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1. Introduction

This paper provides an abstract framework for studying how
a monetary policy can anchor agents’ expectations of inflation in
a regime where the monetary-fiscal policy is Ricardian so that
agents’ expectations of inflation are a priori indeterminate. The
new element in our analysis lies in the way we model expectations
as an equilibrium sequence of probability distributions, and in our
focus on the consistency conditions that must be satisfied between
bond prices and agents’ expectations of inflation.

The indeterminacy in the model arises from the forward-
looking nature of expectations of inflation: agents’ borrow-
ing-saving decisions today, which determine the demand for
goods and current equilibrium prices, depend on their expecta-
tions of prices in the future. The choice of a short-term nominal in-
terest rate by the monetary authority serves to tie down the mean
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value of inflation next period but not its probability distribution.
Furthermore the natural transversality condition which could po-
tentially tie down the forward-looking inflation process at infinity
isremoved as a separate equilibrium condition when the fiscal pol-
icy is Ricardian, since this means that taxes automatically adapt
to asymptotically pay off the government debt (in present-value
terms).

Since expectations of inflation play an essential role in a
monetary equilibrium, we introduce them explicitly into the
model. We consider a cash-in-advance model with a simple
saving-consumption-labor choice of the type studied by Schmitt-
Grohe and Uribe (2000) with certainty and by Nakajima and Pole-
marchakis (2005) with uncertainty, in which agents believe that
inflation next period can take one of a finite number of values—a
discretization of agents’ beliefs. In a rational expectations model
the probability distribution on this support of inflation rates must
be compatible with the prices of the nominal securities traded on
the financial markets, in particular the prices of government bonds.
The monetary authority, aware of this fact, determines the prices of
(the interest rates on) bonds of different maturities 1, ..., T with
a view to “anchoring” the stochastic process of beliefs to a process
of its choice. Since the short-term nominal interest rate influences
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the labor (production) decision which in turn influences the real
interest rate, restrictions must be placed on the candidate inflation
processes to be sure that they are compatible with non-negative
nominal interest rates. This is how the so-called problem of the
zero lower bound enters in the analysis, as a problem of existence
of equilibrium. Thus the first step of our analysis is to define the
set of inflation processes to which the monetary authority can con-
sider anchoring agents’ expectations because they are compatible
with the existence of an equilibrium.

Having established conditions for the existence of an equilib-
rium we then turn to the problem of uniqueness of equilibrium.
The standard approach to analyzing uniqueness (determinacy) in
a monetary model is to examine whether, given short-term inter-
est rates chosen by the monetary authority, there is a unique infla-
tion process which is compatible with equilibrium. When the fiscal
policy is Ricardian uniqueness does not hold since the short-term
interest rate only ties down the expected value of inflation.! This
is why we assume that the monetary authority uses more instru-
ments than the short-term interest rate and fixes the interest rates
(prices) on a family of bonds of different maturities, i.e. a part of the
term structure of interest rates.> We find conditions under which a
term-structure policy is associated with a unique inflation process,
that is when there is a unique inflation process for which the bond
prices satisfy the equilibrium pricing equations. When uniqueness
holds we say that the monetary policy anchors agents’ expecta-
tions, since from the knowledge of the interest rates that will hold
in the future, agents can only adopt one compatible belief. This of
course requires transparency of the monetary policy and rational-
ity of investors.

Uniqueness is first studied for an economy in which all agents
are identical and there is no fundamental uncertainty, so that all
uncertainty comes from the agents’ beliefs about inflation. The re-
sults are then extended to an economy subject to real (produc-
tivity) shocks satisfying a Markov process in which agents are
heterogeneous. The conditions for uniqueness are expressed as
rank conditions on the prices of the bonds, which essentially re-
quire that the term structure of interest rates vary with current
inflation. This in turn implies that the inflation process to be an-
chored must be such that the probability distribution of next-
period inflation rates varies systematically with current inflation.
While there is considerable flexibility in the belief process a mon-
etary authority can induce, it cannot induce a deterministic belief
of immediate return to some chosen target inflation rate, or even
beliefs which are independent of current inflation.

The sharp characterization of conditions for both existence and
uniqueness of equilibrium hinges on a crucial transformation of the
equilibrium from an extensive to a reduced form. The extensive
form expresses the conditions which must be satisfied period by
period and involves a large number of variables - the real and
financial decisions of the agents and the government and the
associated prices — making it essentially intractable. The reduced-
form equilibrium involves the minimum number of variables
needed to characterize an equilibrium and the constraints which
are retained are expressed in the more condensed present-value
form.

1 When taxes are exogenously given in real terms, so that they do not adjust
to accommodate the government debt as in the Ricardian case, the transversality
condition for the government’s debt becomes an equilibrium condition which
serves to tie down prices and leads to the uniqueness of equilibrium. This explains
the determinacy in monetary models without a fiscal policy (i.e. with zero taxes),
e.g. Dubey and Geanakoplos (1992, 2003, 2006) or Lucas and Stokey (1987).

2 Arelated approach to establishing the uniqueness of equilibrium in the state-of-
nature model of Nakajima and Polemarchakis (2005) is given in Adao et al. (2010). In
Magill and Quinzii (2013) it is shown that there is another type of monetary policy
consisting of fixing the expected value of the future short-term rate for several
periods ahead which also ensures the uniqueness of equilibrium.

Section 2 introduces the model of a monetary economy in which
the fiscal policy is Ricardian and agents’ expectations of inflation
are described by a sequence of probability distributions which
are endogenously determined in equilibrium, and establishes the
basic theorem on the equivalence between an extensive-form and
a reduced-form equilibrium. Section 3 establishes conditions for
the existence and uniqueness of equilibrium for an economy with
no fundamental uncertainty and a representative agent. Section 4
shows how these results can be extended to an economy subject
to real productivity shocks in which agents are heterogeneous.
Section 5 gives a brief review of the related literature on the
determinacy of equilibrium.

2. Monetary economy

Consider a monetary economy in discrete time over an infinite
horizon with a finite number of agents, in which money serves not
only as a unit of account but also as the medium of exchange. The
objects of trade are goods and securities and the purchase (pay-
ment) for either must be made using money. There are two sets of
agents: J¢, the finite set of households in the private sector, and
a government, the monetary-fiscal authority. The government is-
sues money and nominal (government) bonds of different matu-
rities and imposes taxes on the agents. There are two sources of
uncertainty in the economy: the first is real, the second nominal.
Real uncertainty is modeled as usual by exogenous shocks which
affect the productivity of the economy. Nominal uncertainty on the
other hand is endogenous: prices today depend on agents’ con-
sumption-savings decisions since these determine the quantity of
money they use for current consumption, and these decisions in
turn depend on the agents’ expectations about future prices. Thus
we model the nominal uncertainty as a process for agents’ beliefs
about inflation requiring that in a rational expectations equilib-
rium the beliefs coincide with the actual process.

Uncertainty and event-tree. To simplify the modeling of the
agents’ belief process about inflation, we discretize the support
of the possible inflation rates, identifying each subinterval with a
particular inflation rate in the subinterval (typically the midpoint
except for the two extremes which represent the upper and lower
tails).> We then approximate a probability distribution on the
inflation rates at date t by the discrete probability distribution on
the finite support consisting of these representative inflation rates.
Since we are interested in stationary equilibria we take the same
support IT = {my, ..., ws} at all dates, letting § = {1,...,S}
denote the index set of the inflation rates. Since the belief process
can be influenced by actions taken by the monetary authority, the
sequence of probability distributions on the support I7 forms part
of the endogenous variables in an equilibrium.

The real uncertainty arises from the fluctuations in the pro-
ductivities of the agents in their production activities: let § =
{1, ..., G} denote the index set for the possible real shocks. The
process of real shocks is exogenously given by a family of proba-
bilities A = (A¢)¢>0 on the histories (g, . .., &) of the shocks up
to date t, with the property that

Z At(g()v"'?gt):]v
(808 €Y'
At(g(h e 7gt) = ZA[+1(gOa <o 8ty g)

8€§

where §' denotes the set of partial histories of the real shocks to
date t. Let D, = &' x g' denote the set of partial histories of the

3 Inorder that the tails, in particular the upper tail, can be represented by a finite
value, the probability of very high inflation rates must be negligible.
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combined inflation-productivity shocks with typical element & =
((s0, 80)5 - - - » (5¢, &)). D; denotes the set of nodes or date-events
at date t: the union of all such date-events defines the event-tree

o0
D= U]D)[
t=0

consisting of all possible date-events £ into the indefinite future.
Any date-event £ has a date t(£), a unique predecessor £~ at date
t(€) — 1and a set £ of immediate successors at date t(£) + 1.If
§ = ((s0,80), - - -, (5, &)) then

£ = ((50,80)s - - (St—1,&-1)),
ET = {((50.80)s -+ (5¢,80), (5, 8)) | (5, 8) € 8 x §}.

For any node £ € D, let D(§) denote the subtree originating at &
and let Dy (&) denote the nodes of the subtree D(£) at date T.

Abelief process Bon the event-tree D is a family of probabilities
B = (B)>0 on the partial histories D; such that

ZBg:], B: = Z B, YEeD,

&eDy Eett

where we use the shorthand notation B to denote B)(£). The
agents’ beliefs must be consistent with the exogenously given
probabilities A = (A;)¢>¢ for the productivity shocks, which are
assumed to be independent of the realized inflation rates. Thus we
say that a belief process B = (B;);>o on D is compatible with A if for
allt >0

D Bi((50,80) -, (51, 8)) = Ao, - -, ),

(505---,5t)ESL
v (g, ---

Agents’ characteristics and actions. To incorporate production into
the model in the simplest way which at the same time captures
the idea that production is influenced by the nominal interest rate
set by the monetary authority, we follow Schmitt-Grohe and Uribe
(2000) and Nakajima and Polemarchakis (2005) using a cash-in-
advance model in which consumption is a ‘cash good’ and leisure
is a ‘credit good’ in the terminology of Lucas and Stokey (1987). We
assume that there are H agents (indexed by h € #¢)and that ateach
date-event £ € D an agent has an endowment e" of ‘time’ which
can be used either for leisure (E’g) or to produce labor services (Lg),

with e" = ¢f + L}, & € D. The agent sells the labor services L}
to a firm which uses them to produce y; = ang units of output,
the productivity of the agent’s labor services depending only on the
real and not on the inflation shock.* If cg is the agent’s consumption
of the good at node &, then the pair x} = (c/, £) generates the
flow utility u"(cg, £}) where the functions u", h € #, satisfy the
following conditions.

.8&) €§.

Assumption U (Preferences). For each h € # the function u" :
R, x [0, e"] — R has the following properties:

1. increasing and differentiably strictly concave:
uc>0,u >0
uee <0, ugg <0, u'gcu';( — (u?z)2 >0

2. supermodular: u, > 0

h h
.. u-(c,l) > ocoasc —> 0, VLe (0, e")
3. Inada conditions:
up(c,¢) > ocoast —0,¥c>0

. .. u?(c,ﬁ)—>0asc—>oo,‘v’le(0,eh)
4. asymptotic satiation: N
uy(c,f) > 0ast —e’, Vc > 0.

4 The formal assumptions are made explicit in Section 4 where we also assume
a Markov structure for the shocks: if at date t(&§) the current shock is (s, g) then
h h
al =a;.
§ g

Given a belief process B, a consumption-leisure process® ¥ =
(cg, zg)ge]@ on the event-tree D generates the lifetime expected
utility

U = Zét(E)Bguh(xg), 0<68<1. (1)
Eeb

In addition to the consumption-leisure decision xg the agent

makes a portfolio decision at each date-event which finances the
consumption stream. To describe the transactions we use the
standard timing of the cash-in-advance model, each period being
divided into three subperiods. In the first subperiod, securities are
traded and taxes are paid to the government; in the second the
available money balances are used to purchase the consumption
good at the current money price pg and in the final subperiod firms
pay agents for their labor services.

