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Abstract

Financial markets are incomplete, thus for many agents borrowing is possible only by ac-
cepting a financial contract that specifies a fixed repayment. However, the future income that
will repay this debt is uncertain, so risk can be inefficiently distributed. This paper argues that
a monetary policy of nominal GDP targeting can improve the functioning of incomplete finan-
cial markets when incomplete contracts are written in terms of money. By insulating agents’
nominal incomes from aggregate real shocks, this policy effectively completes the market by
stabilizing the ratio of debt to income. The paper argues that the objective of nominal GDP
should receive significant weight even in an environment with other frictions that have been

used to justify a policy of strict inflation targeting.
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1 Introduction

In the last twenty years, inflation targeting has been adopted by an increasingly large number
of central banks. Accompanying that rise has been a debate on whether inflation targeting has
narrowed the focus of monetary policy too much, in particular, whether it leads central banks to
take their eyes off developments in financial markets. This debate has understandably become more
active in recent years. Some would argue that too much focus on low and stable inflation may allow
potentially dangerous financial imbalances to build up in credit and asset markets (Christiano, Motto
and Rostagno, 2007, Christiano, Ilut, Motto and Rostagno, 2010, White, 2009), perhaps justifying
a monetary policy that leans against large movements in asset prices and credit growth. Others
would argue that targeting asset prices is either undesirable or ineffectual (Bernanke and Gertler,
2001), or that ‘flexible’ inflation targeting can be adapted to accommodate a world where there
is a tension between price stability and financial stability, and that it would be unwise to discard
inflation targeting’s role in providing a clear nominal anchor (Woodford, 2011).

The canonical justification for inflation targeting (see, for example, Woodford, 2003) is that it
promotes efficiency in goods markets by avoiding the relative-price distortions that would occur with
high or volatile inflation. Stability of inflation can also contribute to a efficient level of overall eco-
nomic activity (closing the ‘output gap’) because the Phillips curve implies a link between inflation
fluctuations and output gap fluctuations. The theories of nominal rigidities that provide the intel-
lectual support for this view have been extensively researched. Still much less researched, however,
are the types of monetary policies that would promote efficiency in financial markets. Here, there is
less consensus on the distortions that monetary policy should be aiming to avoid or to correct, and
the extent to which correcting financial-market distortions is in conflict with correcting distortions
in goods markets.

This paper begins from the observation that financial markets are incomplete, so many agents
wishing to borrow can only do so by agreeing to financial contracts that specify fixed repayments in
the future. The future real incomes that will be used to repay these debts are however uncertain.
Such incomplete contracts lead to the burden of risk being unevenly distributed among agents,
which is inefficient. If financial contracts are written in terms of monetary units then a monetary
policy that targets nominal GDP can help in minimizing the inefficiency of financial markets. The
argument is that this policy stabilizes the debt-to-GDP ratio in response to aggregate shocks, which
will effectively lead to financial markets that completely span the risk coming from aggregate shocks.
A policy of strict inflation targeting would fail to deliver this efficient outcome and would instead
lead to inefficient fluctuations in levels of debt and interest rates.

These conclusions are obtained analytically from a tractable heterogeneous-agents model that
can be used to study the effects of different monetary policies on the efficiency of financial markets
and to derive optimal monetary policy. The model contains overlapping generations of individuals
who earn uncertain real incomes that vary over each individual’s lifetime. Individuals are differently
exposed to shocks to GDP because of the pattern of labour income over the lifecycle: most labour

income is earned when middle-aged, and relatively little when young or old. There is thus a role for



financial markets in facilitating borrowing, saving, and risk sharing between individuals. Individuals
with concave utility functions would like to smooth consumption over time and over different states
of the world.

The financial markets that individuals have access to are incomplete. It is assumed individuals
cannot borrow by short-selling state-contingent bonds (Arrow-Debreu securities). Borrowing must
take the form of non-contingent debt contracts, which are denominated in terms of money. These
are arguably reasonable assumptions for most households. As savers, individuals can buy any assets
that are traded. In equilibrium, savers must hold the securities issued by borrowers, so the only
financial market that operates is for nominal non-contingent bonds.

In this environment, individuals borrow when young and repay their debts when middle-aged.
They then save by lending to the next generation of young to fund consumption when they are
old. However, when the young choose how much to borrow, they do not know the future course
the economy will take, which will affect their future labour income. Will there be a productivity
slowdown, a deep and long-lasting recession, or even a ‘lost decade’ of poor economic performance
to come? Or will unforeseen technological developments or terms-of-trade movements boost future
incomes and good economic management successfully steer the economy on a path of steady growth?
The young do not know what is to come, but must choose how much to borrow (and fix what they
must contractually repay) prior to this information being revealed.

Now suppose the central bank is following a policy of strict inflation targeting. Such a pol-
icy transforms financial contracts specifying non-contingent nominal repayments into contracts re-
quiring non-contingent real repayments. The real value of the debts the young must repay when
middle-aged remains the same irrespective of what subsequently happens to the economy. Suppose
that GDP is much lower than the currently middle-aged expected when they were young. Their
labour income turns out to be too low relative to what they must repay, hence their consumption
(whether now or in the future) must fall sharply. At the same time, the savings of the old maintain
their real value, thus their consumption is largely insulated from the shock because it is principally
financed from savings rather than labour income. Similarly, had the realization of GDP growth
been better than expected then the middle-aged would have benefited disproportionately because
their debt repayments are fixed, while the old would ‘miss the party’ and be stuck with a relatively
low consumption level.

This model is designed as a simple representation of a world where some agents are leveraged,
while other agents hold the corresponding debt obligations as safe assets. The young would like to
smooth consumption, but can only do this by leveraging their future income stream. Consumption,
as the residual between fluctuating income and fixed debt repayments, is more volatile as a result
of this leverage. In equilibrium, if borrowers cannot issue risky liabilities, savers end up holding
risk-free assets. Risk is thus very unevenly distributed among agents.

The consequences of this uneven distribution of risk will be seen in financial markets where credit
aggregates, interest rates, and asset prices will display larger fluctuations in response to shocks were
the central bank to follow a policy of strict inflation targeting. Following a positive shock to GDP
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income falls. This sets off a credit boom with new lending growing faster than GDP. The intuition
is that with risk concentrated in a subset of the population, the beneficiaries of the shock lend to
those who did not directly benefit, with the aim of smoothing consumption over their lifetimes.
In order to persuade others to borrow more, this expansion of credit drives down long-term real
interest rates, inflating the prices of bonds and other assets by increasing the present discounted
value of any stream of future payments. Similarly, strict adherence to an inflation target following
an adverse shock to GDP leads to a greater deleveraging as the burden of repaying maturing debt
rises, which reduces funds available for new lending. As credit becomes scarce, real interest rates
rise and asset prices fall.

In what sense are the outcomes described above inefficient? The young realize that a non-
contingent debt contract, while allowing them to consume more when their income is initially low,
exposes them to greater consumption volatility in the future. Ex post, they would have large gains
in some states of the world, and large losses in other states, while the old would have little to gain or
lose in any states of the world. This is inefficient from an ex-ante perspective. If financial markets
were complete, the young would prefer to borrow by short-selling contingent bonds. They would
want to sell relatively few bonds paying off in future states of the world where GDP and thus incomes
are low, and sell relatively more in good states of the world. As a result, prices of contingent bonds
paying off in bad states would be relatively expensive and those paying off in good states relatively
cheap. These price differences would entice middle-aged individuals saving for retirement to shift
away from non-contingent bonds and take on some risk in their portfolios. In this way, mutually
welfare-improving trades would take place in complete financial markets.

Through this mechanism, complete financial markets would allow for risk sharing among the
individuals in the economy. This provides insurance for the young by reducing their future liabilities
in states of the world where income is low, balanced by increasing liabilities in good states. With
risk evenly distributed among individuals, credit volumes and asset prices would be more stable.
The consequences of a shock to GDP would not fall on some individuals more than others because
maturing liabilities would move in line with incomes. With no disproportionate winners or losers,
there would be no fluctuations in available funds to lend relative to the demand to borrow those
funds. The economy then enjoys a more stable debt-to-GDP ratio, and more stable asset prices.

In the absence of complete financial markets, strict inflation targeting implies that risk is not
shared efficiently among individuals, and that quantities and prices in financial markets are too
volatile as a result. But what alternative monetary policies could do better? While incomplete
financial contracts are non-contingent in nominal terms, the real value of the monetary unit depends
on monetary policy, so the real contingency of financial contracts is actually endogenous to monetary
policy. Efficient risk sharing requires that individuals subject to income risk are insured through
adjustment of liabilities in line with income. This suggests a monetary policy of targeting the debt-
to-GDP ratio. Since the non-contingent terms of financial contracts are expressed in terms of money,
monetary policy can influence this ratio simply by changing the price level.

Faced with aggregate shocks to real GDP, it is shown that stabilizing the debt-to-GDP ratio at
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of consumption as would prevail with complete financial markets. Thus, a monetary policy that
achieves the ex-ante efficient sharing of risk must stabilize this ratio. However, simply adopting
the debt-to-GDP ratio as a target for monetary policy in place of targeting a rate of inflation is
highly unsatisfactory. While one instrument of policy is sufficient to hit one target, a policy of
targeting a ratio completely fails to provide the economy with a nominal anchor. It would leave
inflation expectations undetermined, which could then drift arbitrarily. This abandons one of the
most important advantages of inflation targeting: the provision of a clear nominal anchor.

However, there exists an alternative policy that both achieves Pareto efficiency in financial
markets and delivers a nominal anchor. Given that financial contracts specify liabilities as fixed
monetary amounts, stabilization of the debt-to-GDP ratio is equivalent to stabilizing the nominal
value of income, in other words, a policy of targeting nominal GDP. Even if the real value of GDP
fluctuates unexpectedly, borrowers are shielded from excessive risk by a monetary policy that ensures
nominal incomes do not deviate from predetermined nominal liabilities. Furthermore, by setting a
target for the nominal level of GDP, given real GDP, the price level and other nominal variables are
firmly anchored. Thus, a policy of nominal GDP targeting effectively completes financial markets in
regard to aggregate shocks (though obviously not for idiosyncratic shocks) as well as pinning down
expectations of inflation.

Such a policy naturally entails some unpredictable fluctuations in inflation. However, these would
not be of an excessive magnitude: the standard deviation of inflation would equal the standard
deviation of real GDP growth. Furthermore, it is important to appreciate that this inflation is not
costly for one of the reasons often cited: the redistribution of wealth between debtors to creditors.
Some ex-post transfers of wealth resulting from unexpected inflation are precisely what is needed to
obtain ex-ante efficient risk sharing. While there are always winners and losers from any transfers
ex post, it could be argued that under nominal GDP targeting these simply mimic the contingencies
in repayments between debtors and creditors that would have been mutually agreeable in a world of
complete financial markets. But nonetheless, it could still be objected that there are other costs of
inflation such as relative price distortions in goods markets and menu costs that have been ignored
in the argument above.

To address these potential trade-offs, the model is extended to include more frictions. First,
introducing differentiated goods and nominal rigidities in goods prices implies that inflation leads
to inefficiencies in the allocation of resources as relative prices are distorted. To study the trade-
off between efficiency in financial markets and efficiency in goods markets, a utility-based loss
function is derived. The loss function contains two terms: inflation squared, representing the losses
from relative-price distortions in goods markets, and the debt-to-GDP ratio squared, representing
the losses from the incompleteness of financial markets. Optimal monetary policy is then derived
analytically. Unsurprisingly, the optimal policy is a mixture of the two policies that address each of
the two inefficiencies individually: nominal GDP targeting for financial markets, and strict inflation
targeting for goods markets. A mixture of these two policies is a weighted nominal GDP target, with
the price level receiving a higher weight than real GDP. For reasonable calibrations of the model,
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fluctuations under nominal GDP targeting are relatively modest given the volatility of real GDP.

