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Abstract

This paper develops a general method of solving rational expectations models with higher
order beliefs. Higher order beliefs are crucial in an environment with dispersed information and
strategic complementarity, and the equilibrium policy depends on infinite higher order beliefs. It
is generally believed that solving this type of equilibrium policy requires an infinite number of
state variables (Townsend, 1983). This paper proves that the equilibrium policy rule can always
be represented by a finite number of state variables if the signals observed by agents follow an
ARMA process, in which case we obtain a general solution formula. We also prove that when
the signals contain endogenous variables, a finite-state-variable representation of the equilibrium
may not exist. For this case, we develop a tractable algorithm that can approximate the solution
arbitrarily well. The key innovation in our method is to use the factorization identity and Wiener
filter to solve signal extraction problems conditional on infinite observables. This method can be
used in a wide range of applications. We demonstrate its strong practicability by solving several
classical models featuring higher order beliefs, and also a full-blown business cycle model that is

driven by confidence shocks.
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1 Introduction

In many economic models with information frictions, an agent’s payoff depends on his own actions,
the actions of others, and some unknown economic fundamentals. Rational behaviors not only
depend on an agent’s beliefs on economic fundamentals, but also depend on higher order beliefs,
that is, agents’ beliefs of others’ beliefs, agents’ beliefs of others’ beliefs of others’ beliefs, and so
on. If the economic fundamentals are persistent over time and hence the past information is worth
keeping track of, forecasting all the higher order beliefs would require an infinite number of priors of
them, which would amount to an infinite number of state variables. This type of problem is known

as the infinite regress problem, and has been explored by a large number of works.!

The difficulty of solving models with higher order beliefs lies in the fact that inferring others’ action
requires the functional form of the policy rule in the first place, but the policy rule is the solution
to the inference problem. As argued in Townsend (1983), if an agent assumes that other agents
keep track of n state variables, he in turn needs to keep track of n 4+ 1 state variables (the prior of
the economic fundamental and the n priors of others’ state variables). Therefore, the equilibrium
policy rule does not permit a finite-state representation. In terms of higher order beliefs, to predict
k—th order belief requires at least k state variables, and to predict all the higher order beliefs requires
infinite state variables. In light of these considerations, it is generally believed that an infinite number

of state variables are needed to solve this type of model.

In this paper, we pursue the following question. With higher order beliefs, is it really impossible
to find a small set of state variables that are sufficient statistics for agents to make the optimal
inference? If possible, how do we find these state variables and what are the laws of motion for these
variables? If it does require an infinite number of state variables, how do we approximate the true

solution with a finite number of state variables?

Our first main result is that given a linear rational expectations model, when observed signals follow
an ARMA process, the equilibrium policy rule always allows a finite-state representation. To make
sure signals follow an ARMA process, we start from the case in which the information process is
given exogenously. Like in standard problems with symmetric information, solving for the equilibrium
requires finding the fixed point in the functional space. Unlike in standard models, when higher order
beliefs are involved, it is difficult to figure out the sufficient state variables in the first place. Given
this difficulty, we start from the state space that is spanned by the entire history of signals. This
implies that solving for the equilibrium requires solving for a lag polynomial with an infinite number
of coefficients. Our work is based on Whiteman (1983) and Kasa (2000). The idea is to transform

YA partial list of these works includes Chari (1979), Townsend (1983), Singleton (1987), Sargent (1991), Kasa
(2000), Woodford (2003), Lorenzoni (2009), Angeletos and La’O (2010), Hellwig and Venkateswaran (2009), Rondina
and Walker (2013), and so on.



the problem which solves for a lag polynomial into a simpler problem which solves for an analytical
function, labelled as the frequency-domain method. When signals follow an ARMA process, we prove
that the equilibrium policy rule, the lag polynomial, is also of the ARMA form. Therefore, we can

find a finite-state representation for the equilibrium policy rule.

We extend the work of Kasa (2000) and others in two important ways. First, we do not restrict the
number of signals to being equal to the number of shocks. A necessary step in the inference problem
with infinite sample is to find the Wold (fundamental) representation for the signal process. Previous
works rely on the Blaschke matrices to find the fundamental representation, which require that the
number of signals equals the number of shocks.” We adopt a different approach for finding the Wold
representation. We show that one can first convert the signal process into its state-space, and then
use the innovation representation and factorization identity to solve for the Wold representation
conveniently. This procedure works for any information structure that follows an ARMA process: it
is not restricted by the number of signals or the number of shocks. The restriction that there has
to be the same number of signals as shocks is quite limited. In general signal extraction problems,
there are more shocks than signals, as criticized in Nimark (2011). This restriction is indeed violated
in many applications, such as Woodford (2003), Angeletos and La’O (2010) and Angeletos and La’O
(2013). When this restriction is actually satisfied, agents often learn ‘too much’, in the sense that
the prediction error is not long-lasting, because there are insufficient numbers of noisy shocks to
really confuse them, unless assuming a confounding shock process in the first place.> In both Kasa
(2000) and Acharya (2013), agents can learn the true state of the economy after one period. When
there are more shocks than signals, agents never fully learn the true state of the economy and the
prediction error is typically persistent. As a result, the model economy features more relevant and

richer dynamics.

Secondly, we allow agents to solve a general signal extraction problem. The majority of existing
literature that applies the frequency-domain technique only studies a pure forecasting problem. That
is, only future values of signals are pay-off relevant. To forecast future signals, one can simply use
the Hansen-Sargent formula. In the examples presented in this paper, agents need to solve a generic
signal extraction problem conditional on infinite observables. The Hansen-Sargent formula does not
apply in these environments. Instead, we apply the Wiener-Hopf prediction formula, which is well
suited for these types of problems and includes Hansen-Sargent formula as a special case. Applying
the Wiener-Hopf prediction formula in the univariate case has been discussed extensively in Sargent

(1987). In this paper, we extend the application to multivariate case.

We illustrate our method in various applications. We first consider a two-player model in which

2See Rondina and Walker (2013), Kasa, Walker, and Whiteman (2014) and Acharya (2013) for example. Walker
(2007) and Rondina (2008) solved a special signal process with more shocks than signals.
3In Rondina and Walker (2013), they assume a non-invertible shock process.



asymmetric information and strategic complementarity make higher order beliefs relevant.” We
discuss the case in which agents only receive private signals regarding the economic fundamental
(similar to Woodford (2003)), and the case in which agents also receive a public signal regarding
the economic fundamental (similar to Angeletos and La’O (2010)). In both cases, we obtain a sharp
analytic solution which can be characterized by finite state variables. The intuition for the finite-state
representation is that agents do not directly care about each of the higher order beliefs, but they
only care about a specific linear combination of all the higher order beliefs. The latter indeed follows
an ARMA process. We also consider a model where agents are randomly matched, an extension of
Angeletos and La’O (2013) with persistent shocks. In this case, an agent randomly interacts with a
different agent every period, and needs to form higher order beliefs on each of them. Even though it

complicates the inference problem, our method is general enough to solve these models as well.

The above first result is for the cases where agents solve their inference problem given an exogenous
ARMA signal process. We label them as problems with exogenous information. We also explore
cases when agents observe signals that contain information which is endogenously determined in
the equilibrium. We label them as problems with endogenous information. The equilibrium with
endogenous information imposes an additional cross-equation restriction, in the sense that the per-
ceived law of motion has to be consistent with the realized law of motion. The endogenous variable
that appears in the signal has an information role as well, similar to the concept of information
equilibrium defined in Rondina and Walker (2013).

Our second main result is that we prove that in our model with endogenous information, the equi-

® The endogenous variable that plays an

librium cannot be represented by finite state variables.
information role follows an infinite order process. This result is somewhat surprising given that the
exogenous driving force of the economy is very simple. It should be noted that it is not because
of the infinite regress problem that agents have to keep track of infinite state variables. For each
individual, they still take the signal process as exogenously given, even though the signals contain
an equilibrium object. From our first main result, once the endogenous variable follows an ARMA
process, the individual policy rule will also follow an ARMA process and permit a finite state variable
representation. If the endogenous variable does not follow an ARMA process, the signal received
by agents cannot follow an ARMA process. Note that in Kasa (2000) and other papers where the
number of signals is the same as the number of shocks, the equilibrium permits a finite-state rep-
resentation even with endogenous information. When we allow for this more general information

process, this result does not hold any more.

This finding is interesting from a theoretical point of view, but it also implies that finding the exact

4The two-player game should not be taken literally. The two players can be an individual agent and the whole
economy.
Chari (1979) proved a similar impossibility theory.



solution is no longer possible. To solve the problem with endogenous information, we approximate the
law of motion of the endogenous variable that shows up in signals by an ARMA process. We can prove
that as the order of the ARMA process increases, it can approximate the true solution arbitrarily well,
and we also find that a relatively low order ARMA process can give accurate approximation. Note
that this ARMA approximation method is different from Sargent (1991) and others in an important
way. Even though we approximate the law of motion of the endogenous variable, each individual
still faces the infinite regress problem. The prediction problem still cannot be solved by the Kalman

filter. Using our method, each individual’s policy rule is solved exactly.

To demonstrate that our method can be applied in an empirically relevant environment, we solve a
full-blown business cycle model in a companion paper (Huo and Takayama, 2014). In this paper, the
confidence shock is the sole driving force of business cycles, and agents face a complicated learning
problem, i.e., they need to forecast the forecasts of others. Different from the applications solved in
this paper, agents also make dynamic decisions (the investment decision), and the infinite regress
problem becomes much more involved. We show that there is a hump-shaped relationship between
the variance of output and the variance of the confidence shock, and under our favored calibration of
information frictions, the model with confidence shocks can account for a number of salient features

of business cycles.

Related literature Our paper is closely related to the literature that attempts to solve the infinite
regress problem. Broadly speaking, there are two approaches to solving the infinite regress problem.
The first approach is to short-circuit the infinite regress problem by modifying the original problems.
For example, by assuming that information becomes public after certain periods, the relevant state
space is finite and one can use the Kalman filter. A partial list of literature that employs this
method includes Townsend (1983), Hellwig and Venkateswaran (2009), Lorenzoni (2009), Bacchetta
and Wincoop (2006). This assumption is unsatisfying from a modeling perspective, and it is proved
by Walker (2007), Kasa (2000) and Pearlman and Sargent (2005) that the approximate solution can
be very different from the true solution. Another type of approximation is developed by Nimark
(2008) and Nimark (2011). The idea is that only a finite order of higher order beliefs matter for the
equilibrium, based on the observation that the effects of higher order beliefs diminish as the order
increases. This method provides important insights into the nature of the higher order beliefs, but
as shown in our examples, this method can be difficult to implement when the degree of strategic
complementarity is strong, or when the model is complicated to express the policy rule in terms
of higher order beliefs. Sargent (1991) approximated the equilibrium via the ARMA process. The
forecasting problem is transformed into fitting vector ARMA models, which is particularly useful

when agents do not need to solve a pure forecasting problem.

The second approach is to solve the infinite regress problem exactly without approximation. Kasa



(2000) first uses the frequency-domain method to solve the Townsend (1983) original problem and
found that agents actually share the same belief and there is no infinite regress problem. Walker
(2007), Rondina and Walker (2013), and Kasa, Walker, and Whiteman (2014) apply the frequency-
domain method to study various asset pricing models proposed by Futia (1981) and Singleton (1987).
Acharya (2013) applies this method to study the effects of noises on business cycles. These papers
assume that the number of shocks equals the number of signals, a restriction that prevents this
method from being applied in more general settings. Furthermore, in previous literature, agents
solve a pure forecasting problem most of the time. This paper eliminates these restrictions and a

much broader class of models can be solved by our method.

Our applications in this paper complement the literature on macroeconomics with higher order
beliefs. We obtain analytical solutions for models closely related to Woodford (2003), Angeletos and
La’O (2010), and Angeletos and La’O (2013). We believe our method is also useful in solving models
similar to Lorenzoni (2009), Hellwig and Venkateswaran (2009), Graham and Wright (2010) and
others. In our companion paper (Huo and Takayama, 2014), we study a business cycle model driven
by confidence shocks. We characterize how information frictions affect the persistence and variance
of output, and show that the confidence shock could be an important factor in explaining business

cycles.

The rest of the paper is organized as follows. Section 2 sets up a two-player model to introduce
higher order beliefs and the infinite regress problem. Section 3 presents the main theorems. We show
how to jointly use the Kalman filter and the Wiener-Hopf prediction formula to form the optimal
expectation with infinite observables. We also show how to obtain a finite-state representation for
a rational expectations model with higher order beliefs. Section 4 solves the two-player game with
and without public signals. Section 5 explores the case in which the signals contain an endogenous
variable. We prove that the equilibrium policy rule does not have a finite-state representation in this
environment. Section 6 considers the case where an agent has to form higher order beliefs of many
different agents. Section 7 discusses an application of the method in a quantitative business cycle

model. Section 8 concludes.
2 A Two-Player Model with Infinite Regress Problem

In this section, we present a simple two-player model with the infinite regress problem. This model
naturally assigns an important role to infinite higher order beliefs, and numerous variations of it

have been used in the literature.



2.1 Model setup

Consider a game between two agents ¢ and j. Time is discrete and lasts forever. In period ¢,
agents’ payoff depends on a common persistent economic fundamental &. The payoff also depends
on the action of the other agent and we consider the case with strategic complementarity. However,

information frictions prevent agents from perfectly observing & or the action of the other agent.

We assume that the best response of agent i, denoted by y;:, has to satisfy
yir = E[&|Q] + aEly;e|Qi], © (2.1)

where a € (0,1) determines the strength of strategic complementarity and €;; denotes the informa-
tion set of agent i at time t. Agent j follows the same strategy. Note that agents make a purely
static decision every period, and the link across different periods is only through the information
set. There are various micro-foundations that lead to this specification, such as Woodford (2003)
and Angeletos and La’O (2010). For now we only focus on this abstract form and discuss its general

properties. The information structure of the model is specified as follows.

Signal process We assume that & follows a covariance stationary ARMA (p, q) process

I} (1+6,L)

&= m U (2-2)

where 7; ~ N(0,0,). As opposed to observing §; directly, agents receive two signals that are related

to &. These two signals are simply the sum of & and some idiosyncratic noises.

iy = & + €ars (2.3)
o3 = & + wit, (2.4)

where €;; ~ N(0,02) and u;; ~ N(0,02). Note that the idiosyncratic noises are indexed by i. More

compactly, the signal process can be expressed as

m¢_ (14+6;,L) A
A1 |V maan | |
Tit = ZZ = Uit = M(L)Sit, (25)
A 0 1 Hi0+6L)

P _ (1—piL) Uo

The information set of agent 7 at time ¢ contains all the signals he has received up to time ¢

I R R 9 1 9
Qir = {xit’ Tiy Tip—1, Tip—1, Tip—2, Tip—2, } (2.6)

SHere, yix € R and y;; € R. The operator E denotes the linear projection on the information set.



Agent j receives signals of &, but are corrupted by his idiosyncratic noises €;; and uj;. As a result,

these two agents do not share the same information set.

To simplify notation, we will use E;[ - | to denote E[ - | ;] from now on.

Remark Several remarks about the model should be made here before we move on.

1. A wide range of models can be interpreted as the two-player model. If we assume that there are
a continuum of agents in the economy, and each individual agent ¢ interacts with the economy

average y; = [ y;s, the model becomes

it = Ei[§e] + aEit[ye]. (2.7)

As we show in Section 4, the solution to this model remains the same as the original model
(2.1). What matters is whether to infer the action of a fixed agent (Section 4), or to infer the

action of a random agent that changes over time (Section 6).