Thus in the first subperiod the agent decides on the money
fng to lay aside to finance the purchase of consumption pgcg, and
on the holding of the securities, which consist of zero-coupon
nominal (government) bonds of maturities t = 1,...,T and a
collection of private-sector short-lived securities in zero net supply
indexed by j = T + 1, ...,J with payoffs V/, (in units of money)

at the immediate successors &’ € &7. Let g, denote the set
of T government bonds, let §, denote the set of private-sector
securitiesand let § = g;Ug, be the set of all securities. We assume
that the combined set of securities is sufficiently rich to ensure
complete markets (full spanning at each node £ of the event-tree

D). Let gz = (q’é)jeg denote the vector of (money) prices of the

securities and let zg = (zgj )jeg denote the agent’s portfolio at node
&, the first T components consisting of the agent’s holdings of the
government bonds. Since a t-period bond purchased at node &
becomes a T — 1 period bond at each of the successors ¢’ € £+ and
since the 1-period bond at node & pays 1 (dollar) at each successor,
the payoffs at £’ € £* of the T bonds purchased at node & are given
by the vector (1, qg,, R qg,_l). Given that we focus on the bond

market, we let gz = (1, q;, e qg_l, Vé,j =T+1,...,])denote

the payoff at node & of all the securities traded at node £~. The
SG x | matrix of payoffs of the securities traded at node & at the
successors £ is denoted by

[qEJr ] = I:qls’] jeg
gleet
The condition that markets are complete is equivalent to the
property that rank[ gs+1 = SG, or that [ gs+] is invertible for all
& € D. We consider only price processes g which do not offer
arbitrage opportunities, so that each agent has a solution to the
problem of choosing an optimal portfolio. For any no-arbitrage q
there exists a process P = (Pz)gepn, where Pg /Py, is the present
value at date 0 of a promise to deliver one unit of money at node &,

such that P qf§ = Zs'eer Pgrff ,. Given the assumption of complete

markets, P is unique up to normalization.
Let mg, denote the money balances brought into node &; since

the agent receives the payoff @gzg, on the portfolio zg, purchased
at the preceding node, he has the wealth wg' = mg, + QSZ’L
available in the first subperiod of node & to buy a new portfolio zg of
the securities and to pay the taxes Qg which are due. The agent lays
aside enough money balances r?lg > pgcg to purchase the planned
consumption cg on the goods market of the second subperiod. Thus

5 Throughout the paper we use boldface to denote a vector defined over the
whole event-tree D (e.g. X" = (xg )zen), or a vector defined over the set of agents

(e.g. x: = (x'g),,e,;f), or a vector of bond prices for bonds of different maturities
(eg.qe = (af, .-, ap)-
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the agent chooses (fii}, z[') so that

My +6f +qezf =ml +Gczl , €D 2)
mf > psct, & €D. 3)

Let w¢ denote the wage at node £. In the last subperiod of node &,
the firm pays the agent wga’gL’g for the labor services rendered at
node &: this money and the unspent balances

mg = wgang + (M} —pecl), &e€D (4)
are transferred to each of the successors £’ € £ of node &.

Since the agent is not willing to lend to any other agent or the
government “at infinity”, and since no agent is willing to lend to
him “at infinity”, he is obliged to confine his portfolio strategies to
those for which the transversality condition

li b= £
TLHOIO Z Peqsz; =0, VEeD (5)
§ebr(§)

is satisfied, where P = (Pg¢)gcp is the valuation of income compat-
ible with the price process q (see Magill and Quinzii (1994)).

Monetary and fiscal policy. Whether or not there is a problem with
the determinacy of agents’ expectations of inflation depends on
the way monetary and fiscal policy interact. We are interested in a
regime where the monetary policy is dominant and the fiscal policy
adapts to ensure that the government debt does not grow too fast,
since this is the natural setting in which the monetary policy has a
role in tying down agents’ expectations of inflation.

To introduce the fiscal policy in the simplest way we assume
that the government inherits a debt at date 0 which it needs
to finance. There is no government expenditure on goods, so
that what we call “taxes” is actually the excess of revenues over
government expenditure, i.e. the primary surplus. At each date-
event the government can issue money and bonds of several
maturities, and can tax (or make transfers to) the agents. Let M;
denote the money outstanding at node & and let (Zé ,j € ) denote
the portfolio of bonds of different maturities issued at node &: to
keep the government’s portfolio commensurate® with that of the
agents in the private sector it is convenient to set Zé =0forje gp

and let Z; = (Zé, j € §).Let 6; denote the taxes at node £ and let

We = M- +qcZ;-, €D

denote the government liabilities at the beginning of node £, inher-
ited from the preceding node. These liabilities need to be covered
by taxes 6¢, and open market operations (Mg, Z¢) satisfying

Mg + 0 + qsZe = Mg + QsZs-, & €D. (6)

We do not address the choice of an optimal fiscal/monetary policy
but rather focus on characterizing policies which are compatible
with the existence of a unique equilibrium. We can think of the fis-
cal authority as deciding the taxes ¢ while the monetary authority

decides the bond prices (q’s ,J € $4) and accommodates the private
sector demand for money and government bonds. However we as-

6 Since there are no transaction costs we follow the same convention for the
government’s portfolio as for the agents’ portfolios, assuming that the government
closes the portfolio Z¢- at node & and issues the new portfolio Z¢. The restriction
Zé = 0ifj € g, is not essential and the results that follow do not depend on it.
Traditionally the monetary authority (central bank) has not traded private-sector
securities, but this has changed with the “unconventional” QE policies.

sume that the fiscal policy is secondary to the monetary policy in
the sense that for any path (M, Z, q) = (Mg, Z¢, q¢)zep Of mone-
tary policy, taxes are set to ensure that the government’s liabilities
do not grow “too fast”, which is formalized by the property that
the transversality condition holds for the government’s liabilities:
this is the analogue of condition (5) for any private sector agent,
namely that } .,z PsWe — 0asT — oo for every & € D.
Sargent (1982) gave an intuitive example of a fiscal policy which
has this property - any additional government expense must be
financed by an increase in current or future taxes to pay for it -
and thus called it a “Ricardian” fiscal policy. Here we do not have
government expenses, just a debt to finance, so we adopt the more
abstract rule considered by Benhabib et al. (2001): there is some
ag With 0 < ¢ < 1 such that

1
Te

1
1+@

Mg +9€ = OlgWg, S € D. (7)

At each node of the event-tree the tax 0; plus the seignorage rev-

1
T, . . 1rtar
enue H%Mg reimburses a fraction o of the current liabilities W;.
5

1
For example if oz = % then the rule becomes
5
1 1
T r
7‘51(1\/15 — M) = _ &

0$+1+r T4
3 &

a;ZE—, E eD

so that the tax plus the seignorage revenue on the issue of new
money covers the interest on the debt G¢Z;- inherited at node &:
this is a slightly modified version of the “balanced budget require-
ment” of Schmitt-Grohe and Uribe (2000). As we shall see in the
proof of Theorem 3, the following assumption implies that a rule
of the type (7) ensures that the present value of the government
liabilities tends asymptotically to zero.

Assumption RC (Ricardian Condition). The fiscal policy is such that
the process (cg)zep in (7) satisfieso < o < 1forallé e D for
some o > 0.

In a multi-agent economy the total tax 6; needs to be shared by
the agents: we consider a simple proportional rule of the form

Qgh = yhei;, E S ]D), h [S4 (8)

for some ¥ = (Yu)nes € A, the simplex in R, Agents should
not be required to pay more taxes than they can possibly pay with
their income, since this would lead to nonexistence of equilibrium:
in Theorem 15 below, which establishes the existence of an equi-
librium in a multi-agent economy, we give an assumption which
ensures that each agent’s after-tax income is positive.

An economy is described by the agents’ characteristics, their
initial holdings of money and bonds, and by the fiscal policy of the
government. Thus we let

&, é,e,a,A,m_y,z_q, 0, p)

(often shortened to &) denote an economy in which agents’
preferences and endowments are given by (u, 8, e, a) = (u", 3, e",
(a’s1 )gg]n)) neser ATS the process of real shocks, initial money and bond
holdings are (m_1,z_) = (m",, z" )nes, the initial liabilities of
the government being (M_1,Z_1) = >, (m" ,, 2" ), and (e, p)
describes the government fiscal policy.

With a Ricardian fiscal policy, if the sole instrument of monetary
policy consists in fixing the short-term interest rate then the
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equilibrium is indeterminate’: in the simplest representative-
agent case this is an immediate consequence of Proposition 4
below (see also Nakajima and Polemarchakis (2005)).

Our objective is to show that, under an assumption of station-
arity, the monetary authority can tie down agents’ expectations of
inflation to a process of its choice if it uses more instruments than
just the short-term interest rate. We are thus led to study a mon-
etary policy which consists in fixing the prices of bonds of ma-
turities 1, ..., T as function of current inflation, which we call a
generalized interest-rate rule or a term-structure rule. We show that
under appropriate conditions such a policy leads to a unique equi-
librium. In Magill and Quinzii (2013) we show (in the setting of an
exchange economy) that such a uniqueness result can also be ob-
tained by a monetary policy which consists in fixing the current in-
terest rate and the expected values of the short-term interest rate
for the next T periods, which we call a forward-guidance rule. For
brevity the formal analysis of this paper - the relation between ex-
tensive and reduced-form equilibrium, existence and uniqueness
of equilibrium - is restricted to the case of a term-structure rule.
We leave it to the reader to adapt the arguments to the case of a
forward-guidance rule. The conditions for the existence of equi-
librium are the same for both types of policy and the restrictions
on an inflation process required to obtain a unique equilibrium are
essentially the same, the differences being explained in Magill and
Quinzii (2013).

Thus in this paper a monetary policy consists in fixing the
prices (q’s,j € Jg)een of the government bonds for every node
in the event-tree. Such a policy must be compatible with the
expectations process B for inflation since nominal interest rates
depend on real interest rates and expected inflation. Thus the
beliefs enter as an integral part of the description of an equilibrium,
to express the property that they are compatible with the bond
prices chosen by the monetary authority. In the spirit of inflation
targeting we interpret B, or more precisely the inflation component
of B, as being chosen by the monetary authority, the monetary
policy q ensuring that agents adopt B as their beliefs. Uniqueness
of equilibrium - the property that there is only one process B
compatible with the monetary policy - is then essential to ensure
that the monetary authority can “anchor” agents’ expectations of
inflation to B.

An equilibrium consists of a monetary-fiscal policy for the gov-
ernment, which includes an inflation process to direct agents’
expectations and the associated bond prices, consumption-labor
choices by agents as well as their associated money and portfolio
holdings, production plans for firms, and money prices for labor,
consumption good and securities across the event-tree, which are
mutually compatible. Let £!(D) denote the space of summable se-
quences on the event-tree D, £!(D) = {P € R”| Z&D |P:| < oo}.

Definition 1. An (extensive-form) equilibrium of € is a triple con-
sisting of choices by the government and the agents, and prices

[(B. @yes, 1.2.6). (R .2.5.1). (P.P.& @yes, ) |
such that

(i) Bis compatible with the exogenous process A;

7 This well known in macroeconomics since it was first pointed out by Sargent
and Wallace (1975) and subsequently gave rise to a substantial literature which
sought to obtain determinacy by assuming an interest-rate rule satisfying the Taylor
principle with a more than one-for-one response of the short-term interest rate
to inflation. Uniqueness results can be obtained if the criterion for uniqueness is
weakened to local uniqueness around a steady state (see e.g. Woodford (2003)
and Benhabib et al. (2001)). Benhabib et al. (2001) show that the result on local
uniqueness is sensitive to the way preferences for money are modeled, and also
show that local uniqueness does not in general imply global uniqueness.

(i) for every node & = ((so, £0), .-, (5t,&)) € D, pr = (1 +
7o) (T4 ms);
veen = =] = 2] . = _
(ifi) PeGy = Y prce+ PerGer, VE €D, j € &, (PePe)zen € £} (D);
(ivigF <1, t=1,...,T;
(v) @, ', 2" maximizes Y ., 8© Beu (x!) subject to (2)~(5)
with prices (P, p, @, §);
(vi) (¥e, I_,s) maximizes pzy — @gL, subjecttoy = L, forall§ € D;
(vii) (M, Z, 6) satisfies (6)-(8) and RC;
(Viil) P& = Ypese 6 Le = Dpese GELL, Ve = Le, £ € D
. ~h — — =
(ix) Zhe)f’ me = ME’ Zheﬂ Zg = Zf’ § eD.

As can be seen from (ii) we take as given the root node &, =

(S5- &,) so that the initial inflation and real shock are well defined,
setting the price pg, = p—1(1+ 75,) equal to 1. This normalization
is used since with an interest rate policy the price level at date 0
is not determined. The analysis focuses on whether the inflation
process is determinate. (iv) ensures that the nominal interest rates
on the bonds of different maturities are non-negative. If g; is the
price of the t-period bond, the associated interest rate or yield to
maturity rg is defined by q; = and qg < 1is equivalent to
r; > 0.
Reduced-form equilibrium. The sequential structure of an extensive-
form equilibrium makes it a complex object to analyze directly. For
analytical purposes a simpler form of equilibrium can be obtained
by expressing all budget equations (both those of agents and the
government) in present-value form, eliminating the financial vari-
ables - money and portfolios — while retaining the present value
of taxes and the bond prices to capture the government fiscal and
monetary policy. To simplify the analysis of equilibrium we assume
that the portfolios z" | inherited from date —1 are composed only
of short-lived bonds, so that the wealth w{! of each agent h € # at
the beginning of date 0, w! = m" | +2z" , is exogenously given and
does not depend on the security prices at date 0. We also simplify
the description of a reduced-form equilibrium by taking (i) and (ii)
of Definition 1 as given, namely that the process B is compatible
with the exogenous process A for the real shocks and that the spot
(money) price of the good is given by ps = (1 + 75,) ... (1 + 75,.)
forany & = ((so, o) - - - » (5¢, &)) € D.