A further extension introduces an endogenous labour supply decision. With flexible prices and
wages, the optimality of nominal GDP targeting does not depend on whether GDP is modelled as an
exogenous endowment, or as the outcome of a labour supply decision in a world with TFP shocks.
However, combined with sticky prices, it means that the central bank also needs to be concerned
about stabilizing the output gap. It is shown that the utility-based loss function now includes three
terms: inflation squared, debt-to-GDP squared, and the output gap squared. The goal of stabilizing
inflation is in conflict with the goal of stabilizing the debt-to-GDP ratio as already described. In
conventional analyses of optimal monetary policy, there is often a ‘divine coincidence’ between the
policy that stabilizes inflation and the policy that stabilizes the output gap. This is shown to break
down with incomplete markets, so there would now be a tension between inflation and output gap
stabilization even if the central bank did not care directly about the debt-to-GDP ratio.

This tension between inflation stabilization and output gap stabilization with incomplete markets
indicates that the potential inefficiency of strict inflation targeting goes beyond just considerations
of risk-sharing. It is shown that the debt-to-GDP ratio acts as an endogenous cost-push shock that
drives a wedge between the equilibrium and the efficient levels of aggregate output. The intuition
is that with incomplete markets and a policy of strict inflation targeting, labour income risk is
unevenly distributed. With stronger income effects for those supplying more labour, this leads to
too little labour being supplied when labour productivity is high and too much being supplied when
productivity is low. The policy of strict inflation targeting thus reduces the correlation between
productivity and hours, implying a sub-optimal response to TFP shocks.

This paper is related to a number of areas of the literatures on monetary policy and financial
frictions. First, there is the empirical work of Doepke and Schneider (2006) documenting the effects
of inflation in redistributing wealth between debtors and creditors. In the context of government
debt, the role of inflation in affecting the real value of nominally non-contingent bonds is the subject
of a well-established literature starting from Chari, Christiano and Kehoe (1991), and expanded fur-
ther in Chari and Kehoe (1999), with Lustig, Sleet and Yeltekin (2008) being a recent contribution.
One finding is that inflation needs to be extremely volatile to complete the market. As a result,
Schmitt-Grohé and Uribe (2004) and Siu (2004) show that once some nominal rigidity is added to
the model so that inflation fluctuations have a cost, the optimal policy is found to be very close to
strict inflation targeting. In the context of the household sector, a more closely related contribution
is that of Pescatori (2007), who studies the effect of pre-existing inequality on optimal monetary
policy decisions in a model with incomplete markets, taking account of the fact that changes in
interest rates will affect borrowers and savers differently. Also focusing on households and incom-
plete markets, and in particular on household saving behaviour, Kryvtsov, Shukayev and Ueberfeldt
(2011) study optimal monetary policy in a model where the aggregate level of savings is not socially
optimal.

There is now more generally a burgeoning literature on incorporating financial frictions into
models for monetary policy analysis. That literature stresses different frictions from those considered
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and borrowers and derive implications for optimal monetary policy. Then there are papers that
study borrowing and collateral constraints of the kind found in Kiyotaki and Moore (1997), or the
financing of firms subject to costly state verification, as in Bernanke, Gertler and Gilchrist (1999).
Contributions in this area include Faia and Monacelli (2007) and De Fiore and Tristani (2009).
Work by Christiano, Motto and Rostagno (2010) emphasizes the role played by ‘risk shocks’ faced
by entrepreneurs.

Finally, this paper is related to the existing literature on nominal GDP targeting, with Meade
(1978), Bean (1983), and Hall and Mankiw (1994) being key contributions. The argument for
nominal GDP targeting here differs from those put forward by other advocates.

The plan of the paper is as follows. Section 2 sets out the basic model. The equilibrium in the
case of an endowment economy is derived in section 3, and optimal monetary policy is characterized.
Section 4 introduces sticky prices into the model, and section 5 adds an endogenous labour supply

decision. Finally, section 6 draws some conclusions.

2 The model

The model is of an economy with overlapping generations of individuals. Time is discrete and is
indexed by t. A new generation of individuals is born in each time period and each individual lives
for three periods. During their three periods of life, individuals are referred to as the ‘young’ (y), the
‘middle-aged’ (m), and the ‘old’ (o), respectively. An individuals derives utility from consumption
of a composite good at each point in his life. At time ¢, per-person consumption of the young,
middle-aged, and old is denoted by Cy ;, Cy, ¢, and C,;. Individuals have identical utility functions,
which have a power utility functional form. Future utility is discounted at a rate o (0 < ¢ < 00).
The intertemporal elasticity of substitution is o (0 < 0 < 0o, the coefficient of relative risk aversion

is 1/0). The utility % of the generation born at time ¢ is

-1 1-1 1-2
C ¢ — 1 Cm T — 1 C10 o — 1 1
U= BT B S where B= 1
o o o

The discount factor (3 satisfies 0 < 3 < 1. There is no intergenerational altruism.

The number of young individuals born in any time period is exactly equal to the number of old
individuals alive in the previous period who now die. The economy thus has no population growth
and a balanced age structure. Assume that the population of individuals currently alive has measure
one, with each generation having measure one third. Aggregate consumption at time ¢ is denoted
by Ci:

T

All individuals of the same age at the same time receive the same income, with Y;;, Y,,;, and

Crt+ -Coy. 2.2]

Y, + denoting the per-person incomes (in terms of the composite good) of the young, middle-aged,
and old, respectively, at time t. Incomes will be modelled initially as exogenous endowments, with

this assumption being relaxed in section 4 and section 5. Age-specific incomes at time ¢ are assumed



Figure 1: Age profile of non-financial income
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to be time-invariant multiples of aggregate income Y;, with «y, o, and &, denoting the multiples

for the young, middle-aged, and old, respectively:

1 1 1
Y;I,t - o‘yY;H Ym,t - O(mlfh }/o,t - OCOY;fu where Ky, K, Ko € (07 3) and g(xy + go‘m + -, = 1.
2.3]
The income multiples &y, &, and «, are parameterized to specify a hump-shaped life-cycle

income profile described by a single parameter y:
o, =1—Py, oan=1+1+p)y, and x,=1—. 2.4]

The income multiples are all well-defined and strictly positive for any 0 < vy < 1. The general
pattern is depicted in Figure 1. As vy — 0, the economy approaches a limiting case where all
individuals alive at the same time receive the same income, and as y — 1, the difference in income
over the life-cycle is at its maximum with old individuals receiving a zero income. Immediate values
of v imply life-cycles that lie between these extremes, thus the parameter y can be interpreted as the
gradient of individuals’ life-cycle income profiles. The presence of the parameter $ in [2.4] implies
that the income gradient from young to middle-aged is less than the gradient from middle-aged to
old.!

There is no government spending and no international trade, and the composite good is not

storable, hence the goods-market clearing condition is

Let g, = (Y; — Y;_1)/Y;_1 denote the growth rate of aggregate income between period ¢t — 1 and ¢.
It is assumed that the fluctuations in the stochastic process {g;} are bounded in the sense that in

every time period and in every state of the world, no generation has a monotonic life-cycle income

Introducing this feature implies that the steady state of the model will have some convenient properties. See
Proposition 1 in section 3.



path. This requires that fluctuations in aggregate income are never large enough to dominate the
variation in individual incomes over the life-cycle.?

The economy has a central bank that defines a reserve asset, referred to as ‘money’. Reserves
held between period ¢ and ¢ + 1 are remunerated at a nominal interest rate ¢; known in advance at
time t. The economy is ‘cash-less’ in that money is not required for transactions, but money is used
by agents as a unit of account in pricing and in financial contracts. One unit of goods costs P; units
of money at time ¢, and 7, = (P, — P,_1)/P,_1 denotes the inflation rate between period ¢ — 1 and
t. Monetary policy is specified as a rule for setting the nominal interest rate, for example a Taylor
rule:

144, = Wo(1 + m) %", [2.6]

where the coefficient 1V, measures the sensitivity of nominal interest rates to inflation movements.
It is assumed the Taylor principle 1\, > 1 is satisfied. Finally, the central bank maintains a net

supply of reserves equal to zero in equilibrium.

2.1 Incomplete markets

Asset markets are assumed to be incomplete. No individual can short-sell state-contingent bonds
(Arrow-Debreu securities), and hence in equilibrium, no individual can buy such securities. The
only asset that can be traded is a one-period, nominal, non-contingent bond. Individuals can take
positive or negative positions in this bond (save or borrow), and there is no limit on borrowing other
than being able to repay in all states of the world given non-negativity constraints on consumption.
Hence no default occurs, and the bonds are therefore risk free in nominal terms. Bonds that have
a nominal face value of 1 paying off at time ¢ 4+ 1 trade at price (); in terms of money at time ¢.
These bonds are perfect substitutes for the reserve asset defined by the central bank, so the absence

of arbitrage opportunities requires that

1
Q: = 154, 2.7]

The central bank’s interest-rate policy thus sets the nominal price of the bonds.

Let By, and By ; denote the net bond positions per person of the young and middle-aged at
the end of time t. The absence of intergenerational altruism implies that there will be no bequests
(Bo+ = 0) and the young will begin life with no assets. The budget identities of the young, middle-

aged, and old are respectively:

1 1
Cy++ %By,t =Yy, Cue+ %Bm,t =Y+ EBy,t—ly and Cor =Y, + EBm,t—l- 2.8]

Maximizing the expected value E,;%; of the lifetime utility function [2.1] for each generation with

2The required bound on the fluctuations in g; will be smaller when the the life-cycle gradient parameter vy is
smaller.



Figure 2: Saving and borrowing patterns
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respect to its bond holdings, subject to the budget identities [2.8], implies the Euler equations:

P 1

_1 1 P, _1
BQ I, {H mt+1:| , and C,7 =BT, {—tc til} . 2.9]

Q1 P @
There is assumed to be no issuance of bonds by the government, so the bond market clearing
condition is

%By,t + %Bm,t = 0. [2.10]

The equilibrium saving and borrowing patterns in the economy are depicted in Figure 2. Given
the life-cycle income pattern in Figure 1, the young would like to borrow and the middle-aged would
like to save, with the young repaying when they are middle-aged and the middle-aged receiving the
repayment when they are old.?

It is convenient to introduce variables measured relative to GDP Y;. These are denoted with
lower-case letters. The consumption-to-GDP ratios for each generation are cy;, cmy¢, and coy. It
is also convenient to introduce one variable that measures the gross amount of bonds issued.? Let
B, = B,,; denote the amount of bonds purchased by the middle-aged at time ¢, which will be equal
in equilibrium to the amount issued by the young. Thus, the gross level of borrowing in the economy

is By, with D, = Q;B;/ P, being the real value of this debt at the time of issuance. The debt-to-GDP

3This type of exchange would not be feasible in an overlapping generations model with two-period lives. In that
environment, saving is only possible by acquiring a physically storable asset or holding an ‘outside’ financial asset
such as fiat money or government bonds. While the three-period lives OLG model of Samuelson (1958) also has the
feature that saving requires an ‘outside’ asset, the life-cycle income profile there is monotonic. With a non-monotonic
life-cycle income profile, trade between generations is possible even with only ‘inside’ financial assets. As will be seen,
under the assumptions of the model here, there is no Pareto-improvement from introducing an ‘outside’ asset because
while the equilibrium will be inefficient, it will not be dynamically inefficient.

4The net bond positions of the household sector and the whole economy are of course zero under the assumptions
made.



ratio is denoted by d;. These definitions are listed below for reference:

B
Cyt = Cy,t/}/t, Cmit = Cmﬂf/Yt? Cot = Co,t/yty and d; = %Yt
ttt

[2.11]

The ex-post real return r; on nominal bonds between period t — 1 and t is the nominal interest

rate i;_1 adjusted for inflation 7;:
I+

1+’th .

