 = Teu ; .
Tgu = 2 and tg = =-. The signal system can be written as
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O¢ 1] €
(A13) xlgt = m&}/ + Gguulgt = |:1”iep2 Tgi} [ul j Mg(L)slgt: slgt ~ N(O; I)
4

The Wold theorem states that there exists another representation of the signal
process (Al3), x; gt = Bg(L)w; gt such that Bg(z) is invertible and w; gt ™ (0, Vy) is white

noise. Hence, I can write the following equivalence:

In the Wold representation of x; 4, observing {x;,} is equivalent to observing {w; 4},
and {xf g} and {w’lf g} contain the same information. Furthermore, note that the Wold rep-
resentation has the property that both processes share the autocovariance generating
function, pix(z) =M g(z)Mg,(z‘l) = Bg(z)Vng(z‘l). Given the state-space representation
of the signal process (A12), optimal expectations of the exogenous fundamental take
the form of a Kalman filter Epgive = Aghip1vi1 + Kgxp g, Where Ag = (I - KgH)F, and K¢

is given by
— -1
(A15) Ky =PgHTV,
(Al6) Py = F[Pg - P;HTV,'HP|F + ® DT

I still need to find the unknowns Bg(2) and V. Propositions 13.1-13.4 in Hamilton
(1994) provide us with these objects. Unknowns Bg(z) and Vg satisfy Bg(z) =1+ H(I -
Fz)‘lFKg and Vg = HP HT + ‘l’g‘l’g. I can write (A16) as

(A17) P} + Py[(1- p%)0g, - 02] - 0705, = 0

from which I can infer that Py is a scalar. Denote kg = Pél and rewrite (A17) as kg =

2
TTE {1— p2 —Tgil: \/[Tg— (1— pz)] +4Tg}
I also need to find Ky. Now that I have found Py in terms of model primitives,

I can obtain Ky using condition (A15), Ky = o I can finally write Ay as Ag =

Itkgog,

kg Gfgu p
1+kg 0%,

2
11 Tg 1 Tg
=3 |ptet S \/<5 +p+ F) —4|. One can show that one of the roots A, [1 9

lies inside the unit circle, and the other lies outside as long as p € (0, 1), which guarantees
that the Kalman expectation process is stationary and unique. I set Ag to the root that

lies inside the unit circle (the one With the ‘-’ sign). Notice that I can also write Vg
AgTgu
0—7\g )

and therefore one can verify that

in terms of Ay, Vg = k 14+ gu = Nt T , where I have used the identity kg =

(04 — 1- )\gZ
(1-pz)(I+kog,)  1-pZ

Let us now move to the forecast of endogenous variables. Consider a variable f; =

Finally, I can obtain Bg(z) = 1+

A(L)s; - Applying the Wiener-Hopf prediction filter, I can obtain the forecastas £; o, f; =
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[A@MT(LHBEL™), vIB(EL) 1y gt» Where [+ denotes the annihilator operator.
I need to find the A(2) polynomial for each of the forecasted variables. Let us start
from the exogenous fundamental v; to verify that the Kalman and Wiener-Hopf filters

1
result in the same forecast. I can write the fundamental as v; = [ ITEZL 0} i = Ay(L)S;;.
-p

Let me now move to the endogenous variables. Guess that agent i x g’s policy function
satisfies a;4; = hg(L)x;g;. The aggregate outcome in group g can then be expressed

as agt = falgt di = f hg(L xlgt di = hg(L) 1—pL‘C’t = [hg( 0] S11 = Ag(L)slgt' Sim-

. Ag(L
ilarly, the own and average future actions can be written as ag 1+ = #sl gt and

igeet = Gig pa1 = hg(Dikig pug = [r2 1ED 228D gy = Ay (1)), Tnow obtain th
19t+1 1g,t+1 g zg,t+1 Te T(-pL) Tou~1 slgt ig slgt' now obtain the
forecasts,
L ATy 1-pL
- T(7-1 -1y-1 -1 -1 _ g p
Epgve = [AvDMEE B Ve By [ — (L_Ag)L g
_[d1L)] Agte 1-pL $1(L) - d1(Ag) AgTg 1-pL _ =%
A 1-A L 18~ LA 1= AgL" 18" ¢1(2) = 7
“Agly P17 Ag g Y -pz
(A18)
Ao T 1 A 1
_ Mg g
= 1- G (L
p(1- p}\g)]- 7\gL lgt < p) 1- 7\ Lxlgt lg( )xlgt
A(L) 1 Av-1] -1 - hy (L) AgTg 1-pL
E = | =M (LB (L V, By (L =
i = | MR VB g = [ | g
_[$2D) ] Agtg 1-pL ~ _ $2(L) - d2(Ag) AgTgu 1-pL () = hi(2)
L-Ag|, p 1-AgL '& L-Ag ot 1-AgL &P P2 T op
(A19)
Ao T 1-pL 1
=288 (1) - iy (Ag)—F Gour (L
p ["() KA T Re | TorgD @ - g et ~ GogB¥ige
- 1\— _ _ hi (L)L AgTg 1-pL
_ T/7-1 1y-1 1 1, _ k 8T8
g = (A DMEL B VB e {(1—pL)(L-7\g)L p 1AL le
_[$s@)] Agtg 1-pL $3(L) - d3(Ag) AgTgu 1-pL () = hi(2)z
L-2Ag], p 1-AgL Mgt = L-Ag pPTe 1-AgL Mgt 3V =9 Pz
(A20)
?\ T 1-pL 1
g & | By (L)L - hy (Ag)Ag—0 Gar(L
{ k(L) k(Ag) g1 _ pAg] (1-AgL)(L-A )xlgt Sgk( )xlgt
Elgrdrg 141 = lg(L ML )By(L )" } V' Bg(L)

hg(L) N hg(L)(L-p)] AgTgu 1-pL
Te(-pL)(L-Ag) TguL(L-Ag)|, p 1-AgL &

{ hg (L) 1 + [hg(L)(L‘ p)} }Angu 1-pL

[
|
3
3
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b4 L>} +{ ds(L) } }Angu 1-pL
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{¢4(L) - da(Ag) N $s(L) - ds(Ag)  ds(L) - ¢5(0)} AgTgu 1-pL
L-Ag Ag(L=Ag) AgL o 1-AgL 18
_ k hg(L) Tgu N L-p B hg(Ag) Tou N Ag-p ) phg(0) ) 1-pL .
L-Ag |tTe(l-pL) L L-Ag [Te(I-pAg)  Ag AgL [ 1-AgL 78t

p

L-Ag |\ 9/ 1- ol |~ oL L [ 1-AgL"'8

he (2 ho(z Z-p
g( ) 1:5(2,) - g( )( )