1

Definition 2. A reduced-form equilibrium of the economy & con-
sists of a pair

(2. @s6).57)
such that
(1) (Pepe)een € LL(D);

(2) %" e argmax{zgem 8'®Beu" (xf)

h

h_ yh
5= (. GE—t)
Zsem Pep; (Cs 1+47]

=h =h oh .
(3) Zhe]ﬁ‘ G = Zhe]@ aé(eh _gg)v §eD;
() PGi =Yoo P @, Lag=11=1,..., T, €D;
B)g<lr=1,...T &§eD

The number of variables in a reduced-form equilibrium is much
smaller than in an extensive form equilibrium since portfolios,
money holdings and period-by-period taxes no longer appear.
The sequence of node-by-node budget constraints for each agent
is replaced by a single inter-temporal budget constraint so that
the optimal lifetime consumption/labor decision of an agent
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only depends on the present-value prices (P¢pg)ecp, the agent’s
share y" of the present value of taxes @, and the sequence of
short-term interest rates (F;)EGD because of the cash-in-advance
constraint. Furthermore there is no inter-temporal constraint for
the government since the Ricardian condition (RC) ensures that the
present value of taxes plus seignorage reimburse the government’s
date 0 liabilities, for all values of prices and interest rates over the
event-tree. Although the prices of the private-sector securities are
not present (they can be reconstructed from the security payoffs
and the present-value prices) the prices (¢ )jeg, Of the government
bonds appear in a reduced-form equilibrium since they are chosen
by the monetary authority. The compatibility conditions (4) can be
viewed either as a restriction on the bond prices (qi)jegg given P,
or as a restriction on the present-value price P given (qf)jegg: in
the analysis that follows we use the latter interpretation. In the
next theorem we show that all the variables of an extensive form
equilibrium can be recovered from the knowledge of the reduced-
form equilibrium.

Theorem 3 (Equivalence of Extensive and Reduced-form Equilib-
rium). If financial markets are complete,? (rank [aEJr] = SG for all

£ € JD)) then ((B, (@)jeg,» O, f’) is a reduced-form equilibrium
of & if and only if there exist money holdings, portfolios, taxes and
prices such that [(B, (@i)jegg, M, Z, 9)), (i, m, z, J_’,l_.), (I_’,I_L
&, @es, )|

Proof. (See the Appendix). It is straightforward to show that
an extensive-form equilibrium must satisfy the conditions of a
reduced-form equilibrium. To show the converse, the first step for
recovering the variables which no longer appear in a reduced-form
equilibrium is to reconstruct the prices of the private-sector se-
curities using the no-arbitrage equations P¢q; = Z$,€§+ Py ?]é,‘ !
and to show that if a sequence of taxes (6¢) has the present value
ZSED 13505 = @ then the opportunity sets of an agent in the
extensive-form and the reduced-form equilibrium are the same.
The second step is to show how the government portfolio-tax pol-
icy can be reconstructed when the agents’ demand for money is
known. The last step is to show that the market clearing condi-
tions are satisfied on the government bond and private securities’
markets.

is an extensive-form equilibrium of 8.

Theorem 3 plays a crucial role in the analysis that follows: for
an equilibrium expressed in reduced form has a sufficiently simple
structure to permit the existence and uniqueness of equilibrium
to be established. The basic ideas and the analytical approach are
most easily explained in the simplest setting of an economy with
identical agents (representative agent) and no shock to productiv-
ity. This is the case studied in the next section. In Section 4 we show
how the analysis can be extended to an economy with heteroge-
neous agents and real shocks.

3. Identical agents and no real shocks

Consider the special case of the economy in Section 2 in which
there are no real shocks (G = 1), all agents have identical prefer-
ences and endowments, u" = u,a" = 1,e" = 1forallh € ¥,
and the only securities are the government bonds: g, = #. If we
write the equilibrium in per-capita terms, then the equilibrium is
formally equivalent to the equilibrium of Definition 1 withH = 1,

8 If there is only one agent, or equivalently all agents are identical, the condition
of complete markets is not necessary for the theorem to hold.

yh=1, gp = 9. In the next proposition we show that the vari-
ables which characterize an equilibrium can be further reduced to
just the belief process, the bond price and consumption processes,
because the present-value prices P and the present value of taxes
© can be deduced from these variables. To ensure the summabil-
ity of present-value prices (P:P¢ )z ep the consumption sequence is
assumed to be uniformly bounded away from zero.

Proposition 4 (Equilibrium Equations). If & is an economy with
identical agents, then a reduced-form equilibrium for which ¢z >
g,V& € D for some ¢ > 0 is characterized by the pair ((B, q), ¢)
satisfying the system of equations

uc(Cg,1—C¢) _ -1
(a) W) = 1+7:,5§€D

= _ — = = Uc(Cer, 1=Cpr)

(b1) Beue@e, 1 = COTf = 8 peer B0 W 1 =
1,...,T,z;g,=1,se1n>

b2) G <1, t=1,....,T,§ €D.

Proof. (—) Let ((B, q,0),%, I_’> be a reduced-form equilibrium.

The FOCs for the maximum problem (2) of Definition 2 for the agent
imply that there exists A > O such that forallé € D

Bg 5t(é) UC(L_'E, ES) =X 13§ f)g (9)
- o - Ps P

Be 8'® uy (@, b)) = A — 10
e e(Ce, Le) 1+fg] (10)

where, by Assumption U the consumption/leisure decision is
always interior. Market clearing implies £ = 1—c¢ and (a) follows
by taking the ratio of (9) and (10). Replacing I_’g by its value given
in (9), (4) of Definition 2 implies that (b1) is satisfied, and since
(b2) is the same as (5) of Definition 2, a reduced-form equilibrium
satisfies (a), (b1), (b2).

(<) Let ((B, §), €) satisfy (a), (b1), (b2). For all ¢ € D define
7 - 5 B c(Ce .t = - 37 .
le =1—¢C;, P: = B; 8“9%, so that Pg, = u.(Co, o). Since

¢ is uniformly bounded away from O, (135 Pe)eep € £1(D). (9) is
satisfied with A = 1 and since (a) holds, (10) also holds with A = 1.

— - 7l - _ -
Define ® by Y ., Pgﬁgégl%g + Pz, ® = Pg,w{. Then ¥ satisfies

the budget constraint in (2) of Definition 2, and since the FOCs are
satisfied it solves the maximum problem (2) of Definition 2. Thus

((i}, q, 0),x, 13) is a reduced-form equilibrium. O

In the representative-agent case the system of equations char-
acterizing an equilibrium has a strikingly simple form: it reduces
to the representative agent’s FOCs for optimal consumption/leisure
and portfolio choice. In particular the representative-agent inter-
temporal budget equation is not included since we want the
equations to be independent: the agent’s inter-temporal budget
constraint is the mirror image of that of the government and, by
the Ricardian property, the present value of taxes always adjust so
that the inter-temporal equation of the government is satisfied. In
the proof of Proposition 4 the agent’s budget constraint is used to
define the present value of the taxes which are part of a reduced-
form equilibrium, once it is recognized that the nominal present-
value prices P are the probability of the node times the marginal
utility of one unit of money at this node.

It is clear from the FOC (a) that the “real” allocation only
depends on the current short-term nominal interest rate rg and
that the process of inflation per se has no direct real effect. It
is however useful to study the conditions which ensure that the
process of inflation can be anchored by a monetary policy in this
model with flexible prices since it is simpler to analyze than a
model with staggered prices and imperfect competition in which
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inflation has a direct real effect. It is standard practice in monetary
theory to study the determinacy of equilibrium in the model with
flexible prices (Schmitt-Grohe and Uribe, 2000; Nakajima and
Polemarchakis, 2005) since the conclusions typically extend to the
more complex model with rigidities (Nakajima and Polemarchakis,
2005; Adao et al., 2010).

It follows from (a, b1) in Proposition 4 that a monetary policy
which only determines the price of the short-term bond cannot
fully anchor agents’ expectations of inflation. The choice of a
sequence of short-term interest rates (Tg)gem determines the real
allocation (cz)zep through the equations (a). But any process B
which satisfies

UC(ES/, 1-— Eg/) 1
- ZB“f/u(a =) 1tm ©
geet c\&8s § T/

where Bg; is the conditional probability at node & of the successor
node &’ € &7, satisfies the equilibrium equations. Since a single
equation at node & cannot determine S values (Bgg/)¢rez+ there are
infinitely many inflation processes compatible with the sequence
(rg)gem, of short-term interest rates. However if the monetary au-
thority fixes the prices of more bonds the restrictions on the pro-
cesses B imposed by equations (b1) increase and, as we shall see,
by fixing the prices of S bonds® at each node it is possible to anchor
expectations of inflation to an appropriately chosen process B.

The concept of equilibrium assumes that the government is
committed to the bond prices (¢/,j € g) and that agents know
them over the whole event-tree. The latter assumption only seems
reasonable if there is a systematic rule by which bond prices are set
at each node. In the analysis that follows we focus on simple rules
for which bond prices depend only on current inflation: this is in
the spirit of Taylor rules for the short-term interest rate studied
in New-Keynesian models (see Woodford (2003)). It is clear from
Proposition 4(a) that if the security prices only depend on current
inflation, then the agents’ consumption, which is determined by
the nominal short-term interest rate, also only depends on current
inflation. Since (b1) is a system of first-order difference equations,
if the bond prices and the consumption only depend on current
inflation and if B is the only belief compatible with the system of
equations (b1), then it has to be Markov. We thus restrict attention
to Markov processes for inflation characterized by a Markov matrix
[Bssls.srcs: if & = (S0, 51,...,5) and & = (so,S1,...,5,5) then
Begr = By

As a special case of Proposition 4 we characterize a Markov
reduced-form equilibrium ((B, ), ¢) as a Markov matrix B =
[Bss’]s,s es,bond pricesq = (g, t = 1,...,T,s € §) and a vector
of consumption ¢ = (¢;,s € 4) which only depend on current
inflation.™®

Corollary 5 (Stationary Equilibrium Equations). If & is an economy
with identical agents, then a Markov reduced-form equilibrium is
characterized by a pair ((B, @), €) € R x RF x R’ satisfying the
reduced-form equilibrium equations

(a) uc(Cs,1-Cs) __ 1+r5’

ug (Cs,1—Cs) se /3;

9 Equation (b1) when applied to long-term bonds (t > 2) is usually viewed as a
statement that agents’ expectations of inflation determine the prices of long-term
bonds: see e.g. Soderlind and Svensson (1997) and Goodfriend (1991, 1998) for a
study of the way agents’ expectations can be deduced from the prices of bonds, and
more generally futures and options on interest rates. We reverse this logic and point
out that fixing the prices of a sufficient number of bonds restricts the expectations
of inflation which are compatible with these prices on the bond market.

(I+my )y
Cs

10 Although the growth of money demand A;’Ti = is Markov, the finan-

cial variables of the extensive-form equilibrium or their rates of growth are not
necessarily Markov, especially if the government’s debt reimbursement policy o
is not Markov.

_ / Uc(Cy,1=Cy) =7 —1 _ -0 _
(b1) =4 Zs’es 1_:]51, uc(és 1= a9 , T = 1,....T, ag =
1,s €S;

b2)gF <1, t=1,....T, s€ 4.

We assume that the objective of the monetary authority is to di-
rect agents’ expectations to an inflation process B of its choice, as-
suming that this belief once adopted by the agents is self-fulfilling.
To characterize the inflation processes among which the monetary
authority can choose, two questions need to be answered:

(i) existence: for which matrices B does there exist (g, ¢) such that
((B, q), ¢) is an equilibrium?

(ii) uniqueness: what additional properties must a matrix B satisfy
if the equilibrium is to be unique?

Existence of equilibrium. If the monetary authority is to induce a ma-
trix of beliefs B it must set the term-structure rule in such a way
that equations (b) of Corollary 5 are satisfied. Since these equations
involve both the expectations matrix B and the stochastic discount
factor which, by equations (a), is determined by the short-term in-
terestratesr! = (rsl, s € §), there is a fixed-point problem which
needs to be solved. To study this problem it is convenient to use
the S gross returns

Ri=1+r1!, se4

on the short-term nominal bond as the basic variables. We first
show that for a given scalar return R there is a unique solution to
the agent’s consumption/leisure choice problem in any given state.

Lemma 6 (Equilibrium Consumption). If u satisfies AssumptionU
(1)-(3) then
(i) for allR > 0, the equation
u(c,1—c
M =R (11)
ug(c,1—c)

has a unique solution c(R), where c(R) is a strictly decreasing
function of R.

(ii) q§(R) = u.(c(R), 1 — c(R)) is strictly increasing on (0, o).

(iii) @ (R) = 2R is strictly decreasing on (0, c0).

uc(c,1—c) / —
u;(cl R Then h'(c) =

Proof. (i) Let h(c) =
4

Upclle + Ugelle). Since tue < 0, uyy < 0, uc > 0,uy > 0, U > 0, it
follows that h'(c) < 0 and h is decreasing. By the Inada condition
h(c) - ooasc — 0and h(c) — 0asc — 1. Thus (11)
has a unique solution c(R). Differentiating h(c(R)) = R gives
I (c(R))c'(R) = 1: i < 0 implies ¢(R) < 0.

(i) @"(R) = (uec — uce)c’(R) > 0 by (i).