The ez-ante real interest rate p; between periods ¢ and t+1 is defined as the conditional expectation

1+Tt:

[2.12]

of the ex-post return between those periods:

1+,
l+p=E |——— 2.13
Pt t {1 T 7Tt+1] [ ]
or equivalently, p, = E;rq.°
Using the age-specific incomes [2.3], bond-market clearing [2.10] (implying By, = —B,), the

no-arbitrage condition [2.7], and the definitions in [2.11] and [2.12], the budget identities in [2.8] for

each generation can be written as:

1+7’t 1+7’t
d;_ d cor = o d 1, 2.14
1+9t) b AN Gp = o (1+gt) ! 2-142]

where g; is the growth rate of GDP Y;. Similarly, the Euler equations in [2.9] become:

Cyt = Ky + dta Cm,t + dt = &m — (

_1 (cCm =
BE: | (14 re01)(1+ ger1) s (il) = B,

Cyt

Co o
e e ] .
m,?
[2.14b)]

Finally, goods-market clearing [2.5] with the definition of aggregate consumption [2.2] requires:
1 1 1

S0t + 30ma 5o = 1. 2.15]

Taking as given GDP growth g; (with this variable being treated as exogenous for now), equations
[2.14a]-[2.14b] together with the ex-post Fisher equation [2.12] and a specification of monetary
policy, such as [2.6], the variables ¢y, ¢my, Cot, dt, T4, i, and 7 can in principle be determined. By
Walras’ law, the goods market clearing condition [2.15] is redundant, so this equation is dropped.

Before studying the equilibrium of the economy under different monetary policies, it is helpful

to study the hypothetical world of complete financial markets as a benchmark.

2.2 The complete markets benchmark

Suppose it were possible for individuals to take short and long positions in a range of Arrow-Debreu

securities for each possible state of the world. Without loss of generality, assume the payoffs of

5This real interest rate is important for saving and borrowing decisions, but there is no actual real risk-free asset
to invest in.
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these securities are specified in terms of real consumption, and their prices are quoted in real terms.
Assume (again without loss of generality) the securities are traded sequentially for states of the world
that will be realized one period in the future. Let K;,; denote the kernel of prices for securities
with payoffs of one unit of consumption at time ¢+ 1 in terms of consumption at time ¢. The prices
are given relative to the (conditional) probabilities of each state.

Let Sy 41 and Sy, ;41 denote the per-person net positions in the Arrow-Debreu securities at the
end of period t of the young and middle-aged respectively at time ¢ (with S, ;1 = 0 for the old, who
hold no assets at the end of period t). These variables give the real payoffs individuals will receive
(or make, if negative) at time ¢ 4+ 1. The price of taking net position Sy at time ¢ is E;K; 1511
(this is the amount received from selling securities if negative).

In what follows, the the levels of consumption obtained with the complete markets with an
asterisk to distinguish them from the consumption outcomes with incomplete markets. The budget

constraints of the young, middle-aged, and old are:
Cy i+ EiKi 1Sy =Yy, Chy + EiKi1Smir1 = Y + Sy, and Cpp = Yo, + Sy [2.16]

Maximizing utility [2.1] for each generation with respect to holdings of Arrow-Debreu securities,

subject to the budget constraints [2.16], implies the Euler equations:

1 1

(O G Cr G

B < mf-i—l) =K1, and P ( o,:+1> = K1, [2.17]

vt m,t

where these hold for all states of the world at time ¢ + 1. Market clearing for the Arrow-Debreu
securities requires:

1 1

370 T3

and ¢, denote the complete-markets generation-specific levels of consumption

S = 0. [2.18]

Let cf,, chys
relative to aggregate output Y;, analogous to those defined in [2.11] for the case of incomplete
markets. Let S;41 = S 41 denote the gross quantities of Arrow-Debreu securities outstanding at
the end of period ¢, and let D} = IE;K;;1S5;:+1 be the real value of these securities at current market
prices. The value of the securities relative to GDP is denoted by dy, and the ex-post real return on

the portfolio by 7;:

St

_Dp _BEnSin Lo
Di |, EKS,

d*
v v,

and 147, =

2.19]

Using the age-specific income levels from [2.3], market-clearing for Arrow-Debreu securities [2.18]
(implying Sy 441 = —S¢41), and the definitions in [2.19], the budget constraints [2.16] can be ex-

pressed as follows:

147

1+
=, +df, —i—d*:ocm—(—t)d*, and c :oco—i—(—
Vit y T O R ;) G t 1+ g

) d:,,  [2.20a]
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Using the definitions in [2.19], the Euler equations [2.17] imply

1 1
1 Crn T . 1 c(’; G
BE: [(1+ 7/ )(1+gi1) @ (%) =BE;: |[(1+7/ )1+ giy1) @ (C*;H) =1,
y>t m,t
[2.20Db]
and . .
c c
m:ktJrl _ o;tJrl ' [2206]
Cyt Crn,t

Note that equations [2.20a]-[2.20b] have exactly the same form as their incomplete-markets coun-
terparts [2.14a]-[2.14b]. The distinctive feature of complete markets is that equation [2.20c] also
holds (note that with [2.20c], one of the equations in [2.20b] is redundant, so there are only two
independent equations in [2.20b]-[2.20c]). There is also the equivalent of equation [2.15], which
remains redundant by Walras’ law.

As will be seen, the system of equations comprising [2.20a]-[2.20c| determines the variables ¢}, ;,
s di, ri taking aggregate real growth g, as given. Intuitively, since markets are complete (and
real GDP is assumed exogenous), monetary policy cannot affect real consumption allocations or
financial-market variables in real terms. The absence of arbitrage opportunities implies that a risk-
free nominal bond would have price Q; = E;[K;11(FP;/Piy1)] in terms of money. Using [2.7] and

[2.17], the nominal interest rate must satisfy the following asset-pricing equation:

_1 * —é
(14 ge1)" o <Cm,t+1) ] 1 2.21]

(1 + 7Tt+1) C;,t

B(1+i)E,

The equation above, together with a specification of monetary policy such as equation [2.6], deter-

mines the nominal interest rate ¢; and inflation ;.

2.3 Pareto-efficient allocations

Now consider the economy from the perspective of a social planner who has the power to mandate
allocations of consumption to specific individuals (by making the appropriate transfers). The planner
is utilitarian and maximizes a weighted sum of individual utilities subject to the economy’s resource
constraint.

Starting at some time ¢, the Pareto weight assigned to the generation born at time ¢ is denoted
by Bf"w;/3, where the term w; is scaled by the subjective discount factor B'~* between time tg
and ¢, and the population share 1/3 of that generation at any point when its members are alive (the
scaling is without loss of generality since w; has not been specified). The weight w; can be a function
of the state of the world at time ¢ when the corresponding generation is born, but does not depend
on the state of the world to be realized at times ¢t + 1 and ¢+ 2. Thus, a generation’s Pareto weight
does not change during its lifetime (but is generally not known prior to its birth). This implies that

the notion of efficiency here is ex-ante efficiency judged from the standpoint of each generation at
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birth (but not prior to birth).®

The social welfare function for a planner starting at time ¢, is:

Wto = Eto

L5 ). -

t=to—2

The Lagrangian for maximizing social welfare subject to the economy’s resource constraint (given
by [2.2] and [2.5]) is

1 « S 1 1 1 1
Loy =By |3 D B i+ BTV, (Yt —2Cyt = 2 G — —Co,t) , [2.23]

t=tog—2 t=to 3 3 3

1

where the Lagrangian multiplier on the time-t resource constraint is 'Y, °®, (where the scaling
_1

by B'Y, ° is for convenience). Using the utility function [2.1], the first-order conditions with

respect to age-specific consumption levels Cy ;, Cy, ¢ and C,; are:

_1 _1 1
wCy ¢ =Y, "Ry, waCL5 =Y,

Q=

R, and w_oChF =Y, °X, for all ¢ > to. 2.24]

Manipulating these first-order conditions and using the definitions of age-specific consumption rel-

ative to aggregate income from [2.11]:

1 1
m e o e N
<C 7t+1) — (M) e ;;_1 for a,H t Z t[‘_), [225]

Cyt Cm,t t

where these equations hold in all states of the world at date ¢ + 1.
Now consider the complete-markets case from section 2.2. Since equation [2.20¢| holds, it can be
seen using [2.24] that the implied consumption allocation is ex-ante Pareto efficient, being supported

by the following Pareto weights w;:

o0

H ( B4 7)1+ grve)” é)] ; [2.26]

=

N*
wf=—L+, where N} =,
c;t o

with the equation for 8} derived from [2.20b] and [2.25].

To what extent can monetary policy achieve Pareto efficiency in a world of incomplete mar-
kets? Could monetary policy be used to achieve the complete-markets equilibrium characterized by
equations [2.20a]-[2.20c]? Given the form of the incomplete-markets equilibrium conditions [2.14a]—
[2.14Db], all that monetary policy needs to do is ensure that equation [2.20c]| holds. With one equation
to satisfy and one instrument, this should be possible. Intuitively, monetary policy will use inflation
to manipulate the debt-GDP ratio d; to ensure [2.20c] holds in equilibrium. Thus, in principle,

monetary policy can achieve one ex-ante Pareto-efficient allocation. Are other Pareto-efficient allo-

6This restriction is needed to make the notion of efficiency relevant. Otherwise with a fixed amount of goods each
period to allocate, any non-wasteful allocation would always be ezx-post Pareto efficient.
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cations attainable? Since ex-ante efficiency requires equation [2.25] must hold, and since this implies
[2.20c], it follows that the only efficient allocation that might be implemented through monetary

policy is the complete-markets equilibrium.

3 Endowment economy

To understand the analysis of the model, it is helpful first to characterize the equilibrium and the
effects of monetary policy in an endowment economy. The general case of a production economy is
considered in a later section. Thus, Y; = A;, where A; is an exogenous stochastic process for the
endowment.

The equilibrium will also be approximated for fluctuations in the growth rate g, of aggregate
output around a zero-growth rate steady state (g = 0).” It is assumed that aggregate real income
growth is bounded with probability one, that is, |g;| < T' for some bound I'. This rules out non-
stationarity in income growth, but the level of income can be either stationary or non-stationary
depending on the specification of the stochastic process for A; (g, = (A4; — Ai_1)/Ay).

There are no idiosyncratic shocks, though aggregate shocks have different effects on different

generations, which in general they are not able completely to insure themselves against.

3.1 The steady state

The first step is to characterize when a unique steady state exists, and what are its characteristics

if so.
Proposition 1 The following hold whether or not markets are complete:

(i) There exists a steady state where consumption is equal to per-person aggregate income for all
generations:

Gy=0 =1 tu=0,=1 and =2, =1,

and in which the debt-to-GDP ratio is positive, and the real return on bonds is equal to

individuals’ rate of time preference:

d=d" =Py, and T=7" =op.

1
_ L+ 0\ ot
1+7r:( ) :
o

(ii) A sufficient condition for uniqueness of the steady state above is 0 > 1/2, and a necessary

condition is o > <L> Y.

Inflation is given by:

2+

"There is no reason in principle why the aggregate real growth rate needs to be zero, but this is assumed for
simplicity. For reasonable assumptions on average growth, this is not likely to be important quantitatively.
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PROOF See appendix A.1. [ |

It is assumed throughout that the parameters used are such that there is a unique steady state.

3.2 Fluctuations around the steady state

Log deviations of variables from their steady-state values are denoted with sans serif letters, for
example, d; = logd, — logd. For all variables that are either interest rates or growth rates, the log
deviation is of the gross rate, for example, g, = log(1+g¢;) —log(1+4g) and r, = log(1+7r;) —log(1+7).
For all variables that do not necessarily have a steady state, the sans serif equivalent denotes simply
the logarithm of the variable, for example, Y; = log V.

With these definitions and the nature of the steady state characterized in Proposition 1, aggregate
income growth is g = Y; — Y;_1, where Y; = A; in terms of the exogenous endowment A;. The
growth rate satisfies the bound |g;| < log(1 4+ I') with probability one, in terms of the bound T.
The variables defined as ratios to GDP in [2.11] are such that ¢;; = Cy; — Yy, ¢y = Ciny — Yy,
Cot = Cot — Yy, and dp = Dy — Y.