= Gag(L)x1g,  dal2) = 7ol = p2)’ o

Inserting our obtained expressions into (A10),

n n
hg (L)xl gt~ Pg Glg (L)xl gt + Bg G4g (L)xl gt + Z ngGng(L)xl gt + Z o‘ngng(L)xl gt

P P
A 1 he (L) Ao\ 1-pA Ao(L - p) he(0)] 1-pL
= _Ey 8 g g .18 g
TgL)ige = o (1 p>1—7\nglgt+Bg{L-7\g Kl p) 1-pL pL } L }1—Anglgt
2 _
AoT 1-pL 1
2 Tg o
+ 288 |y (DL - B (A)A
Zk_l ek o [DL = IAg)hg 1 p7\g] (L-AgL)(L-Ag) L8t
2
AoT 1-pL 1
g Tg 0
+E h L)-h.(A\
o | DT

Removing the x;; terms, and rearranging terms on the LHS and RHS

Ag\ 1-pAg  Ag(z-p) 1-pz
hg(Z){l_BgKl_F) 1—pz+ pZ }(I—Agz)(L—Ag)}

i 22: () PR Phg) Vgt o

(1-Ag2)(z - Ag)

k=1
_ Ag 1 1-pz 2 7\g YakMg T gk
e (1_ F) 1-Agz Bgz(l- Ag?) g (0) - ; (%) (1 ) (1-Ag2)(z - 7\g) 1-p2)

Multiplying both sides by z(z - Ag)(1 - Ag2),

= (p-A)(1-pAg)
hg(2) [2(z - Ag) (1= Ag2) - Bg(z - Ag)(1-Ag2)] - ) _ Iy (2) 5 2(Y g% + Xgp)
k=1

A 2 Ag
= g (1-°5) -9 Bel1- 020 - Ale() - Y- irg) (1= 5 ) (rghg + age)a(1 - )
k=1

I can write the above system of equations in terms of h(L) in matrix form

(A22) C(2)h(z) = d(z)
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where

C(z) = diag {Ag} [([3 - Iz) diag { (z— %) (z - p)} - (B - Iz)z diag {’%g} Z dlag{ ) } (zy + &)

C C
That is, I can write C(2) = [ n() IZ(Z;] , Where

Co1(2) Coo(z

Cu1(2) =M [([31 - 2) (Z - %) (z-p)+ %Z [2(1-v11) - 511}} , Cia(@) = Azt > L(zy12 + 812)

C22(2) = A2 {(52 - 2) (Z - %) (z-p)+ FZ [2(1-v22) - 522]} Co1(2) = —7\22%2(21/21 +821)
I can also write d(z) = [dl % hl(')]] , Where
do[z; ha ()]

dg(z) = @g (1— %) 2(z = Ag) = Bg(l- p2)(z - Ag)hg(0) - Z hi(Ag) <1— 7\—) (ygkxg + o, 2(1- p2)
k_

From (A22), the solution to the policy function is given by h(z) = C(z)ld(z) =

32{ (c:g; d(z). Hence, I need to obtain det C(z). Note that the degree of det C(2) is a poly-

nomial of degree 6 on z. Denote the inside roots of det C(z) as {(;, (o, (3, (4}, and the

outside roots as {8{1, 19‘1} Because agents cannot use future signals the inside roots

have to be removed. N ote that the number of free constants in d(z) is 4: {hg(O } and

{h(?\g Zk 1 re(Ag) ( ) (YgrAg + o k)} for each g € {c, f}. With a unique solution,

it has to be the case that the number of outside roots is 2. By Cramer’s rule, hg(L) is

given by

o [dl (2) C12(Z)]
dy(z) C22(2)
det C(z) ’

ot [CH(Z) d1(Z)]
Co1(2) da(2)

m(z) = det C(z)

hy(2) =

which are the policy function for groups 1 (consumers) and 2 (firms). The degree of
the numerator is 5, as the highest degree of dg( 2) is 1 degree less than that of C(z). By
choosing the appropriate constants {hl(O) h(A1), ho (0), h(?\z)} , the 4 inside roots will
be removed. Therefore, the 4 constants are solutions to the following system of linear
equations

[d1<cn> C12(Cn)
et

=0, for {Cn}i:
d(Cn) C22(Cn)] '

After removing the inside roots in the denominator, the degree of the numerator is 1 and
the degree of the denominator is 2. The above determinants can be written as a system
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of 4 equations and 4 unknowns (our free constants). Once I have set the appropriate

lbglﬂbgzz

0-9:2)(1-9,2) and hence I have

free constants the policy functions will be hg(z) =

1l’l_g;l‘|'1l)(g'2f'~7; Ji
A P T ng]( F)

2
£=D_ g
j=1
I can write

a; = [alt] _ OB, = [11’11 1|)12] Flt] _ [¢11§1t+¢12§2t]
ot Yo1 Yoo |V Po1V1¢ + Poodoy

Notice that I can write §gt(1—8gL) = (1 - %) vy = §gt = 8g§g,t 1+ <1 - %> v¢, which I

~ ~ % 0 1-+
can write as a system as 9; = Ad;_1 + v, where A = [ 1 ] , = [ .Hence, I can

0 9 1- ‘9—
write a; = Q0; = Q(AD;_1+Tv¢) = QAB;_1+QI'vy = QAQ a1 +QIv; = Aat_1+th. Finally, I
need to show that (20) hold. First, notice that in the standard FIRE framework, there isno

information friction, 9, = ¥y = 0. Therefore, the dynamics follow a; = Apirpa@s-1+BFIREV:

B B [11)11 +1o
» DFIRE =

WPo1 +hoo
are given by (28). To find the solution dynamics under FIRE, I proceed with a guess and

00
where ApRg = [ Under the standard FIRE case, dynamics
0 0

verify approach. Assume that a; = Dv;. Using the method of undetermined coefficients
Dv: = @v; + 8EtDvyyy = @vi + 8Dpvy = D = @ + 5Dp. Hence, it must be that
D = (I - 6p)~1@. Notice that, for consistency, Bpigg = D. As a result, even if I cannot
find the analytical form of the individual ({11, P12, P21, P22), I know that conditions
(20) hold. O