(i) @' (R) = R%((ucc—ucg)c’(R)R—uc).Using ¢'(R) = 1/l (c(R))

where h'(c) has been calculated in (i), and R = u./u,, we

& (Ueclly — Ucelly —

~ 2
obtain @'(R) = %(UC[ — uye) < 0, where the derivatives are
calculated at c(R) and D =~R2 (Ueclly — Upcle — UepUy + Ugple).
SinceD < Oandu, >0,®&'(R) < 0. O

In view of Lemma 6 the FOCs (a) and the FOCs (b1) for the short-
term nominal bond of Corollary 5, can be combined into the system
of equilibrium equations

l _ ‘SZ Bss (D(Rs’)
Rs ses 1+ 7y @(Ry) '

s € 4. (12)

For each s € 4 this is the ‘true’ stochastic Fisher equation relating
the price q! = Ris of the short-term nominal bond to the price of
the real bond
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and inflation (7r¢)ycs next period, when the current inflation is
7. Since the nominal interest rate determines the real wage and
hence output and consumption, it affects the real interest rate and
the system of equations (12) only implicitly defines the nominal
interest rates associated with an expectations matrix B. If the
condition R; > 1,s € 4 (non-negative nominal interest rates),
were omitted then Egs. (12) would always have a solution (this can
be deduced from the fixed point argument given below). However
when the condition Ry, > 1,s € 4, is imposed, conditions of
compatibility have to be imposed on the matrix B.

Definition 7. A Markov matrix B is said to be compatible with non-
negative interest rates if the system of equations (12) has a solution
R>1=(,...,1).

Note that if R > 1 is a solution of (12) then g q = = 1,s € 4,

and (b2) of Corollary 5 is satisfied for t = 1.(b1) of sarsne corollary,
which can be written as

_sr -5 Z By @(Ry) -1—/71’
Sl oR)

sed, t=2,...,.T

then gives by successive substitution the prices of the bonds of
higher maturities and the inequality g < 1 s transferred to these
prices. Thus all the conditions of Corollary 5 are satisfied and there
exists a reduced-form equilibrium.

Using the function @ defined in Lemma 6(iii), (12) can be
written as

qs(R)_aZ

ses

<P(R ), ses. (13)

Since & is decreasing, if for each s the right side of (13) lies in the
image of @ (a condition for this is given below) then & can be
inverted and (13) is equivalent to the system of equations

~ B
R =q§*1<5 s
S Zl‘i‘ﬂs’

@(RS/)) =W.R,....R), se§ (14)
s'es

where ¥; is decreasing foreachs € S.Let¥ = (¥, ..., ¥s) denote
the vector-valued map which associates with R the new vector of
returns ¥ (R). An equilibrium R is a fixed point of ¥: R = ¥(R).
Since a vector of nominal returns must satisfy R > 1 = (1,
, 1) and since ¥ is decreasing, the minimal return vector 1 maps
into the maximal return vector R™* = (RT™, ..., R™™) = ¥(1).
Consider the rectangular subset of the non-negative orthant of R®

K={ReR, |1<R=<R™}.

If R™* > 1then K # ¢, and if ¥(R™*) = ¥(¥(1)) > 1 then
¥ (K) C K so that Brouwer’s Theorem can be applied.

It remains to give conditions which ensure that the two prop-
erties K # ¢ and ¥(K) C K are satisfied. The maximum achiev-
able consumption c* occurs when the nominal interest rate is zero,

* = ¢(1): thisis also what an agent’s consumption would be with-
out a cash-in-advance constraint. R™* = ¥(1) is equivalent to

1 -5 Z Bgy uc(C*’ 1-— C*)
Rmax 147y uc (c(RM), 1 — c(RM¥))’

s'es

s € 4, (15)

(15) must have a solution for each s, and this solution must satisfy
R > 1. Condition (1) in Theorem 8 below ensures that these
two properties hold: the first inequality implies that R{"™ exists
and the second inequality ensures that it is greater than or equal to
1. The right side of (15) involves an upper bound on the real interest
rate since it assumes that the consumption in each state s’ next pe-
riod is maximal (at c*) while it is minimal today (at c(R{"**)). Thus
R > 1 requires that the nominal interest rate, which is essen-
tially the real interest rate plus the expected rate of inflation, be

positive when the real interest rate is at its highest possible value.
This is clearly a necessary condition. The condition E3 (1%{) <1,
which ensures that R"* > 1 requires that high deflation rates are
not given too much weight.

To express a condition which ensures that ¥ (¥ (1)) = ¥ (R™¥)
> 1, consider the vector R™" = (RN, .. RMIN) where RM" js

defined by
U (C(RT™), 1 — c(RD™))
=34 B s ses. 16
Rmin g 1+ 7y uc(c*, 1—c*) (16)

The return R™" would occur if consumption today were maximal
(at ¢*) and consumption tomorrow were expected to be at its
minimal value c¢(RJ®) in each state s': this gives a lower bound
on the real interest rate in each state. Condition (2) in Theorem 8
requires that the nominal interest rate is positive even when
the real interest rate is at this lower bound, a more demanding
requirement than condition (1).

Theorem 8 (Existence of Stationary Equilibrium). If Bisan S x S
Markov matrix such that

] uc (c(Rs), 1—c(Rs)) B
(1) llmRs_>oo W < ES (1+7r) <1,sed,

(2) R;“i“ > 1, s € $where R;‘““ is defined by (16) and R{" is defined
by (15),

then there exists a stationary equilibrium of &, i.e. B is compatible
with non-negative interest rates.

Proof. Eq. (15) is equivalent to

@ (RM™) 8
——— =, 05255<m)~

(1)

Since @ is decreasing, if a; < 1 (which is the second inequality in
(1)) then the solution, if it exists, will satisfy R{"™ > 1. The equation
will have a solution if a55(1) > infgsq 5(R) = limg_ o 5(R),
which is the first inequality in (1). This proves that, when (1) is
satisfied, K # ¢.

It remains to show that ¥ (R™*) > 1 to ensure ¥(K) C K. For
eachstates € §

5 By
@, (R™) cp—l(a Z 1 cD(Rmax)) >1
s'es +r

o1
PRT™) < B(1) = 2

s'es ]

_ 1
R;nln

By Brouwer’s Theorem ¥ has a fixed point R in K which defines a
positive short-term interest rate compatible with the expectations
matrixB. O

Inflation targeting formalizes the idea that a monetary author-
ity induces an inflation process which is mean reverting towards
a target and thus spends most of its time around the target. More
formally it is natural to define the target associated with an infla-
tion process B as the mean inflation rate E” (;r) under its invariant
measure p, defined by pB = p. Let us show that there is no inflation
process compatible with non-negative interest rates for which the
target is the deflation rate 7* = § —1 associated with the Friedman
rule.

Corollary 9 (Impossibility of Targeting Friedman Rule). Any expec-
tations matrix compatible with non-negative interest rates satisfies
E?(m) > w*, where p (defined by pB = p) is the invariant measure
associated with B.
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Proof. As mentioned earlier and as is clear from the proof of
Theorem 8, while condition (2) is only a sufficient condition for

the existence of equilibrium, the 1nequa11t1es EP () <1.s€e8

are necessary. Since the function x — - is convex, E{ ( 1 +ﬂ> >

HE#B(”), with a strict inequality if var(n) > 0, which we assume.
S
Thus

— = Eln §—1,
>1+ESB(71) s (7T) >

< Bmrx>656—1, se i

where B is row s of the matrix B. Thus Bz > (6§ — 1)1. Since B,
the limit of B" when n tends to infinity, has positive terms in each
row B*Bx = B®x > (§ — 1)B*1 = (§ — 1)1. Since each row of
B®isequaltop,E’(wr) >6 —1=n* O

The impossibility of targeting the negative inflation rate 7* =
8 — 1 comes from the zero lower bound on the nominal interest
rate which places an important constraint on monetary policy—
both in theory and in practice.!! If there was no uncertainty about
inflation (var(w) = 0) the deflation rate 7* would be associated
with a zero nominal interest rate. However as soon as there is
uncertainty about inflation next period (var(z) > 0) each row of
the belief matrix must put more weight on inflation rates above 7 *
(for which Lﬂg < 1) than on inflation rates below * (for which

% > 1) to be sure that the necessary condition Ef (]Jr ) <1
is satisfied. In short when there is variability of inflation the target
rate cannot be set too low if the nominal interest rate is to stay

non-negative.

Uniqueness of equilibrium. Theorem 8 gives restriction on an
inflation process B which ensures that there is an associated short-
term interest rate (or bond price) satisfying the FOCs (a) and
(b1) of Corollary 5 which is non-negative (i.e. satisfies (b2)). If
the monetary policy is restricted to determining the short-term
interest rate 7! = (rs1)5€5 then for the same short-term interest
rate process, there are many inflation processes also satisfying
(b1). However if the monetary authority fixes more bond prices,
then this reduces the number of inflation processes satisfying these
equations. If the matrix B satisfying (b1) is unique, then we say
that the monetary authority has anchored agents’ expectations
to B by the generalized interest-rate rule, or bond-pricing rule
(((_TSE)SEJ? T= ]7 e T)

It is useful to note that for a representative-agent economy the
variables characterizing an equilibrium can be further reduced to
just the pair (B, q) since, in view of Lemma 6(i), the consumption
stream ¢ can be deduced from the short-term interest rate.

Definition 10. An interest-rate (bond-pricing) rule q = (@', ...,

q") anchors agents’ expectations to the inflation process B if B is
the unique matrix such that (B, q) is a reduced-form equilibrium.

Given a reduced-form equilibrium (B, §) we can define the
vector of marginal utilities of the representative agent at the
equilibrium

&= (B)scs = (PR)) = (u(c®). 1~ c®)) (17)
N2 ses

and, for any belief matrix B the present-value matrix

Bs,s’ éjs’

— " sses
1+ 7y) Ds

F:[Fs,s’]s,s’e& with Fs,s’:

1T There is a large literature, especially linked to New-Keynesian models, dis-
cussing the problems of the zero lower bound. See for example Benhabib et al.
(2002), Eggertsson and Woodford (2003), Walsh (2009), Williams (2009) and
Coibion et al. (2010).

where I ¢ is the present value in inflation state s of a promise
to pay one dollar in inflation state s’ next period. A matrix B
is compatible with the bond prices q if the equations (b1) are
satisfied, i.e.

:ZFS,S/Z];,’], sed, t=1,...,
s'es

t=1,...,T (18)

the price g} of a r-bond in inflation state s being the present value

of a T — 1-bond at each of the successors (with g° = 1). (18) can

be written as the matrix system of equations

q'.....a' 1 =rmg.....q"

—Q=r Q (19)

with Q = [q', ..., q"] denoting the matrix of bond prices across

the inflation states and the matrix Q = [1, §', ..., §' '] denoting
their next period payoffs. The matrix I" can be written as

T ¢ =g},

I = D{BD, (20)
with
1
—_ O
D1
D= |: :
1
0 &
L S
m 58, (21)
0
1+ m
b, = :
1Y)
0 S
L 1+ 7

Since D; and D, are diagonal matrices—with strictly positive
diagonal terms, there is a one to one relation between I and B.
Viewing I" as the S x S matrix of unknowns in the linear system of
Eq.(19), uniqueness of I" implies uniqueness of B satisfying the FOC
(b1) in equilibrium, and this requires that Q is invertible.!? This
leads to the following result.

Theorem 11 (Uniqueness of Equilibrium). Let (B, §) be a reduced-
form equilibrium. The bond-pricing rule ¢ = (q', ..., q") anchors
the inflation expectations matrix B

(i) if T >Sandrank[Q ] = rank[1,§", ..., g 1]—Sor

(i) if T > S—1andrank[Q ] = rank[ ~5 iz q,...,q 2]1=s.
Proof. (i) follows from the fact that B must satlsfy the equilibrium
pricing equations (19). (ii) comes from using the Markov property
B1 = 1: for each s the vector of probabilities B = (Bsy)scs has
only S — 1 parameters so that typically the prices of S — 1 bonds
should suffice to determine B.

B1 =1 <= D;BD,D,;'1=D;1

= [5e]=[s] @)

with the convention that [ ¥ ] denotes the column vector (xq, ...,
xs)". If the prices of T bonds are determined in a reduced-form
equilibrium, a Markov matrix B is compatible with these bond
prices if it satisfies the equations

5el=le)

with Q = [&7’[ 6] from which (ii) follows. O

Q=rQ <=>[%Q]=FQ

2 If the equations for more than S bonds were written, the additional equations
would be redundant and could be omitted.
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Condition (ii) indicates that it may suffice to fix the price of
S — 1 bonds to make the equilibrium determinate. However the

condition that the vector [H—”] is independent of the payoffs

L

[1,q", ..., q° 2] of the bonds is not easy to interpret or verify a
priori. In the Appendix we examine the case where S = 2, showing
that conditions (i) and (ii) are distinct. Although (i) is stronger in
the sense that it calls for fixing prices of S rather than S — 1 bonds,
the rank condition (i) does not imply the rank condition (ii). When
S = 2, (i) is useful only when (ii) is not satisfied. In this case fixing
the price of one more bond serves to ensure uniqueness.

As indicated in Section 2 we have in mind a case where
(1, ..., 7s) is a discretization of the support of inflation rates
deemed possible by the agents. If the resulting equilibrium is to
be a reasonable approximation of an equilibrium with continuous
support for inflation then the discretization will require more than
two points. As S increases the difference between fixing the prices
of S or S — 1 bonds becomes less important and condition (i)
becomes attractive because it focuses on the conditions that must
be satisfied by the term structure generated by Bif the bond pricing
rule is to anchor B. The main message of condition (i) is that the
term structure generated by B must vary systematically across
the current inflation states (s € &) and this in turn implies that
the probabilities (Byy)y<s must vary systematically with current
inflation s. The simplest case for understanding the restrictions on
B implied by the rank condition (i) is the case where the pricing is
risk neutral.