In the following, equations are log-linearized around the steady state and terms that are second-
order or higher in deviations from the steady state are suppressed. The Fisher identity [2.12] for

the ex-post real return rate on nominal bonds becomes
ry = it,1 — T, [31]

where 7, = P, — P;_; is inflation. The ex-ante real interest rate from [2.13] is such that p; = FE;ryy 1.
Making use of the parameterization [2.4] of the lifecycle income process with gradient y, the

budget constraints [2.14a] for each generation take the following log-linear expressions:
Cyt = Pydy, Cmt=—Pydi —vy(r—g +di_1), and cop =vy(re — g +di_q). [3.2a]
The log-linearized Euler equations [2.14b] for each generation are:
Cyt = EiCmypy1 — OBy + Eigeyr, and ¢y = Eico 1 — 0y + Eigigr. (3.2b]

The log-linearized goods market clearing condition [2.15] is the requirement ¢y ;+Cp 1 +Co+ = 0, which
is seen to be automatically satisfied given the budget constraints in [3.2a]. Since each individual’s
consumption must also satisfy a non-negativity constraint, none of the log deviations cy+, cmy, or
Co,+ can grow without bound.

The system of five equations in [3.2a]-[3.2b] contains five endogenous variables ¢y, ¢y, Cot, It
and d;, and one exogenous variable g;. These equations can be solved subject to the requirement

that all of ¢y, cmy, and ¢, are bounded.

Proposition 2 Suppose that the parameters (3, 'y, and o are such that the steady state described
in Proposition 1 is unique. The class of solutions to equations [3.2a]-[3.2b] with the restriction that

the variables ¢y, ¢y ¢, and ¢, must be bounded is given by:
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(i) The debt-GDP ratio evolves over time according to

1/1-0
dt - }\dt—l - g ( o ) (Q]Et—lft + ft—l) + Vta [33]

where v, is any bounded martingale difference stochastic process (I;_1v; = 0) and f, is the

stochastic process defined by

f, = Z Ce_lEtgt-‘rea [3.4]
(=1

and with coefficients 6, A, and ( that depend on parameters 3, vy, and o as follows:

5:% (1+2[3)+(1—%y)+ (1+2|3)2+3<1—<%y)2> ; [3.5a]

A 2(5 - : 13.51)]
(1+2B) + \/1+2(5 3(1- (2))
[ = PG [3.5¢]

(1+2p) + \/1+2[3 1_(%)2)'

The coefficients are such that 0 < 6 < 2(1+ ), |A| < B, and |C| < 1.

(ii) Given a solution for the debt-GDP ratio d; from [3.3], the ex-post real return r; must satisty

the equation:

-0
ry = —edt — dt—l + gt — d < o ) ft7 [36]

where f; is as defined in [3.4] and the coefficients © and 9 depend on the parameters 3, v, and

o as follows:

(1+2[3)+(1+%V)+\/(1+2I3)2+3(1—(%V)2>

0= : 3.7

2(14+72) ’ [3:72]
2 By)2
2 <(2+{3)+\/(1+2(5) +3<1— () ))
d= ) [3.7b]
(1+3) ((1+2B) + (1= )+ \/(1+2B)2+3 (1- (ﬁ%)?))
The coefficients satisfy the restrictions f <0 < & and 9 > 0.

PROOF See appendix A.3 |

In spite of having the same number of equations as endogenous variables, the presence of ex-
pectations of the future in the Euler equations [3.2b] combined with more stable eigenvalues than

predetermined variables (only d;—; in the budget constraints [3.2a]) means that the evolution of
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the debt-GDP ratio d; is determined only up to a martingale difference v;. This means that [3.3]

uniquely determines the conditional expectation of the future debt-GDP ratio:

1 /1—-o0
Et—ldt - }\dt—l - g ( = ) (Q]Et—lft ‘I— ft—l) . [38]
For a particular innovation v;, the ex-post real return r, is determined by [3.6], and the age-specific
consumption-GDP ratios are determined by the budget constraints [3.2a].

The martingale difference v, can itself only be determined by augmenting the system of equations
with the Fisher equation [3.1] and a description of monetary policy such as the Taylor rule [2.6],

which has the following log-linear form:
it = ll)ﬂ—T[t. [39]

Note that there are two limiting cases in which the economy (up to a log-linear approximation)
reduces to a representative-agent economy, formally, where C,; = C,,; = C,; = C; =Y, and where

the representative-agent consumption Euler equation E;g;1 1 = —0lE;ri, that is:
Yy =E Y — oiy — Eymgq).

These special cases are when the gradient of the lifecycle income profile tends to zero (y — 0)
so that individuals of all ages receive the same income, and when the intertemporal elasticity of
substitution tends to infinity (0 — oo, linear utility). This conclusion follows from inspection of
equations [3.2a], [3.2b], [3.3], and [3.6].

3.3 Equilibrium with complete markets

Before taking up the question of how monetary policy affects the economy’s debt dynamics under
incomplete markets, it is useful to characterize the equilibrium with complete markets, which rep-
resent one ex-ante Pareto efficient allocation. With complete markets, the system of equations is
[2.20a]-[2.20c]. Equations [2.20a]-[2.20b] have exactly the same form as their incomplete-markets

equivalents [2.14a]-[2.14b], so their log-linear approximations are as in [3.2a]-[3.2b] with ¢y, cuy,

Cots i, and d; replaced by cf,, i, 4, €54, 1y, and di, where the asterisk is used to distinguish the
complete-markets outcome:

o= Bydy, ey =—Bydi —v(n —ge+diy), =y - +diy); [3.10a)]

C;t = Etcj117t+1 — GEtr;;_l + ]Etgt-l—la and C;knﬂf = ]Etc:’t_’_l — UEtr:+1 + Etgt-i—l' [310b]

In addition, with complete markets, equation [2.20c] must hold in all states of the world, which has
the following log-linear form:

* * _ * *
Cmtr1 — Gyt = Cor1 — Cmye [3.10c]
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It can be seen from [3.2b] that this equation holds in expectation under incomplete markets. Under
complete markets, it also holds in realization. This allows the free martingale difference v; in the
incomplete-markets debt dynamics to be determined.

The following result describes the equilibrium with complete markets and characterizes the ‘gaps’
between the incomplete and complete markets outcomes. These ‘gaps’ are denoted with a tilde, for

example, at =d,—dfandrp=r, —r}.
Proposition 3 The solution to the system of equations [3.2a], [3.2b], and [3.10c¢] is as follows.
(i) The debt-GDP ratio d; evolves over time according to

l1—0

1
di =Ady_ | — 3 ( ) (2f, + 1), (3.11]

o

where f; is as defined in [3.4], and the coefficients & and 0 as given in [3.5a]-[3.7a]. The gap

between the debt-GDP ratios with incomplete and complete markets must satisfy the equation:

Etat+1 - 7\(Nit [312]
(ii)) The real return on the complete markets portfolio is:

1/1—-o0
i =Ari_; + (8 — Ag—1) + 3 (T) (Bfe +2(1 4+ B)fi—1 +fi—2) . [3.13]

The relationship between the gaps for the real return and the debt-GDP ratio is:
Fo=—0d, — di_i, [3.14]

where the coefficient © is given in [3.7a].

(iii) The gaps between the consumption allocations under incomplete markets are:

Cyﬂg = B'}/at, Cm,t = 'Y(e — B)at, and Coﬂg = —'Yeat [315]

(iv) In the case that either the intertemporal elasticity of substitution is one (0 = 1, log utility),
or the conditional expectation of future real output growth is equal to its unconditional mean
(E:gi1 = 0), the complete-markets debt-GDP ratio is constant (df = 0) and the real return
equal to the real growth rate (rf = g;).

PROOF See appendix A .4 [ |

The complete markets equilibrium is unsurprisingly invariant to monetary policy (the level of
aggregate output is exogenous and the distribution of wealth is unaffected by monetary policy when
individuals can hold securities with known real returns). As has been discussed, in a world of

incomplete markets, the hypothetical complete-markets equilibrium is only ex-ante Pareto-efficient
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allocation that might be implemented through monetary policy. The gap between the consumption
allocation under incomplete and complete markets is seen in Proposition 3 to be a function of the
gap between the debt-GDP ratios under incomplete and complete markets. Implementation of the

complete-markets consumption allocation is thus seen to be equivalent to closing this ‘debt gap’.

3.4 Monetary policy

The impact of monetary policy on the debt gap can be studied with a system of three equations
in three endogenous variables: inflation 7t;, the nominal interest rate i;, and the ‘debt gap’ d;. The
first equation describes the dynamics of the debt gap. This is [3.12]. The second follows from the

equilibrium ex-post real return using [3.1] and [3.14]:

}\at = Etatﬂ; [316&]
T = i_1 + eat + at,1 — I’:. [316b]

The third equation is a description of monetary policy, whether a Taylor rule of the form [3.9], or
an alternative specification. The hypothetical real return r; under complete markets depends only
on the exogenous rate of GDP growth g; according to [3.13].

To begin with, consider a monetary policy of strict inflation targeting. This is represented by
the targeting rule 7t; = 0, which means that the nominal interest rate i; is adjusted so that this
criterion holds at all times and in all states of the world. The effects of this policy are described

below.

Proposition 4 The unique equilibrium of the economy described by equations [3.16a]-[3.16b] to-

gether with strict inflation targeting rule m; = 0 is:

< - 1
dy = Adi—y + ) (rf —Eiqry), [3.174a]
i, = Byl — (14 20)d, [3.171]

and constant inflation 7y = 0 according to the target.

Proor With constant inflation, equation [3.16b] implies
e(at — Et_lat) — (r: — ]Et_lr:) = 0.

The equation [3.16a] for debt dynamics implies E, 1d; = Ad, ;. Putting these together yields [3.17a].
Taking the conditional expectation of equation [3.16b] dated t + 1 with 7,1y = 0 yields:

it + eEtatH + at — Etr;k+1 =0.

Substituting the expression for E,d;y; from [3.16a] and rearranging leads to [3.17b]. This is the

nominal interest rate that implements the strict inflation target. |
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This policy fails to close the ‘debt gap” whenever the complete markets return r; is not perfectly

predictable. Using equation [3.13], the forecast error is:

l1—-o0o

ry — B = (g — E1g) + % ( ) (fe — E;_1fy).

3.5 Optimal monetary policy

An obvious alternative policy is to adopt d, = 0 (that is, d; = d}) as a targeting rule. Again,
this means adjusting the nominal interest rate to ensure that this criterion holds. The following

proposition characterizes the set of equilibria according to this targeting rule.

Proposition 5 The set of equilibria of the economy described by equations [3.16a]-[3.16b] and the

targeting rule d, = 0 is:

=2z — (1] — Eiqr}), [3.184]
it = Z; + Etr;_l, [318]:)]

with the target d; = 0 met, and where z, is any arbitrary stochastic process.

PROOF First, note that the target is always consistent with equation [3.16a]. Next, to achieve the

target, equation [3.16b] implies that the unexpected component of inflation must satisfy
(7Tt — ]Et_l’r[t) = —(r: — Et_lrz().

Since monetary policy can always generate an arbitrary inflation process, this shows that the target
is feasible. Now let z; = E;m,.; denote expectations of inflation one period ahead. Since m, =
E, 17 + (1, — E;_17) by definition, equation [3.18a] follows. Taking conditional expectations of
[3.16b] dated t 4 1 implies ;71 = iy — I4ry, ;. Rearranging and using the definition of z; yields
equation [3.18b]. This solution satisfies all the necessary equations, but places no restrictions on the

stochastic process z; for inflation expectations. |

While this targeting rule achieves the optimal monetary policy d, = 0, it fails to pin down
inflation expectations. The problem is a familiar one: the policy focuses all attention on a real
variable, the debt-GDP ratio, and thus provides no nominal anchor.

What would be desirable is a policy that achieves Pareto efficiency while also providing a nominal
anchor. It turns out that nominal income targeting provides a solution to this challenge. Let
N; = PY, denote aggregate nominal GDP, or in log terms, N; = P; + Y;. Consider the following

policy of targeting an exogenous path for nominal income.

Proposition 6 The unique equilibrium of an economy described by equations [3.16a]—{3.16b] to-

gether with the targeting rule
B

Nt:g

d, [3.19]
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where d} is given in [3.11], is the following:

Py = %d: = Yi, [3.20a]
it = Etr;_l — ]Etgt—i-l + E (Etd:+1 - d:) s [320]:)]

2
and the debt gap is always closed (d, = 0).