2. To introduce the infinite regress problem, it will be sufficient if agents only receive one of the
two signals. The assumption that agents receive multiple signals is to demonstrate that our

method can manage multivariate systems.

3. The information structure we have specified in equation (2.5) is a very special one. We can relax
this assumption to allow any finite number of signals that follows any finite ARMA process.
The structure we adopt here should not be taken in a narrow way. For example, we allow some
of the signals to be shared by all agents (Section 4.2), and allow some of the signals to contain

endogenous information (Section 5).

2.2 Higher order beliefs

The best response of agent i is given by equation (2.1), and the same rule applies to agent j,

Yt = Ejel&e] + By [y (2.8)



We can repeatedly substitute equation (2.8) into equation (2.1), and vice versa, which leads to

|+ aEi[y;i]

]+ i [Eje[&] + o [yie]]

] + aBiEje[&] + o’ EirEje[yi]

| + aEuEji[&] + @®EaEjeEirl6] + o’ EaEjEily;e]

= i of i, (2.9)

where EX[¢;] stands for k-th order belief. These higher order beliefs are defined recursively as follows

Ei:[6] = Eal¢]

E3 (&) = EaEji[&i]

Ek[&] = EyE EE2[g], for k=357, ...
Bk [&] = EyE BN 2[g], for k =4,6,8,. ..

Crucially, agents have heterogeneous information sets, and the law of iterated expectations does not
apply. Hence, the optimal action y;; depends on all the higher order beliefs. Mathematically, the
means of all these higher order beliefs can be calculated by the standard Kalman filter, but there
are an infinite number of such objects to be calculated. One may think that if a certain pattern of
these higher order beliefs is found, these beliefs may be summarized in a compact way. However,

this approach does not work in general, due to a growing complexity with the order of beliefs.

Similarly, if we consider model (2.7), successive substitution leads to

Yit = Z o E4E;[6]. (2.10)

k=0

Here, as opposed to inferring agent j’s beliefs, the higher order beliefs E’: [£:] are about the economy

average expectations of &, defined recursively by

B &) = &
Eilél = [ Exlel
') = / AE .



In both cases, it is apparent that agents’ optimal response is related to infinite higher order beliefs.
Forecasting all of these higher order beliefs requires an infinite number of priors of these beliefs, and
these priors are functions of the entire history of agents’ signals. As a result, it is generally believed

that the policy rule has to include the entire history of signals as state variables.
2.3 Equilibrium

Recall that the information set of agent 7 is ;s = z!. The linear policy rule of agent i belongs to the
space spanned by square-summable linear combinations of current and past realizations of x;;. We

use H{ to denote this space. We assume that the policy rule takes the following form

o0 oo
Yit = Z hikti,_ + Z ok (2.11)
k=0 k=0

and it is obvious that y;; € H7. In standard models without higher order beliefs, the policy rule still
depends on the entire history of signals, but a finite number of state variables can be easily found
to effectively summarize the past information. In contrast, due to the infinite higher order beliefs,
there is no way to figure out whether there exists a finite number of state variables in the first place
(even though later on we prove that this is indeed the case), and we have to assume it is necessary

to keep track of the entire history of signals.

More compactly, we use lag polynomials to denote the infinite sum
yir = ha(L)aj + ha(L)x, (2.12)

with hq (L) = Zzoz(] hlkLk and hQ(L) = ZEO:O hgkLk.

To make sure that y;; is co-variance stationary, the infinite sequences {h1,}22, and {ha,}3°, have to
be in the square-summable space ¢2.” From now on, if an infinite sequence ¢ = {0}, € ¢?, then
we denote ¢(L) = > po, ¢xL” as its corresponding lag polynomial. The definition of the equilibrium

is straightforward.

Definition 2.1 (Signal form). Given the signal process (2.5), the equilibrium of model (2.1) is a
policy rule h = {hy, ho} € £2 x {2, such that

Vit = Eul&] + o Eqlyjel,

"Hansen and Sargent (1980), Kasa (2000) assume that the policy rule ¢ belong to B-summable space, i.e.,
Do B*¥¢? < oco. This is a less strict requirement than original ¢? assumption, which arises naturally in linear-
quadratic type models. However, it is less obvious whether this relaxation is valid or not in our model setting, and we
will work with the original ¢? space in this paper.

10



where

yit = hi(L)zj + ha(L)z},
Yit = hl(L)l'jlt + hQ(L).Z'?t.

Since the signals {z;;} are ultimately generated by the underlying shocks {s;;}, yi: also lies in the
space spanned by the square-summable linear combinations of current and past shocks, denoted by
H;. It should be clear that Hf C H;. We say that the equilibrium is of signal form if the equilibrium
policy is written in terms of signals, and the equilibrium is of innovation form if it is written in terms

of the underlying shocks. The equilibrium in innovation form is defined as follows
Definition 2.2 (Innovation form). Given the signal process (2.5), the equilibrium of model (2.1) is

a policy rule ¢ = {¢1, da, p3} € £2 x €2 x 12, such that

vit = Ei[&] + B[y,

where

Vit = ¢1(L)eir + pa(L)uis + d3(L)ny,
yjt = ¢1(L)eje + P2 (L)uje + d3(L)n;.

In the literature, when solving the infinite regress problem in the frequency domain, the innovation
form is exclusively used. The advantage of working with innovation form is that all the objects are
expressed in terms of the underlying shocks and it is convenient to discuss its statistical properties.
However, from an economic perspective, it is more natural to think of the policy rule in terms of
signals, because agents do not observe those shocks directly.® In Theorem 4, we show that there is

a one-to-one mapping between the equilibrium in signal form and in innovation form.
In terms of the existence and uniqueness of the equilibrium, we have the following result.

Proposition 2.1. Assume that the signals follow a co-variance stationary process. If a € (0,1),

then there exists a unique equilibrium of model (2.1).
Proof. See Appendix A.1 for proof. O

The core of the proof is to show that the equilibrium is a fixed point of a contraction mapping. On

one hand, to prove this proposition, we only require that the signals follow a co-variance stationary

8Kasa (2000) claims that the limited-information equilibrium does not exist in the space spanned by signals but
only exists in the space spanned by the innovations. We find this conclusion questionable.

11



process, but not necessarily a finite ARMA process. On the other hand, this proposition does not
imply whether the policy rule in equilibrium permits a finite-state representation or not. In principle,
it could be that agents do need to keep track of the entire history of observables. Next theorem,

however, shows that the equilibrium indeed has a finite-state representation when the signals follow
a finite ARMA process.

2.4 Finite-state representation

Theorem 1. Assume that (1) the exogenous variable & follows

¢ (1+ 0,L)

&=
Hz:1(1 — prL)

M-

(2) The signals follow the following co-variance stationary process (2.5)

¢ _ (146, L)

xl Hi:l(l_pkl’) eit
_ | _
Tip = 9| = Uit
01

07 _, (146, L)
HZ:I (1—pL)

(3) The structural parameter o € (0, 1).

Then there exists a unique solution y; = hy(L)z} + ha(L)z3 satisfies model (2.1)
Vit = Ea[&] + o [y;e].

The equilibrium policy rule hi(L) and ha(L) have the following properties

1. Both hi(L) and he(L) have a finite ARMA representation

it = |h1(L) ho(L xilt = M (14¢, L) I (14+¢2L) iy 913
ylt - 1( ) 2( ) (L‘2 = |T1 H?:l(l_ﬁkL) ) Hznzl(l_ﬁklz) x2 ( . )
it it

where the order of the ARMA process m and n, the coefficients 11, T2, {1, {¢A}7_,, and
{CE}ZZl are all functions of the structural parameter o and the parameters that determine the

signal process.

2. Let r = maz {m,n}. Given a particular signal realization {xy}; ., there exists r state
variables zyp = (2}, 22, ..., 25, such that the policy rule in (2.13) has the following finite-state
representation

Yit = Le zip + T4 23, (2.14)

12



with the law of motion of zj
Zit+1 = Yamit + Lozt (2.15)

The initial state z;o is given by
zio = (I = T2L) " Tomig (2.16)

The constant matrices Uy, T',, Yy, and Y, are all functions of 11, T2, {9k}, and {¢I}7_, in
equation (2.153).

Proof. The proof of this theorem is a subset of the proof of Theorem 2, and the exact form of equation

(2.13) can be derived by Theorem 3 in the next section. O

The first part of this theorem establishes that the equilibrium policy rule follows a finite ARMA
process in terms of the signals. The second part of this theorem states that the policy rule has a
finite-state representation, which is a natural result of the first part. Therefore, there indeed exists
a small set of state variables that are sufficient for agents’ inference problem. This theorem also
implies that the infinite sum of higher order beliefs in equation (2.9) follows a finite ARMA process,
even though Eft [&:] follows an infinite ARMA process as k approaches to infinity.

To solve for the equilibrium policy rules hq(L) and he(L), the difficulty lies in how to solve the
inference problem
Eitlyje] = Eatlh1 (L)zj, + ha(L)z5],

in which the variable to be predicted is with infinite states. The Kalman filter requires the predicted
variable to have finite states, and therefore it is inapplicable for this type of the problem. In contrast,
the Wiener filter can solve the inference problem that is conditional on infinite observables, and it
allows the predicted variable to have infinite states (the details of these two filters are discussed in
the next section). A key step to employ the Wiener is to find the Wold representation of the signal
process, which is not provided by the Wiener filter itself but can be obtained by the Kalman filter.
Therefore, a joint use of the Kalman filter and the Wiener filter solves this inference problem. The
lack of an efficient way to find the Wold representation is exactly what prevents others from solving
models with higher order beliefs, and we show that the Kalman filter can achieve this goal with ease.
After solving E;[y;¢], it turns out that hi(L) and ho(L) are of finite ARMA type, and it allows a

finite-state representation.

The model we considered in this section is a very special one in the following sense: (1) there is only
one choice variable y;;; (2) there is no endogenous state variables, such as capital; (3) there is no

need to forecast variables in the future; (4) the signal process is very special. These limitations make

13



model (2.1) only theoretically interesting, and far from empirically relevant. In the following section,

we eliminate these restrictions, and extend Theorem 1 to a much more general statement.
3 Methodology: General Linear Rational Expectations Models

In this section, we develop the method that solves the general rational expectations models with
higher order beliefs. We first lay out the structure of the model and the signal process, and state the
main theorem that the equilibrium policies admit finite-state representation. We then show how to
prove this theorem in steps. The key part is to use the Wold representation and the Wiener filter to

solve the general signal extraction problem.
3.1 General rational expectations models

Now we move to the general form of the linear system. The input of the model includes two parts:
the first part is the signal process; the second part is the linear system which corresponds to the
equilibrium conditions that various kinds of variables need to satisfy. There are three kinds of

variables involved here: choice variables, choice variables chosen by others, and exogenous variables.

Signal process Assume that the signals observed by agents follow a finite ARMA process,

a1 (L a1m (L
A e R e o 1 N T
rp= || = - : | = M(L)st, (3.1)
n QAn L Anm (L
xy T;EL)) . 7bnm((L§ St

where the signal x; is a stochastic n x 1 vector and the shock s; is a stochastic m x 1 vector. We allow
m to be different from n. We normalize the co-variance matrix of s; to be an identity matrix. In each

element of M (L), a;;(L) and b;;(L) are finite order polynomials in the lag operator L. Particularly,
CLZ']'(L) = Z%‘jkLk»
k=0

Dij

bij(L) = BijkL",
k=0

and we normalize ;o = 1. The information set is Q; = 2' = {z, 241, 24-2,...}.
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Choice variable We assume there are d choice variables, which are functions of the signals:

Y1t hi1(L) ... hin(L)| |1
ye=|: | =h(L)z = : : | = hL)M(L)s:. (3.2)

Yat hai(L) ... han(L)| |@ne

h(L) is the equilibrium policy rule we want to solve. We assume that each element in h(L) has an
infinite MA representation. We do not impose that h(L) admits a finite ARMA representation in
the first place (even though we prove this is indeed the case later). Because these choice variables
only depend on signals up to ¢, h;;(L) cannot contain any negative powers in L. To write it more

compactly for future derivation, define

O(L) = [hn(L) .. hin(L) ... hai(L) .. haa(D)]. (3.3)

¢(L) effectively collapse all the lag polynomials to be solved into a vector, the dimension of which is

denoted as w = dn. Reversely, the elements of y; can be expressed in terms of ¢(L) as

yir = o(L)Aizy (3.4)
= ¢(L)A;M(L)s; (3.5)

where A; is the constant matrix that selects [h;1 ... hi,] from ¢(L). Later we will use h(L) and ¢(L)

interchangeably.

Endogenous variables related to other agents’ actions Crucially, the optimal policy may
depend on other agents’ actions or depend on some aggregate endogenous variables. These variables
cannot be observed, but matter for agents’ payoff. Assume there are dy such endogenous variables,
denoted by fi = [fit,---, fa ft}’ denote these endogenous variables. They are related to the policy
rule ¢(L) and the underlying shocks s; in the following way

Py o fin@)] [
fi = (D) fi(L)se = $(L) | : : ~

U : (3.6)
w1 (L) oo fom(D)] | Sme

Here, each f?(L) is a w x m matrix in the lag operator L. We assume that all the elements in f*(L)
are finite rational functions in L and do not contain negative powers of L in expansion (others’ action

cannot be a function of future shocks either).

Note that actions of others may also depend on shocks other than {si¢,...,smn:}. However, these

shocks are uncorrelated with the shocks {s1y, ..., Sm} that drive {z;}, and the best forecasts of those
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shocks conditional on {x;} are zero. As a result, what is relevant for agents are the parts that are

correlated with {si¢, ..., Sme}-

Exogenous variables Generally, the optimal policy depends on the evolution of some exogenous

variables. We assume there are d, such variables, denoted by g; = [git, . . . ,gdgt]'
gu(L) .. gm(L) | | s1
gt =9(L)st = : : : (3.7)
9a,1 (L) oo gam(L)| |Sme

Note that these exogenous variables are independent of the equilibrium policy rule ¢(L) Similarly,

we assume that all the elements of g(L) are rational functions in L.
General model Assume the policy rule needs to satisfy the following linear system in equilibrium

d

P P
ch’ijyt—FZE [Cf’ijft—i—Cg’ijgt

j=0 J=0
q . . . . . .
+) E [Cy’_JL_Jyt + O+ 09I L g, a:t:| =0 (3.8)
j=1
For j € {—q,...,p}, C¥J is a constant d x d matrix, C1J is a constant d x dy matrix, and C97

is a constant d x d, matrix. These matrices are structural parameters that result from optimality
conditions and resource constraints. This system of equations incorporates the possibilities that the
choice variables y; depend on the past, the current and the future values of the endogenous variables
of others and the exogenous variables, and also y;’s own and future values. This specification includes

the majority of applications that one may encounter.

Special cases The structure we have specified includes two special cases which are common in the

literature.

1. Perfect information.

p p
> ¥y +) E {Cf’j L fi+C% L g,
j=0 §=0

/

q
+ Z E [Cy’ijyt + O+ 09I L g,
j=1

st] =0

In standard real business cycle models and New Keynesian models without information fric-

16



tions, the underlying shocks {s;} are observed directly by agents. That is, the space spanned
by shocks is the same as the space spanned by signals, H; = H}’. Also, because all the shocks
are observed directly, the actions of other agents are also known perfectly. As a result, the

expectations in model (3.8) can be calculated in a trivial way.