Suppose therefore that the agent’s utility function is quasi-
linear in consumption

u(c, £) = c+v(¥)

where v is increasing, differentiable, strictly concave and satisfies
v'(£) — ocowhen ¢ — 0and v'(¢{) — 0when £ — 1.The FOC (a)
in Corollary 5

, 1 1
v(l—¢) = = —

14+1r R

defines the optimal consumption c(Ry) as a function of the current
nominal gross return Ry of the short-term bond. Since @(R;) =
uc(C(Rs), 1 — c(Rs)) = 1 the bond pricing equations (19) become

~ 1
Q =I'Q, withI" =4§Bdiag (m)
1+ m o 1+ ms
= : : : (23)
5Bsy OB
14+ m o 1+ ms

Corollary 12 (B Full Rank). If the bond prices are given by (23) and
rank[1,q',...,q"~'] = S, then the inflation expectations matrix B
must be of full rank (rank B = S).

Proof. Since ¢ = I'q',t = 1,...,S — 1 the vectors
q',...,q" " arein the image of I". Since &; = 1for all s € 4, the
matrix D1 is the identity matrix and (22) reduces to I'[1+ ] = §1
so that 1 is in the image of I". Since the image of I' contains S
independent vectors rank I" = S, and since rank B = rank I, the
result follows. O

The condition that B is of full rank means that the rows of B
must be systematically different: this means that the probability
distribution (Bsy)s<s of next period inflation s’ given the current
inflation changes systematically when current inflation s changes.
Noi.i.d. process can satisfy condition (i) of Theorem 11 since for any
i.i.d. process of inflation the nominal interest rate is constant—the

real interest rate is constant equal to § — 1 and the expectation
of inflation is independent of current inflation: thus the term
structure is flat and identical in all inflation states. No information
concerning the inflation process can be obtained from the bond
prices beyond the fact that inflation is some i.i.d. process with a
mean determined by the short-term interest rate. In particular it
is not possible to anchor expectations of an immediate return next
period to a target inflation rate 7y« when current inflation deviates
from the target (s # s*). For the matrix of such an inflation process
would be of the form

00 --- 1 --- 0

o0 --- 1 --- 0
B:

0O00 --- 1 --- 0

with all rows identical. In this case all inflation processes with the
same expected next period inflation

Y-
1+my 147w

s'es

sed

give the same bond prices so that the equilibrium is indeterminate.
This example suggests that a monetary authority targeting an
inflation rate 7+ should choose an inflation process moving more
sluggishly to the target with some permanence - the main weights
in inflation state s being on B s and B 511 if s < s* or on B, and
B if s > s* - the fluctuations in inflation rates representing the
price to pay for being able to anchor agents’ random beliefs.

IfBandQ = [1,q',...,q '] are both of full rank then the
matrix of bond prices Q = [q', ..., q"] is also of full rank. Since
any row of Q

=1 =T 1 1
(4, ....q;1= o 7
147, a+rhH

is the equivalent in terms of bond prices of the term structure of
interest rates in inflation state s, in order that B can be anchored,
different inflation rates must result in different term structures.

With risk aversion the proof of Corollary 12 does not go through
since by (22) B1 = 1 implies

5] 3]

We did not find an argument proving that 1 is in the image of I
or that the vector [+] is linearly independent of (g',...,q" "),
so that we can onﬂ/ conclude that a necessary condition for
condition (i) is that rank (B) > S — 1. This however is similar
in spirit to the earlier full rank condition since it requires that
for all but perhaps one row of B the probability distribution of
next period inflation vary systematically with current inflation, so
that the term structure r/, ..., r3~! varies systematically with s.
If condition (ii) is used rather than condition (i) then the linear
independence of [1, q', ..., ¢ 2] implies that rank B > S — 2 s0

that the term structure r], ..., rs 2 varies systematically with s.

4. Heterogeneous agents and real shocks

In the previous section we characterized the beliefs that
a monetary authority can induce as equilibrium beliefs in an
economy with homogeneous agents where the only source of
uncertainty comes from the stochastic beliefs of agents about
future inflation. We saw that even in an economy with no real
uncertainty, the presence of stochastic beliefs regarding inflation
can lead to stochastic self-fulfilling equilibria, and that a monetary
authority can induce a unique equilibrium of its choice in the class
of inflation processes satisfying the conditions of Theorems 8 and
11 by appropriate use of a term-structure policy. In this section
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we show how the analysis can be extended to an economy with
heterogeneous agents in which there is an additional source of
uncertainty coming from the exogenous process of shocks to the
agents’ productivities. To this end we revert to the general model
introduced in Section 2, restricted as in Section 3 to the stationary
Markov setting. Thus we let n = (s,g) € 4 x G identify the
current inflation ;s and the real shock g which determines the
productivities ag = a’}] of the agents h € #. The exogenous shocks
are assumed to have a Markov structure described by a G x G matrix
A = (Agy)ggeq and we consider only Markovian beliefs B =
[Bﬂ'?’]n,n'esxg on the support 8 x § which are compatible with A.
An equilibrium of an economy with heterogeneous agents and
a cash-in-advance constraint is not Pareto optimal: there is thus
no social welfare function which is maximized at an equilibrium,
and in this sense, no representative agent. However what is really
needed to derive the properties of an equilibrium with security
markets is a common stochastic discount factor for pricing the
securities which only depends on the aggregate state of the
economy. In Proposition 13 we show that we can exploit the
property that the marginal rates of substitution of the agents are
equalized - they all face the same prices and the nominal interest
rate distorts the real wage in the same way for all agents - to derive
a social marginal utility of consumption at equilibrium, denoted by

(an) , which when discounted to date 0, leads to the real
nesdxg

stochastic discount factor for pricing the securities. Lemma 14 will
show that this social marginal utility of consumption is a function
of the income distribution, the real shock and the nominal short-
term interest rate. Once the function @ is introduced, many of the
constructions of the previous section can be extended to the multi-
agent case, for @, plays a role akin to the marginal utility u. of
the representative agent in the previous section. The fixed-point
argument however needs to be extended to include not only the
vector of returns R on the short-term bond, but also the vector of
weights for the agents characterizing the distribution of income in
the economy.

The first step of the analysis is given by Proposition 13 which
provides the heterogeneous-agent generalization of Corollary 5 of
the previous section: it characterizes a reduced-form equilibrium
of the economy in which the bond prices g, = (q;, . .., 4,) and the

consumption-leisure decisions (c”, £) only depend on the current
state n, assuming that the agents adopt B as their beliefs. The max-
imization of each agent in (2) of Definition 2 is replaced by the cor-
responding first-order conditions (a1, a2) and the budget equation
(a4). The first-order conditions are expressed as the statement that
the marginal utility of consumption of each agent is proportional
to the social marginal utility of consumption @,), the vector of co-
efficients of proportionality v = (v")hcs in the simplex A¥
RY capturing the relative wealth of the agents. These weights
are determined by the lifetime budget equations of the agents
which can be expressed (in (a4)) as functions of the variables
(@, €y, €y, T )nesxg Which are state, and not path, dependent. Let
R, = 141, denote the gross return on the short-term bond in state
n. Then the following equations characterize a stationary reduced-
form equilibrium of the heterogeneous-agent economy.

Proposition 13 (Stationary Equilibrium Equations). Under
Assumption, a stationary reduced-form equilibrium is characterized
by a pair ((B,q, ®), (v, %, ®)) satisfying the following system of
equations:

(a1) vhulieh, ey =
(a2) v"uy(c), eh)_ R”, nes$xg, he
33 Zheﬂ’ n Zhe%‘ar/(e _eh) ne 8 x 9*

,,,nezixg he #;

(a4) D csngll — 53],]01,,
@nowg, he ¥#;

h,h_7h
—h ay (e"—£3) - h=
(n - T ") + Py’ =

(b]) nqn_sznegxg]+ﬂ, r]q/ s‘_](,),:]vUe)SXg,T:
1,...,T;

b2) g <1,t=1,....,T, n€ 8 x§

Proof. Consider a reduced-form equilibrium ((E (@)jeg,. O). %,
I_’) as in Definition 2. First note that under the Markov assumption
Bg is given by

B: =B B

B: =B if& =gy, ..., n).

Assuming that the present value of after-tax income Pg,(wfi —
y"®) + 3" P:p:aie" /R; is positive, in view of Assumption U, the

solution to the maximum problem of agent h is interior, i.e. cg >

0and 0 < ¢} < elforall& e D, and is characterized by
the FOCs for optimal consumption/leisure and the present-value
budget equation. The FOCs for the maximum problem of agent h are

ngn1s =+ Py

8"®) B ul(cl, £}) = A" Pe e
N (24)
At 22t

8'® Be uy(cl, €}) =

for some A" > 0 and all £ such that 1_35 > 0. If the equilibrium
is Markov, then ¢ = ¢/, £} = ¢ R. = R, for all £ such that

& = (no, ..., n). Thus for each n there exists @,, such that
P:pe -
SI(E)BS =, forall& = (o, ..., Nee)
with nee) = 7. (25)

Define the weight " of agent h as the reciprocal of the marginal
utility of income: since P in Definition 2 can be normalized, we may
assume that the weights are chosen in the simplex (3, =

1), which amounts to having Péo >on = 1. Expressing

u¢ (ch il )
£ &0
the FOCs (24) using (25) leads to the first- order conditions (al)
and (a2).

Using (25) the FOCs (4) for the bond portfolios in Definition 2
can be written as

5[@)Bg _ St(é)-HBE/ o
S S
ps n'€8x§ pg
foré = (ny,....m, & =y, ....n. 1.

Since Bg/ /Bg = B,y and pg/ps = 1+ 7y, in the Markov case the
FOCs for optimal bond portfolios reduce to (b1) in Proposition 13.

Finally, using (25) and grouping the terms in the budget equa-
tion of agent h which correspond to the same current infla-
tion-productivity state n at the same date, the budget equation of
agent h can be written as

o0

| _
3 z( T B )
t=0 neS$x§ \&eht £=(no,...,n)

h(oh h
_ ae" -2 _ _
x @, (Cé‘ - "R") — V", = Bypu,.
]

The probability in parentheses is the probability of being in state n
in t periods starting from 7, and by the Markov property is equal

to [B],,,, where [B'] is the tth power of the matrix B. Since § < 1,
> 00, 8t[B'] = [ —8B] 71, leading to the budget equation (a4). O

(well
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Comparing the characterization of a stationary equilibrium
for the multi-agent economy in Proposition 13 with that of the
representative-agent economy in Corollary 5, (a1)-(a3) replace
condition (a) in Corollary 5. (a4) is the lifetime budget constraint of
each agent written in present-value form. Summing these budget
constraints gives an equation for determining the value of 6.
When there is only one agent the budget equation can be omitted
if ® is omitted from the equilibrium variables. When there are
heterogeneous agents both the lifetime budget constraints and ®
have to be retained in the definition of an equilibrium. (b1, b2)
of Proposition 13 are equivalent to (b1, b2) of Corollary 5, the
marginal utility of the representative agent being replaced by the
social marginal utility @.

Existence of stationary equilibrium. The next step is to characterize
the expectations matrices B for which there exist a stationary
reduced-form equilibrium: as in the previous section (Definition 7)
we call any such matrix a compatible expectations matrix, where
‘compatible’ means compatible with a non-negative interest rate.
To generalize Theorem 8 and obtain conditions for a matrix B
to be a compatible expectations matrix we need the equivalent
of Lemma 6 for the multi-agent case. We show that under
Assumption U, for a fixed vector of positive weights v and a fixed
vector of productivities @ = (a")ncx, the first-order conditions
(a1)-(a2) and the market-clearing equations (a3) uniquely define
the consumption and leisure of each agent and the social marginal
utility of consumption.

Lemma 14 (v-equilibrium Consumption). Let u" satisfy
AssumptionU for allh € F¢.
(i) Forany (v, a,R) € A" x RY | x R, the equations

(a1) viulich, ey =@ ifvh >0, c"=0,if V" =0, h € #;
(a2) vhul(ch, eh) —deirh S0 gh=0,ifv" =0, he
(a3) Zheﬂ’ ¢ = Zheﬂ’ ah(eh - Eh)
have a unique solution (ch(v, aR),"v,a,R),P0,a, R))
continuous on AF x R++ X Ry

(ii) <D(v a, R) is strictly increasing in R.
(iii) P (v, @, R) = 28R s serictly decreasing in R.

Proof. See the Appendix.

Lemma 14 is the multi-agent analogue of Lemma 6 in the pre-
vious section: it permits equations (al1)-(a3), and (b1) of Proposi-
tion 13 for t = 1 to be combined into the system of equations

o, a,,Ry)

7_8 n
R, n;gwrn,, @, a,.R)

neESXG (26)

which has the same form as the equilibrium equations (12) for
the single-agent economy. Finding a reduced-form equilibrium for
the single-agent economy reduced to finding a solution R > 1
to Egs. (12). For an economy with heterogeneous agents, in ad-
dition to solving the system of equations (26) we must find the
present value of taxes which when combined with seignorage pays
off the government’s initial liabilities, and the vector v of relative
weights which are compatible with the distribution of wealth im-
plied by the budget equations (a4) in Proposition 13. Thus for a
heterogeneous-agent economy finding an equilibrium reduces to
finding (©, v, R) such that the budget equations (a4) and the bond
pricing equations (26) are satisfied.