PROOF The nominal income target [3.19] directly implies equation [3.20a] for the price level. Taking
the first difference yields 7, = ($/2)(d; —d;_;) — g, and thus the unexpected component of inflation
1s:

— By = % (df —E;_1d}) — (g — Ey_18). [3.21]

With r, = i;_; +7 it must be the case that r,—IE, _;r, = —(m,—E;_;7,), and thus that the unexpected

change in the real return gap r; is:
Ft — Et—lFt = _(T[t — Et—lﬂt) — (r: — Et_lr:).

Substituting from [3.21] yields:

Ft — Et—lFt = (gt — Et—lgt) — % (d: — ]Et—ld:) — (r: — Et_er). [322]
Now observe from equations [3.11] and [3.13]:
" N 2(1—0 . . 1—o0
dy — By 1dy = s ( o ) (ft —Eiafe), r —Eear = (g — Ei1gt) "‘% ( o ) (fe — Eiafy),

and hence ¥, = I, 1F; by substituting these into [3.22]. Equation [3.14] implies d, — E, ,d, =
—(1/6)(f, — Ey_1,), so together with [3.12] it follows that d, = 0 for all £. With d, = 0, equation
[3.14] implies f,1y = 0, so iy = By + Eyry, ;. The expression for the price level in [3.20a] implies
Eimq = (B/2)(Eudy,; —dy) — Egi41, which confirms [3.20b]. [ |

3.6 Effects of monetary policy shocks

To understand the consequences of different monetary policies it is helpful to analyse the conse-

quences of an exogenous change in the stance of monetary policy.

Proposition 7 Suppose there are no fundamental shocks to real GDP growth (g, = 0), but that

there are exogenous shocks to the growth rate of nominal income targeted by monetary policy:

AN; = ¢;, where € ~ i.i.d.(0,¢%). 3.23]
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The equilibrium of the economy is:

ry = it—l — €4, [324&]
i, = p = —(1+A0)d,, [3.24b]
o 1

dt = }\dt—l + 6€t. [324C]

ProoOF Nominal income is N; = P, +Y;. With no change in exogenous real GDP growth, AN; = 71,
so it follows immediately that m, = €;. Equation [3.24a] then implied immediately by [3.1].

As g, = 0, it follows from [3.13] that rj = 0. Equating the unexpected components of both sides
of [3.16b] then implies r; — E; 171, = G(at — Et_lat). Since ; — E,_17; = €, this leads to equation
[3.24¢].

Noting that E,;my = E;e.01 = 0 and taking expectations of [3.16b] at time ¢ + 1 implies
iy + G]EtatH +d; = 0. Then using [3.16a] confirms equation [3.24b]. Finally, with E,m, . = 0, [2.13]
implies iy = p;. |

3.7 Inflation-indexed bonds

An alternative incomplete markets economy is one with only inflation-indexed bonds, that is, risk-
free real bonds. Let pz denote the real interest rate on such a bond between ¢ and ¢ + 1. Repeating
the earlier steps for risk-free nominal bonds, the generational budget constraints and Euler equations
can be derived, where now the ex-post real return is simply the lagged real interest rate (TI = Piq)-
These have the following log-linear expressions, where the notation ' is used to distinguish the
outcomes with indexed bonds:
chy=Bvdl, chy=—Bvdl —v(pls —g+dl ), and cf, =v(p], —g +dl,), [3:254]
C;t = ]EtCIn,tH — 0p} + Eygiy1, and CIn,t = Etcl,t-i-l — op] + Eygrs1. [3.25D]

Since these equations have the same form as [3.2a]-[3.2b] with r] = p!_,, Proposition 2 can be applied
and equation [3.3] must hold. But unlike the case of nominal bonds, the martingale difference v;

can be determined without reference to monetary policy.

Proposition 8 With only risk-free real bonds, the dynamics of the debt-GDP ratio gap relative to

complete markets and the equilibrium real interest rate are:

~ - 1
di =Adl | + o (= Brar), [3.26a]

ol = By, — (1 4+ 20)d!. [3.26D)

The equilibrium is invariant to monetary policy.

22



Proor With r, = p;_1, it follows that ¥, — ;17 = —(r; — E;_1r}). Equation [3.26a] then follows
from equating the unexpected components of both sides of [3.14] and using [3.12]. Equation [3.14]
implies

Pt = er - eatﬂ —d;.

Taking conditional expectations of both sides and using [3.12] implies [3.26b]. [ |

4 Sticky prices

The optimal monetary policy of nominal income targeting found in section 3 entails fluctuations in
inflation. With fully flexible prices in product markets, this is without cost, but the conventional
argument for inflation targeting is that such inflation fluctuations lead to misallocation of resources in
goods and factor markets. This section adds sticky prices to the model to analyse optimal monetary
policy subject to both incomplete financial markets and nominal rigidities in goods markets. To
do this, it is necessary to introduce differentiated goods, imperfect competition, and a market for

labour that can be hired by different firms.

4.1 Differentiated goods

Consumption in individuals’ lifetime utility function [2.1] now denotes consumption of a composite
good made up of a measure-one continuum of differentiated goods. Young, middle-aged, and old

individuals share the same CES (Dixit-Stiglitz) consumption aggregator over these goods:

cuz</ aAﬂTw)“ for i € {y,m, o}, 4.1]
[0,1]

where C; 4(y) is consumption of good 7 € [0, 1] per individual of generation i at time ¢. The parameter
¢ (¢ > 1) is the elasticity of substitution between differentiated goods. The minimum nominal
expenditure P, required to obtain one unit of the composite good and each individuals’ expenditure-

minimizing demand functions for the differentiated goods are

P, = (/ Pt(j)lsdj> B . and Ci.(y) = (PtT(J)) Ci for all ye|0,1], [4.2]
[0,1] ¢

where P;(7) is the nominal price of good 7, and where the demand functions are conditional on an
individual’s consumption Cj; of the composite good. An individual’s total nominal expenditure on

all differentiated goods is
| PG = R 43
[0,1]
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4.2 Firms

There is a measure-one continuum of firms in the economy, each of which has a monopoly on the
production and sale of one of the differentiated goods. Each firm is operated by a team of owner-
managers who each have an equal claim to the profits of the firm. The participation of a specific
team of managers is essential for production, and managers cannot commit to provide input to
firms owned by outsiders. In this situation, managers will not be able to sell shares in firms, so the
presence of firms does not affect the range of financial assets that can be bought and sold. Firms
simply maximize the profits paid out to their owner-managers.
Consider the firm that is the monopoly supplier of good 5. The firm’s output Y;(7) is subject to
the linear production function
Y,() = AiNi(9), [4.4]

where N,(7) is the number of hours of labour hired by the firm, and A, is the exogenous level of TFP
common to all firms. The firm is a wage taker in the perfectly competitive market for homogeneous
labour, where the real wage in units of composite goods is w;. The real profits of firm j, paid out

as remuneration to the firm’s owner-managers, are:

)

Ji(9) 2)

V() — welNe (). [4.5]

Given the production function [4.4], the real marginal cost of production common to all firms

irrespective of their levels of output is
Wy

The firm faces a demand function derived from summing up consumption of good j over all

[4.6]

Ty

generations (each of which has measure 1/3):

%CY,t(]) + %Cm,t(J) + éCo,t(J) = Yi(2)- [4.7]

Using each individual’s demand function [4.2] for good 7 and the definition [2.2] of aggregate demand
C; for the composite good, the total demand function faced by firm j is

v - (52) e 148

As a monopolist, the firm sets the price P,(y) of its good. Taking into account the constraints

implied by the production function [4.4] and the demand function [4.8], the firm’s profits are

Ji(y) = {(P}g))l_a 1 (ng))_s}ct, 4.9]

where the firm takes as given the general price level P;, real aggregate demand C}, and real marginal
cost x; (from [4.6]).
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At the beginning of time period ¢, a group of firms is randomly selected to have access to all
information available during period ¢ when setting prices. For a firm j among this group, P;(y) is
chosen to maximize the expression for profits J;() in [4.9]. Since the profit function [4.9] is the

same across firms, all firms in this group will chose the same price, denoted by P

P, 3
_ 4.1
]Dt (8—1) T, [ O]

where the term ¢/(e — 1) represents each firm’s markup of price on marginal cost. The remaining

group of firms must set a price in advance of period-t information being revealed (they have access
to all information available at the end of period ¢ — 1, but they are not constrained to use the same
price as in the previous period). A firm j in this group chooses P;(7) to maximize expected profits

E;_1Ji(). All firms in this group will choose the same nominal price P that satisfies the first-order

P! 3 P\
(- (E0)) (R) @

where the assumption is that the firm will be willing to satisfy whatever level of demand is forthcom-

condition:
P/

=0, assuming —- > 2y, [4.11]
B

iy

ing at the preset price in all possible states of the world. Note that the profit-maximization problem
has no intertemporal dimension under the assumptions made. Let the parameter k (0 < kK < o0)
denote the number of firms in the group with predetermined prices relative to the group who set

price with full information.

4.3 Households

An individual born at time ¢ has lifetime utility function [2.1], with the consumption levels Cy 4, C, 4,
and C,; now referring to consumption of the composite good [4.1]. Labour is supplied inelastically,
with the number of hours varying over the life cycle. Young, middle-aged, and old individuals
respectively supply oy, o, and &, hours of labour. Individuals also derive income in their role of
owner-managers of firms, and it is assumed that the amount of income from this source also varies
over the life cycle in the same manner as labour income. Specifically, each young, middle-aged, and
old individual belongs respectively to the managerial teams of o, &, and «, firms. The total real

non-financial incomes of the generations alive at time ¢ are:

}/;’:t = XyWwy + (Xth, Ym,t = pW¢ + OCmJt, and }/:),t = oWt + O(OJt, with Jt = / Jt(j)dj
[0,1]
[4.12]

Individuals receive fixed fractions of total profits J; because all variation in profits between different
firms is owing to the random selection of which firms receive access to full information when setting
their prices. The coefficients o, oy, and &, are parameterized as in [2.4].

The assumptions on financial markets are the same as those considered in section 2. In the
benchmark case, there is only a one-period, risk-free, nominal bond as described in section 2.1. It

follows that the generational budget constraints are as given in [2.8], where consumption C;; and
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income Y;; are reinterpreted according to [4.1] and [4.12]. The hypothetical case of complete markets
can also be considered as in section 2.2, where the generational budget constraints are as in [2.16],

with C;; and Y, reinterpreted as described above.

4.4 Equilibrium

The young, middle-aged, and old have per-person labour supplies Hy; = oy, Hpn; = &y, and
H,; = . Total labour supply is H; = (1/3)Hy + (1/3)Hm: + (1/3)H, 4, which is fixed at H, =1

given [2.3]. Equilibrium of the labour market therefore requires

Ni(9)dy = 1. [4.13]
[0,1]

Goods market clearing requires that [4.7] holds for all jy € [0, 1], and by using [4.3], this is equivalent

to

P
C;=Y;, where V; E/ 1)

Yi(7)dy, [4.14]
01 b '

with Y; denoting the real value of output summed over all firms. Using [4.5], [4.13], and [4.14], the
definition of total profits in [4.12] implies that J; = Y; — wy. It follows from [4.12] that Y, = oY},
Yint = om, and Y5, = «,Y;, as in equation [2.3].

Using the demand functions [4.7] for individual goods and the overall labour- and goods-market
equilibrium conditions [4.13] and [4.14]:

4, = /[ AN = /[ Vi = ( /[ ; (%‘”)) Y, 4.15]

which leads to the following aggregate production function:

-1
Ay / (B(y))*

Y, = —, where A, = d . 4.16

¢ A, t ( o P, J [ ]

The term A; represents the effects of misallocation due to relative-price distortions on aggregate

productivity.