Proof of Proposition 7. From the proof of proposition 6, I have the following objects:

A1) (1-pA - 1-pL 4 1- =
pese = ha(L)Verg Eiiya = SFRAONL | 11Ky (1) - 2BEN KRy ()|, and g~ Eiego =
A

m (L- p)L‘khz (L) + (p - Al))\Ikhz(?\l)} ¢¢+. The forecast error of annual infla-
tion is

—C —C —C —C —C
1433 = Li7pa3 ¢ = (0 = Byme) + (7pa1 = Bfmrean) + (e — Bf7ipan) + (10443 - [Etﬂt+3)

_ A
p(L-Ap)(1-AL)

(L-p) ZLk ho(L) + (p - A1) le ho (M)

k=0

_22: (0 = D)1= PO A1
2(1- A9g)(1 - M L)(1- SgL)

+ Z (p- Sg) [p(l - 7\119g) - 19g(p - 7\1)L} 11’2g

02(1-AOg)LA- ML) (1-0gL)

g=1
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2 (p-g) [PAM (A= ABg) + (p = A1)(1 - Aydg)L - Dg(p - A)L?] Vag

¥ ; P2A1(1 - Apdg)L2(1 - A;L)(1 - DgL)
N Z (p = 9g) [(L2+ ML +22)(p + \OgL) - (L+A[ALL + (L2 + A3)pdg]] 1|)2g
p2A2(1- A9g)L3(1 - A;L)(1 - DgL)
0= Delbag x { MR- AiBg) + ML~ Audg)lp - (1- pMIL

gz;pb\zl A19g)L3(1- A L)(1-91L)

HL=Aig)lp - (1= ML+ ADIL? + ] - 9g(p - (L- )AL+ AL+ AD)IL? | e

_Z (P = Og)aglog (1 - E1gL) (1~ ExgL)(1 - E34L)
p2A2(1- A1dg) L3(1-ML)(1-9,L)

_Z(p Vg)bog&og (1= EagL)(1- E3g)(19g flg 1 M-&g 1 )
p= pZA2(1- A1Dg) I3 9g-A 1-9gL  9g-A 1-A\L

€t

(p-9g) 1|)2g£0g(8g Evlg) (1- EZgL)(l £3gL)

gz PZAZ(1- A19g) (g - A1) L3(1-9gL)

2 (p - Og)ogog(E1g ~ A1) (1- EngL)(1- E34L)

+
; PZAZ(1- A9g) (Vg - A1) L3(1- ML)

_i (1- £2gL)(1- £3,L) +i (1- £2gL)(1- £3,L)
Ve Ba-on 26 13(1- ML)

€t

€t

€t

g=1

€t

_ Z - (&g + E3g)L + 52g5.3gL Z — (&g t E3g)L + £2g£3gL
1g L3(1-9gL) 2g L3(1- A\{L)

2 00 00
=) {Ylg > 8§5t+3—k - Y1g(&2g + E39) Z 19§£t+2_k +Viglaglag D 19§€t+1_1<}

g=1 k=0 k=0 k=0
o0 o0
+(va1+v22) Y Mepaar - [var(€ar + E31) +vaa (&2 + E32)] D AFepin g

k=0 k=0

o0
+(Y21801831 + V22802E32) Y Aerk
k=0
2

(o] (e e} o

_ k k k

= Z { Blg Z 19g5t+3-k + [32g Z 19g€t+2—l< + BSg Z 19g51.‘+1—k}
k=0 k=0 k=0

g=1

(0.¢] (0.¢] (0.¢]
k k k
+ P34 Z A€rs-k t Bs Z A€okt Be Z A €r+1-k
k=0 k=0 k=0

where £gy = AT (1-Mg), ~£0g (E1g+EagtE3g) = M(1-MDg)[p-(1-p)A1], Egg(E1gogtErgéagt
Eagag) = (1-MVg)[p - (L= PAL(L+AD)], —Eogligogliag = A3 - Dglp - (1- p)A1(1+ A1 +AD)],
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_ (p9g)ag&og(Dg—E1g) _ (p=9g)ag&og(E1g—A1) _
YIg - 027\%(1-7\119g)(19g—7\1) b} ‘YZ - 2}\2(1_}\119g)(‘9g }\1 ) Blg YIg) BZg - _‘Ylg(EQg + ‘EBg))

B3g = Y1g&2g&3gs Ba = v21 + V22, Bs = —[v21(&21 + &31) + v22(&22 + E32)], and Bg =
Y21&21&31 7Y22&22E32. Before computing the forecast revision of annual inflation, notice

that Egmy,p - Ep_17t4p = = (o= 7\1))\712(7\1) _)l\lLst. Therefore, the forecast revision of annual
P

inflation is
—C —C —C —C —C —C —C —C —C —C
Errtees e — Bro1teas e = (Bpme — Bpogme) + (Bprreen — Bpoq7tean) + (Bpriee - [Et-lﬂt+2) + (Efmie3 = B_17t443)

(p 7\1)h2(7\1)(1+7\_1+7\12+7\ ) k

p-Og

(0-A0) (AN +AT) 20y o1
. pzl}\s &1 7EIN% 1 now seek to compute the OLS coefficient.
1

where o =

The covariance is

[slgocs +[32goc19 +[33goc8g BaoA? + BsoA? + Bk 2
1 )\119g ]_ }\2 €

C (forecast error, revision) = [Z
&=1

The variance is V (revision) = 10‘703. Finally, the OLS coefficient is
2

2
C (forecast error, rev1s1on) 2
Bce =

7\
3 3
\V, (reV1310n) gZ(Blgs + BZgS + BBgﬁg) + [347\ + [35)\1 + [56)\1]
2

1 (p = Dg)hagdg(1- A7)
T« E0g(Vg - E19) Vg - E2g) Vg - &
|:; pzx%(l - 7\119g)2(19g -A1) Og( g 1g)( g Zg)( g 3g)

2
_ (p- ’9g)1|)2g
; P2A1(1-A19g)(Dg - A1)

Eog(A1 = E19) (A1 - E29) (A1 - E3g)

1 (p- 19g)1|)2g7\18g(1 - 7\%)(1 +9g)(1+ 195)(1 - pdy)
C 2 2(1- A 9g)2(Dg - A
g-1 p=( 1 g) ( g 1)
T (p = 9g)Wag(L+ AD{(p - M)Bg(1+ A1) = Ay (1= Adg)] = PAF(1+Ap)(L- A1)}
o=1 p2(1- 7\119g)(19g - A1)
_ 122: (P-9)ay  [Midg(l-AD(L+9g)(1+0F)(1- pdg)
o o p2(1 - Alﬂg)(ﬁg -A1) 1- 7\119g