. Imperfect information, but no roles of higher order beliefs *

P p
S oLy + Y OE [Cg,jygt

q
xt] Y [Cy,—jL—jyt Lo g,
=0 j=0

=1

xt} =0

This is the case in which information frictions exist, i.e., Hf C H/, but there is no need to infer
others’ choices. Agents only need to infer the exogenous variables ¢;, and standard Kalman

filter will be sufficient in solving the problem.

The solution to model (3.8) defined as follows

Definition 3.1. Given the signal process (3.1), a solution to model (3.8) (or an equilibrium) is a

matriz of lag polynomials h(L) or equivalently ¢(L), such that

1. For all (3, ), hij(L) has an infinite MA representation

hij(L) =Y hijeLF,
k=0

with Y52 hijk < 0.

2. For all possible realizations of {z},

Yt h(L).%'t

satisfies equation (3.8).

Given the model, we are interested in the following questions:

1. Under what conditions does a unique solution to this problem exist?

2. Suppose there indeed exists a h(L) that solves the problem, what its formula?

3. Does the solution admit a finite-state representation which allows agents to summarize the past

information using a small set of statistics?

9This case is also discussed in Baxter, Graham, and Wright (2011).
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Theorem 3, which involves more technical details, answers the first two questions. The following

theorem answers the third question.

Theorem 2 (Finite-state representation). Suppose the signal process follows (3.1) and the model
(5.8) has a solution y; = h(L)xy. Then y, = h(L)x; has a finite ARMA representation

c11(L) cin(L)

di (L) *°° din(D) L1t

ye=hL)ze=| + - : S (3.9)
cai (L) can(L)
dn(@)  daDy) Lo

where ¢;j(L) and d;;(L) are finite degree polynomials in the lag operator L.

Given a particular signal realization {a:t}t_zl there exists a finite set of state variables z:, such that

—007

yr =Tz a + 17 2, (3.10)
with the law of motion of z
Zt+1 = TxIIIt + TzZt. (311)
The initial state zg is given by
2=I—-".L) ' Tz, (3.12)
Proof. See Appendix A.10 for proof. O

This theorem implies that higher order beliefs do not create infinite state variables. It is always
possible to use a small set of variables to summarize the necessary information in the past, given
that the signal process is of ARMA type. We present the proof of this theorem and the proof of

Theorem 3 in steps in the following subsections.
3.2 Preview of the main steps

The proof of these theorems is quite lengthy and it involves a number of building blocks. The initial
input includes the signal process (3.1) and the model (3.8). Here, we first sketch the main steps that

lead to Theorem 3 and Theorem 2, which is also shown in Figure 1 .
Step 1: Given the signal process (3.1), find its state-space representation.

Step 2: With the state-space of the signal process, use the innovation representation and factor-

ization identity matrix to find the Wold representation of the signal process.
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FIGURE 1: Main Steps of Solving Rational Expectations Models with Higher Order Beliefs

L 1 i
L Input: Signal process cmma 3 | S IS ’

‘ State-space representation

—

Factorization identity

Wiener filter | Proposition 3.1 | Signal process
Solving inference problems | ‘ Wold representation
W Proposition 3.2 | System of
{ Tnput: Model ) \ Analytic functions ’
Theorem 3
Output: Policy with | Theorem 2 | Output: Policy with
Finite-state representation | \ ARMA representation

Step 3: With the Wold representation of the signal process, use Wiener filter to solve the inference

problem in model (3.8).

Step 4: Applying the Riesz-Fisher Theorem, transform the infinite-dimension problem of solving
the sequences of coefficients in the lag polynomials into the finite-dimension problem of solving a

system of analytic functions.

Step 5: Use Cramer’s rule to solve the system of analytic functions, which leads to the solution
h(L) with ARMA representation.

Step 6: Given the solution with ARMA representation, find its finite-state representation.
3.3 Mathematical background: z transformation

By the Riesz-Fisher Theorem, there is a one-to-one mapping between the space of square-summable

sequences and the space of complex-valued functions. Given a two-sided lag polynomials

Y(L)= Y eIk,

k=—o00
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with S22 [k]? < oo, we will use the complex-valued function v(z) to denote its corresponding =

transformation .
V(z) = ",
k=0
where 1(z) is defined on the unit circle.

If (L) is a one-sided polynomial with Y32 [¢k|?> < oo, then its z transformation is an analytic

function on the open unit disk.

Particularly, assume there are two univariate co-variance stationary processes

Ty = M(L)St,
Yt = w(L)St

The auto-covariance generating function for xzy is
pea(z) = M(2)M'(z71),
and the cross-covariance generating function between y; and xy is

pyoc(z) = w(Z)MI(Zil)‘

Most of the time, working with a complex function is much more convenient than working with a

square-summable sequence.
3.4 State-space representation, Factorization Identity, and Wold representation

We need the Wold representation of the signal process for the following reason. All the prediction is
conditional on the observed signals, but ultimately, the linear projection is on the space spanned by
shocks. The original underlying shocks s’ contain more information than the signals, and the pre-
diction conditional on s’ is different from the prediction conditional on zf. The Wold representation
provides a new sequence of shocks w!. Different from the underlying shocks s’, the space spanned
by the signals 2! is equivalent to the space spanned by w’, and we can conduct the linear projection
on w'. Given a finite ARMA signal process, in this subsection we present how to find its state-space

representation and Wold representation using the factorization identity.
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Lemma 3.1. Assume that x; follows a finite ARMA process and is co-variance stationary,

1 ai1(L) aim (L)

T bi1(L) "7 bim(L) St
mn QAn L Anm L
Tt b éL)) . bnm((Lg Smt

where x¢ is a n X 1 vector and s; is a m X 1 vector. The co-variance matrix of s; is normalized to be
an identity matriz. In each element of M (L), a;j(L) and b;j(L) are finite degree polynomials in the

lag operator L. Particularly,
Qij
aij(L) = Z OéijkLk
k=0

Pij

bij(L) = Z/BijkLk
k=0

and we normalize B;jo = 1. The signal process admits at least one state-space representation.

The state equation is

Zy=FZ; 1 + Qsy,
and the observation equation is

xy = HZ;,

where F,Q and H are functions of {pij, Qijs {aijk}gilv {ﬁijk}%il}'
In addition, the eigenvalues of F' all lie inside the unit circle.
Proof. See Appendix A.3 for proof. O
This lemma states that any finite ARMA process has a state-space representation. Note that there

are many different state-state representations for the same ARMA process. Generally, we can write

the state equation as

Zy=FZ; 1+ Qsy,
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and the observation equation as
Tt = HZt + R”Ut,

where the covariance matrix of v; is also an identity matrices. Lemma 3.1 only provides one of the

state-space representation with the feature that there is no shock in the observation equation.

Finding the state-space representation is a necessary step to find the Wold representation of the

signal process. Suppose that we have B(L) and {w;} such that
Tt = M(L)St = B(L)wt, (314)

B(L) is invertible,!’ and w; is serially uncorrelated shocks with co-variance matrix V, then we say
x¢ = B(L)w; is a Wold representation of 2. Since B(L) is invertible, 2! contains the same information
as w', i.e., Hf = H¥. Further, equation (3.14) implies that

pra(2) = M(2)M'(z7') = B(2)VB'(z71). (3.15)

B(z) and V is called a canonical factorization of p;.(z). Therefore, find the Wold representation
is equivalent to find the canonical factorization. The following theorem provides the canonical fac-
torization for the state-space representation of the signal process z;, which uses the factorization

identity.

Theorem (Canonical Factorization). Let F' denote an (r xr) matriz whose eigenvalues are all inside
the unit circle; let Q'Q or R'R be positive definite matriz of dimension (r X r) or (n x n); let H

denote an arbitrary (n X r) matriz. Let P satisfy
P=F[P—-PH'(HPH + RR)HP|F' +Q'Q

and K be defined as
K = PH'(HPH' + R'R)™!

Then

1. The eigenvalues of (F — FKH) are all inside the unit circle.

'9This is equivalent to that the determinant of B(z) does not contain any roots (zeros) within the unit circle.
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2. The canonical factorization is

prz(2) = H[I, — F2)]7'Q'Q[I, — Fz'|"'H' + R'R
=[I,+ H(I, — F2) 'FK2[HPH' + R'R|[I, + K'F'(I, — F'z)) " 'H'>2™1]
= B(2)VB'(z"7 ).

3. B(z) is
B(z) =1, + H[I, - Fz] 'FKz,

the inverse of B(z) is
B(z)'=1,-H[I, - (F - FKH)z| 'FKz,

and the co-variance matrix 'V is
V=HPH +RR

Proof. The proof is in Hamilton (1994). O

To prove this theorem, one essentially uses the Kalman filter. The requirement that all the eigenvalues
of F lie inside the unit circle guarantees (I, — F'z) is invertible. The eigenvalues of (F' — FKH) are
very important in understanding the prediction problem, which essentially determines the persistence

of the forecasts.
3.5 Wiener-Hopf prediction formula

Now we turn to the inference problems incorporated in equation (3.8). The following theorem states
the Wiener-Hopf prediction formula. Note that this prediction formula does not hinge on whether

the signal follows a finite ARMA process or not.

Theorem (Wiener-Hopf). Suppose the multivariate co-variance stationary signal process follows
Tt — M(L)St,
and y; is a univariate co-variance stationary process

Yt = w(L>St

Assume all the elements of M(L) and (L) have an infinite MA representation. The canonical
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factorization of pyx(z) is given by

pre(2) = M(2)M' (') = B(2)VB'(z71).

Then the optimal linear prediction of y; conditional on {x;} is

Elyele!] = |pye(L)B/(L7 | VBE) ™ (3.16)
+

Proof. See Appendix A.4 for proof. O
If we further assume that the signal follows a finite ARMA process, we can obtain a sharper and
more specific prediction formula.

Lemma 3.2. Assume the signal process follows equation (3.1). Then

1

rr.—1 e —1\—1 __
M (z")B'(z7") _—szl(z_)\k)

G(2) (3.17)

where B(z) is given by the Canonical Factorization Theorem , G(z) is a polynomial matriz in z, and

{A\e}}_, are non-zero eigenvalues of F' — FKH which all lie inside the unit circle.

Proof. See Appendix A.5 for proof O

Proposition 3.1. Given the signal process in equation (3.1), suppose there is a univariate random

variable y; follows

Yt = P(L)st,
where the elements of ¢(L) has an infinite MA representation.

Assume {A}}_, in Lemma 3.2 are distinct, the prediction formula for current and past y; is

¢ /\k )\kG )\k) (L)_l
(L — M)z (e — Ar)

E([Liy: | 2] = (L)LIM/ (LY ppe(L)  ay — Z z: (3.18)

where j = {0,1,2...}.
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The prediction formula for j-step ahead prediction is

u

Y(AR)GA) LIV IB(L)™!

E[L77y 2] = (L)LIM (L") pea(L) oy — x 3.19
LS [ pwem s~ weweon 17,
pr ' H%:l(L — k) Pt (L — )\kz)HT;ék()\k —Ar) o !
where [-][(f) denote the {-th order derivative evaluated at 0.
Proof. See Appendix A.6 for proof. O

The key in applying the Wiener-Hopf prediction formula is to find the Wold representation for z;
or the canonical factorization for M(z). When the number of signals equals the number of shocks,
M (L) is a square matrix. Suppose M (L) is invertible, then M (L) itself is a Wold representation and
the Wiener-Hopf prediction formula can be applied directly. This corresponds to the case when there
is no information friction or the signals fully reveal the state of the economy. If M (L) is a square
but not an invertible matrix, then there exists at least one inside root of the determinant of M (L).
In this case, the Wold representation can be found by multiplying the Blaschke matrices Bj(z) to

flip the inside roots outside the unit circle
B(z) = M(2)IL;(W;B;(2)).

The details of the Blaschke matrix can be found in Rozanov (1967). Kasa (2000), Rondina and
Walker (2013), Kasa, Walker, and Whiteman (2014) and Acharya (2013) all use this method to find
the Wold representation.

If the number of shocks is larger than the number signals, M (L) is a non-square matrix and is not
invertible. To find the canonical factorization of M (L) is more involved, but we just show this can

be achieved by using the Canonical Factorization Theorem.

As criticized by Nimark (2011), in most signal extraction problems, the number of shocks is larger
than the number of signals. Existing literature restricts the number of signals to being the same as
the number of shocks so that the Blaschke matrix is applicable in finding the Wold representation.
However, this restriction often leaves some informative variables to be observed without noise. As
a result, the true state of the economy is revealed too quickly. For example, Kasa (2000), Sargent
(1991) and Pearlman and Sargent (2005) all show that in Townsend (1983), agents share the same
belief about the common demand shock and there is no forecast the forecasts of others problem. Also,

the forecast error only exists for one period, and agents figure out the demand shock fairly quickly.

25



The one period delay is due to the fact that output is predetermined. Similarly, in Acharya (2013),
agents observe the last period’s aggregate output perfectly, and effects of aggregate noise only last for
one period because agents can infer the underlying shock accurately by observing aggregate output.
Rondina and Walker (2013) and Kasa, Walker, and Whiteman (2014) both have square observation
matrix, and to prevent the price from fully revealing the information, they have to abandon the

standard AR(1) process but assume that the underlying shock follows a confounding process.

More importantly, a lot of interesting models naturally require that there are more shocks than
signals, such as Singleton (1987), Woodford (2003), Lorenzoni (2009), Angeletos and La’O (2010),
Angeletos and La’O (2013) and so on. In this paper, we show that by using the factorization identity,
the Wold representation is readily available for any finite ARMA process. Joint with the Wiener

filter, we can easily solve the signal extraction problem.
3.6 System of analytic functions

After we apply the Wiener filter, solving for h(L) or ¢(L) in model (3.8) still requires solving sequences
of infinite coefficients in the lag polynomials, which is an infinite dimension problem. By the Riesz-
Fisher Theorem, instead of solving the sequences of infinite coefficients, we can solve for a finite

number of analytic functions instead, as shown in the following proposition.

Proposition 3.2. Given the signal process (5.1), there exists a solution ¢(L) to model (3.8) if and

only if there exists a vector analytic function ¢(z) that solves

T(2)6(z) = D [ (6O {69(0) 320] (3.20)

where T'(2) is a w X w matriz given by

/

b2 [ OY A+ S O ()M (2 ) pa(2)
T(z) = : (3.21)

. . . /
Py | T Ol A+ S O )M () peal(2)
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and D [z, {o(e) e, {61)(0) ?_0} is a w x 1 vector given by
D]z {60t (09 O | = (522

{1 P @M (e

1 S s+ cgjg(xk)}GMV*B(z)*l
+Zk 1 (=2 )z (A=A ) .
S0 G20 A (z o 1¢<Ak>cy"fA'M<Ak>G<Ak>]()

IR = TRPRe
+Zj:1 ZE:O AN <|: T, (=) Zk 1 (2= 2 (A — A7)

©
S ()CE T ()G () g 2 ST LG O)
(2= Ak) k=1 (z=Ap)TI T;ék(Ak Ar)

0

_|_

0
— 0 !
cy 9 G(Z Cgljg()\k)G(Ak) _ _

{ - S0, clo i pante)

1 M[TL CLI00W O, €890 | GV B

+ 2 k-1 (2= )t (A — A7) ®
i1y i | Ty #(2)CY T AiM(2)G(2) POy ¢(Ak)03;,-‘fAiM(Ak)G(Ak)
+Z;J':1 Z%:O 02t ]< [ : k_l(z Ak) — k= : (z=A) 2k (Ae—A7)
(6)
il 6008 i (2)6(2) Ly E2 o H WG
+ M, (=~ M) P R =5 V811 o Ve wy
0
— £) /
C9779(2)G(2) Cgi P9 G (k) - -
+ [ fi[;; 1z ) T k=1 ik)HT¢k(/\k/\T):|0 )V 'B(z) 1}
Proof. See Appendix A.7 for proof. O

To solve for ¢(z), one can use the Cramer’s rule. However, one also needs to determine the following
constants, {¢(Ax)}i_q, {pU )(O)}?:O, which are generated when applying the Wiener-Hopf prediction
formula,. As discussed in Whiteman (1983), these constants can be set to remove the poles of ¢(z)
that are inside the unit circle. This makes sure that ¢(z) is analytic. The following lemma shows
that the number of free constants that can be used in eliminating the inside poles is not the same as
the total number of {¢(\x)}¥_; and {¢\)(0)}¢

on each other.