The conditions which imply the existence of a reduced-form
equilibrium thus naturally reduce to two sets of conditions: the
first set is analogous to conditions (1) and (2) in Theorem 8
which ensure that there is a solution R to the short-term bond-
pricing equations (26) satisfying R > 1; the second ensures that
the tax burden is shared among the agents in a way which is

commensurate with their wealth, so that each agent can afford
positive consumption and leisure in all states € § x 4 after paying
his/her share of the present value of the taxes ©.

To give conditions which ensure (26) has a solution in the right
domain, we need to bound the possible values of R. For each v €
AF | define R;‘]“‘X(v) as the solution of the equation

~ @ (v, a,, R*)
¢(V, ana er]'rl&X) #

anax
(v, ay,1)
=4 B, — " s €4 X 27
> By e g @7
n'esxg

(condition (1) in Theorem 14 below ensures that the equation has
a solution) and then for each n € § x § define

Ry™ = max R'™(v).

veAH
As before, conditions which ensure R™™ > 1 place restrictions on
the matrix B given the inflation/technology/preference character-

istics of the economy. We then define, for each v € A", RZ““(v)
by

'] -5 Z Byy
Rg““(v) 1+ my

n'esxg

@ (v, @y, R™)
o(v,a,, 1)

, nedxg, (28)

R;}““(v) gives a lower bound on the nominal interest rate since it
corresponds to the lowest possible real interest rate, and hence the
assumption that ani“(v) > 1(condition 2 below) imposes stronger
restrictions on B.

To understand the tax-sharing assumption consider each
agent’s present-value budget equation in the original form given
in (2) of Definition 2. Summing the budget equations of the house-
holds implies that when the market clearing equations (3) in Def-
inition 2 hold, then

ZPS + Pe,® = Pg, Y wh = Pey Wo (29)
£eD hegt

_lM

where Mg = Pz Y s Eg. (29) expresses the property that the gov-
ernment asymptotically withdraws its initial liabilities 1350 Wy (which
correspond to the initial wealth of the private sector) by a combi-
nation of sezgnorage (the first term on the left side) and direct taxes
(PEOO) Since r rs > 0, it follows from (29) that

O < W,. (30)
We want to be sure that each agent h has a positive after-tax
present value of income
o P:psaleh
h h EPEC
Y P, ® < Pgywg + Z _
EeD R

, hedt

and, to ensure that it holds in equilibrium, we require that it holds
for the ‘lowest’ possible values of Pf—% and the highest possible 1350.

In the stationary case this can be expressed using the highest re-
turns R;“ax and leads to condition (3) in the following theorem.

Theorem 15 (Existence of Stationary Equilibrium). Let & be an
economy in which the agents’ utility functions satisfy AssumptionU.
If Bis a Markov matrix such that

. @ (v,ay,R) <1>(va /1)
(1) limg_, 0o —== < & Z" csxg B 1+r[/

Vnedxg VYveal
(2)RM™(w) =1, ¥Vnesdxg, VveaH

< (p(vv ar]5 1)7
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and if the tax burden is distributed among agents so that y =
(¥ Mhex € AP satisfies

h h _1 @(v,un,R%“") a?,eh
(3) y"Wo < wg + Znezzxg[l L R & (v, RIY) * Vv e

AP Vheg

where R;"i“ and R;“‘“ are defined by (28) and (27), then there exists
a stationary equilibrium of &, and B is compatible with non-negative
interest rates.

Proof. See the Appendix.

Conditions (1) and (2) of Theorem 15 ensure that the short-run

nominal interest rate is always non-negative. These conditions are
of the same nature as those in Theorem 8. However fluctuations
between high and low productivity of labor tend to augment the
fluctuations between high and low consumption (already present
in Section 3) leading to more negative real interest rates. Other
things equal in a setting of inflation targeting this would imply a
need for a higher target inflation rate to obtain the existence of an
equilibrium.
Uniqueness of equilibrium. If B is an expectations matrix satisfying
the conditions of Theorem 15, then the monetary authority can find
a short-term interest rate policy r! which is compatible with B and
the real side of the economy. To examine the additional conditions
required to ensure that B is the only matrix which is solution of the
bond-pricing equations (b1) of Proposition 13, let

V= ("Bhex, R = Ryesxg = Ry(B))yesxg

denote the vector of relative weights of the agents and the vector
of equilibrium returns on the short-term bond across the states
n € 4 x G.By Proposition 13(al, a2) there is at the equilibrium
a vector

@ = (@ﬂ)ﬂEJXQ = ((P”(l_), ay, Rn))ne&xg

to which all agents’ gradients are collinear and which thus
represents the vector of social marginal utilities of income across
the states. @ is the generalization of the vector of marginal utilities
of income of the representative agent (17) in Section 3. Clearly if
the monetary authority only determines the equilibrium prices of
the short-term bond then there are many expectations matrices

B = (E,,,,/) which satisfy the short-term bond pricing
nn'€8x§
equations
1 B, &,
—— =34 T pedx 31
DDt SELLELL (31)
n'esxg

and are compatible with the exogenous transitions A = (Agg')gg’eq
for the real shocks. If the monetary authority determines the prices
of additional longer-term bonds of maturities t = 2, ..., T, then
a matrix of expectations B will need to satisfy the additional bond-
pricing equations

~

By

Pyly =38 Y, TPyl
n’65x91+nn/ !
nesdxg,v=2,...,T. (32)

A naive attempt to apply the reasoning underlying Theorem 11
would suggest the following criterion for uniqueness: if the
monetary authority determines the prices of S x G bonds and the
payoff matrix is invertible, then B = B is the unique solution of
Eqgs. (31) and (32). This however is not a satisfactory criterion: for
a standard model such as the Smets and Wouters (2007) model,
which is a workhorse for policy evaluation, uses between 10 and
20 exogenous shocks. If we use a grid of 10 inflation intervals, this
would imply determining the prices of 100-200 bonds. It is hard to

imagine a central bank even entertaining the idea of implementing
such a policy. A more careful analysis reveals however that a policy
restricted to determining the prices of only S or S — 1 bonds
suffices to anchor agents’ expectations under a mild condition on
the Markov transition matrix, which formalizes the idea that the
technology shock process is exogenous to the model.

Assumption MT (Markov Transitions). There exists a family (N®)gcg
of S x S Markov matrices such that the transition matrix B is given
by

By =NiAg, Vn=1(58),n=(,8)esx§. (33)

MT asserts that the transition probabilities for the real shocks
are not influenced by either the current or the future inflation rates
(s,s’). However agents’ expectations of future inflation s’ can be
influenced not only by the current inflation s but also by the real
shock g. Under this assumption the bond-pricing equations can be
written as

-7 8 Z N;gs/ ZA (ps’g/ _t—1
qsg - 1+ Ty 2 & C_Dsg qs’g’ '

s'es

=1 VG.gesxg r=1..T. (34)

Define the risk-neutral probability p§ of the real shocks tomorrow
conditional on the current real shock being g and the inflation
tomorrow being s’

Agg’ és’g’

> Agr giss’g”
g/! c 9

P (g = , Vg eg Vs es, Vgeg

and the associated expected values of the bond prices in inflation
state s’

EE@@5) =Y p5(e)ay. Vs €8 Vgeg t=1...T.
g'eg
If we also consider the average marginal utility of income
tomorrow if the inflation rate is s’
d);g/:ZAgg’q_js’g” VS/Eg, Vg69
g'eg
when the real shock is g today, then the bond-pricing equations

(34) decompose into a system of S x T equations for each current
real shock g € ¢

g  HE
EI;g =4 Z L&Eg(a;ﬂ), Eg(ag) =1,
s'es T+my (pSg
V56’37 T=l,...,5. (35)

For each g € g this system of equations is similar to the
recursive equations (18) in the previous section, the marginal
utility of income and the payoff of the bond next period in state s’
being replaced by averages over the possible shocks g’. If for each
g € G we define the analogue of the diagonal matrices in (21), and
the present-value matrix in (20)

_ 1 s®8
D% = diag [ — D% = diag : ,
1 D 2 1+ ny
S8/ se8 S/ gves

re¢ = DENeDS
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and define the S x S matrices of bond prices and their average
payoffs

fal, ... d
Qg= . .

LG5, - 05

(1 E2@) EE@ ")
Q¢ =|: : :

1 EE@) EE@ ")

then (35) is equivalent to the G matrix equations

reQ® =q¢, gey. (36)

Since D% and B§ are positive diagonal matrices there is a one-to-
one relation between "¢ and N%. Thus if ag is invertible then (36)
has a unique solution "¢ and hence a unique solution N# for each
g € G.If the relation N¥1 = 1 for g € § is taken into account then
I'¢ satisfies the additional condition

Pl =i e [T (1], eeg

so that "¢ can also be determined by the matrix equation

1+n
>

reQe = [% Qg], with Q¢ = [ ag].

This leads to the following generalization of Theorem 11.

Theorem 16 (Uniqueness of Equilibrium). Let (B, §, ®), (v, X, ®)
be a stationary reduced form equilibrium. B is the only matrix
satisfying MT which is compatible with the term-structure policy q
involving bonds of maturities 1, ..., T

(i) if T > S and rank [Q%] = rank[1,fg(q1), . ,Eg(qsfl)] =5,
forallg € g or

(i) if T > S — 1 and rank[Q¥] = rank[%,l,fg(q‘),...,

’I::g(qsfz)] =S, forallg € .

The conditions for uniqueness are similar in spirit to that in the
simplified model in Section 3. Condition (i) requires that for a given
value g of the real shock the rows of the matrix Q&

(1B (@) - B, <o

i.e. the term-structure next period (averaged over the real shocks)
must vary systematically with the realized inflation s'. This in
turn implies by (35) that the probability distribution [Nf,s,,]s//eg of
the subsequent period inflation must vary systematically with s'.
Since the criterion applies separately for each real shock the term
structure can be adapted in a flexible way to vary with the real
shock g € ¢ which influences the evolution of the real interest
rate. In particular if the monetary authority chooses to implement
a mean-reverting process which returns towards a target inflation
rate, then the speed of reversion to the target rate in the matrix
[Nfs,] can vary systematically with the different values of g, but as
we have seen earlier, the return must be stochastic and gradual
since an immediate return to target in not compatible with the
uniqueness of equilibrium,

5. Related literature

The study of the determinacy of equilibrium has a long tradi-
tion in general equilibrium. Initially the focus was on conditions
needed to obtain the uniqueness of equilibrium—but the conditions
obtained turned out to be far too restrictive. All this was changed
by the fundamental paper of Debreu (1970) which proposed an ap-
proach of great generality and power. The idea was to study equi-
libria as solutions of systems of equations for which the generic
dimension of the manifold of solutions are given by the Transver-
sality Theorem: uniqueness is replaced by local uniqueness i.e. the
condition that the dimension be zero so that equilibria consist of
at most a finite number of points. At the time determinacy was un-
derstood as the existence of a finite number of equilibrium alloca-
tions and relative prices, since price levels are not determined in
an abstract GE model.

Under the influence of Savage (1954), Arrow (1953) used the
state-of-nature approach for defining a random variable to extend
general equilibrium to uncertainty, and made the transition to the
concept of a sequential equilibrium by introducing a collection
of nominal contracts—an “Arrow” security being a promise to
pay one unit of account if state s occurs. The price level in
each state was indeterminate, but since there were complete
markets the indeterminacy was purely nominal and did not affect
the real allocation, so it passed unnoticed. Until Cass (1989)
revisited the model and had the important insight that if the
payoffs of the securities are nominal and the financial markets
are incomplete then real equilibrium outcomes are indeterminate:
Cass interpreted this striking finding as a critique of the viability of
rational expectations equilibrium. The result caused quite a stir and
led to the study of the degree of indeterminacy of equilibrium in
models with nominal contracts and incomplete markets (Balasko
and Cass, 1989; Geanakoplos and Mas-Colell, 1989). Magill
and Quinzii (1992) argued that since the indeterminacy in the
allocations came from the indeterminacy of the price levels which
left the purchasing power of the security payoffs indeterminate,
the introduction of an additional monetary component into the
standard model to determine the price levels would restore the
determinacy of equilibrium: using Clower’s (1967) constraint they
transformed the indeterminacy result into the result that monetary
policy has real effects when markets are incomplete.