+ (L+A2){(p - AD)[Pg(1+ A1) — A1(1 - MOg)] - pAZ(1+ A1) (1 - Aleg»]

A Z (p - Dg)og
p—-Vg
(p A +A;+A2+A3) Zkl‘l’2g1mk oo (1= Adg)(0g - A1)
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1- }\l'ag

+ (L+A2){(p ~ AD)[Og(1+ A1) = A1(1 - MOg)] - pAZ(1+ A1) (1 - mg)}]

0
Proof of Proposition 8. The aggregate outcome is
2 2
= 1--=
ye= 2 g ( p L2 (- 9gL)(1-pD)"!
g=1 8=1
2 o0
0 p 1 ‘9g 1 1g k+1 k+1
:Zwlg(——g){ } z—z - 9§er

The GE component is given by GE; = [1- (1-Ax)]E¢ ,+(6-B) 1-Ax)B Y22 BKE; Visksl
where

\A

<D

I
Mo 2D
N
—

e
P 2

9N\ _ 1
257 le)lj ( ) Ef ll—S-Lvt]
)
1 +

]
9. 00 192(9 AD)(1-pAy)
AV K
i (1) (58 2t o, - o e

1

N,
1

v
¥

it
(

1 Te _ 1
2 0 l—pL_l 1 pL )\1’(1 1 6
(1_19 L (1-pL) T_l 1- )\1L_1 p 1-A\L

N,
1
—_

p- ] 0
7\2(1—p{}-) <
o)~ M)(1- M);Alet'k}

=c Y 1
ZB [Etyt+k+1_[EtL tB le)l]( _) t [(L—[S)(l—%jL)Vt]

1

Yj -} e | i-prl | AT 1
o) | | TPHE0D0D) 25 BT e 1-AL

1 +

Py (1_ i) p° i pke
U\ e ) | @-eB)e-9) &

92(p - A)(1- pAy)
~plp- 8)(1 BY)(®; - M)A~ MDZ% E1-k

1

N~
1

.MN

Il
—_

J

A1 [07\1(1 = BY;) + A19;(1- pAg) - p9;(1- 057\119]')} 00 "
p(1- pB)(1- BO)(B; - AL - DA % Feri
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Hence, I have

GE: = [1- BAL-MOTEry; + (6 - BYA-M0B D B Et vpsgn
k=0

92(p-AM)(A-pA) & A2(p - 9,)(1-p;)
b S

= [1-B(1- )] thl]
j=1

D0t~ 2«9 M- 87\1)21 p2(0; - Al (T-97\) 4

00 33(9—7\1)(1_ PA1) >
o koY B
+(5-B)1-Ax)B ]221:11)1] { 1- 0B % P 2a- B9, (D; - A1)(1 - VA1) %;19]

. M(p -9)) [07\1(1— B9;) + A1d;(1- pA1) - p¥;(1 - pPALD )} 27\1 .
p2(1-pB)(1~ B9,)(®; - A1)~ D;A1)
o (T T ol 1) P
k=0 j=1 k=0

Therefore, the PE share . is given by

2 2 |
0GE</de; _ 01p" + 82AT + ] 18597 P (Zgzl P1g - 51) PT = PO = > g=1 (W1g0g + 83)Y

te=1- = 2 2
MBSO S B -op P 2g1 W1gP" - 2ig1 W1g9g g

]

Proof of Proposition 9. (i) Recall that equilibrium dynamics satisfy (28). I need to find
the conditions under which the equilibrium process is stationary. This sums up to
having all the eigenvalues in the matrix 57" outside the unit circle. This restriction is

satisfied if

(A23) dets ™ >1
(A24) dets -tr5 > -1
(A25) dets +tr5 ™ > -1

Introducing the respective values in (A23)-(A25), I obtain (22)-(24).

(11) Recall the equilibrium dynamics described by Proposition 6. I need to find the
conditions under which the equilibrium process is stationary. This sums up to having
all the eigenvalues in matrix A inside the unit circle. This restriction is satisfied if

(A26) detA < 1
(A27) detA - trA > -1
(A28) detA +trA > -1
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VR A

Notice that trA = 91 + 9, where 9; and 9, are the two roots of the characteristic polyno-
mial of A, and det A = 9;9,. Therefore, the above conditions can be translated to

Dy <1
®1-DE2-1)>0
O1+1)®2+1)>0

Notice that such a system can only be satisfied if both roots are inside the unit circle.
Introducing the respective values in (A26)-(A28), I obtain (25)-(27). O

Proof of Proposition 10. 1 first prove (i). Guess an ad-hoc system of dynamics, such that
(A29) Xt = WXy 1+ 8w pErxpey + @Vt

for some arbitrary 2 x 2 matrices (wp, w f). To show that the ad-hoc model presented
above captures our HANK beyond FIRE under certain (w ¢, wy), I rely on the Method
for Undetermined Coefficients. Both dynamics are observationally equivalent if

Axp 1+ B = @V + 8w pErXps + WpXp 1 = @Ve+ 8 pEr(AXy + Bypyp) + pXy
= @Vt + 8w (AXt + BEtVpa)) + WpXp 1 = @Vt + 8 (AXt + Bpve) + WXy
=@Vt + 8w f[A(AXs 1 + Bvy) + Bpvel + Xy
= gwaA + wb] Xp1+ [@ + gwf(A +p)B| v
They are thus equivalent when (30) is satisfied. Now that I have the system dynamics
(A29), I just need to multiply the system by A to back out the DIS curve, which I can

write as (31).
I now move to (i1). Using the lag operator, I can factorize (32)

L [(% + wfn) - wbnﬂt—l] = L [(wfyL_z -L7+ wby) J/t-1]
= [wpy (L9 (1772 v

where yil and ygl are the roots of the polynomial P(x) = wy yxz - X + Wy, Dividing
both sides by (L1 - y5!)