=0 because of some of them may be linearly dependent

Lemma 3.3. There exists a w x N1 matriz D1(z), a w x 1 vector Ds(z), and a N1 x 1 constant
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vector i, such that

Dz, {6\, {0Y)(0) 5:0] — Di2) [60) .. d(n) 6°0) ... 67(0)] +Da(z)
= Di(2)¢ + Daf2) (3.23)

where N1 is the column rank of ﬁl(z) and v 1s a linear combination of the constant vector
[p(A1) o d(Aa) ¢°(0) ... ¢7(0)]".
Proof. See Appendix A.8 for proof. O

Here, N is the actual number of free constants that can used to remove the inside poles of ¢(z).
Theorem 3 shows that possible inside poles of ¢(z) are from the inside roots of the determinant of
T(z). It follows that whether there exists a solution to model (3.8) or not hinges on whether there
are enough free constants to eliminate all the inside roots of det[T'(z)]. Furthermore, there exists a

unique solution if there are exactly N1 conditions to determine the N7 free constants.

Theorem 3 (General solution formula). Assume the signal process follows (3.1) and the model is

given by equation (3.8). Let Na denote the number of roots of det[T'(2)] that are inside the unit circle

and let {91, ...,9N,} denote these inside roots. Assume these roots are distinct. Define
det |:D1(’l91)1b + D2(791) Tl (191) ‘e Tglfl(ﬁl) Tg1+1(191) ‘e Tw('ﬁl):|
U11/1+U2 =
det |:D1(’L9N2)¢ —|—D2(19N2) T1(19NN2) ... TZN2—1(19N2) TKN2+1(19N2) ... Tw(ﬂNg):|

where Ty, (9;) is a linear combination of {Tl (94), oo, To,—1(%5), Ty41(%), - .. ,Tw(ﬁi)}.

1. If N1 < No, there is no solution.

2. If Ny = Ny = rank (Uy), there exists a unique solution ¢(z). Fori € {1,...,w}

det [T1(2> R Ti_1<z) Dl(z>'¢ + DQ(Z) Ti—l—l(z) ...... Tw(z)}
$i(z) = (3.24)
det [T(z)}
and
¢ =—U'Us (3.25)
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3. If Ny > Ny or Ny = Ny > rank (Uy), there exists an infinite number of solutions.
Proof. See Appendix A.9 for proof. O

With this theorem, we can prove our finite-state-representation theorem (Theorem 2), which is the

last step of our method.
3.7 Innovation form and signal form
The solution we discussed in Section 3.6 is in terms of signals
yr = h(L)xy. (3.26)

This is the most natural way to represent the policy rule because agents’ actions depends on what
they observe. However, sometimes it is more convenient to work with the policy function in terms
of the underlying shocks.

yr = d(L)s;. (3.27)

We label the solution in terms of signals as signal form and the solution in terms of underlying
shocks as innovation form. Similar to the procedure to solve for h(L), which effectively solves a
system of equations in terms of signals, one can also write down the system of equations in terms of
the underlying shocks {s;}. A detailed description of the problem in innovation form can be found
in Appendix A.11.

From a practical point of view, the signal form is typically easier to solve, because the dimension of
the problem in signal form is smaller than the dimension of the problem in innovation form. However,
the innovation form often provides a sharper characterization of the equilibrium, for the reason that
the statistical properties are easier to derive in terms of the underlying shocks. Therefore, it is useful
to obtain the solution in both forms. One may be concerned about whether the solution in innovation
form is the same as the solution in signal form, and the following theorem shows that one can indeed

work with either of them.

Theorem 4. Assume the signal process follows (3.1) and the model is given by equation (5.8). There
exists a solution in signal form,
yr = h(L)y, (3.28)

if and only if there exists a solution in innovation form

ye = d(L)st, (3.29)
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where h(L) and d(L) satisfy

AN GV IB(L) !

. 1 —1 -1 _
h(L) = d(L)M'(L™") pys (L) (L = M)z (A — Ar)

k=1

Proof. See Appendix A.12 for proof. O

If M (L) is not invertible, the space spanned by signals is a subset of the space spanned by shocks.
It should be clear that whether we use the innovation form or the signal form, {y;} always lies in the
space spanned by current and past signals because agents can only condition their choice on their

observables, that is, , {y:} C H} C H}.
4 Application I: Two-Player Model

In this section, we use the method developed in Section 3 to solve two particular two-player games.
There are only private signals in the first case, but we allow agents to share a common public signal

in the second case.
4.1 Private Signal: Woodford (2003)
The model we use is akin to model (2.7) introduced in Section 3.
it = Eut[&] + aEit[y]- (4.1)
There is a continuum of agents, and each individual agent i’s optimal choice satisfies equation (4.1).

Yy = /yit (4.2)

We assume the economic fundamental &; follows an AR(1) process

The aggregate action y; is given by

& = p&—1 + e, (4.3)

where 7, ~ N(0,1) and we have normalized to the variance of n; to be 1.

We assume that an agent ¢ receives two private signals about &

Thy = & + €, (4.4)
xl = & + i, (4.5)
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where €;; ~ N(0,02) and u;; ~ N(0,02).
The equilibrium is defined as follows

Definition 4.1. Given the signal process (4.3) to (4.5), the equilibrium of model (4.1) is a policy
rule h = {hy,ha} € £2 x (2, such that

yit = Eit[&] + o Ei[yy],
where

Yit = h1(L)}, + ho(L)x7,
Yt = /yit-

The structure of this model is similar to Woodford (2003). In Woodford (2003), ;¢ is the price chosen
by an individual firm, y; is the aggregate price level, and & can be interpreted as some aggregate
demand shock. The focus of Woodford (2003) is that higher order beliefs generate inertia of the
aggregate price level in response to the demand shock & (hump-shaped response), which is shown
numerically. The following proposition gives the analytic solution to model (4.1), and the underlying

reason for the inertia becomes transparent.

Proposition 4.1. Assume that o € (0,1). Given the signal process (4.3) to (4.5), the equilibrium
policy rule in model (4.1) is given by

Y 1
m(L) = po2(1—pd) 1 —9IL’ (4.6)
(1) = (4.7

- po(1—pd)1 —9L’

where

P POETy POcTy

— O'2 0'2 — )\ o g, 2
01| (s Uz u>>_\/<;+p+<1 R

The finite-state representation is given by

v 1

2
. L c 4 2 4.9
Yit pa2(1 — p?) it po2(1 — pv) e T 2ty (49)
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where

Y
L 9z 1 2 4.10
L =R T = o0yt o2 (1= po) (4.10)
The aggregate y; is given by
v o2+ o2 1
= 4.11
Ul oter (LI )" —
Proof. See Appendix A.13 for proof. O

The individual policy rule follows an AR(1) process, and the aggregate y; follows an AR(2) process.
The two signals only differ by the variance of their idiosyncratic noises. As expected, hi(L) and

ho(L) are symmetric, but the weight on each signal is adjusted according to their informativeness.

Crucially, the persistences of hi(L),ha(L), and the persistence of aggregate y; are governed by .
Given p, as ¥ increases, the peak of the impulse response of y; to 7 shifts to the right, which
makes it possible to have a hump-shaped response. If ¥ is small enough, then there may not be any

hump-shaped response. The following proposition provides a sharp characterization of ¥.

Proposition 4.2. Assume that a; € (0,1),p € (0,1),0 > 0, and o, > 0. Then ¥ satisfies

1. 0 < A< ¥ < p, where X is given by

1]/1 o2 + o2 1 o2 +02\?
2 (\p POcOy P POETY

2. ¥ is increasing in a and

lim ¥ =p
a1—1
lim 9 =\
a1—0

3. 9 is increasing in o¢, oy, and p.

Here, ¢ is bounded from above by the persistence of &, and it is also bounded from below by A, where
1 — X is the Kalman gain when using the Kalman filter to predict &. Note that 1 is increasing in «,
and with a large «, it is more likely for y; to have a hump-shaped response . This is because with
information frictions, higher order beliefs respond slowly to the shock. When the degree of strategic
complementarity increases, higher order beliefs become more important in shaping the behavior of

yt, as shown in equation (2.10).
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Example We use a numerical example to further illustrate the properties of the model economy.
We set the degree of strategic complementarity o« = 0.5 and the persistence of £ to be 0.95. As

the variances of idiosyncratic shocks increase, the degree of information frictions also increases. As

FIGURE 2: Impulse Response to n Shock in the Private-Signal Model
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shown in Figure 2, the hump-shaped response of 3 to 7; is more pronounced when there are larger
information frictions. This is because 1 is increasing in o, and o,. When there is little information

friction, 1 is small and there is no hump-shaped response any more.

The higher order beliefs have the following feature: as the order increases, the higher order belief
becomes less responsive, and the peak of its response shifts to the right. To predict &, agent
discounts his signals by the Kalman gain 1 — A, which leads to that E;[¢;] is less volatility than &.
When agent ¢ infers others’ forecasts of &, he realizes others also discount their signals by 1 — .
Agent i’ best forecast of others signal is E;;[¢;], and his forecast of E[¢;] in turn discounts the original
& twice. This logic applies to all the higher order beliefs. Consider k-th order belief. As k increases,
the forecasts of k-th order beliefs puts less weight on current signals, and more weight on the priors

of beliefs with order lower than k, which makes the inertia increase in the order of beliefs.
4.2 Public Signal: Angeletos and La’O (2010)

Now we introduce the following variation to the model discussed in the last section. The economic

fundamental & still follows an AR(1) process

&t = pSt—1 + N, (4.13)
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but we assume the first signal about the economic fundamental &, is the same across all the agents

Ty = & + €, (4.14)
w3 = & + i, (4.15)

where € ~ N(0,02) and u; ~ N(0,02). Note that now the noise in the first signal is not indexed

by i. Effectively, the first signal now becomes a public signal. The model is the same as before
Yit = E[§t] + aEirlyy]. (4.16)

The structure of this model is similar to Angeletos and La’O (2010).'! In Angeletos and La’O (2010),
y;¢ is the output chosen by an individual firm i, 1, is the aggregate out, & is the aggregate TFP
shock. The focus of their paper is to understand the effects of the common noise ¢;, which can be
interpreted as animal spirits or sentiments. The question is whether this common noise can introduce
aggregate output fluctuations. Angeletos and La’O (2010) use a guess-and-verify method and obtain

a numerical solution. Here, we obtain an analytic solution.

Proposition 4.3. Assume that o € (0,1). Given the signal process (4.13) to (4.15), the equilibrium
policy rule in model (4.16) is given by

yit = h(L)z}y + ho(L)x3,

where
1 ) 1
hi(L) = 4.17
1(2) 1—apo2(l—pd)1—9L’ (4.17)
0 1
ho(L) = 4.18
and
1|/1 (1—a)o?+o2 1 (1—a)o?+ 02\
V=5 ||-+p+— 55— ) - —tpt—S— ) —4 (4.19)
2| \p pPoOcTy P pPOTy
The finite-state representation is given by
1 U,
Yit ; x3 + zit (4.20)

T 1—ap2(—p0) " poR(1—pv)

U The original model in Angeletos and La’O (2010) is yit = & + wir + aEit[y:], where u;; is firm specific technology
shock. Here, we modify their original model to better contrast with our private-signal model, but the main dynamics
remain the same.
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FI1GURE 3: Impulse Response of 3, in the Public-Signal Model
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0 0

1 = Uz L a7 4.21
B = V% T 1= o) Y (= ) (21)

The aggregate y; 1s given by

¥ (1—a)o? + o2 1 1 v 1

= 4.22
Y= 0= p0) (l=—a)e2e? (1—0L)(1—pD) " " T—ape?(l—po)1-9L" (4:22)
Proof. See Appendix A.14 for proof. O

We can see that the public-model is clearly different from the private-signal model. Because the
common noise ¢ in the first signal now affects all agents in the economy, each individual agent will
respond more strongly to the first signal, due to the strategic complementarity. As the strength

of the strategic complementarity increases (« increases), the instantaneous response to the first
1 9

» 1—a pa2(1—pd)°

information frictions, reflected in how they affect the persistence 9 in equation (4.19).

signal also becomes larger. In addition, o, and o, are not symmetric in shaping the

In terms of the aggregate w;, it is now a function of both 7 shock and € shock. However, the response
to an 7 shock follows an AR(2) process, the same as the private-signal model, but the response to

an e shock follows an AR(2) process. Figure 3 plots the responses to these two shocks.!?

12YWe set the degree of strategic complementarity o to be 0.5 and the persistence of ¢ to be 0.95. We also set the
variance of the noise to be o = o, = 4. The implied persistence ¥ = 0.77.
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5 Application II: Endogenous Information

So far we have only discussed the cases where the signal process is exogenously determined and
independent of agents’ actions. This section we consider the case where an observed signal contains

endogenous information.

An important theme of the literature on dispersed information is the role of the endogenous signal
in coordinating beliefs and revealing information. Kasa (2000) and Pearlman and Sargent (2005)
show that by observing prices in other industries, agents share the same beliefs. Walker (2007) and
Rondina and Walker (2013) show that whether the price in the asset market reveals the state of the
economy depends on whether the underlying shock follows a confounding process or not. However,
most of the studies restrict their attention to the special case in which the number of signals equals
the number of shocks and agents observe the endogenous variable without noise. In this section, we
will analyse the role of endogenous information when there are more shocks than signals, and the

endogenous variable cannot be observed perfectly.
5.1 Infinite state variables

The model we use is similar to the private-signal model in Section 4.1, but we assume a different
information structure. Agents still receive two signals. The first signal is the same as before, but the

second one is the aggregate y; with an idiosyncratic noise

T3 = Yo+ it = /yjt + Uit (5.1)

The aggregate y; is endogenously determined by all the individual choices, while at the same time,
it is served as a signal for agents to infer the state of the economy. In this case, we find it is more

convenient to define the equilibrium with innovation form.