Let p; = P,/P; denote the relative price of goods sold by the fraction 1/(1 + k) of firms that
set a price with full information (the parameter k is the ratio of the number of predetermined-price
firms to firms with full information), and p, = P/ the relative price for the fraction /(1 + k) of

firms whose price is predetermined. The formula for the price index P, in [4.2] leads to

1 ~l—¢ K r1—¢
_— = ]_
1+ Kpt + 1+ Kpt )

which implies that p,; can be written as a function of pj:

pr = (1 — (pgl_s - 1)): . [4.17]
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Equation [4.10] implies that p, = (¢/(e — 1))z, hence by using [4.17], the equation [4.11] for setting

the predetermined price becomes:

1

1
E; Kpi - <1 — K <p£1—e . 1)) 1—e> p;—ﬁyt} =0, assuming p, > (1_871) (1 _x (p;l—s B 1)) =

[4.184]
Aggregate output is determined by [4.16]:
Ay
Y, = — 4.18b
t Ata [ ]
and by using [4.17]:
K 1 AN
A = e (e (1)) ) 4.1
t (1+|<pt +1+K K\ Pt [4.18c¢]
Finally, note the following definitions:
P/ P, — P, Y, —Y,_
1 =1, with P/ =F, P, =" and g = 4.18d
Py P’ Wil t t—147%, Tt P, and gy Y, [ ]

The equilibrium of the model is then given by the solution of equations [2.12], [2.14a]-[2.14b], and
[4.18a]—[4.18d], augmented with a monetary policy rule such as [2.6].

Before considering the equilibrium, consider the hypothetical case of fully flexible goods prices
(k = 0). In this case, [4.18¢] implies A, = 1, so equilibrium output with flexible prices is V; = Ay,
which is simply equal to exogenous TFP. This is also the Pareto-efficient level of aggregate output.

4.5 Steady state and log linearization

In a non-stochastic steady state, [4.18a] implies p’ = 1, and [4.18¢] implies A = 1. Assuming that
the steady-state growth rate of A; is zero then allows Proposition 1 to be applied to determined the
steady-state values of the other variables.

The new equations [4.18a]-[4.18d] of the sticky-price model can be log-linearized around this
steady state. The remaining equations [2.6], [2.12], [2.14a]-[2.14b] can be log linearized as before in
section 3.2.

The log-deviation of the misallocation term A; from [4.18c| is zero up to a first-order approxi-

mation (A; = 0), so it follows that a first-order approximation of aggregate output is

Thus, aggregate output is equal to exogenous TFP up to a first-order approximation. Real GDP
growth is thus gz = A, — A;_1 up to a first-order approximation. For given values of g;, first-
order approximations to the solutions for all other variables can be obtained from the log-linearized

equations [3.1] and [3.2a]-[3.2b] using the results in Proposition 2. The hypothetical complete-
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markets outcome is found by using the results of Proposition 3.

4.6 Optimal monetary policy

With both incomplete financial markets and sticky goods prices, monetary policy has competing
objectives. Optimal monetary policy maximizes social welfare [2.22] using the only instrument
available to the central bank: control of the nominal interest rate. The Pareto-weights are those
that would support the only implementable Pareto-efficient allocation of consumption. Since the
weights derived in section 2.3 are conditional on a particular sequence of real GDP growth rates,
the growth rate of the Pareto-efficient (flexible price) level of aggregate output is used. It can then
be shown how a first-order approximation to the policy that maximizes this welfare function can
be found by minimizing a simple quadratic loss function subject to log-linear approximations of the

equations describing the economy.

Proposition 9 Let the Pareto weights w;; be those constructed according to equation [2.26] with
the assumed rate of GDP growth being §; = (Yt — Yt_l)/f/t_l, where Y, = A, is the Pareto-
efficient level of aggregate output, and with 7{ and ¢, being the complete-markets real return
and consumption-GDP ratios derived from [2.20a]-[2.20c| for real GDP growth of g;. The following
quadratic loss function is equal to the negative of the social welfare function #;, from [2.22] using
weights w;; up to a scaling, with terms independent of monetary policy and terms of third-order

and higher suppressed:

= K (B2 + (0 —R)O) ~
D%O — ;Bt toEto [7(ﬂt _Et—lﬂt)2 + y (B 3(0- B) )d? ) [420]

The variable d, = d;, — d; is the ‘gap’ between the debt/GDP ratio with incomplete and complete
financial markets, where the ratio d; with complete markets is characterized in Proposition 3. The

coefficient 0 is as defined in Proposition 2.

PROOF See appendix A.5 |

The quadratic loss function [4.20] shows that just two variables capture all that needs to be
known about the economy’s deviation from Pareto efficiency. First, intratemporal misallocation of
resources owing to sticky prices is proportional to the square of the inflation surprise 7, — IE;_;71;.
Second, the loss from imperfect risk-sharing in incomplete financial markets is proportional to the
square of the debt/GDP ratio. This is analogous to the conventional loss functions seen in optimal
monetary policy analyses where there is inflation squared and the output gap squared, where the
output gap squared is proportional to the loss from output deviating from its Pareto efficient level.
Just as it is output gap fluctuations rather than output fluctuations that are costly in conventional
analyses, here it is fluctuations in the debt/GDP gap rather than fluctuations in debt/GDP per se
that are costly.

Optimal monetary policy minimizes the quadratic loss function using the nominal interest rate

i; as the instrument, and subject to first-order approximations of the constraints involving the
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endogenous variables, inflation 71, and the debt/GDP gap d,. Using [3.1], [3.12], [3.14] there are

two constraints that apply to the three endogenous variables 7, d;, and i:

}\at = EtaHl; [421&]
T = it—l + 9&t + at_l — I’:; [421b]

where r} is determined exogenously using [3.13] and g, = A; — A;_1. The debt/GDP ratio is then
determined as d; = df + d;, where d} is as given in [3.11].

Proposition 10 The optimal monetary policy minimizing the loss function [4.20] subject to the

constraints [4.21a]-[4.21b] is implemented by a weighted nominal income target

30(1 — BA?)0%ex
2v*(B* + (6 — B)6)’

N=(14+@)P,+Y, = gd;‘f, where @ =

[4.22]

with the level of the target depending on the exogenous complete-markets debt/GDP d given in

equation [3.11]. The price level is over-weighted in calculating the nominal income target.

PROOF Setting up the Lagrangian for the problem of minimizing [4.20] subject to [4.21a] and [4.21b]:

> 2(Q2 _ B
Ly = Z BE, [;—K(ﬂt CEm)? + Y (B +3(: B)e)d?}

t=to

+ i Bt*tDEtD [‘lt {Aat — &m} +3 {it71 + eat + atfl — T — r:}] )

t=to

where the (scaled) Lagrangian multipliers are denoted by 7I; and 3;. The first-order conditions with

respect to each of the endogenous variables 7, at, and i; are:

EK(T(t — Et—l’nt) — :t = 0, [423&]

2(n2 _ ~
AP O P0G, A, B+ 00, 4 BB =0 [4.23b)
]Et:t—l—l = 0. [423C]

Taking the conditional expectation of equation [4.23b] at time ¢ + 1, multiplying both sides by 3

and using [4.23c] to eliminate terms in J;:

2y*(B*+ (0 — B)9)
30

T = BAE Tiy1 + BEtat—H-

Solving forwards using this equation and noting that [4.21a] implies Etat+g = ?\Zat:

2y*(B>+ (0 — B)) PAd,
30 1 — BAZ

-[t _ 2V2(B2 + (e - B)e) B Z(BA)Z—lEtaﬁ_é —

30
=1
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The expression for 7, in the equation above implies that:

2y*(B* +(6 — B)0)
30

2v*(B*+ (6 — B)O)
30(1 — BA?)

at + A-It - B_l-lt_l - (at - }\at_l).

Using the equation above and the formula for 3; that follows from [4.23a] and substituting this into

[4.23b] yields:
2v*(B* + (6 — B)O)
30(1 — pA?)

(at — Et_lat) + 8K9(7Tt — Et—l’“t) = O,

where [4.23c| has again been used to eliminate E;3;,1, and [4.21a] to replace Ad;_; by E;_1d;. This

equation can be solved for the unexpected component of the debt gap:

30(1 — BA%)0ex
2y*(p* + (6 — B)6)

at - Et—lat = — (7Tt - Et—lﬂt)-
Equation [4.21b] implies m, — E;_y71;, = e(at — Et,lat) — (rf — E;_1rf), and by substituting the
equation above:

(]_ + @)(T[t — Et—l’nt) + (rf — ]Et_lrf) = 0, [424]

where @ is as defined in [4.22].
Now first-difference both sides of the weighted nominal income target [4.22] to obtain (1+® )7, +
g = (B/2)(d; —d;_;). Equating the unexpected components of both sides of this equation yields:

(1 + @)(T[t — Etflﬂ"t) + (gt — Et—lgt) = g(d: — ]Etfld;fk)' [425]

Comparison of [3.11] and [3.13] implies that rf — E;_1r; = (g — Eio1ge) — (B/2)(df — Ei1d).
Therefore, equation [4.25] is equivalent to [4.24], so the proposed weighted nominal income target

[4.22] implements the optimal monetary policy. [ |

5 Endogenous labour supply

In the analysis of section 4, neither monetary policy nor the incompleteness of markets had any first-
order effect on aggregate output. This section adds an endogenous labour supply decision, which will
imply that both monetary policy and the incompleteness of financial markets have consequences for
aggregate output. The analysis will further demonstrate that the desire to stabilize the debt/GDP
ratio with nominal income targeting is present even if the policymaker does not care about risk

sharing.
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5.1 Households

The population and age structure of households is the same as that described in section 2, but the

lifetime utility function of individuals born at time t is now

H;l,t Hg—l t+1 2 HSH—Q
U = {log Cyy — - + BE; §log Crn 41 — noc’%_l + BE,  log Cor2 — 110(;]_1 , [51]
y m o

where Hy ;, Hp, ¢, and H,; are respectively the per-person hours of labour supplied by young, middle-
aged, and old individuals at time ¢. The utility function is additively separable between consumption
and hours, and utility is logarithmic in consumption (an intertemporal elasticity of substitution
o of unity), with the composite consumption good being [4.1], as in section 4. The parameter
n (1 < m < oo) is related to the Frisch elasticity of labour supply, the Frisch elasticity being
(n—1)~'. The parameters &y, otm, and o, which in section 2 specified the shares of the exogenous
income endowment received by each generation, are now interpreted as age-specific differences in
the disutility of working. A higher value of «; indicates that generation ¢ € {y, m, o0} has a relatively
low disutility of labour.

Hours of labour supplied by individuals of different ages are not perfect substitutes, so wages
are age specific. Let wy s, Wy, and w,; denote the hourly (real) wages of the young, middle-aged,
and old, respectively. As in section 4, individuals earn remuneration as owner-managers of firms.
Managerial labour is assumed to have no disutility and is supplied inelastically, with oy, o, and
&, denoting the per-person proportions of total profits J; received by individuals of each generation.
Individuals are also subject to age-specific lump-sum taxes T+, T1n ¢, and 75, ;. The per-person real

non-financial incomes of individuals from different generations are:
}/y,t - wy,tHy,t+ath_Ty,tu Ym,t - wm,tHIn,t+(met_Tm,ta and Y;),t = wy,tHy,t—i_‘nyt_Ty,tu [52]

where total profits J; are as defined in [4.12].

Given additive separability of the utility function between consumption and hours, the consump-
tion Euler equations for each generation are the same (after setting o = 1) as those in [2.9] in the
case of incomplete markets, and [2.17] in the hypothetical case of complete markets. Irrespective
of the assumptions on financial markets, the optimality conditions for maximizing utility [5.1] with

respect to labour supply H;; subject to [5.2] and the appropriate budget constraint are:

H, \"! Hy \" Hy \"!
Cy,t (—%t) = wy,t7 Cm,t ( ’t) = wmyt, and 00715 < 7t) = w07t. [53]

Ky m o

5.2 Firms

There is a range of differentiated goods and monopolistically competitive firms as in the model of
section 4. The production function is [4.4], but now the labour NV;(7) used by firm j is reinterpreted

as a composite labour input drawing on hours of labour from young, middle-aged, and old workers.
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The labour aggregator is assumed to have the Cobb-Douglas form:

N,

Xy ” mNO Xo
Nt(]) = y,t(]) 3 ,t(j) 3 ,t(]) 3

Xy xXm xo Y

3047 O o

[5.4]

where N; () is the firm’s employment of hours of labour by individuals of age i € {y, m, 0}, and «y,
O, and «, are the same parameters that appear in [5.1]. The Cobb-Douglas form of [5.4] implies
an elasticity of substitution between different labour inputs of one.