14 ) 1 1 1
Wy BT =y )yl =B || St wpn L‘Tyglrt - wbnryilﬂt—l

1 Y2 Y2
=k |- | —+w — =Tttt Wy T
t[ (V f”)l—VzL‘lt byl 1

Hence, I can write the dynamics as
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(o]
_ Yow Y2 (1
Yt = Y11yt-1 + bm (701 +v271) = o (; tWet wbﬁ’%) ZYIE[Eter
fy fy k=0
w wy 1 (1 0y \ & ([ wpy \
=Y Vgt b | g + Ly | - Tt Went Wy i Z - Etreei
Y1Wpy Y1Wphy Y1Wpy \ V Ylwby =0 Y1Wpy

where I have applied the Vieta properties. Therefore, the effect of a forward guidance
shock promised at time ¢ in period T is

dy 1 (1 W wry \"
FGg it = 3F rt =- — Wt Wy %/ Y
tlt+t Y1Wpy \ V YW Y1Wpy

which is decreasing in T provided thaty; € (0, 1) is the only inside root, lim_y FGt+r =
0, and the forward guidance puzzle is solved. O

Proof of Proposition 11. The proof is identical to the proof of Proposition 6, modulo the
replacement of oy for oc. In the public information case, the individual action is given
by a; gt = hg(L)zt = hg(L)(vt + €¢). The policy function of an agent in group g is given

by hg(z) = M and hence I have ag; = hg(L) (vt + €1) = : bg1thgoz

1-6,2)(1-6,2)° @0,0)0-0,9) (Vt T €t) =

0 0 ~ ~ .
Yo < - 31) ﬁ(w +er) +hgo (1 - 32> ﬁ(w +€r) = Pg101; +Pg20os. I can write

Clair| x| Y2 01t _ 11017 + 12097
a: = = Q0= =

art Yo oo [Oof Y1011 + 2209
Notice that I can write égt(l—egL) = (1— %’) (viter) — égt = Ggég)t_1+<1— %) (vitey),

0

0; O 1--1
Pr= e

0 92 —FZ

Hence, I can write a; = Q@t = Q[A@t_l +T(vs+€p)] = Q/\@t_l +QI' (vt +€p) = Q/\Q‘lat_l +
QI'(vt + €t) = Aay_1 + Bvy + Bey.

which I can write as a system as 0; = /\gt_l +T(vs+€t), where A =

]

Proof of Proposition 12. This proof mimics the proof of Proposition 6 and extends it
to allow for a public signal. In this case the fundamental representation of the signal
process as a system containing (17), (18) and (33), which admits the state-space repre-
sentation Z; = FZ;_; + Ds; o and Xg; = HZ; +Wesi o with F = p, ® = [() 0 04 s Lt = vy,

T 10 o 0 O
slgt: [Et ulgt £¥] ,H: ¢
0 1 0 og 0

convenient to rewrite the uncertainty parameters in terms of precision: define T, = 0—12,
£

,and Wy = [ ] and Xgr = [zt xlgt]T' Itis

Tg = Gié ,and T¢ = 0_126 The signal system can be written as
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N|=

1
2 0 Te €t
th = R = Mg(L)Slgtl slgt ~ N(O, I)
Uy gt

.l_.
xe)
.

Denote Ay as the inside root of det[Mg(L)Mé(L)], which is given by

2
— 101 TgtTe _ 1 TgtTe _ . -1 —
Ag 2 lptPt or \/ <p ot —or; 4(. I can also write Vg
PTgtAgTe _ AgTgtpTe Tg(Ag—p)
—Ee e Mg P and Bg(L)! = 5+ I-Tme b Toae L
PTe (TgtTe) A — AgTgtpTe g I-AgL Te()\g—p)L 1- PTgtAgTe L :
g p Te Tg+T€ Tg+T€

Let us now move to the forecasting part. Denote agent i in group g policy function
a1t = hg1(L)z¢ + hga(L)x; . The aggregate outcome in group g can then be expressed as
follows

agt = / algt di= / hgl (L)z: + hgz(L)xlgt di

o () .
:/hgl(L) <1_;L€t+ﬁe€t) +hg2(L) (1_;L€t+(7gulgt) di

= (D) + ha W]

et +hg1(L)ocer

Hence, the forecasts are

E v )\g 1 [ ] 2t
;= Te T
Lgt pTe(l-Agp) 1-AgL L 8 Xl gy

_ [ha(@) AgTe Ag Ty 2t
bt = | Tee " oD yaaoee Me® (L—Ag)(l—AgL)pT%} Lz )
gt

) Ag(1-pL)hyy(Ag) [ - ] 2t
(L-Ag)(1-AgL)p(1-pAg)T2 L€ X1gt)

) Aghy1 (0) [(1-)\gL)Tg+(1—pL)Te N
(1= AgL)(1- pAg)T2 L(p-Ag) !«

Igt
3 h (L) LA Te LAyt 2t
Ergrare = | ~2 + Mra(L) (L_Ag)(ﬁAgL)pTg Ao (L) (L—Ag)(:lf}\jl')pﬂf%} Ll ]_
gt
) Aé(l-pL)hkz(Ag) [T 'c] 2t
(L= Ag)(1-AgL)p(1- pAg)t? L

Xlgt
Aghyo (L) o)1 AN z
_ gllg2 (L-p)(1-pL)Agtg+(L-Ag)(1-AgL)pTe 3
1 Ajgpr1 — @ = -T -
Igt ( igt+l gt+1) (L- 7\g) (1- 7\g L) p’t% € L(p-Ag)(1-pAg) xlgt

~ Ag(l—pL)hgz(Ag) [ } 2|
(L-Ag)(A-AgL)p(1- pAg)tZ L€

Xlgt
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T 1-AgL)(1-pAgi2 L€ L(o-Ag)

}\ghgz (0) (l—pL)Tg"'(l—?\gL)Te :|

2t ]
Xlgt
Introducing the expectations just calculated into the best response (A10), and rear-
ranging terms,

s -2
2

Bg hio(L)AgTg =
hoa(D) (1- 25 ) - t i
g2(L) ( L. ; (L-Ag)(1- )\gL)pTg (ng + 06g’<>] ngt]

_ PgAgTe ~ By (0) BgAgl(1-AgL)tg + (1 - pL)T] BgAgTe ~
pTe(l-pAg)(1-AgL) &7 (1-AgL)(1- pAg)T2L(p - Ag) (1-AgL)(1- pAg)T2

i B (0) xgiAg[(1-AgL)Tg + (1- pL)Te] 2 Ag(1-pL)Te
1

(1= AgL)(1 - PAQ)TZL(p - Ag) ,; 2051 ALl phg)?