Definition 5.1. The equilibrium is an endogenous stochastic process 2, a policy rule for an indi-
vidual agent ¢ = {¢1, o, p3} € £2 x 2 x 2, and the law of motion for aggregate y;, ® € €2, such
that

1. Agent i’s information set Q;; = {ﬂlew x,?t, x}t_l, a:?t_l, :L‘Z-lt_Q, x%t_z, } is determined by
Ty = &+ e, (5.2)
T =yt wir, (5.3)
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where

7, (1+ kL)

0y, 5.4
& e (1— GL) Uo (5.4)
v = O(L)ne. (5.5)
2. Individual rationality
vit = Eit[&e] + o Eg[ye], (5.6)
where

it = ¢1(L)eir + dp2(L)ui + ¢3(L)nt. (5.7)

3. Aggregate consistency: 1y = fyit
(L) = ¢3(L) (5.8)

To show the generality of our claim, we allow & to follow any finite ARMA process. The equilibrium
with endogenous information involves two fixed points. The first fixed point is individual rationality.
Given the policy rule of others and the signal process, agent ¢ optimally chooses the same policy
rule as others. The second fixed point is absent in the equilibrium with exogenous information. It
requires that agents perceived law of motion of the aggregate y; is the same as the actual law of
motion of the aggregate 1;. This can be viewed as the cross-equation restriction in the sense that

agents perception is in line with the reality generated by their own action.

Similar to Proposition 2.1, the following proposition guarantees that there exists a unique equilibrium

with endogenous information.

Proposition 5.1. If o € (0,1), then there exists a unique equilibrium of the model in Definition 5.1.

Proof. See Appendix A.15 for proof. O

This proposition only proves the existence and uniqueness of the equilibrium, but it is silent on
whether the agents need to keep track of infinite number of state variables or not. With exogenous
information, we have shown that the equilibrium always permits a finite-state representation provided
that the signals follow a finite ARMA process. In contrast, the following theorem shows that with
endogenous information, even though there exists a unique equilibrium, the aggregate y; does not

follow a finite ARMA process. As a result, the equilibrium cannot have a finite-state representation.

Theorem 5. If o € (0,1), the equilibrium of the model in Definition 5.1 does not have a finite-state

representation.
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Proof. See Appendix A.16 for proof. O

The proof of this theorem shows that if assuming the perceived aggregate g, follows a finite ARMA
process, the implied actual aggregate y; cannot be the same as the perceived aggregate y;. With
exogenous information, Proposition 4.1 shows that if & follows an AR(1) process, the implied aggre-
gate y; follows an AR(2) process. With endogenous information, if we assume ¢; follows an AR(1)
process and the perceived y; follows an AR(2) process, the implied actual y; follows an ARMA (4,2)
process. If we assume perceived y; follows ARMA (4,2), the actual y; will follow an ARMA (6,4)

process. Iterating this process, the aggregate 1y, follows an infinite ARMA process in the limit.

This is a somewhat surprising result. Kasa (2000) and Pearlman and Sargent (2005) show that
in the Townsend (1983) model, there is actually no infinite regress problem and the equilibrium
permits a finite-state representation. Similarly, in Rondina and Walker (2013) and Acharya (2013),
the equilibrium policy rule has a finite-state representation as well. Pearlman and Sargent (2005)
suspects that to resuscitate the infinite regress problem, there should be more shocks than signals.
Theorem 5 proves that in our model with endogenous information, agents need to keep track of
infinite state variables in equilibrium. Chari (1979) proved a similar impossibility theorem for a
particular univariate case, and we prove this theorem in a multivariate system with an arbitrary

ARMA process.

The reason for the infinite state variables, however, is not the infinite regress problem. When the
signals follow an exogenous ARMA process, the infinite regress problem does exist but the equilibrium
rule always has a finite-state representation. With endogenous information, each individual still treats
the signal process as exogenous. If the perceived law of motion for y; is a finite ARMA process, we
return to the case covered by Theorem 2: each individual needs to solve the infinite regress problem,
but the number of state variables is finite. With endogenous information, what complicates the
issue is that the signal process itself cannot be represented as a finite ARMA process, but this is

independent of the infinite regress problem faced by each individual.

Compared with the literature, the equilibrium policy rule in Kasa (2000), Rondina and Walker
(2013) and Acharya (2013) all follows an ARMA process, even though the signals contain endogenous
information. The key difference is that they assume the number of signals equals the number shocks,
i.e., the signals x; = M (L)s; with M (L) being a square matrix. In this case, one can use the Blaschke
matrix to obtain the Wold representation without knowing the exact signal process. The cost of this
assumption is that the signal process is not complicated enough to create interesting dynamics. In
Acharya (2013) or Kasa (2000), the endogenous variable that has an information role is observed
without noise, and the forecast error is transitory. In our model, because there are more shocks than

signals, agents can never infer the shocks perfectly, and the forecast error is persistent.
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5.2 Computation

The infinite-state result is theoretically interesting, but it excludes the possibility of obtaining the
exact solution. Here we provide a tractable algorithm that can approximate the true solution ar-
bitrarily well. The idea is to use a low order ARMA process to approximate aggregate 1;, which

enables the Winer-Hopf prediction formula.

1. Assume that the perceived aggregate y; follows an ARMA (p, q) process

7_, (1 + 6xL)

P k=1

yy = (L) = oy ==

R ANy

2. Given the law of motion of the aggregate y;, the signal process follows a finite ARMA process.
Use the method in Section 3 to solve for the individual policy rule ¢ = {¢1(L), ¢2(L), ¢3(L)}.
The actual aggregate y; follows

yi = ¢3(L)ns.

3. To update ®(L), expand ¢3(L) to obtain the infinite moving average representation. Choose
the new oy, {pi}i_; and {0 }]_, to equate {®g, P1,..., Ppiq} with {d30, @31, .., P3ptq}

4. Tterate 1 to 3 until the difference between {®q, @1, ..., Ppiq} and {P30, @31, .. ., P3p+q} is smaller

than the tolerance level.

5. Compute ||® — ¢|| (one can simply use the norm of £2). If ||® — ¢|| is larger than the tolerance

level, increase (p, q) and repeat 1 to 4.

Based on the proof of Proposition A.15, this algorithm is a contraction mapping that converges to
the true solution as the order of the ARMA approximation increases. Sargent (1991) also uses an
ARMA process to approximate the signal process, but our method differs from his in an important
way. In Sargent (1991), only the forecasts of future signals are pay-off relevant. Once the law of
motion of the signal is specified, agents do not need to solve the signal extraction problem and there
is no need to forecast the forecasts of others. In our model, although the signal process is given,
agents still face the infinite regress problem. Step 2 in the algorithm makes sure that each individual

always performs their optimal prediction.

Compared with Nimark (2011), our method has the following advantage. The first advantage is
that our method requires fewer state variables. Nirmark’s method needs to keep track of a large
number of higher order beliefs to accurately approximate the policy rule. In principle, Nirmark’s
method is to use MA(co) process to approximate the policy rule while our method uses an ARMA

process for approximation, which is more efficient. In our numerical example, it requires to keep
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track of the higher order beliefs up to order 30 to achieve the same accuracy as our ARMA (4,2)
approximation. The second advantage is that our method is easier to implement and is applicable in
more general environments. Nirmark’s method relies on the correct conjecture of the law of motion
of the higher order beliefs. When the signal process is more complicated than an AR(1) process, it
is not obvious what the correct conjecture should be. In addition, Nirmark’s method also relies on
that the equilibrium policy rule is a relatively simple function of higher order beliefs, but this may
not be true in many empirical applications where the system is complicated (see the quantitative
model in Huo and Takayama (2014) for example). Instead, our method instead does not hinge on

these assumptions.

Example To check whether our approximation method is accurate enough, we need to compare
the perceived aggregate 1; with the implied aggregate y;. We set a = 0.5. We assume &; follows an
AR(1) process with persistence p = 0.95. We also set 0, = 0, = 4. As shown in Figure 4, if we
use an AR(2) process to approximate the aggregate vy, the difference between perceived and implied
aggregate y; is quite noticeable. If we use an ARMA (4,2) process to approximate y;, the perceived
and implied y; are almost identical to each other. Given the existence of the equilibrium, this method
can easily extend to other more complicated environments when there does not exist a finite-state

representation.

F1GURE 4: Comparing Approximation Accuracy for oo = 0.8
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6 Application III: Random-Matching Model, Angeletos and La’O (2013)

In this section we discuss another type of model, in which an agent meets a different player every

period. Angeletos and La’O (2013) consider an interesting model environment with this feature,
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but they assume there is no persistent shock in their baseline model. This assumption does not
affect their qualitative prediction, and it helps to avoid the infinite regress problem. However, this
assumption prevents the model from exploring more relevant learning problems, and it makes the
model unsuitable for empirical work. We extend Angeletos and La’O (2013) to allow persistent

shocks and the infinite regress problem in the model.

Assume that there is a continuum of agents in the economy. An individual agent i is endowed with
a productivity a;, which is drawn from a normal distribution N(0,02). Note that both individual’s
productivity and the distribution is fixed over time, and there is no aggregate uncertainty with
respect to the economic fundamentals. At the beginning of each period, an agent i is randomly
matched with another agent m(i,t) and trades goods with m(i,t), where m(i,t) is the index of agent
i’s trading partner in period t. Note that the production has to take place before trading, and
agents have to infer others’ output based on their signals. Due to strategic complementarity, agent

i’s optimal output choice y;; needs to satisfy

Yit = a; + @ Eit[Ymioel, (6.1)

where a € (0,1) controls the degree of strategic complementarity, and ¥, ) is the output choice
of i’s trading partner m(i,t) at period t. Equation (6.1) says that agent i’ output is increasing in
his own productivity and the output of his trading partner, while the detailed micro-foundation that

leads to this equation is not important for us to understand the infinite regress problem.

Agent i receives two signals

zh = A (iyt) T €it, (6.2)
ﬂflzt = x}n(i,t)t + ft + Uqt (63)

where €;; ~ N(0,02) and uy ~ N(0,02), both of which are idiosyncratic noise. The productivity of
i’s trading partner is a,, (), and from ¢’s perspective, it is also an i.i.d shock that follows N(0,02).

1
xm(i,t)t
which follows an AR(1) process

is the first signal received by agent i’s trading partner m(i,t). & is common for all agents,

& = p&—1 + ne, (6.4)

where 7 ~ N(0,1). In Angeletos and La’O (2013), & is an i.i.d shock, but we assume p € (0, 1) here
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to introduce the infinite regress problem. The information set of agent i is'?

I U T 9 1 2
Qi = {% Tty Tigy Tig—1, Tig—1, Tit—2, Tit—2; } (6.5)

Note that a; needs to be included in the information set because agent i’s action directly depends

on a;, and it also helps to predict i’s trading partner’s signal. The equilibrium is defined as

Definition 6.1. Given the signal process (6.2) to (6.4), the equilibrium of model (6.1) is a policy
rule h = {hg, h1,ha} € R x £2 x {2, such that

Yit = @i + & Eig[Y(i,00¢)
where

Vit = hqa; + hl(L)xilt + h2(L)3712t-

As emphasized by Angeletos and La’O (2013), agent i’s estimate of his trading partners’ productivity
(i) 1s pinned downed by the ¢’s first signal alone, and not affected by the second signal. However,
agent i’s estimate of x}n(i - is affected by the common noise &. With a positive realization of &, agent

1 attributes part of & to az}n( and believes that agent m(i,t) will overestimate i’s productivity a;

it
and produce more output. Therefore, agent i’s also optimally produces more output due to strategic
complementarity. In aggregate, & leads to fluctuations in total output by affecting all agents’ higher

order beliefs.

Different from the applications discussed in Section 4, agent ¢ has to form higher order beliefs about a
random player m(i,t) every period. This change may prevent the use of the guess-and-verify method,

but our method developed in Section 3 can still be applied to solve the model.

Proposition 6.1. Assume that o € (0,1). Given the signal process (6.2) to (6.4), the equilibrium
policy rule in model (6.1) is given by

aldp(l—p) o?
b=1 -~ :
h + ayp o1—0) oZ+o? (6.6)
hi(L) = ¢ (6.7)

avy o2 1—pL

€

halL) = p o02+021—-9L

(6.8)

13There is an implicit assumption that agents do not observe their trading partner’s output or productivity level
after production. This assumption is only to implement the notion of imperfect communication between producers and
transactors, but is not important for our purpose.
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where

2
o
P = 1_a2+%§<1_a2%0§03>. (6.10)
The finite-state representation is given by
vy ol 2
Yit = haa; + oz + L + 2t (6.11)
where
2
Zit41 = Vzip + e Z)aﬁgo 0'627: aﬁx?t (6.12)
The aggregate y; 1s given by
ady ol 1
Yt = P 062+031—19Lnt (6.13)
Proof. See Appendix A.17 for proof. O

Note that hi(L) is a constant, which implies that the policy rule does not depend on {x}T tT_:l,OO. The
reason is that the first signal is only useful in predicting the productivity of current trading partner,
but it is independent of the persistent shock &. It turns out that ha(L) follows an ARMA(1,1)

process, and the aggregate output y; follows an AR(1) process.

Comparing with heterogeneous prior In the literature, a convenient device to avoid the in-
finite regress problem is to assume that agents have heterogeneous prior. The heterogeneous prior
assumption works as follows. Assume that agent i observes both & and a,,(; ) perfectly. However,

agent i believes his trading partner m(i,t) observes a; with bias &. If agent i’s policy rule is

Yit = f1ai + faamiy) + f3&t,

then agent i believes that the output of his trading partner is

Ym(itye = framp + f2(ai + &) + f36e
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In equilibrium,

Yit = a0@; + 1Bt [Yp (i 1)t

which leads to

1 o o3
it = i m(i 6.14
Yit = T op %t T gatmn T oy = o) (6.14)
2
67
& (6.15)

1)1 —a)

Quantitatively, by assuming heterogeneous prior, y; is perfectly correlated with &, while in our
model with common prior, the persistence of aggregate output is endogenously determined by the
structural parameter a and the information related parameters, and it is always different from the

the persistence of &. A numerical example is shown in Figure 5.

FIGURE 5: Impulse Response of y; to n Shock in Random-Player Model
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Note that the both the persistence and instantaneous response of y; under heterogeneous prior
is very different from the solution under rational expectation. The solution under heterogeneous
prior assumption is independent of the degree of information frictions, that is, the distribution of
idiosyncratic productivity and the size of the idiosyncratic noise do not affect the behaviour of output.
By assuming heterogeneous prior, one effectively assumes away the information frictions, which is the
reason that higher order beliefs arise in the first place. The method we provide to solve the infinite
regress problem retains the notion of rationality, and we can pin down the degree of information

frictions by comparing the model results with data.

44



7 Application IV: a Quantitative Business Cycle Model

Application I to Application III can be thought of as various extensions of the basic model presented
in Section 2. These applications are theoretically interesting, but have not fully taken advantage
of our method. In the general model structure we outline in equation (3.8), we allow the model to
include the past, the present, and the future values of the choice variables, the choices of others, and

the exogenous variables.