The firm takes the real wages wy;, wmy, and w,, in each age-specific labour market as given.
Firms are assumed to receive a proportional wage-bill subsidy of T from the government. Irrespective
of whether or not firms set prices with full information, firms choose labour inputs N; ;() to minimize
the total cost of obtaining the number of units N;(7) of composite labour that enter the production
function [4.4] subject to the aggregator [5.4]. Conditional on N;(y), the cost-minimizing labour

demand functions are:

Ky Wy
3(1 — T)wyi

Xy Wy
3(1 — T)wm7t

Ko Wy

N. - - -
3(1 — T)wo’t

y,t(]) - Nt(])v Nm,t(]) - Nt(]>’ and No,t(]) -

Ni(9),
5.5]

where w; is the minimized value of (post-subsidy) wage costs per unit of composite labour:

Xy Xm Xo

w, = (1 = 1w wws, and where (1 — 1) (wy Ny ¢(7) + Wi Nt (7) + ot No (7)) = weNi(9).

5.6]
All the equations in section 4.2 continue to hold with w; as given in [5.6], so firms can be analysed
as if they were directly hiring units of composite labour at real wage w,; for use in the production
function [4.4].

5.3 Government

The only role of government in the model is to raise lump-sum taxes to fund the wage-bill subsidy
paid to firms. The government does not spend, borrow, or save. The total cost of the wage-bill
subsidy is:

T -t /[ N F i N ) 400 Not ) 5.7

The subsidy is set so that T = 1/¢, where ¢ is the elasticity of substitution between different goods
n [4.1] (this implies a well-defined subsidy because € > 1). The government distributes the tax

burden so that the per-person age-specific tax levels are:
Ty,t = (ij—;fy Tm,t = (Xml-z—;fa and To,t = (Xoﬂy [58]

where oy, &, and &, are the same parameters as in [5.1] and [5.4].
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5.4 Equilibrium

There is a separate market-clearing condition for each age-specific labour market:
1 :
/ Ni(9)dy = 3t for each ¢ € {y,m,0}. 5.9]
[0,1]

Following the same steps as in [4.15] using [4.4] and [4.7] leads to the aggregate production function

AN,
Vv, =" with N, = N, (7)dy, [5.10]
AN [0,1]

where NV; denotes the aggregate usage of units of composite labour, and 4; is the measure of
relative-price distortions defined in [4.16].
Using the cost-minimizing labour demand functions [5.5], the market clearing condition [5.9],

and the definition of aggregate demand N; for units of composite labour:

N,
wiHip = (iut_ 'tc) for each 7 € {y, m,o0}. [5.11]

Using [4.5], [4.14], [4.12], and [5.10], total profits are given by J; = Y; —w;N;. Using [5.6], [5.7], and
[5.10], total taxes are T; = (t/(1 —T))w,N;. With [5.8], age-specific non-financial incomes from [5.2]
are Y, = w;H;y + o(Jy — T3) for each i. Together with the expressions for J; and T}, equation
[5.11] implies that Y;; = oY}, thus that the age-shares of total GDP are constant.

Substituting [5.11] into the labour supply first-order condition [5.3] implies that the age-specific

real wages w;, satisfy:

we Ny

n—1
(1_—%> fOI' each 1 c {y, m, O}, [512]

W; s = Ci,th <

where ¢;; = C;;/Y;. Then using the formula [5.6] for the minimum cost w; of a unit of composite

labour and the size of the wage-bill subsidy T = ¢! yields:

N P e AN
wy=(1—¢") (Cy,t cmicovt) N;7Y,.

Substituting this into equation [4.6] for real marginal cost x; and using [5.10] to replace N;:
-1 Z ap % n—1 Y;f "
z=(1—eh) (cyf’t cnitco?t) art () [5.13]
¢

Since [4.10] implies (1 — ¢7')p; = 4, combining [4.17] and [5.13] implies:

1—¢ 115 Xy am o 1 }/; n
<1 — K <p;S — 1)) = (cy?t Cm?),tco?t> A} (Z) : [5.14]

With incomplete markets, the equilibrium is determined by equations [2.12], [2.14a]-[2.14b],

[4.18a], [4.18c¢], [4.18d], [5.14], augmented with a monetary policy rule such as [2.6].
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5.5 Steady state and log linearization

Equation [4.18a] implies p/ = 1, and [4.18¢] implies A = 1 as in section 4. If the steady-state growth
rate of A, is zero as assumed then from [5.14] the only possible steady-state growth rate of Y; must
also be zero. Given this, Proposition 1 demonstrates that ¢, = ¢, = ¢, = 1, which is consistent
with equation [5.14].

The log-linearization of equations [2.12], [2.14a]-[2.14b], [4.18c¢], and [4.18d] are as in section 3.2
and section 4. With logarithmic utility in consumption (o = 1), Proposition 3 implies that dj =0
and r; = g;, and hence that at = d;.

Equation [4.18a] for the predetermined price becomes E;_1p; = 0 when log linearized. With

=P, — P, and P, = E, 4P}, and m; = P, — P,_; from [4.18d], this implies P, = [, 1P; and
p, = —(P; — E;_1P;), hence:

!/

pt = _(T[t — Et—lﬂt)' [515]
The log linearization of equation [5.14] is

x
—kpy = (Y = Ay) + <—ycyt +

Ko
3 Cmt + 3 CO,t) ) [516]

3

noting that A; = 0 up to a first-order approximation.

In the hypothetical case of complete markets with o = 1, equation [3.10a] implies ¢}, = ¢}, =
cs+ = O using df = 0 and r; = g;. Thus, equation [5.16] implies the Pareto-efficient level of aggregate
output ?;* that prevails with both complete financial markets and fully flexible prices (k = 0) is
Vj = A;. Letting Y. =Y, —?j denote the output gap, the combination of equations [5.15] and [5.16]
implies

Xm XK
K(TEt — Et_lTCt) T]Yt -+ <?Cyt + 3 — Cm,t + ?Co,t> . [517]

With d, = d,, ri =Y;— Y1, and the definition of the output gap Y, =Y, — V;‘, equation [3.14]
with [3.1] implies:
T =1 +0di+dig — Yo+ Yo — (Y=Y ). [5.18]
Finally, note that with ¢, ¢ = Cy ¢, Cmt = Cmy, and ¢,y = Coy, equation [3.15] implies:

2

e+ 2 emi+ %o =&d,, where a:%((2+5)e—(1+25)5), (5.19]

oy
3

using the parameterization of oy, &y, and «, in [2.4]. Therefore, the constraints faced by the
policymaker are given by [3.12] with d; = d;, equation [5.18] with ## = g* = VZ — V;‘_l denoting the
hypothetical flexible-price complete-markets real return, and the combination of equations [5.17]
and [5.19]:

)\dt = Etdt-i—l; [520&]
T = it—l + edt + dt—l — ?t + ?t—l — ?:7 [520b]
K(T[t — Et—lﬂt) = T]?t + E,dt [520C]
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There are four endogenous variables: inflation 7t;, the debt/GDP ratio d;, the output gap ?t, and
the nominal interest rate i;; and one exogenous variable r; = A; — A,_;, which depends only on the

growth rate of exogenous TFP A;.

5.6 Optimal monetary policy

Optimal monetary policy maximizes the social welfare function:

% f: %] | 5.21]

t=to—2

Wto = Eto

This is the social welfare function in [2.22] with constant weights, which is appropriate for the case

of 0 =1 given the results of Proposition 3.
Proposition 11 The social welfare function [5.21] can be approximated by the loss function:
= i eK oo | X
L = tzt: BBy, | (m — Bam)? + 5V7 + 2 [5.22]
=to

where the weight x on the debt/GDP ratio is:

2 2

X:V_(Q (1+%) ((e—ﬁ)e+ﬁ2)+i—y(92—2(1+6>9+6)—;—n<<2+6)6—(1+26>f5>2>-

3
[5.23]
Optimal monetary policy is a weighted nominal income target:
KO <9 (s + ﬁ) + (e — 1)%)
Ni=(1+@)P;+Y:, where @ = - " . [5.24]
) () () o
PROOF See appendix A.6 [ |

6 Conclusions

This paper has shown how a monetary policy of nominal GDP targeting facilitates risk sharing in
incomplete financial markets where contracts are denominated in terms of money. In an environment
where risk derives from uncertainty about future real GDP, strict inflation targeting would lead to
a very uneven distribution of risk, with leveraged borrowers’ consumption highly exposed to any
unexpected change in their incomes when monetary policy prevents any adjustment of the real value
of their liabilities. This concentration of risk implies that volumes of credit, long-term real interest
rates, and asset prices would be excessively volatile. Strict inflation targeting does provide savers

with a risk-free real return, but fundamentally, the economy lacks any technology that delivers
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risk-free real returns, so the safety of savers’ portfolios is simply the flip-side of borrowers’ leverage
and high levels of risk. Absent any changes in the physical investment technology available to the
economy, risk cannot be annihilated, only redistributed.

That leaves the question of whether the distribution of risk is efficient. The combination of
incomplete markets and strict inflation targeting implies a particularly inefficient distribution of risk.
If complete financial markets were available, borrowers would issue state-contingent debt where the
contractual repayment is lower in a recession and higher in a boom. These securities would resemble
equity shares in GDP, and they would have the effect of reducing the leverage of borrowers and hence
distributing risk more evenly. In the absence of such financial markets, in particular because of the
inability of individuals to short-sell such securities, a monetary policy of nominal GDP targeting can
effectively complete the market even when only non-contingent nominal debt is available. Nominal
GDP targeting operates by stabilizing the debt-to-GDP ratio. With financial contracts specifying
liabilities fixed in terms of money, a policy that stabilizes the monetary value of real incomes ensures
that borrowers are not forced to bear too much of the aggregate risk, converting nominal debt into
real equity.

While the model is far too simple to apply to the recent financial crises and deep recessions
experienced by a number of economies, one policy implication does resonate with the predicament of
several economies faced with high levels of debt combined with stagnant or falling GDPs. Nominal
GDP targeting is equivalent to a countercyclical price level, so the model suggests that higher
inflation can be optimal in recessions. In other words, while each of the ‘stagnation’ and ‘inflation’
that make up the word ‘stagflation’ is bad in itself, if stagnation cannot immediately be remedied,
some inflation might be a good idea to compensate for the inefficiency of incomplete financial
markets. And even if policymakers were reluctant to abandon inflation targeting, the model does
suggest that they have the strongest incentives to avoid deflation during recessions (a procyclical
price level). Deflation would raise the real value of debt, which combined with falling real incomes
would be the very opposite of the risk sharing stressed in this paper, and even worse than an
unchanging inflation rate.

It is important to stress that the policy implications of the model in recessions are matched by
equal and opposite prescriptions during an expansion. Thus, it is not just that optimal monetary
policy tolerates higher inflation in a recession — it also requires lower inflation or even deflation
during a period of high growth. Pursuing higher inflation in recessions without following a symmetric
policy during an expansion is both inefficient and jeopardizes an environment of low inflation on
average. Therefore the model also argues that more should be done by central banks to ‘take away

the punch bowl’ during a boom even were inflation to be stable.
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A Technical appendix

A.1 Proof of Proposition 1

In the non-stochastic steady state, real GDP growth is zero: § = 0. The steady-state budget constraints
with incomplete markets follow immediately from [2.14a] with the specification of the lifecycle income
profile [2.4]:

eg=1-By)+d, ém+d=00+1+B)y)—(1+7)d, and ¢ = (1—7vy)+ (1+7)d. [A.1.1a]

Using the definition of (3 in [2.1], the Euler equations [2.14D] in steady state become:

. L+7\° _ 1+7\7
Cm:(l—i—g) Cy, and COZ(l—i—g) Cm, [A.1.1b]

where g is the rate of time preference. The steady-state goods market clearing condition [2.5] is

1 1 1
géy -+ gém + 550 = ]. [A].lC]
The steady-state Fisher equation [3.6] is:
1 -
T [A.1.1d]
1+7
and the monetary policy rule [2.6] is:
147 =Po(1+ 7). [A.1.1¢]
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In the case of complete markets, the steady-state versions of [2.20a] and [2.20b] are the same as [A.1.1a]-
[A.1.1b], and any solution satisfying [A.1.1b] is consistent with [2.20c| in steady state. Thus, the set of
non-stochastic steady states is the same whether or not markets are complete, hence d = d* and 7 = 7,
and so on, in what follows.