This changed the focus towards finding more sophisticated
ways of embedding the monetary component into the GEI model.
In a series of papers Dubey and Geanakoplos (1992, 2003,
2006) studied a form of cash-in-advance model in which agents
borrow money from a bank to finance their transactions, which
yields determinate prices and equilibrium allocations when either
money supplies or interest rates are fixed. A similar model was
explored by Dréze and Polemarchakis (1999, 2001) (DP) with the
important difference that the bank is seen as a private bank which
redistributes the seignorage revenue as profit to its shareholders,
and this reintroduces indeterminacy. In an informal discussion
DP (2001) introduced the notion of a “comprehensive” monetary
policy, defined as a policy which would determine the price level
(at every node of the event-tree) and in their model this required
more than fixing the short-term interest rate. They suggested
either fixing the short-term interest rate and the quantity of money
at each node or the short-term interest rate and the prices of
Arrow securities, noting that both solutions would be difficult to
implement. Controlling monetary aggregates has been found to
be difficult and using a policy based on prices of Arrow securities
would require the creation of liquid markets contingent on all
the exogenous states which are taken to drive uncertainty in the
economy. As DP indicate, such markets do not exist and are almost
certain never to exist. Our approach seeks to address these issues:
the instruments we propose are the prices of securities which
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the monetary and fiscal authorities trade on a regular basis and
the policy is contingent on observed inflation rates rather than
unspecified states of the economy.

Bloise et al. (2005) show how DP (1999) can be extended to
an equilibrium model over an infinite horizon with monetary
and fiscal policy, drawing the analysis closer to the macro
literature. They show that Woodford’s (1994) well-known result
on determinacy with a non-Ricardian policy (also known as the
fiscal theory of the price level) is fragile even if one accepts
the tenuous thought experiment of fixing taxes in real terms
for the indefinite future: for example, to obtain indeterminacy
it suffices to allow the fiscal policy to raise more revenue than
needed to finance the debt and to redistribute the surplus; or, if
the government trades other securities than the short-term bond,
it suffices to leave the composition of the government portfolio
undetermined (see also McMahon et al., 2012). The indeterminacy
characteristic of a Ricardian policy was also explored in Nakajima
and Polemarchakis (2005) in a representative-agent model drawn
from macro, using the tools of the general equilibrium approach to
count the dimension of indeterminacy. This paper forms the point
of departure of our analysis.

In this class of monetary models with a Ricardian fiscal policy,
the indeterminacy does not come from the incompleteness of the
security markets, as in the earlier models mentioned above, but
comes rather from the lack of instruments for determining price
levels. Since models with complete markets are easier to study
than those with incomplete markets, the paper of NP and ours are
in a setting with complete markets. Where we differ from NP is in
the representation of uncertainty. In a related paper (Magill and
Quinzii, 2009) we have emphasized the importance for the real-
ism of GE models under the uncertainty of replacing the state-
of-nature representation of random variables used in current GE
models (since its introduction by Arrow (1953)) by an approach
based on probability distributions over realized outcomes which
are observable. The idea of adding long-term interest rates as in-
struments to determine price levels was proposed independently
by Adao et al. (2010) in a model similar to NP: however since the in-
terest rates are node dependent they do not constitute an “interest-
rate rule” that could be learned by agents in the private sector.

The approach that we adopt in which the term-structure rule
is based on realized inflation makes it a natural generalization
of the standard short-term interest-rate rule used in macroeco-
nomics to solve the indeterminacy problem—a problem which
macroeconomists discovered a long time ago in a macro setting
(Sargent and Wallace, 1975). The subsequent macro literature has
converged on the idea of using a short-term interest-rate rule
which satisfies the Taylor Principle: for this implies that there is
only one equilibrium trajectory which is locally stable, and this
trajectory is selected as the candidate equilibrium. Whether this
way of selecting one out of many candidate equilibria is a legiti-
mate way of obtaining “determinacy” is the subject of debate (see
Woodford (2003) and Cochrane (2011)).
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Appendix

A.1. Proof of Theorem 3

Step 1. Show that the extensive and reduced-form budget sets
are the same. The budget set B"(p, q, ) of agent h in an extensive-
form equilibrium is given by

B"(p, q, 0)
32" e RD]

— e(Z"O(D))Z pfcf

suchthatvVé e D
+y 9; —l—qug = ps- L + qué,

Z Pg qg/zé/ =0
FGDT@)
where ¢ (D) is the space of non-negative bounded sequences on
D, and where pé.[;L’;_ + agozg_ = w denotes the agent’s initial

0 0

wealth at date 0. While the extensive-form budget set is defined
by an infinite sequence of budget constraints (one at each node of
the event-tree) the reduced-form budget set of agent h, denoted by
B"(P, p, r', ©) is defined by a single present-value budget equa-
tion

B"(P,p.1',0) = [x“ € (LT (D))*

Lh
ZPSPS( 1+

EeD

) + y"Pey © = Peywg }

where r! = (rg)gen is the sequence of short-term interest rates
over the event-tree D. Let £;(D) = {P € R”|} ., |P:| < oo}
denote the space of summable sequences on D. We want to show
that if
(i) rank [g¢+] = SG, V & € D (complete markets),
(ii) qug = Zé’e§+ Pg/f]’s,,j € ¢, V& € D (no-arbitrage security
prices),
(111) (Pepe)zen € ¢! + (D) (summable prices),
iv) ZS/EH))T(E) P&-/Gg/ — 0asT — o0, ® = ), Pe6s, (summable
taxes

then B"(p, q, 0) = B"(P, p,r', ©) forall h € F.

(=) We show B"(p, q, ) C B*(P, p, r", ©). Pickx" € B". Multi-
plying the budget equation at node & by P: for all § € D, summing
over the event-tree up to date T and using the no-arbitrage con-
dition (ii) gives (remember that DT denotes the set of nodes up to
date T and Dy the set of nodes at date T)

Z nggCg + )/h Z P06 + Z P;qug

gen’ gepT EeDr
h h
= Z ( Z Pg/)ngs +P§0w0.
genT—1 \g’est

Since no-arbitrage applied to the short-term bond implies that, for
PS . . .
allé e D, @ = ZE’EE* P, this equation can be written as

L
Z P&’s(% T4r )+VhZP59§+ZPsPECg

gepT—1 gepT §ebr

h
+ Z qu;c,ZE = Pgowo.
&eDr
Since (P¢pg)een € £'(D) and ¢ € £2(D), iMr o0 Y cp, P:pect
= 0, and by the Transversality Condition for B", limr oo Y _cp.
P:qez! = 0,50 thatx € B'(P, p, 1, ©).
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(<=) We show B"(p, q,0) > B"(P,p,r!, ®). Pick " e B'(P,
p,r', ©®). We need to find portfolios z" such that the sequential
budget constraints are satisfied at each node and the Transversal-
ity Condition is satisfied. We define the portfolio zg by the require-
ment that it brings enough wealth to the successors of £ to finance
the excess present value of expenditure over after-tax income on
the subtrees originating at each of these nodes. In view of the as-
sumption of complete markets such a portfolio exists and is de-
fined by

[ > Poper(cli -

§"eD(E’)

h
LE// )
1471,

—+ yh Z P&”QE” — Pg/p§L2:| = [P Og+ a] Zg,
E"eD(&’) £eet

VEeD (37)

where [P O+ E]] = I:Pg/&é,:l jeg IS the SG x J matrix of present
Tegt

values of the payoffs of the ] securities at the immediate successors

&T of £, Let us show that with this choice of portfolio the sequential

budget constraint is satisfied at each node. We begin with the

initial node &,. Premultiplying the SG equations (37) by 17 € RS¢

gives
Lg
h h
Z (Pﬂ?g(cs — 1+r]> +)/ Pg@g) — (Z PE’)
£eD\ko § §ety
X pfoLgo = P,qu&ozgo (38)

. I h 1 g _
and since ¥" € B"(P,p,r', ®) and Zg/eg()* Pe = 1+f1

that
I P
o h h o h
_Péopfo (Cgo - 1 ) -V PEOQEO + Pfowo - 1 pEOLEO
1+ e 1+ e
h
= PquSOZEO
namely

h h h h
P&y C, +vy 950 + Qgp2s, = Wo-

In the same way, for any node € with t(£) > 1 premultiplying (37)
by 17 and using (ii) gives the analogue of (38) with I replaced by

D(§) and & replaced by £. Using (37) again to express Pz ?Zgzg, and
substituting leads to
L

: )
1
1+r§

h _ p_,.5h
1ng £ 025

Ao pon A0 h h
Psqug, Péps(cg PEGS—i—PEpEL

T

so that the budget constraint at node §
pgc +y"0: + qu =p;-L] + ?ngg,

is satisfied. It remains to show that the Transversality Condition
is satisfied. To this end consider any node £ € D and for any date
T > t(€), consider the nodes of Dy (&) atdate T in the subtree D(§).
Using (37) and summing over the nodes of Dr () gives

Z Pg/qE/Zg/

&'eDr(§)
h
= P h,— LE" "6
= Z E//pf” C%‘” l+ +y £ Ogn
£/ eD(¥) é”
t(E")=T+1
> Pope L. (39)

&'eDr(§)

By condition (iii) and (iv) all the tails of the series on the right side
of (39) converge to zero, and thus ZE'EDT(E) Pg/pg/zg, — 0 when

e B'(p, q, 0).
Step 2. We show that, given price processes (P, p, q) satisfying con-
ditions (i)-(iii) of Step 1 and an aggregate consumption process
C= 1w c" e £%°(D), the government policy (M, 0, Z) is deter-
mined by the feasibility conditions and the fiscal rule, and it satis-
fies 3 rcp ) PeWer — 0and 3 .y ) POy — 0asT — oo.

Actually without a further assumption there is an indeter-
minacy in the government’s portfolio since by the fiscal rule
(7) the taxes 0; at node & adjust to accommodate the portfo-
lio Z;- inherited from the previous node. We thus introduce an
additional process of parameters § = (Bz)zep Where B =
(Ber)eree+determines the composition of the liabilities (Wer)greg+
at the successors of node &. That is, we assume that the portfolio
Zg is chosen so that (Wg/)gree+ = dg B¢ for some d; € Ry,

Let us show that given (P, p, q) satisfying conditions (i)-(iii)
of Step 1 and an aggregate consumption process C € £3°(DD), the
feasibility and fiscal rule constraints at each node £ € D

T — 00, so that &"

Mg = p:Ce (40)

Mg + 6; + q:Z; = W; (41)
rglMS + O = oz We (42)
1 + I

(Ws’)g/eg+ = d: e (43)

where W = M- + §:Z;-, the liability of the government at the

beginning of node &, determines the portfolio and tax policy (0, Z).
Start at the initial node &. (40) determines Mg, and since rgo is

1
the selgnorage % is known. (41) and (42)

givenby g} = 1+g )

then determine 6, and kg = qEOZEO. Premultiplying (43) by the
vector Pé; = (P,,a/)‘g,eégr gives the equation

Z Per | Mgy + PeyqzoZ,
&'egy

Pg, M,
=dg, ) PeBrye = =

gt T+ réo

0 4 Pgoko = déo S+,Bo

which determines dg,. Then
(WS’)g/egO* = Mg 1+ [asg] Zg

determines Z, since [f]g] is invertible. Note that

Pey M,
D PaWe = 1:_ -+ Pey sy Zs,
et 50
ri M
&0
= PEO <ME0 - 1 O-I-rg + qEOZEO
0
= Py (1 — )W (44)

where the last equality is obtained by substituting the value of
0, given by (42) into the budget Eq. (41): thus the present value
of the government’s liabilities has decreased by the factor ag, by
virtue of the Ricardian policy (42). Note also that since all the terms
(WE/)S’esO* have the same sign (B¢, > 0), they are of the same sign
as W.

By induction we can use (40)-(43) to calculate (6, Z;) for all
nodes &, showing that the relation (44) between We and (We/)g/ e+
is satisfied at each node and that the liabilities W always have
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the same sign, which is the sign of Wj. To establish the asymptotic
properties, we assume that Wy > 0, so that for all £, W; > 0: if
Wy < 0 it suffices to reverse the inequalities in the analysis that
follows and the same asymptotic results hold. It follows from (44)
that

> PoWe < (1— )P We.
gest
Applying this inequality recursively gives
Y PaWe = Y (1—)PeWe < (1—a)°PW;

& eD(§) Eegt
tEN=tE)+2

and moving forward T — t(£) periods into the subtree D(§) gives

0< Z PenWen < (1
&§"eDr ()

Thus the Ricardian assumption (RC) implies that the present value
of the government’s date T liabilities tend to zero when T — oo
on every subtree of D.

Multiplying (42) by P for each node £’ € Dr(¢) and forming
the sum of these values gives

— o) O p W, (45)

1

r
E/
Z Pg/@g/: Z g P Wy — Z mPg’Mg’,
§'eDr(§) §'edr(§) &'eDr(§) !
& eD.

By (45) the first term on the right side tends to 0 as T — oo and
since PMg = PgpeCer by (iii) of Step 1 and € € £°°(D), the
second term tends to 0. Thus ) ./, ) Peflr — 0as T — oo.
Step 3. We show that an extensive-form equilibrium is a reduced-
form equilibrium. Let

((® @yes,). $1.2.9)). (& m.2), 3.D).
(P.p. & @)ecs,))

be an extensive-form equilibrium. The profit maximization in (vi)
of Definition 1 implies w; = pz, & € D. Since the government

policy is Ricardian the asymptotic properties established in Step 2
hold. Thus if we define ® = Zsem P& 6, all the conditions (i)—(iv)

of Step 1 are satisfied, and B"(p, q, @) = B"(P, p, ¥, ©).Since " is
optimal in B", it is also optimal over B" so that (2) in Definition 2 is
satisfied. It follows that the triple ((B (i}")jegg, @), X, I_’) satisfies
all the conditions for a reduced-form equilibrium in Definition 2.