In a companion paper (Huo and Takayama, 2014), we apply our method and solve a full-blown
quantitative model in which the confidence shock alone is sufficient to account for the main aggregates
in business cycles. The idea is related to Angeletos and La’O (2013), but our model differs from theirs
in several crucial ways. We maintain the strong notion of rationality and solve the infinite regress
problem directly. Agents need to choose both labor and investment, and need to infer the output
and capital of both their current and future trading partners. There are multiple persistent shocks in
the signal process to match various micro and macro moments. Therefore, higher order beliefs affect
agents’ decisions in a fairly complex way. With our preferred calibration of information frictions,
we find that the model with confidence shocks generate much of the volatility and co-movement of

aggregate variables, but it has difficulty in matching the persistence of the aggregate variables.
8 Conclusion

In this paper, we have shown how to solve general rational expectations models with higher order
beliefs. When the signal follows an ARMA process, we prove that the policy rule always admits a
finite-state representation. It turns out the infinite regress problem does not require infinite state
variables, because the total effects of the higher order beliefs can be summarized by a small set of
variables. We provide a procedure that gives an explicit solution formula. The key of our method is
to apply the Kalman filter to obtain the Wold representation of the signal process, and then use the
Wiener filter to solve the inference problems. We also prove that when the signal process contains
endogenous information, the equilibrium policy rule may not have a finite-state representation, which
is in some sense the ‘true’ infinite regress problem. This is due to the fact that cross-equation restric-
tion imposes an additional equilibrium condition that the perceive law of motion of an endogenous
variable has to be the same as the law of motion that is generated by agents’ actions. We provide a
tractable algorithm that can approximate the true solution accurately with a small number of state
variables. Various applications are easily solved by our method. We expect that the method we
develop in this paper can be applied in a much broader class of models, especially in the areas of
macroeconomics and financial economics with dispersed information. Preliminary findings in Huo

and Takayama (2014) show that this is a promising direction to pursue.
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Appendix
A Proof of Theorems and Propositions

A.1 Proof of Proposition 2.1

Proof. We consider the equilibrium in the innovation form. Let ¢ = {¢1, ¢2, @3} € €2 x 2 x £2. The norm of ¢ can de
defined as

ol = Jozzqﬁk +02> 3, +U2Z¢3k
k=0 k=0

Given ¢, let
Yir = ¢1(L)€ir + P2 (L)uir + ¢p3(L)me,

and let
Ei¢1(L)eje + ¢a(L)uje + ¢3(L)ne] = ¢1(L)eir + d2(L)uie + b3(L)m

The inference of &; is independent of ¢ and is given by
Eit[&] = g1(L)eir + g2(L)uie + g3(L)ny.

If yir = g1(L)€ir + go2(L)uir + g3(L)n: + a(al(L)eit + (ZQ(L)uZ-t + $3(L)nt), then ¢ is an equilibrium.

Define the operator T : 2 x £2 x (2 — (2 x (2 x (? as

T(0) = T({¢1, b2, 83}) = {01 + ad1, go + s, g3 + a3}

The equilibrium is a fixed point of the operator 7. If we can show that T is a contraction mapping, it is sufficient to prove

the theorem.

Let ¢ € £2 x €2 x £? and ¥ € £2 x £ x £2. The distance between ¢ and 1) is

¢ — vl = $ 02> (b1k — Y1)? + 02> (bar — Yor)? + 02> (b — Var)?.
k=0 k=0

k=0

The distance between T (¢) and T (¢) is

o0 oo o0
1T(¢) = Tl = el | 02 Z (¢1i — ¢1:)? +012LZ(¢2¢ - 1/122 )2+ ol Z (f3i — 1/131
i=0 i=0 i=0
Note that the variance of a variable is always larger than the variance of its predictor

Var [WL) (D) + [62(E) — a(Dluge + [63(L) — w3<L>]nt]

> Var [E [[¢1(L) i (D)]eje + [92(L) — da(L)uge + [d3(L) — w3<L>]ntH
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We have
Var [[¢1(L) = ¥1(D)]ej + [d2(L) — b2 (L)]uje + [p3(L) — ws(L)]Tit]

=0 Z(¢1k —1)* + o Z(¢2k —or)® + 0 Z(¢3k — i)
k=0 k=0 k=0
=l —¥|?,

and

Var [Eit [[¢1(L) — 1 (L)]eje + [p2(L) — Yo (L)]ujt + [¢3(L) — 1#3@)]%”

~ —~ o~

=Var [[&(L) —1(L)]eir + [52(11) — 2 (L)]use + [&;(L) - ¢3(L)]77t}

=0’ Z(gu — 1) + 0l Z(am —1ai)? + o Z@?ﬂ — 13;)?
i=0 1 , =0 =0
—I76) - T (1) -

(07

Therefore, ||[T(¢) — T(¥)]| < a|/¢ — 1|. When a € (0,1), the operator 7 is a contraction mapping, and there exists a
unique fixed point. O

A.2 Riesz-Fisher Theorem

Theorem (Riesz-Fisher). Let {c,} be a square-summable sequence of complex numbers for which Y >- ler|? < co. Then

T=—00

there exists a complez-valued function g(z), defined at least on the unit circle in the complex plane such that

g(z) = Z A

T=—00
where the infinite series converges in the mean square sense that

2d
dz _
z

lim
n— o0

Z ¢ 2T —g(z)

T=—N

where the integral is a contour integral on the unit circle. The function g(z) is square-integrable

1 5dz
%%\g(z)l z’ <00

The function g(z) is called the z transform of the sequence {c:}.

Conversely, given a square-integrable g(z), there exists a square- summable sequence {c;} where

1
cr = 5 g(z)zf'r*ldz.

49



Furthermore, suppose {c;} be a one-side square-summable sequence for which Z?—O:O lce;|? < oo. Then there ewists an

analytic function g(z) on the open unit disk such that

g(z) = Z (A
=0

Conversely, given an analytic function on the unit disk, there exists a one-side square-summable sequence {c,} where

= omi

g(2)z7 " dz.

Proof. The proof of this theorem is referred to Sargent (1987) and Kasa (2000).

A.3 Proof of Lemma 3.1

Proof. There can be many different state-space representations and we only give one of them here, which is sufficient to

prove the claim. Hamilton (1994) shows how to represent a univariate ARMA process in state space, and what we construct

below is a natural extension to the multivariate case.

Let r;; = max{p;j,qi; + 1}, and let a5, = 0 if k > ¢;; and B;jp = 0if k > ¢;;. Let r =", Z;nzl rij. F is a r X r matrix

with the following form

[F1
0

The element Fj; in F'is a 7;; X 7;; matrix

0
Fia

0
0

Flm
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Qijri;—1  Qijry;
0 0
0 0
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Q is a r X m matrix with the following form

Qu
Q12
Q = le (A 2)
Qnm—l
L Qnm |
The element D;; in D is a r;; X m matrix
0 Q550 0
o ... 0 ... 0
Qij = : : <0 (Ag)
0 0 0
where a0 is at the jth column.
H is a n x r matrix with the following form
H ... Hi, 0 0 0 0
0 0 Hoy ... Hy, ... 0 0
H=| . . . (A4)
: : : e : . 0 0
0 0 0 0 H, H,m
The element H;; in H is a 1 x r;; matrix
H;; = {1 Biji Bijz - Bijry

Let Z; follows
Zy=FZi 1+ Qsy.

We have
Ty = M(L)St = HZt

To show that the eigenvalues of F' lie inside the unit circle, we can iterate the Z; to obtain
Zy =Y FIL/Qs; = (I - FL)"'Qs,
j=0

If the eigenvalues of F' lies outside the unit circle, it follows that Z; is not co-variance stationary, which contradicts the

assumption that z; is co-variance stationary. O

o1



A.4 Proof of Theorem 3.5

Proof. A formal proof can be found in Whittle (1983). Here we provide a sketch of the proof.

Suppose the prediction is based on all the realization of the signals 2°° instead of 2f. The optimal linear prediction of y; is
Elyia™] = pye(L)pus(L) ™ 22

This formula resembles the familiar formula in OLS regression. p,, measures the correlation between y and z, adjusted by
Pzz- Given the fundamental representation
Ty = B(L)wt,

the prediction is equivalent to the prediction conditional on w® and the prediction formula can be written as

Ely|x™] =Ely|w™]
=pya(L)paa(L) 'z,
=pye(L)B'(L~Y) ™'V B(L) "' B(L)w,
=pyo(L)B (L) 71V .

Now imagine the prediction is conditional on only current and past signals x*, which is equivalent to conditional on w?.

Since wy is serially uncorrelated, the best forecast of w; for i > ¢ is zero. Note that p,,(L)B'(L™')~! contains negative

powers of L and the best forecast of w; for i > ¢ is zero, the optimal prediction for y; is simply

E[yt|93t] :E[yt|wt]
(L)B'(L~Y) ™V w,
B/(L™H ', Vv IB(L) tay,
(L)B' (L) VTIB(L) ™ M(L)s,.

~

[p

yx
[Py
yx

=

[p

Recall that B(L) is invertible, so B(L)~! contains only positive powers of L. O

A.5 Proof of Lemma 3.2

Proof. By the Canonical Factorization Theorem, it follows that the inverse of B(z) is given by

B(z)™' =I, — H[I, - (F — FKH)z| 'FK=
_I,det[I, — (F — FKH)z] — HAdj[I, — (F — FKH)2]FK =~
N det[I, — (F — FKH)z|

_ ?(z) (A5)

ST (1= Ag2)
where B(z) is a matrix and the elements are all polynomials in z with finite degree, u is the degree of det[l, — (F — FK H)z|,
and {\x}}_, are non-zero eigenvalues of F'— FK H. To see why this is true, note that if Ay is the eigenvalue of F — FKH,

it satisfies
det[A\pl, — (F — FKH)| =0

02



which implies

1
det |I, — (F — FKH)1-| =0
k

That is, 3 is the root of the determinant of I, — (F — FKH)z. Reversely, the roots of I, — (F — FKH)z must be

the reciprocals of the non-zero eigenvalues of F' — FK H. In addition, Theorem 3.4 guarantees all of these eigenvalues of

F — FKH lie inside the unit circle.

Meanwhile, we have
B(z)=1I,+ H[l, — Fz] 'FKz,

and

B(2)7! = {In + H[I, — Fz]lFKz] -

[ I, det[I, — Fz] — HAdj[I, — Fz]FK2]""
N det[I, — Fz]

-1
=det[I, — Fz] [In det[I, — Fz] — HAdj[I, — Fz]FKz}

Note that equation (A.5) has to be satisfied at the same time. As a result, there exists a matrix c (z) such that the elements

of it are all finite polynomials in z, and

B(2)™! =det][I, —Fz]H%fl(Z_))\kZ) (A.6)

The roots of det[I, — F'z], which are the inverse of the eigenvalues of F', are different from {A;}}'_,, which are the inverse of

~

the eigenvalues of F' — FKH. By construction, the degree of IT}_, (1 — Agz) is larger than the degree of det[I, — Fz]C(z).

By Lemma 3.1,
vy =M(L)s; = HZ; = H(I, — FL) s, (A7)

Combining equation (A.6) and (A.7) leads to

C(2)

a H(I, — Fz)~!

B(2)"*M(z) =det[I, — FZ] o)

I,
C(z) Adj[I, — FZ]
H
IOy (1 —Agz)  det[l, — Fz]
C(2)HAdj[I, — Fz]
H}é‘zl(l - )\kz) ’

=det[l, — Fz]

Here, the numerator of B(z) *M(z) is a finite polynomial in z, and the degree of det[l, — F'z] is larger than the degree of
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Adj[I, — Fz]. Therefore,

C(z Y HAdj[I, — Fz} / 2C(z Y)Y HAL[I, — Fz~] I
( ) _( )

M/ Z_l B/ Z_1 -1 _ —
BT I (1= Arz™t) Iy (2 = Ax)

G
Iy (2 = Az)’

where G(z) is a polynomial in z because the degree of C(z)HAj[I, — Fz] is less than u.

A.6 Proof of Proposition 3.1

Proof. By the Wiener-Hopf Theorem, the prediction formula is

E [y | 2] = {¢(L)M’(L1)B’(L1)1} VIB(L)
+

We need to obtain the formula for

B )| 3

+ i=1

g Vi(L)Ga (L)

41—[%:1(111_)%) ¢z (L)Gm (L) +

Suppose g(z) is a rational function of z that does not contains negative powers of z in expansion, then

u

9(2)

_ 9(2) ) g()
{<z—xl>-~-<z—xu>L‘<z—A1>-~-<z—Au> 2 A 40— %)

It follows that

LB

m

+ =1

1 u Pi(Ak)Gi1(Ak)
e VilD)Gin (L) = et oA i O 3

1 u Pi(Ak)Gin (A
m i VHDGm(L) = X e

u P /\, Gl : /
Zk:1 o Yi(Ae)Gi1(Ak)

m A2 (A —=Ar)

= YOMLHBELH =Y

i=1 n wi(./\~)Gm(/\ )
> k=1 (L*)\k)ﬁ-r;ék(Ak’iAT)

o4

!



Also note that if g(z) = [f(2)]4, then for j ={1,2,...}

(2],
[ty + 1) - 9021

+

g, + 1) - 9l

—z (g<z> - ip! zP[g(z)]é”))

+

where [g(z)]ép ) denotes p-th order derivative evaluated at 0. Applying this formula, we have,
[L™7(L)G(L)] 4
J(L)Giy (L) ¢ (A)Gi1 (M) j—1 i (L)Gi1 (L) i (Ak)Gi1 (Ag)
. ( 1(L1>\k) ket (= k#kl(,\kk ) Z o P! LP { me_, (L—Xr) DI (- ,\k)rk[#kl(/\kk X7)
=1
wz(L)an(L) w1()‘ )Gzn()\ ) 1 wZ(L)G’H’L(L) wz(A ')Gin(A )
( T (L—Xr) D (= k#k(Akk A0 ZJ pL? {ﬁ 2k=1 (L— Ak)lél#k(AkkaT)

(L)L ML B(Lh)

. (p) 1’
7#1()\ )Gi1(Ak) -1 Pi (L)Gia (L) Yi(Ak)Gi1 (k) -3
(Zk 1= k#k(,\: ) + 3o ptLP {T (T—r) D - ,\,c)rkl#k(Akkf,\,)}o >L !

- (») )
IZJ (A in (A 1 L)G;n (L) Vi (M) Gin (M) _
(Zk L GOl sy 529 pl I |Gl y | o CuCn ) JO )L !
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A.7 Proof of Proposition 3.2

Proof. By Proposition 3.1, the system (3.8) can be written as

o(L) (S i Ot AL ] [6(L) (S8, Sy OFF F(D) LM (LY )ppa (L)) 0
: + :
o) (S0 Y O AL | |6(D) (S0, Y, O AL LM (L )pan (D))
]——qc’{]jg( )LJM/(Lil)pxiC(L)ilxt
+ :
|52 CoIg(L)LIM! (L) paa (D) s
SO (P, S0 MOL )GV T BL) ) u o XU NOTIgA)GOY T BIL)
Zk 1 : i ,\k)n#k(xk ) Ty Dokt = (’”fok)n,#k(xkfxg Tt
o) (P, Y A]Cf]fl(Ak)G()\k)V 1B(L)~ u P MCPIgM)GOR)VTIB(L) !
1> ket A2 Ok ) o 2 k=1 (L30T (37 Tt
r _ (€)
i1 - Z: ¢(L)Cy I A, M(L)G > d)()\k)ny’i TA; M (M) G(AR) _ _
;1:1 Z‘z:o K'LF J - l_[" (L )\k) Zk 1 1(L—Ak)ll_[T¢k()\k—A7) :|0 V 1B(L) 1.13,*,
+
_ (€)
j—1 = B(L)CY I AM(L)G i1 @AR)CYTT A M (M) G (k) _ _
o1 i L T =21 I(L_’;k)m#k(xk—xi) : }0 VoBL e
r r —j (0)
1y e | D e ()G S, 6ORCE T ()G (k) _ _
G g (1L (L) 2oy (lL—/\k)HlT#c()\k—)\r) }0 VB e
+
r _; : —j ()
i1 g 7 | Ziea (L)CLT Fi(L)G(L) u X dOWCLTT £ )G () _ _
I 3:1 Z%:OHLZ ! ' T, (L—x) = 2k=1 (lL—Ak)HT¢k(Ak—AT) L ViB(L)~!
r M g - ()
i—1 et awGw) Cq Tg(A)G () _ _
;1:1 Zé:o 0Lt 1111‘7L>\k) Zk 1 (L— #:(Akk)\r)]o 4 1B(L) !
+
d o1y s | S tamG ot 050w @ gyt
=1 20— U! m PPN s o v BT ¢ v v . (L) e
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Rearranging the system of equations above to isolate ¢(L) leads to the following more compact way

¢(L) ?Z*q L {22:1 C%/:iin + Z;}:l C{:gfi(L)M/(L_l)Pm(L)_l} Lt

B(L) YN, L[Sy O A+ Y0, O F(L)M (L) pra (L) |
Ci] jg( )LjM/(L_l)p:cx(L)_l-rt

J_*q

C9Ig(L)YLI M (L™ )y (L)~ Ly

J_ q
'Zu SP_ NS O e £ () +202, 08 g(0)] GOV T B(L)
k=1 = ,\k)n#k(xk ) Tt
+
5 r__ M cf:¢w>fl<xk)+zv2 CIg(w)| GV B(L) !
| 2 k=1 (L= ) ron Ok —Ar) Tt
_ B 0
Z% OE'L j<|: = Iy _ 1(L >\k) _Ek: 1 = (L— )\k)nq—;ék()\k—)\T) 0
S sl G S el owaow 1Y
+ T (LA DD e va 11 eTx s v .
(0)
C{ 77 g(L)G(L) {77 g(A)G () _ _
+[ H“il(L k) Zk 1 (L= Ak)n#k(,\k Ar )L )V 1B(L) Loy
+

) l
0 sy LZ—j( [EE‘—M(L)C”‘% MDD s TL 1¢><Ak)cff,r-’AiMuk)G(Ak)]()

iy (L—Ak) (L=Ae) e sepe (Al — A7) o

) V4
S S(D)CT (DG S 00 naow Y
+ 7, (L) — k=1 (LN k= A7) .