BgAgTg BgAg[(1-pL)Tg + (1~ ?\gL)Te]
(1- 7\gL)(1 - pAg)T% (1- }\gL)(l - p7\g) L(p }\g)

2 X AT, 2 Ae(1- pL)T 2
(0 gk\g 8 _ o (A g pL)Tg A t
*'22; T WS T %;; 2500 eLp( - ongy2 ek T NYel) % gt

2
hia (L) ( gk> Mo (L) AgTe
- L+ s
2 et ; (L-Ag)(1-AgL)pr? (o oa)

+ hg2 (0)

( gk Angk);

k=1
PgAgTg

pTe(1- 07\g)(1 - 7\gL)

- hg2 (0)

+ hgl (0)

I can write the above system of equations in terms of k(L) in matrix form

(A30) C(L)h(L) = d[L; h(N), h(0)]
where
Crii(L) Cia(L) Ci3(L) Ca(L) h11(L) di(L)
Co1(L) Co9(L) Coa(L) Cou(L hio(L do (L
) = 21(L) Coa(L) Ca3(L) Co4(L) @) - 12(L) dIL: OV, h)] = 2(L)
C31(L) C32(L) C33(L) C34(L) h1(L) d3(L)
|Cai(L) Cap(L) Ca3(L) Caa(L) | h2o (L) | da(L) |
where Cy(L) = 1- B2 - ¢p(1) = - (21;;(("1‘311)1‘)22, Ci3(L) = -1 - 712 Cyy(1) =
ATe L) A L) _
~ESERAR,, Ca(l) = 0, Cp(L) = 1= £ - PR, Coa(L) = 0, Coy(L) =
A L _ ApTe L _
D, cotw = - £, 0t = QIR Cu -1t

c L _ L — —
Caa(L) = ~GHEEAIRD,, Ca(L) = 0, Caa(L) = - FHHRATAD, Cia(L) = 0, Caa(L) =

_ B2 _ Asto(xotyoolL)
1= 1% ~ o raDpe? a0d

P11 Te

(B1+oq)M[(A-ML)7y + (A~ pL)Te] |
pTe(1- pAy)(1-A1L)

d =
1(1) (1- M L)(1- pAy)T2L(p - A1)

- h11(0)
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B1A1Te

_ 1A [(1-AiL)Ty + (1- pL)Te]
(1-AML)(1- pAy)TE

(1- ML) - pAD)T2L(p - A)
A1(1-pL)te
(L-A)(1-A1L)pt2(1- pAy)

+ h12(0) h21(0)

= [h12(A1) (11 + A1y11) + oo (A1) (012 + Ay12)]

_ P1M1T (B1texht
42(L) = pTe(1- pAD)(1-A1L) + )(1 - AML)(1 - pAp)T2
BiMl(-pL)ty + A-AL)Te] |
(1- ALL)(1 - pAD)T2L(p - A1)

X12A1T] _
(1-ML)(1- pAy)T2
AM(1-pL)Ty
(L-2M)(1-AML)pt2(1- p)y)
ds(L) = P2A2Te ~ )06217\2[(1 - ML)ty + (1-pL)Te]
pTe(1- pA2)(1-AoL) (1-A2L)(1- pA2)T2L(p - A9)
i (0) (B2 + op2)A2[(1-ApL) o + (1 - pL)Te]
21 2
(1-A2L)(1- pAg)TeL(p - A2)

- h12 (O) h21(0)

= [h12(A1) (11 + A1y11) + oo (A1) (o2 + Ay12)]

BoA2Te
WS T e
Ao(1-pL)Te
(L-A2)(1-A2L)pT2(1- pAy)
_ P22y X21A2To (B2 + ap2)A2To
D= i -2 MO T a- g2 PO - ea)e?
BoA2[(1-pL)To + (1-AgL)T]
= h22(0) 5 -
(1-AoL)(1 - pA2)TeL(p = A2)

= [h12(A2)(0xa1 + A2y21) + oo (A2) (X2 + A12Y22)]

Ao(1-pL)Ty
(L= A2)(1-ApL)pT2(1- pAy)

= [h12(A2) (@21 + A2y21) + hoa(A2) (o2 + A12v29)]

From (A30), the solution to the policy function is given by h(L) = C(L)*d(L) = 3‘:{ gg d(L).
Hence, I need to obtain det C(L). Note that the degree of det C(L) is a polynomial of
degree 8 on L. Denote the inside roots of det C(L) as {(1, (o, (3, (4, (5, g}, and the outside

roots as {1911, 851}. Because agents cannot use future signals, the inside roots have to

be removed. Note that the number of free constants in d(L) is 6:

{hn(O), h12(0), h21(0), hi22(0), h12(A1) (01 + Ary1r) + hoa(Ar) (a2 + A1yi2),

-~

h(A1)

h12(A2)(cx91 +A2v91) + hop(Ag) (g2 + Agy22) }
h(A)

For a unique solution, it has to be the case that the number of outside roots is 2. By
Cramer’s rule, hy1(L) is given by

(d(D) Co(l) Ci3(l) Cua(l)]
dy(L) Coo(L) Coz(L) Co4(L)
d3(L) Csza(L) Cz3(L) C34(L)

| da(L) Caa(L) Ca3(L) Caa(L)]
det C(IL)

det

hi1(L) =
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and similarly with the rest of policy functions. The degree of the numerator is 7, as the
highest degree of Dg(L) is 1 degree less than that of C(L). By choosing the appropriate
constants { 13(0), h12(0), hi21(0), h22(0), h(A1), h(A2) }, the 6 inside roots will be removed.
Therefore, the 6 constants are solutions to the following system of linear equations

di1(¢;)) Cra(G) Ci3(Gy) Cua(()
d da(C;) Coa(Cy) Ca3(Cy) Caa(Cy|
et =0
ds(C;) C32(C;) C33(¢;) Cs4(C))

| da(C) Ca(Gy) Caz(Cy) Caa(y)

fori=1,2,...,6. After removing the inside roots in the denominator, the degree of the
numerator is 1 and the degree of the denominator is 2. The policy functions will be

1~|)g1,2 + 1T)gz,zL
(1-91L)(1-9,L)

1~I)gl,l + 1~|Jg2,1L
(1-9L)1-9,L)’

hg1(L) = hga(L) =

and hence I have

(ll)g11+1l)g1 2)+ (Wg21 + g2 o)L et V1,2 + g2 oL
(1-91L)(1-DoL) -0 (1-920) !