Step 4. We show that from a reduced-form equilibrium we
can reconstruct the associated extensive-form equilibrium. Let
((B. (@)jeg,. ©).X.P) be a reduced-form equilibrium and let 7

be defined by qu’E = Yo+ Per qg/,] € Jp, £ € D with qs/ =
Vg,. By assumption [aﬁ] is invertible for all £ € D. Given the

properties of a reduced-form equilibrium, (i)-(iii) of Step 1 are
satisfied and we can apply Step 2 to construct the government
policy (M, Z, ). To show that ® = Y tep P;:6;, we sum the agents’
budget equations in the reduced- form equilibrium and use the
market clearing equations to obtain

=1

-
£ PM.+6 = h_
Z]+F1P5M§+O_Zwo_wo. (46)

Eeh & hest

On the other hand multiplying the government’s budget equation
(41) at node & by P; for all £ € D and summing over the whole
event-tree leads to

=1
PeM + ) Pe0; =

i
Z1+ Eeb

Eeb

which combined with (46) implies that ® = D cen P:0;. Thus
all the conditions (i)-(iv) of Step 1 are satisfied and B"(p, q,0) =
B"(P, p, 7', ®). Thus for each h € #, X" is optimal over B" and
the portfolio strategy z" which finances %" is given by (37) It re-
mains to show that the financial markets clear, ie. ", , z" = Z.
Summing Eq. (37) at node &£ over the agents gives

T ,,Ms//
[ Z Pg"H— + Z Peren — PS’ME:|
£/ €D (&) g £/ D) Ereet
=[Pocd]Y 2 veen (47)
hex

On the other hand multiplying the government budget constraints
(41) over the subtree D(¢) by the corresponding node prices and,
for each &' € £T, summing over the subtree D(£”) leads to

PeqeiZ; + PoM; = + + ) Puber,
é—//

§7eD(E’) §"eD(E")

£ ekt
which, combined with (47) implies that Zheﬂ, Zg = Zg for all

& € D. Thus all the properties of Definition 1 are satisfied, and the
proof is complete. O

A.2. Uniqueness of equilibrium when S = 2

The case where there are two possible inflation rates (771, 3)
provides the simplest setting for understanding the difference
between conditions (i) and (ii) of Theorem 11. If the inflation rates
are positive 0 < m; < 7, then for any 2 x 2 Markov matrix B
there exists an equilibrium with non-negative short-term interest
rates, corresponding to gross rates of return on the short-term
bondR; > 1,R, > 1.If T = 1and

U (c(R1), 1= c(R1) , uc(c(Ry), 1 —c(Ry))
1+ m 1+m

then condition (ii) of Theorem 11 is satisfied and the short-term
interest rate suffices to anchor the inflation expectations to B.
Condition (i) is then superfluous.

If pricing is risk neutral (u, = 1) then (48) is always satisfied
since ¢ # 7, and the two Fisher equations

(43)

1 By 1—-Bn
1 _p( By 1By
Rl 1+7T1 1+7'[2
1 —8( 321 1—32])
R \14m 1+m

uniquely determine (By1, By1).

In the case where the representative agent is risk averse, (48)
may not hold. In this case it is easy to see from the short-term
pricing equation that the short-term bond prices are such that

__1_8;&8_1__ (49)
q]_R1_1+n1 1+7r2_1_22_q2'

Thus (48) is not satisfied when the characteristics (u, §, 1, 2) of
the economy are such that

uc(c(H), 1 — c(Hmy)

1+7T1

Cue(c(F52), 11— c(F52))
- 1 +7T2

uc(c(R). 1—c(R))

(50)

In view of Lemma 6(iii), since is decreasing, the
smallest perturbation in ; leads (50) to be violated: thus (48)
is generically satisfied. When (50) holds so that condition (ii) of
Theorem 11 is not satisfied, by (49) the rank condition in (i) is
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satisfied, so that expectations can be anchored by using bonds of
maturities 1 and 2, (B11, By1) being determined by the two Fisher
equations for the two-period bond (recall that (49) and (50) hold)

7= 82 ( By 1—311>
1 14+m \14+m 14+ m

(_]2_ 82 ( 321 1—321)
2 1+m \1+my 1+m, '

Thus when S = 2, generically (ii) of Theorem 11 is satisfied. In the
exceptional case where (ii) is not satisfied, then (i) is satisfied and
the prices of the bonds of maturities 1 and 2 anchor expectations
of inflation.

A.3. Proof of Lemma 14

We first assume that (v, @) € Af, x RY are fixed and, to
simplify notation, we omit these parameters as arguments of the
functions. ForR > 0, ® > 0,h € #, and k a large positive number,
define the function X" : R2 | — R2 , by

(@, R) = argmax {vhu”(ch, oy — och
zh
_¢E|Ofch5k’ Osﬁhgeh}.

By Assumption U and v > 0, the function which is maximized
is strictly concave and has a unique maximum. By Assumption U,
for k large enough the maximum cannot occur on the boundary
of the constraint set so that the maximum is the solution of the

FOCs (a1)—(a2). Let (c“(@ R), i"(, R)) denote the solution of the

maximum problem viewed as function of (&, R). Since u" uf, —

(u"))? > 0, the functions &" and ¢" are differentiable. To obtain a
solution to (a1)-(a3) @ must satisfy the market clearing equation

Y@, R+ ) d@. R =) de (51)

hes hest he

By Assumption U, when @ — 0, &"(®, R) — oo and the left side
of (51) is greater than the right side. When @ — oo both ¢"(®, R)
and £" (@, R) tend to zero so that the left side of (51) is smaller than
the right side. Thus it suffices to show that the functions ¢" and h
are strictly decreasing functions of @ to show that Eq. (51) has a
unique solution @ (R). Differentiating the FOCs (a1)-(a2) gives

a¢ RYA
h.h h.h
Vil gy TV Mgy =1
aeh CYA
h ., h h,h
v — 4+ v, — =
LT Yo T R

which implies

h, h ~ h, h
AP vhph AP viD"R
where D" = uf.uj, — (uf,)*. By Assumption U, D" > 0 and the
numerators of the fractions are negative, so that both &" and £" are

decreasing functions of @: thus (51) has a unique solution @ (R).

To sign BR , differentiating (51) gives

geh 9L\ o aeh 9L
—td— | = =- — +ad—). 52
Z<a¢+a 7o) o=~ 2\ TR (52)

hejt hex

The derivatives 3¢" /R and 3¢" /3R can be found by differentiating
the FOCs (a1)-(a2)

¢ aeh

h . h h . h
Vilegr T e gR T
Uhuhaih_l_ h haih__ah@

IR ¢ 9R R?
which gives
aih:ah@”?l>o aih: acpucc>0
9R  vhR2Dh — 7 aR phR2ph

which by (52) implies 22 5
stituting gives

3 (o) RE -0

aR\R) R
h h
_Rz(aR+ahaz) ¢Z< _}_hgfp)

hext
ach aeh
Ry (55 +ais)
hejt

> 0. Solving for usmg (52) and sub-

R

o=

(53)

The denominator D is negative. To sign the numerator we replace
the partial derivatives of ¢" and £" by their values, which gives

a" u
N=@o Z hDh >0

he#
sothat % (%) < 0.

Reverting to the full notation, (51) implicitly the function
®(v,a,R), and if the functions c" and ¢" are defined by
c"(v,a,R) = (@ (v,a,R),R), £"(v,a,R) = {"(®(v,a R),R),all
the properties of Lemma 14 are satisfied for (v, a,R) € Af'H X
R’i + X Ry,. To show continuity with respect to v over the
whole simplex, suppose that a sequence (vp)>0 € A’i 4 in the
interior of the simplex converges to ¥ € A" with ?" = 0. Since
for some K, ¥ > 1/H and (51) must hold, @ (v,, @, R) stays
bounded away from zero and, since v! — 0, u(c"(v,, a, R), "
(vn, @, R)) and u(c"(vy, @, R), € (vy, @, R)) must tend to 0o, so that
(c"(vq,a,R), £"(vy,a,R) tendsto 0. O

A.4. Proof of Theorem 15

Since foralln € 4 x §,a, = (an,..., ”) is fixed, we omit
it from the argument of the functions and letc (v, R), 6 (v R), @,
(v, R) denote the functions c"(v, a,, R), Zh(v, a,, R), cb(v, a,, R)
defined in Lemma 14. Since by (1) of Theorem 15

B, 1) > 5 Z Bnn/@ (v, 1)

> lim @,(»,R)
03X 1 —+ j'[n/ R%OO

there exists a solution R;I“ax(v) > 1 to Eq. (27), so that R};‘ax > 1.
Thus

K={ReR}°|1<R<R™/}

is a non-empty compact convex subset of R*C. For v € Af and

R = (Ry,...,Rsxg) > 0, let ©®(v, R) be defined by the equation
(obtained by summing the agents’ budget equations)

> 1 - 8B, @, (v, R )(Zc v, R )) — 1
'7

nesxg hejt
+ @y (v, Ry (O — W) = 0. (54)
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©® (v, R) is the present value of the taxes needed to withdraw the
government liabilities Wy = >_, wl! from the private sector when
the seignorage revenue is given by the first term in (54). For each
h € #¢ consider the function

¢"(v, R)

al(e" — (v, R)))
= Y -8Bl @y (. Ry) %

neESXG

— (v, Ry

+ Py, (v, Rno)(wg - Vh@("’ R))

which gives the excess of the present value of income over con-
sumption for agent h when the vector of weights is v and the vector
of returns is R. Given the definition of @ (v, R), for all v € A" and
R>0,Y,.,¢"vR =0,

Consider the map ¥: A" x K — R" x R**C defined by

v + max{¢"(v, R), 0}

¥, (v,R) = - , he ¥
R = TS max(c" v.R). 0]
West
v 3 4 >
lI/(vR)_’ v, 8 ——®,(v,Ry) |,
ne8xG +JT,7
neESxX$G

where 5,7‘ (v, -) denotes the inverse of the decreasing function

R — q~>,, (v, R). ¥, increases the weight of agent h when the present
value of his income exceeds the present value of his consumption,
and decreases it otherwise. ¥, gives the return on the short-
term bond in state n which is such that the marginal cost of one
unit of the bond is equal to its marginal benefit, when the vector
of marginal utilities next period is (@, (v, Ry));yesxg. Since the
function R — @, (v, R) is increasing and limg_,o 5,, (wv,R) = o0,
by (1) of Theorem 15

llm ®,(v, R 8 —®y(v, 1
J0.R) <8 Y 1+n,, (1)
n'esx§
<6 Z q> (v, Ry)
ne%fxg
< lgliré@,,(v, R)
sothatdd g H”j’; @,/ (v, Ry) is in the image of the function

R — (1~>,,(v, R) and ¥, (v, R) is well defined. By construction
(W (v, R))hese is in AP, To show that (¥, (v, R)),esxg is in K, note

that
52 <D,7(vR)§(SZ @(vR““‘X)
’IEJXQ ne&xg
@ (v 1) ~
= Ry = 90D (56)

where the equality comes from the definition of R;"i“(v) and the
last inequality comes from (2) of Theorem 15 and the fact that
@,(v,1) = ®,(v, 1) forall v € A", Since d> (v, -) is decreasing,
(56) implies

w,(v,R) =&, " v, 8 Z

n e%fxg

& (v, (v, 1) =1

(D (v, Ry)

v

sothat¥,(v,R) > 1,foralln € 8 x §.Thus ¥ is a continuous map
from A" x K into itself and, by Brouwer’s Theorem, has a fixed

point (v, R). Let

1
=1
q = =
n Rn
Xh = (c) (3, R)), Lh(#,Ry)), heH,
@, =0, R,)), nesxg,
® = O(v,R)

and let the prices of bonds of maturitiest = 2, ..., T be calculated
recurswely using equations (b1) in Proposmon 13 Let us show
that ((B, q, ®), (v, X, ®)) is a reduced-form equilibrium. From the
construction of the functions (c h ¢") in Lemma 14 and by the
fixed-point property of R in K, the equations (a1)-(a3), (b1)-(b2) of
Proposition 13 are satisfied and it suffices to show that the budget
equations (a4) hold. _ ~

Since Y., ¢"(»,R) = 0,if {"(v, R) # 0 for some agent, then
there is one agent for which the value of excess income is strictly
positive and ) _,_,, max{¢"(», R),0} > 0, and there is another

agent I’ such that £" (9, R) < 0. For this agent the fixed point
property

" (14 ) max{¢" (3. R), 0} | = "
hezt
implies 7" = 0. This in turn implies (c’,;/(l_l, Ry, E’,;/(f;, R,)) = 0for
alln € 8 x G, so that
t"B.R) = Y [ —8Bl o — By (v O — wp).
nESXG n

If " ® — wl < 0 then it is not possible that " < 0. If y"
e — wg/ > 0, then since @ is decreasing and @ is increasing

h h

’ - e
h /= ma '7
M@ R) = Y 11— 8Bl @y (0, R
nESXG n

— Py (1, Rmax)(yh/(:) — wg/) >0

by (3) of Theorem 15, contradicting the assumption ;“"‘/(17, R) < 0.
Thus ¢"(», R) = Oforall h € 7 and (a4) holds. O
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