. . ()
CTTIGGL)  w CTTIgOGO) B ~
+{ M (LA~ k=1 <L—Ak>n7¢k<xk—mh )V 'B(L) "

This has to be true for all the possible realizations of {x;}. By Riesz-Fischer Theorem, it is equivalent to the following

system of functional equations
T:)6(2) = D = (o0 or, (69 0o

where T'(z) and D |z, {¢(Ae)}i_,, {6 (0 Y= ] are defined in equation (3.21) and (3.22), respectively.

By the Riesz-Fisher Theorem, there exists ¢(L) that solves model (3.8) if and only if there exists a vector analytic function
¢(z) that solves equations (3.20). O

o7



A.8 Proof of Lemma 3.3

Proof. First note that D[z, {oe) ey, {qb(j)(O)}?_O} is linear in constants {{¢(Ar)}r_y, {0 (0)}_o}. As a result, we

can arrange D {z, {o6(Me)}ioy, {zj)(j)(O)}g_O} to obtain

DI (600N (00| = Di) [s0) o 60 #0) o 910 + Dale)

/! ~
Let N. = wu + w(g + 1) denote the length of the vector [(ﬁ()\l) 0. B A (0) I (;5‘1(0)} . Therefore, D1(z) is a

w x N, matrix. Let N; denote the column rank of Dj(z). It follows that there exists Ny vectors from D; () that consists a
basis of ﬁl(z) Denote these Ny vectors as D1(z). Therefore, there exists a constant matrix A of dimension N7 x N, such
that

Di2) = DiA [o(0) . B(h) 0) ... 9(0)]'
Let v = A [qb(/\l) coo o) 9%(0) ... (;5‘1(0)}/ completes the proof. O

A.9 Proof of Theorem 3

Proof. By Cramer’s rule, the i-th element of ¢(z) that solves equation (3.20) is given by

det |:T1 (Z) N E_l(z) Dl(Z)w + DQ(Z) Ti+1(z) e e Tw(z)
¢i(z) =

et )|

By Proposition 3.2, Proposition 3.1, and the assumption on model (3.8), the functions in T'(z), Di(z), and Da(2) are all
rational functions with finite degree. As a result, whether ¢;(z) is an analytic function or not is equivalent to whether ¢;(z)

has poles within the unit circle or not.

In principle, the poles of ¢;(z) are either the roots of det[T(2)], i.e., {9;,...,9n,}, or the poles of

~

0i(z) = [Tl (2) ... Ti—1(2) D1(2)¥ + Da(2) Tix1(2)... ... Tw(2)]|. (A.9)

By construction, the only poles of ¢;(z) are {Ar}}_, and 0. However, {\;}}_, and 0 cannot be poles of ¢;(z) because these

poles are generated from forming expectations using the Wiener-Hopf prediction formula, and by Proposition 3.1, these
poles are already eliminated by {{(b()%) [ {¢(j)(0)}.

Consider the inside roots of det[T'(z)]. For any ¥, it is always possible to find ¢; such that Tp, (¢;) is a linear combination

of {Tl (’191'), e ,Tgifl(ﬁi), Tgi+1(19i), ce 7Tw(191)} That is

Tp,(0:) = Y @i Ti(:) (A.10)
ey
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Suppose
det [Di(00)Y + Da(01) i) - Toa() Toa() ... Tu(@)] =0 (A.11)

Then for any j € {1,...,¢; — 1,¢; +1,...,w}, we have

j—th column L;—th column
det [ BNy ]
TW) ... Di@)e+ D@ ... To(0) ... Tu(®)
j—th column £i—th column
- Z det i
Kl Ty (9:) ... Di(¥i)y+ Da2(9;) ... 0Tk (9;) coo Ty(9y)
= 0.

This implies that if equation (A.11) holds, for j € {1,...,w}, ¥J; is the root of the determinant

det | Ty(0)) ... Dy(d)+ Da(dy) ... Tu(ds)

Consequently, ¢; cannot be a pole of ¢(z). Now consider the following problem,

det {Dl(ﬁl)z/} + Do (Y1) T (%) ... To-1(th) T, +1(91) ... Tw(ﬁl)}
U +U; = : : : : : (A.12)
det {Dl(ﬂNg)w +Da(In,) Ti(Iny,) - Ton,—1(9n,) Ton,+1(9n,) - Tw(ﬂNQ)}
If there exists ¥ such that
Uip+U; =0 (A.13)
Then {0;}2, are not poles of ¢(z).

1. If N1 < Na, then there are more equations than unknowns. There does not exist 1 such that equation (A.9) holds.
As a result, there is no solution to (3.20).

2. If Ny = Ny = rank(Us), then there exists a unique 1 that solves (A.9). Therefore, {8);}X% are not poles of ¢(z).

3. If Ny > Ny or Ny = Ny > rank(Us), there are infinite solutions to (A.9). As a result, there are infinite number of
analytic functions ¢(z) that solves (3.20).

A.10 Proof of Theorem 2

Proof. By Theorem 3, if there exists a solution to (3.8), for i € {1,...,w}, ¢;(2) is a rational function with finite degree.
Therefore, y, = h(L)x; can be written as (3.9). By Lemma 3.1, there exists a state space representation of y; = h(L)x,

which is given by

Zt+1 = FZt + Ql't (A14)

Yt
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where F,Q and H are given by (A.1), (A.3), and (A.4) respectively. Define

r,=HQ (A.16)
I,=HF (A.17)
Y, =Q (A.18)
Y.=F, (A.19)

and we obtain the finite-state representation. Note that the eigenvalues of I', all lie inside the unit circle. The law of

motion of z;

Zt41 = Tx.’ﬂt + Tzzt (A20)
can be written as
Zt41 = (I — TZL)iszfEt (A21)
Therefore, given {2}, _,
20= T =", L) " px_y (A.22)
O

A.11 More on solution in innovation form

We follow the same procedure as the signal form to define the solution in innovation form. Here, we use similar notations

as the signal form to make them comparable to each other, but it should be clear that they may stand for different objects.

Choice variable The policy rule we want to solve is y; = [yit, . - . , yrt]’, Where
Y1t dn(L) e hlm(L) S1t
ye=1:=1 .. : | = d(L)se. (A.23)
Yrt hrl(L) s hrm(L) Smt

We assume that each element in d(L) has an infinite MA representation. More compactly, define

(L) = |diy(L) ... dip(L) ... da(L) ... dpm(L)]- (A.24)

Endogenous variables related to other agents’ actions Let f; = [fi,..., fut]' denote the endogenous variables

chosen by other agents. They are related to the policy rule ¢(L) and the driving shocks s; in the following way

fa@) o (L) | | sue
fu=oL)f (L)se=o(L) | = . : : (A.25)

Here, each f;(L) is a w x m matrix in the lag operator L. We assume that all the elements in f;(L) are finite rational

functions in L and do not contain negative powers of L in expansion.

Exogenous variables This part is the same as the signal form exposition.
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General model This part is the same as signal form.

Definition A.1. A solution to model (3.8) (or an equilibrium) in innovation form is a vector of lag polynomials ¢(L) such
that

1. For eachi € {1,...,w}, ¢;(L) has an infinite MA representation

o0
L)=> ¢ul",
k=0

with > pe o ik < 00.

2. For all possible realizations of {s;},

satisfies equation (3.8).
A.12 Proof of Theorem 4
Proof. Suppose there exists a solution in signal form
Yye = h(L)x:
By the definition of the signal process (3.1), it follows that
ye = h(L)M(L)s;.

Because y; = h(L)x; satisfies model (3.8), y; = h(L)M(L)s; also satisfies model (3.8). Reversely, suppose there exists a

solution in innovation form

We can rearrange model (3.8) such that

—1

Zp: cYIiri
j=0

P q
Y E [C“LJ +C9I L g, | } +) E [Oyijfyt +CHTILTIf 4 09I g, a:t] (A.26)
7=0 Jj=1
Note that oY JLI ) has to be invertible. Otherwise, y; is not co-variance stationary, which contradicts to the
assumption that y+ = d(L)s; is a solution to the model. Therefore, {y:} C H} and {d(L)s:} C H7. By Proposition 3.1, it

follows that

2": d()\k)A’“G()\k)V‘lB(L)‘l)xt

= D)5y = BlaD)sde’] = (AL (L)1) = 30 SN EQIY IO,

k=1
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Defining
LA )N GOV TIB(L) !

2 (L= Mot — Ar)

gives us the signal form solution.

A.13 Proof of Proposition 4.1

Proof. Consider the state-space representation of the signal process. The state equation is

§t = p&—1+ 1

zl,
xit = Y =
Lt

By the Canonical Factorization Theorem, the Wold representation is

The observation equation is

1 €it
_l’_
1 &t »

B(z)_l — 1 1- Tifiglz Tlfg):ff)z
e e ==
S # TlP:_rlATz )\—,0
p(ri+7) | A=p % ’
where 7 = 062 and 7 = 03, and
A= tyntn 1, (71+T2+1+p>2_4
2| priTe p PTIT2 p

Assuming y;; = hq(L)x}, + ho(L)2?, it follows that
ye = hi(L)& + ha(L)&.

By Proposition 3.1, we have

1 A ! :L‘l
Ei[&:] = [1_1/\12 (1_‘))/\\)071] [ ;t] )

T-XL (—pNpra] | Tit
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and

The model requires that

which leads to

L#h (L) — __1=pL 4 (\) ' 2l
[p;’l (i— )\LgL PV p‘r11 p)\ (17)iL)(£7>\) 1 ] [ ;t‘|
pr2 (I=AL)(L hl(L) p‘r21 p)\ = AL)p(L_A’)hl(/\) Tit
1—pL !
[pilu ALI)I )hZ(L) p‘r1 - p)\ (1,\L)[EL)\)h2()‘)] [letl
1-pL :
p% (17,\L€ I—N) ha(L) — pT2 T-px p)\ (17,\L)p(L7,\) ha(N)| |23
Vit = Eit[&] + Bt [y,

hy(L)xj, + ho(L)a3,

[1 AL (1— p>\)p7'1

/
A 1
Lit
2
Lig

1 )\L (1— p>\)/17'2

A

A

o |f);\rl 1- /\L)(L A)
p1o (1— /\L)(L A)
pr1 (1— )\L)(L A)

pr2 (1— )\L)(L A)

By the Riesz-Fisher Theorem, we can transform it into the following problem

where h(\) =

Note that

hl(A) + hg()\), and

det C(2)

] = d(z,h(N)

1 L
(L) pT11 p/\ (1- /\L)fEL ) hl()‘)‘| [ ‘|
hi(L) — pr21 p)\ (= /\L)(L ) hi(A)
1 L
ha(L) — pﬁl pxmhﬂ)‘) i,
ha(L) = 25 s amfi— (V)| |27

63

A z A z
R (e ey R e e ey ey
A z A z
L~ T—22)(z—N) L=z T—22)(z—N)
A A% 1—pz
d1(27h(A))] _ [llkz (I=pNpr1 P 1 1p)\ (1- )\z)l()z )\)h()\)
- A )\ 1—pz
_d2(27h<>\)) 171/\2 (I=pNpm2  “pr2 1 1,0)\ (1- )\z)’?z )\)h()\)
((T1+T2
I C T T | R VI
(I=X2)(z=N) (1= M)(z=N)



The inside root of the determinant of C(z) is

2
1 (A—o)(mit72) | _ 1 (A=a)(mt72) |\~ _
(;JFP*#) \/(pJFP+ s ) 4

19 =
2
Using Cramer’s rule,
A z
di(z) o ame
det
A z
e = 2B 1% ey
det C(2)
The numerator is
A z
di(z)  —oaen
det
A z
d2(2) 1- g =ie—n

B 1 Az — ) A2 1
- {7

TESSICESY) - - pz)hm}'

al
1—pA)pm pr1 1 — pA

To make sure hi(z) does not have poles in the unit circle, we need to choose h(\) to remove the pole at ¥, which requires

¥ —A
"N =Ty

Therefore,

and similarly,

A.14 Proof of Proposition 4.3

Proof. The signal process and the Wold representation is the same as the proof A.13. The difference is when assuming

yit = h1(L)zk + ha(L)z3, the aggregate y; becomes
ye = (h1(L) + ha(L))&; + ha(L)e;.