agr = [hg1(L) + hga(L)]ve + hg(L)es

1 - - - -
Zd’gf ( ) A Z bgj ( ) T-9,L° £ = Wgrd + bgady, + dgrdi; + bgads,

i ) ) -
I can write a; = [ H] = QY + Qudf = lll)n 1|)12] [ lt] + [d)ll ¢12] [ 121 Notice
azy Po1 Yoo | Dy o1 o] 95

_ _ 9, 0
that I can write 9} = AD} ; + Ty = (I - AL)Tx; for x € {v, €}, where A = ! ],

0 9,
1- 191
r:
1_%_

Qu Zk: /\ rut_k. D

. Hence, I can write a; = Qy(I- /\L)‘lrvt+Qu(I AL)Te; = Qv Zk 0/\ TV p+

Appendix B. Model Derivation

Households. An unconstrained agent i € S chooses consumption, asset holdings,

and leisure solving the standard intertemporal problem: max E;; > 35, B'U (Cft, N3 >

subject to the sequence of constraints:

(A31) By + Q111 Vi < Ziy + Qy (Vi + PeDy) + WyN3, - PyC,
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where Cft, NS are consumption and hours worked, B;; is the nominal value at end of
period t of a portfolio of all state-contingent assets held, except for shares in firms.
Likewise for Z;;, beginning of period wealth. V; is average market value at time ¢ of
shares, D¢ their real dividend payoff and Q) ;; are share holdings. The absence of arbitrage
implies that there exists a stochastic discount factor Q; ; ;4; such that the price at t of
a portfolio with an uncertain payoff at t + 1 is (for state-contingent assets and shares

respectively, for an agent i who participates in those markets):

bt
A32 B. =L : Zipig—— d 1=E; ——+ —D
(A32) it = Lt [Qz,t,tﬂ it+1 Pt+l] an it [Ql 1,1+l ( Pl Vi Vi t+1

which iterated forward gives the fundamental pricing equation: 1 =
E;; [5—’; Py Qi,t,t+th+k}- The riskless gross short-term real interest rate R; is a

solution to 1 = [ (RtQi’t’tﬂ). Note that for nominal assets, the nominal inter-
est rate satisfies 1 = [E; (%ItQi’t)tﬂ). Substituting the no-arbitrage conditions

(A32) into the wealth dynamics equation (A31) gives the flow budget constraint.
Together with the usual no-borrowing limit for each state, and anticipating that
in equilibrium all agents will hold a constant fraction of the shares (there is no
trade in shares) ();, whose integral across agents is 1, this implies the usual in-
tertemporal budget constraint [;; [% Qi)tJHlXi)tﬂ} < E; [Xit + Wtht - Ptcft} , where

FieXie = Eip [Zie + Qi (Vi + PeDy)| = [Zit 0, (Ziio PtQi,t,t+th+k>} and

o0
S lt Wt+k
(A33) Z Qi t,t4+kC7 1k = + Z Qi tkp N; t+k =L Z Qi,t,t+kY, t+k
k=0
with YLS ar = QiDpyp + Wt ka ++¢ is the income of agent i. Maximizing utility subject to

this constraint gives the first-order necessary and sufficient conditions at each date

Ci s
and in each state, B% = Q; t,++1, along with (A33) holding with equality (or flow

budget constraint holding with equality and transversality conditions ruling out Ponzi
games be satisfied: lim;_,  E;; [Qi,t,t+kzi,t+k} = limy_, £ [Qi,t,t+kvt+k] = 0). Using
(A33) and the functional form of the utility function the short-term nominal interest

Uc(C3
rate must obey 1= B[E;; [Rt%] . Denote by small letter log deviations from steady-
C\ it

state, except for rates of return (where they denote absolute deviations). Notice that

c(c s
Qt,p+k = BkM and in steady state: Q; = BX. Thus I have Gite+k = In Ql;t,sﬁk =

Ue(ct) i
Uc(C i,t+k
= S S — .
In ( ) = =0 (¢~ Cp ) Where g; ¢ 1ip = G ¢ 141+ G prr 2 T T G ket prke USING
UC(CS) 1,1 43 by by ¢] ) ¢ g
it

the stochastic discount factor notation, I can write the unconstrained Euler condition

1S _.S S
S 545,141 = i = SEit€; 1 (1-9E ltcl ++1- Lterating forward the above condition,
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k-1

&S = skE S 1. s H
(A34) = s EjChig - [E[Eitqt,tﬂ (1= 9)EirCi 4y
j=0
. -~ ST . 1.8
Using the definition of the stochastic discount factor, I can write g t ok c s[Eltcl t W
S S
(1- S)Eltcz #4177 G TS [Eltcz pr2 = (1=9) [Eltcz 2t G e~ SEi Cz t+k (1 )Lt Cz t+k?

— k (.S
and I can thus write E'[El.tqt)t+k = Cit +(1-9)E; Zj=1(ci,t+k - Ci,t+l<)'
Log-linearizing the intertemporal budget constraint around a steady state with no

shocks nor information frictions, zero profits, and no inequality, C5 = CH, > =0 pkes Corep =

> 220 Bk yi,t+k' Adding o I[Eitqt,ﬁk on each side, > 7, BrE |1 eq’ﬁk CiSt+k] =
> 220 Bk[Eit [(—lyqf et ySHk Using the iterated Euler condition (A34), the LHS is
1— _1

reduced to = [3 clt + = Zk—l B Elt(Cl t+k 6 t+k) Zk—o ﬁk[Etht kT Zk—o B [Eltymk‘
I can also write )72, pk [Etht R Byai Bk Z k1 o BitTrek = m > 220 BXE;7,. Hence,
I can write the consumption policy function as
P o~ akp. oS

P BE; ik T (1= B) Z B Lt Viprk

0 k=0

Mg

0
S _ k S
(A35) ¢, =-(1-9)) B [Eit(ci,ﬁk_cfﬁk)_
k=1

>~
Il

I assume that the government implements an optimal steady-state subsidy such that
there are zero profits and perfect consumption insurance in steady state, 5 = (e - 1)7,
and that the government implements a redistribution scheme by taxing profits, tp.
Log-linearizing the budget constraints

1-7

S _ S D _ .S

(A36) =Wy + n + ﬁet = ylt
D

(A37) cht[ =wp + ng + Tet ylt

Using the intratemporal labor supply conditions

(A38) E;wi = Gc + cpn

(439) Eyw) = 065 +omy

Combining (A36)-(A39), I can write c.S = %%[Eitwt + f-%llT)\ E;;e; and c =
%%[Eltwt + 5(% L;er. Hence, I can rewrite the consumption function (A35)