By Proposition 3.1, we have

1 A ! 1
s - [t ]

T-—AL (I—pN)p72 Tit

64



and

. .
Euly] = o aony ML) - pnl pAuAth(A)] [ ]
’ N A L 1-pL
-EW}“(L) P7'21 pAWp)hl(/\)
[ L 1— oL
+ P?WhZ(L) p7'11 p)\(1>\Lph2()\)‘| [ ‘|
A L 1-pL
_Emh2(‘[’) p-,—2 T 1p)\ (1M17ph2()‘)

- 22 (L—p)(1—pL) 22 (A=p)(1—pL)
(L) + (nim)(lpu)(z sy (L) — (Tlim)(ﬁu)(iﬂ)hlo‘) i,

+ 712 (L—p)(1—pL) 72 (A—p)(1=pL)
hi(L) — (ri+72)(I—AL)(L—X) hi(A)

EEE = GO0 Rl coev [ C v ATy

The model requires that
Vit = Eqe[§e] + B[y,

which leads to the following system of analytic functions

hl(z) -
C(z) th(Z)l = d(z,h(N)

i A
A z T 722 (2—p)(1—pz) N .
1-— Ao T r)—n @ <7'1":7'2 (T1+/‘Jrz)(1—)\z)(z—>\)> T T =N
C(z) = 7
A z T 7125 (z=p)(1—p2) N R

| Ty T <_ e CEe o (vl eyl Tl (e | =y
[ 1 by QX 1 1-pz

d(z h(}\)) N d1(27h(A))] _ [1—Az(1—pA)pT1 - l)‘f'1 T—pX Mﬁz)\)h(A)]

’ o - 1 A A1 1—pz :
_dz(Z, h(X)) Tz ApNpra  Yom 1= p}\mh(/\)
Note that
(1—a)A(z—9)(1 —z)
det C =
et C2) 9= A2)(z =N

The inside root of the determinant of C(z) is

(0 Sgm) - (3 v s Ogiem) -
Y= 5

11t can be verified that h;()\) does not show up by using the property of \.
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Using Cramer’s rule,

A
di(2) o amen
det
A z
() = 120 1 ey
det C(2)
The numerator is
A z
di(z) -0 oS
det
A z
da(2) 1= o iy

1 Az — ) A2
{

TESOIEESY - “_p@MM}

al
1—pA)pm pr1 1 — pA

To make sure hi(z) does not have poles in the unit circle, we need to choose h(\) to remove the pole at ¥, which requires

9=
h(A\) = ————.
) aA(1l — p?9)

Therefore,

9 1

h =
1(2) pri(1—a)(1 —pd) 1 -9z’

and similarly,

0 1

ha(2)

- pri(1—pd) 1 -9z

A.15 Proof of Proposition 5.1

Proof. Let ¢ = {¢1, p2, ¢3} € £? x £2 x £2. The norm of ¢ can de defined as

oo o0 oo
[6] = |02 D @3+ 02D 0% +o2 ) o
k=0 k=0 k=0
Given ¢, let the signal process be

Ty = &+ €,

xZ, = ¢3(L)me + uir.

Then the signal process is well defined. let

Yir = O1(L)ei + d2(L)wir + d3(L)me,
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and the optimal linear forecast is given by

~

Eitlys] = b1 (L)eir + do(L)uir + d3(L)ny

If yir = Ei[&] + aEi[y;¢], then ¢ and @ is an equilibrium.

Define the operator T : £2 x €2 x 2 — 02 x {2 x {? as

T(¢) = T({b1, 92, #3}) = {ad, ads, ads}

The equilibrium is a fixed point of the operator 7. The proof of the contraction mapping is the same as the proof of

Proposition 2.1. The modification is that the expectation will be conditional on the signal process that depends on ¢. [

A.16 Proof of Theorem 5
Proof. Suppose the equilibrium policy rule ¢ = {¢q, ¢1, P2, ¢3} allows a finite ARMA representation. Assume that

Y_, (1+ 6,L)

¢3(L) =0y —mm=r—— =
yHizl(l - PkL)
where o, is a constant .
The signal process is then given by
1 _
Ty = Sten
x?t = Y+ Ui
where
ft szl(l + KlkL) -
e, (1= GeL) ™
y = i _,(1+6,L)

o, W (1+6:L)
VI (1 )"

The signal process can be rewritten as

iy (I4keL) zim(z t)
x; oe 0 wEaor P Y TIIO
Tit = [ ;] o ﬁ:glz(luikek)L) Uy | =M(L)sy
Tit Tu  OyTr_ (1—piL) e
By the 3.4 Theorem, we can find the canonical factorization
pxx(2) = M(()M'(z7') = B()VB'(z )
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Let u; = max{n,m}, us = max{p, ¢}, u = uj + ug, we have

b, (1—Cp2) T2 (1= 2) bo2llh_ (1—pp2)I 2, o (1—r2)
I, (1—tr2) M, (1—trz)
B(z)™t =
by 2T (1—Ce )T U272 (1—ry 2) b4n§:1(1—9kz)nii;iu,2_1(1—Tk~z)
Iy, (1—tk2) Iy _ (I—trz)
biz"1 T (2= G2 (2—Tk) b3zl TP (2= Ce) It v 2 (2 =)
my_, (z—tx) my_, (z—tx)
B/(Z—l)—l —
bZZuz—I’Hz:l(zfpk)n;;;}QJrl(Z*T)c) b4zu2_pni=1(Zipk)nii;izg—l(Zirk)
iy (z—tx) e, (z—tr)
and
_ U1 U2
[
R

Here, {t;}7_, are eigenvalues of ' — FK H which are within the unit circle. {ry}3"72, {bx}+_, and {v}{_, are functions

of the underlying parameters of M (2).

Applying the Wiener-Hopf prediction formula, suppose we want to predict a random variable f;, with

fo=[0a@) 0ol ds(D)] 5

where 11 (L), 2(L),1s(L) do not contain negative powers. The prediction is

E[fi|f] = [ps2(L)B(L™Y) ], VTIB(L) " M(L)s (A.27)
It follows that
pre(z)B' (=171
r P3(2) 2™ T (et k) ] b1zt TR (2= G2, (2—1) by "1 T (2= C)TIE "2 72 (2= ry)
0at1(2) + T ey TNy R ; TG :
Us(2)on 2P UL (z4+05) | | boz"2 PIE_ (2= pi)Tp 2 4y (k) baz"2 PIIE_ (z—pi) I3, (2= 7k)
Futp2(2) + T G ) - ll_I'k‘:l(zft:) - - H;;:l(zftk)+ =

oath1(2)b1z" 1 T (2= G2 (2= 1) +auwz(Z)bzz“?”’Hizl(Z—pk)ﬂﬁ;izﬂ(Z—m) i 3 (2)er(2)
H}:=1(27tk) H’Z=1(Z7tk) H']':=1(thk)

iy ‘Tuw2(z)b4z“2’pnzzl(Z_Pk)nii;iuz,l(z_rk) P3(2)ez(2)

Tath1(2)b3z"1 TP (2= G 02 72 (2= 1) + +
HZ:1(27tk) HZ:I(Zitk) H}::1(thk)

where
e1(z) = b1z T (2 + k)2 (2 — k) + booy 22T UI_ (2 + Gk)HZ;iﬁl(z —7k)
ea(2) = bgz" MR- (2 + mR)EEE 2 (2 — 1) + baomz™ Iy (2 4 012071 (2 — k)
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Also,

1

V*lB —1 _
(2) e (1— ty2)

I (1 - G2)Dulz) TP (1 mem(z)}
I, (1= Gez)Dai(2) 104 (1 — prz)Daa(2)

where

vlblﬂ}f’ (T =rpz) + vgb3zH"+"2_2(1 — r2) vlbgﬂ}j*i +1(1

Vb T2 (1 — 73.2) + vabs 2T 9272 (1 — 12)  vgboITi iz-i-l(l

—rz) + v by T124 2 (1 —rk2)

_ rkz) + ’l)2b4Hi 23_7” 1(1 - rkz)]
k=u+tus—1

9(2) B 9(2) - 9(\i)

e B e Y FE s W P DY crmp v Y v

To predict of y;, using equation A.27, the components are

H;" 1(1+I{@L)81(L Z
) M, (1-C DT, (L—tr) k=1 -

my_, (1 —txL)

Hﬁ 1(1+I{[tk)81(tk) !
Y (I=rhoety)(L—t, ) 2 (t—tr)

VIB(L) *M(L)sy,
H?:1(1+K2L)62(L Z Hl 1(1+I€[tk)€2(tk)
Iy, (1—CeD)IE_, (L—ty) k=1 T,

(I—rhogty)(L—tg) M 2p (tk—tr)
1
- L L L] i
(1= tnL) {91( ) 92(L) g3(L)| sut

Eit [61‘]

where g1(L), g2(L), and g3(L) do not contain negative powers and are independent of the equilibrium policy rule ¢

Eit[¢s(L)n:] =
_ iy
m e1(L) Dy (L)t (L) Ds(L) u e (t) Dy (L)+ea(t;)Dg(L)
Hk_l(l_CkL){ ! 11(1 tkLz)(L ti) (b( ) Z‘r 1 (L— tl)Hk 11(1 tkLQ)Hk;érst —tk)¢3( )}
Qo 1
e1(L)D2(L)+ea(L)Da(L) u e1(t:) Da(L)+es(tr) Da(L) m(i,t)
Hil(l_pkL){ H“_12(1 tkLZ — ti) ¢3( ) ZT:1 (Lftl) Iy _ 12(1 tki)nk¢7—4(t *tk)¢3( )} Uit
u
el(L)[HZZI(1+HkL)D1(L)+O'qu7 (1+9kL)D2(L)]+62(L)[HZ 1(1+I€kL)D3(L)+O'yH271(1+9kL)D4(L)]
U tx L) (L—Fk) ¢3(L)
-y 1 (t) [Ty (A4, L) Dy (L) +oy IT 1(1+9kL)D2(L)]+€2(tf)[HZ 1(1+rk L) Ds(L)+0, 1T} _ 1(1+9kL)D4(L)]¢ (t)
L T 1 (L=t )y _, (A= tk L) gty (b7 —t5) 3\t i

The equilibrium condition is

d1(L)emie) + G2(L)uy + d3(L)ne = Eg[&e] + o By [p3(L)n;]

By the Riesz-Fisher Theorem, we can solve the corresponding analytical functions. Particularly, if we can solve for ¢3(z)
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then ¢1(z) and ¢3(z) can be solved easily. ¢3(z) needs to satisfy the following condition

_ 93(2)
¢3(Z) - szl(gl _ th)

QM (4 Rie2) Di(2) + oy LG (14 052) D2 (2)] + ea(2) [y (L + wr2) D3 (2) + omlli_ (1 + 6x2) Da(2)] 63(2)
I (1~ tez)(z — t) ’
W zu: e1(t-) [Py (1 + krz)D1(2) + oy I} _ (1 + 0k2) Da(2)] + ea(t-) [P, (1 + k2z)D3(2) + oy I _; (1 + 0,2) Da(2)]
= (Z — tT)szl(l — tkz)Hk7§7—(t7— — tk)

¢3 (t‘l')
Multiplying ITI}_, (1 — tx2)(z — tx) to both sides leads to

{H}:_la )z — 1)
- a(e1<z>mz_1<1 T we2)Da(2) + oy T (14 6,L) Da(2)] + ea ()T, (1 + 2 Da(z) + 0TI, (1 + ekz>D4<z>1) }%(z)

=1 (2 — tr)ga(2)
Ca zu: e (2 — ti){ex(tr) iy (1 + £2) D1 (2) 4+ oy IT5 4 (1 + 042) D2 (2)] + e2(t-) [Ty (1 + ki2) D3 (2) + oy I (1 + 012) Dy (2)]}
Hk;ﬁv’(t'r - tk)

¢3 (tT)

T=1

The denominator of ¢3(z) (before eliminating inside roots) is

My (1=t2) (2—th) <€1 (2) M=y (14rpz) D1 (2)+oy I (140, L) D2 (2)|+e2(2) Iy (14kx2) D3(2) +o, IT (1+9kz)D4(Z)])

(A.28)
If we can show that the roots of the denominator of ¢3(z) are always different from {p;}}_;, then the proof is done. Here

we show that {p,}¥_; can be the roots of the denominator of ¢3(z) only if o = 1.

Consider the non-casual prediction formula for random variable f, i.e., the prediction based on z{°.

]E[ft|$zoo] = pfx(L)pxx(L)ilM(L)sit (A.29)
= pra(D)M(L)M' (L) 7 M(L)sy, (A.30)
= pp(L)BIL)VB (LY M(L)siy (A.31)

We focus on the third component of the prediction of n; = [0, 0, 1]s;;. Using formula (A.31)

0
pa(2)[B(2)VB' (77 M(2) |0
1
e1(2)[I3_; (1 + kr2) D1(2) 4+ 0y IT5_y (1 + 0r2) Da(2)] + ea(2) [y (1 + £r2) D3(2) + oy I (1 + 6k2) Da(2)]
Iy (1= tx2) (2 — tg)

The equation above is the third row of the prediction formula (innovation form) for n; when the prediction is based on x°,

i.e., the non-casual prediction. This equation has an intimate link with equation (A.28).
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Using formula (A.30), define 7y = 02,7 = 07 and 73 = 0. Also define A(z) as

A(z) = 72" MR (24 k) (1 + k)T (2 — o) (1= prz) + 1amsz” IRL (2 — Qo) (1= Gea)ITE_ (2 + 0k) (1 + Ok 2)
+7IL (2 = G) (1 = Ge2)I_y (2 — pi) (1 — pr2)

We have

o~

0
pua(2)[M (2)M' (=" 1)) 1M (2) |0
1

A(z) = Il (2 — ()(1 — CkZ)szl(Z —p)(1 — pr2)
A(z) '

Because formula (A.31) equals formula (A.30), we have
Iy (1 —te2)(z — tr) — (el(z)[Dl(z) + o 117 _ (14 05 L) Da(2)] + e2(2)[D3(z) 4+ oy 17 _; (1 + sz)D4(z)]>
o< Il (2 — o) (1 — Gea)IT}_y (= — pi) (1 — piz),
where
Tl (2 = Go) (1 — Gez)I_y (2 — i) (1 = prez) = A(z) = [A(2) = il (2 = G) (1 = Ge2)I_y (2 — pi) (1 — pi2)]-

Therefore, the denominator of ¢3(z) has roots {px}_; only when a = 1. If a € (0, 1), the roots of the denominator cannot

include {pr}_;.
O
A.17 Proof of Proposition 6.1

Proof. Note that x}n(i e = Qi T Em(ity the signal process can be rewritten as

1

Ty = Qm(it) T €it
E?t = x%@(i,t)t —a; =&+ €m(ipye T Wit
& = p&—1+

The two signals are independent of each other, and we can find the Wold representation for each of them separately. The

canonical representation for fft is

1—XAz
1—pz’

~ploZ+oy)
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where

The prediction of y,,(; ¢ is

Eit [Ym(i,t)¢] = Eit[hatm(ig) + h(L)(@memie),e) T €mieye) + ha(L)(Uam eyt + Emmi.e + &)l

where
2
) ) _ Oq 1
Ezt [a‘m(z,t)] - 0_3 + 052 o
Eit[@m(m(ir),-) = ai if 7 =t, otherwise 0
2v(1 — pL
Eitlem(i,ryr] = %fﬁ if 7 =t, otherwise 0
Eit[um@ne = 0
ol 1 .
Eitlemmnmnl = m%t if 7 = ¢, otherwise 0
Eulha(L)e] = vLho(L) ~ vA(l = pL)ha(N) 2
AN (L=AN(1=XL) (1=pN(L-MN1-AL))"™*

The system is

haai + hi(L)z} + ho(L)72

2 2
Ogq 1 Uev(l — pL) ~2
=a; +« |:ha 0_2 n 0_62 Ty + hl (0)0@ + hl (O)ﬁxlt
vLh(L) vA(L = pL)ha(N)) 2 ol 4
+ ((L N0 M) A= T =N =) ) et heO) il
which leads to
he =1+ ah1(0)
hi(0) = haTe 4 h(O)i
1 = aog—i—az aihz ag—i—o%
a2v(1 — pz) vzha(z) vA(1 — pz)ha(N)
h = ah £ — .
2(2) = ahu (0) 1—MAz + <(z—)\)(1—)\z) (l—p)\)(z—)\)(l—)\z)>

The third equation can be written as

o2v\(1 — pz)ha(N)
(1=pA)

“A(z— ) (z - ;) ho(2) = arhio2o(1 — p2)(2 — A) — a

where

l+ +1_7af <1+ +].—Ck)24 (A32)
p T o2t 02) p T o2t 02) ' ‘
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Use ha(\) to removes the inside root 9, we have

1—a2+%§<1—a2ﬁ o )

a € u

ha =14+ Oéhl(O)

adhi(0)o? 1 — pz

ha(2) = o2 T v
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