_ 1-
as ¢, = (- 9 B [(pﬂr ( = ‘TTD> Eit%k} - B R By + (L -
1-tp . .
B) >0 BFE;, [(erU[EwwHk+a‘fﬁ—cy - [E-ter}. Aggregating across i € S agents, I
. 1 —

can write ¢f = -(1 - 5) 37, Bk [qﬁd (%7{3 - TD) [Eter] — B BREsry + (1 -

B) ZCk)(:)o Bk[Eit |:(p+0'[Etwt+k + 5(5:_0 =A [Etet+k}
Denote aggregate consumption and aggregate labor supply for the unconstrained
household as Cf =/ Cf’t di, Ny={ th di and aggregate consumption and aggregate
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labor supply for the constrained household given by CfI = [ Cg di, N{J = [ Ng di.
Equilibrium in the goods market requires that consumption of unconstrained and
constrained households equals total consumption C; = ACH + (1—7\)Cf . Since I consider a
closed economy without investment and government spending, the resource constraint
is Y; = Cy. Equilibrium in the labor market requires N; = AN# +(1- A)Nts . With uniform
steady-state hours by normalization (N5 = NH = N), and the fiscal policy inducing
¢S = CH = C, the above log-linearized market clearing conditions yields

(A40) V=t = ?\c’tq +(1- A)cf

(A41) ne = Anf + (1-\nd

Finally, because the final good sector is competitive and observes all relevant prices
Pjp Lhave py = [ pydj, y; = [ypdj = [npdj, yp = e = [npdiand y; = ¢ =
[ ¢;; di. Combining the (expectation augmented) optimal labor supply condition of
unconstrained households (A38) and that of constrained households (A39), and the labor
and goods market clearing conditions (A40)-(A41), I can write E;w; = oE;c; + @Egn; =
(p+ G)E,f ¥;, where I have used the aggregate market clearing condition in the goods
and labor sectors. As is common in NK models without nominal wage rigidities, profits
are countercyclical. This results in dividends (and transfers received by firms) being
countercyclical. Using the fact that e; = -wy, I can write ¢;* = (p+6 [1 + @ (1 - %)] ngt =

[1 +o (1 - %)} [ Y = XE; ¥;. Hence, I can finally write the aggregate consumption

function as

(A42)
B

~(-N % BYErrag + [1- BL-MOIE; v + (5 - B)(1-AX) ; B¥Frce

ct=(1—?\)cf+?\c£{=—

Finally, notice that this is implied by the following beauty-contest game for a representa-
tive household i, ¢;; = —%(1 = MNEjre+[1- B(A-AIE; v; + BIS(A-AX) - HEscr + BEje¢; 441,
is equivalent to (A42) provided that limr_, BT[EitCi,HT: which is broadly assumed in
the literature given {3 < 1.

Firms. The firms’ FOC is ) 72, ek[jt[/\t,t+kY',t+k|tﬁ(P;‘kt - MY; 4xe)] = 0, where

Vi kgt = Cyx (Y] 14j)p) denotes the (nominal) marginal cost for firm j, and M = 5.
Log-linearizing around the zero inflation steady-state, I obtain the familiar price-setting

rule

(A43) Py = (- $8) S (BOE, (W) rasge + 1)
k=0

where \; 44y = log¥; 14y, and p = log M.
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Market clearing in the goods market implies that Y; = C;; = fjh Cjj di for each
j good/firm. Aggregating across firms, I obtain the aggregate market clearing con-
dition: since assets are in zero net supply and there is no capital, investment, gov-
ernment consumption, or net exports, production equals consumption, fj it dj =
I3, fg Cijipdjdi = Yi=Cr.

Aggregate employment is given by the sum of employment across firms and must
meet the aggregate labor supply, Ny = fj N;; di= fj : dj Using the production func-
tion and consumption demand, together with goods market clearing, Ny = fj

Yi fjf (P_]tt> dj. Log-linearizing the above expression yields to n; = y;.

The (log) marginal cost for firm j at time ¢ + k|t i ; 114)r = Wyag = M P11y
= Wirk, Where mpn; 1y and n; 1,4, denote (log) marginal product of labor and (log)
employment in period t + k for a firm that last reset its price at time ¢, respectively. Let
Py = fjf 11)]-t denote the (log) average marginal cost. I can then write {+ = w;. Thus, the
following relation holds

(A44) U ekt = Werk

Introducing (A44) into (A43), I can rewrite the firm price-setting condition as p]”ft =
(1-36) Zzio(ﬁe)k[jt ( Di+k — ﬁﬁk), where [L = u; - pis the deviation between the average
and desired markups, where p; = -(\¢ - p;).

Suppose that firms observe the aggregate prices up to period t - 1, p'~1, then I can
restate the above condition as p*t— Pr1=-(1-B6) 3-72( (BO)XE Eiefti+ 2 peo (BO)K Eimtpeg-
Define the firm-specific 1nﬂat10n rate as 71 =(1-0)( p - ps_1)- Then I can write the
above expression as

(0.}
~(1-0)(1- BO) D _(BO) Ejpfipsy + (1- e)Z BO)Ej
k=0 k=0

= (1 - e)[Ejt[Tft - (1 - Be)ﬂt] + Be[Ejt (1 - 9) Z(Be)k[ﬂﬁhk - (1 - Be)l:Lt+1+k]
k=0

=(1- G)Ejt[ﬂt - (1-B0)f] + B@[E]-t (1-0) Z(ﬁe)k[Ej,tﬂ[WHHk -(1- Be)llt+1+k]
k=0
(A45)
-1-0)1- Be)[jtllt +(1- e)ﬂ':jtnt + B@[Ejtrt]-,tﬂ

where 71; = fjf Tt dj.
Note that I can write the deviation between average and desired markups as p; =
-t = p;-wt = —(0y; + ong) = - (0 + @) y;. As in the benchmark model, under

flexible prices (0 = 0) the average markup is constant and equal to the desired p.
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Consider the natural level of output, y} as the equilibrium level under flexible prices
and full-information rational expectations. Rewriting the above condition under the
natural equilibrium, p = - (0 + @) yf, which I can write as y =¥, where }, = 5.

Therefore, I can write {i; = - (0 + @) y; where y; = y, - y} is defined as the output gap.
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