The system of equations [A.1.1a]-[A.1.1c] is block recursive in the real variables &y, ém, ¢, 7, and d, with
one equation being redundant. Thus, the steady-state for real variables is invariant to monetary policy.

The budget constraints of the young and old in [A.1.1a] can be used to obtain and equation in ¢, and
Co, eliminating d:

(147) (6 — (1= BY)) = (1 +7)d = (@ — (1 - ), A.12)

and then dividing both sides by (1 + p):

1+7 _ 3
(1 n Q) (@ = (1= Bv) = B(é — (1 =v)). [A.1.3]
Now define a variable z as follows
1 — o
z= (1 :::T> , noting that ¢y, = 26y, €, = 2Cm, and ¢, = 225},7 [A.1.4]
0

using the Euler equations in [A.1.1b]. With economically meaningful 7 in the range —1 < 7 < oo and the
parameters satisfying 0 < ¢ < oo and o > 0, the range of economically meaningful z values is 0 < z < 0.

Substituting the equations from [A.1.4] into the goods market clearing condition [A.1.1c] yields expres-
sions for age-specific consumption in terms of z:

3 - 3z 322

C. = mziy d7 = (. A15
& 14 2z + 22’ ¢ 142422 anc 142+ 22 [ )

Substituting the expressions from [A.1.5] into [A.1.3] and using the definition of z to replace the term

(1 +7)/(1+0): )
<H;)’M—(1—Bv))zé=B<Hiz+z2—(l—v)>-

Multiplying both sides by —(1 + z + 22) yields an equivalent equation:

(1=BY)(A+2+2%) =3) 25 = B (1 —y)(1+ 2+ 2%) —322). [A.1.6]
Define the function .#(z) as follows:
F(z)=(1-By)(1+z+2%)-3) ze 4B (322 = (1=v)(1+2+2%). [A.1.7]

Comparison with [A.1.6] shows that a necessary and sufficient condition for a steady state is the equation
F(z) = 0, with the implied value of 7 found using [A.1.4], the values of ¢y, ¢y, and ¢, found using [A.1.5],
and d from [A.1.2]. Note that the function .#(z) is continuous and differentiable for all z € (0, 00).

(i) A steady state always exists. Using [A.1.7]

F(1) =3(1=py) -1)+3p(1 - (1-v)) =0,
hence z = 1 is a steady state. The definition of 2 in [A.1.4] implies 7 = ¢ since 0 > 0. From [A.1.5] it
follows that ¢y = ém = ¢, = 1. Finally, [A.1.2] implies d = vy/(1 + 7). Since 7 = g and B = 1/(1 + o), this
means that d = .

(ii)  There are both necessary and sufficient conditions to consider.

Necessary conditions
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Using [A.1.7], observe that
F(0)=—-p(1—-v) <0, and lim F(z)= oo, [A.1.8]

Z—00

where the latter statement follows because the highest power of z in [A.1.7] has coefficient (1 — ), which
is positive. Now note that the derivative of .Z (z) from [A.1.7] is

F'(2) = (1 — By)(1 +22)z7 + é (1=BY)(A+2+42%) —3) 25 L4 B (62— (1—y)(1+22)). [A.19]

Evaluating this derivative at z = 1:

F(0) =31 BY)+ 2 (1Y) - D +3(2- (=) =3 (1 By - B p 4 py)

[A.1.10]
—3a4p) (1o LYY
1+po
Using the definition of 3 from [2.1], the necessary condition stated in the proposition is
y _ 148
—-< —. A1.11
< AL

If y/o> (1+p)/p then [A.1.10] implies that .#’(1) < 0. Since .#(1) = 0, this means that .% (z) is strictly
positive in a neighbourhood below z = 1, and strictly negative in a neighbourhood above z = 1. Given the
findings in [A.1.8] and the continuity of .% (z), it follows that . (z) = 0 has solutions in the economically
meaningful ranges (0,1) and (1,00). The steady state z = 1 would not then be unique.

To analyse the case y/o = (14 f3)/B, use [A.1.9] to obtain the second derivative of .7 (z):

F(2) =2(1 - By)ze + %(1 —BY)(1+22)z5  + %(1 — By)(1+22)z5 !

/1 1 [A.1.12]
1 (5-1) (=242 =324 B 6-20-7).
Evaluate this derivative at z = 1:
F(1) =200~ B)+ S0~ By)+ 51— By) = 257 (1) 4262+
[A.1.13]
a1+ 2)+ S -py) - Y (1),
o o \o
Note that when y/o = (1+ )/B:
1_1+8
o By’
which can be substituted into [A.1.13] to obtain:
F1(1) = - (BY(L+28) + 6(1+ B)(1 ~ By) = 3(1+ B)((1 + B) — Bv)
. Y - [A.1.14]
=By (2By(1+2B) +3(1+B)(1 - B —BY)) = By B(1+B)—Bv).

Therefore, from [A.1.10] and [A.1.14], when y/o = (1+ )/ it follows that .#'(1) = 0 and .Z"(1) > 0, the
latter by noting 0 < 3 < 1 and 0 <y < 1. Since # (1) = 0, it must be the case that .%#(z) is positive in a
neighbourhood below z = 1. Combined with [A.1.8], this means that there exists a solution of .%#(z) = 0
in the economically meaningful range (0,1), demonstrating that the steady state z = 1 is not unique.
Therefore, if [A.1.11] does not hold then there exist multiple steady states.
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Sufficient conditions

Let F(z;0) denote the function .#(z) from [A.1.7] with the dependence on the parameter o made explicit.
This can be written as:

Flz;o)=(1-pBy)(1+ 2+ 22)2% — 3o+ 322 — B(1—v)(1+ 2z + 22). [A.1.15]
First, consider the limiting case of 0 — oo. For any z > 0, [A.1.15] reduces to:
F(z;00) = (1= By)A+2+2%) =3+3B22 —B(1l—y)(1+2+2%) =(1+2B)2> +(1—B)z— (2+B).

This is a quadratic equation in z. Given that 0 < < 1, the coefficients of powers of z in the polynomial
change sign exactly once. Hence, by Leibniz’s rule of signs, the equation has at most one positive root.
This shows that z = 1 is the unique positive solution of the equation F(z;00) = 0. Furthermore, observe
from [A.1.15] that F(0;0) = —p(1 — ), so there cannot be a root at z = 0 even when o — oc.

Next, consider the special case of 0 = 1, in which case [A.1.15] reduces to:

F(z1) = (1-By)(1+2+2%)2—32+43B2> = B(1—y)(1+2+2%) = (1-By)z* +(1+2B)2*— (2+B)z—B(1—7).

This is a cubic equation in z. Given that 0 < < 1 and 0 < y < 1, the coefficients of powers of z change
sign exactly once. Hence, by Leibniz’s rule of signs, the equation F(z;1) = 0 can have no more than one
positive root. This establishes that z = 1 is the unique positive solution of the equation.

Finally, consider one more special case, namely 0 = 1/2. From [A.1.15]:

F(5:1/2) = (1= By)(1+ 2 + 22)22 — 322 + 3322 — B(1 —y)(1 + 2 + )
=(1-py)"+(1-PBY)z" 21— B)z* = B(1 —v)z — B(1 — V).

This is a quartic equation in z. Given that 0 < 3 < 1 and 0 <y < 1, the coefficients of powers of z change
sign exactly once. Hence, by Leibniz’s rule of signs, the equation has at most one positive root, proving
that z = 1 is the unique positive solution.

To analyse a general value of o, define the function H(z) as follows:

H(z) = (1 —By)(1+ 2+ 2?%) - 3. [A.1.16]

Since 0 < B < 1 and 0 < y < 1, the function H(z) is strictly increasing in z for all z > 0. Given that
H(O0) = —(2+ By) < 0, it follows H(z) = 0 has a unique strictly positive root, denoted by Z. Since
H(1) = =3Py < 0, it must be that Z > 1. The function J#(z) is negative for z < Z and positive for z > Z.
Using [A.1.15], F(z;0) can be written in terms of H(z) as follows:

Fl(z0) = 25H(2) + B (322 — (1 —y)(1+ 2+ 22)).. [A.1.17]
Now use [A.1.17] to take the derivative of F(z; o) with respect to o, holding z constant:

0F(z;0)

1 1
S = —?(logz)zé’}{(z). [A.1.18]

If z € (0,1) then log z < 0, while H(z) < 0 since Z > 1. It follows that F(z; o) is decreasing in o in this
range of z values. If z € (1,Z) then H(z) is still negative, while logz > 0, so F(z; 0) is strictly increasing
in 0. Finally, if z € (Z,00), H(z) > 0 and logz > 0 since zZ > 1, so F(z;0) is strictly decreasing in o for
these z values. It follows for any value of o in the range 1/2 < 0 < oo that F(z; 0) lies somewhere between
the values of F(z;1/2) and F(z;00). Formally, for all 0 < z < oo:

min{F(z;1/2), F(z;00)} < F(z;0) < max{F(z;1/2), F(z;00)}. [A.1.19]

Now suppose the equation F(z;0) = 0 were to have a root z # 1. Given the bounds in [A.1.19] and the
continuity of F(z; o) for all o, this is not possible unless either F(z;1/2) or F(z;00) also has a root z # 1,
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but not necessarily the same one as F(z;0). As this has already been ruled out, it is therefore shown that
z =1 is the only positive root of .7 (z) = 0 for any o satisfying 1/2 < o < 0.

(ili))  Having determined the steady-state values of the real variables, the nominal variables must satisfy
[A.1.1d]-[A.1.1e]. Substituting [A.1.1e] into [A.1.1d] and using the earlier result 7 = p:

1t+o

—\br—1 _
(1+7) 7o

This has a unique solution for inflation whenever 1\ # 1:

_ <1+Q>¢w1—1
T = —1,
Yo

which then determines the nominal interest rate using [A.1.1d]:

i=(1+o@1+7) L

This completes the proof.

A.2 Lemmas

Lemma 1 Let ¢¥(z) be the following quadratic equation:

G(z)=p (1—1) 24 (2(1+[3)—m>z+ (1—[”). A.2.1]
o o o
Assume the parameters are such that 0 < 3 < 1,0 <vy <1, 0 > 0. If the following condition is satisfied:

y_1+8
5 < B [A.2.2]
then ¥(z) can be factorized uniquely as
G(z) = 62(1 — Az~ 1 (1 — C2), [A.2.3]

in terms of the roots A and ("' of 4(z) = 0 and a non-zero coefficient 5. These are given by the following

formulas:
\/(1+2[3)2+3 (1 — (@)2> —(1+2B) - (1 — ﬁ%)
1

_ 2(-%) : [A.2.4a]

(1+2[3)+(1—f?)+\/(1+2(3)2+3<1—(f§})2>’

—2B (1) .
(142p) + (1—%}) +\/(1+2(3)2+3<1— (@)2>

(1+2B)+ (1 — By) +4](14+2B)2+3 (1 — <BY>2) : [A.2.4c]

A=

(=

[A.2.4b]

6=

N =

o (0

The roots A and (! are such that |A| < 1 and |C| < 1, and the coefficient & satisfies 0 < § < 2(1 + B).
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PRrROOF Evaluate the quadratic 4(z) in [A.2.1] at z = —1 and z = 1:

g(-1)=-(1+p(1+2)) <0, and 54(1):3<(1+[3)—B;/).

Given that condition [A.2.2] is assumed to hold, it follows that ¢(1) > 0, and hence that ¥(z) changes sign
over the interval [—1,1]. Thus, by continuity, 4(z) = 0 always has a root in the interval (—1,1). Let this
root be denoted by A, which must satisfy [A| < 1.

Since [A.2.1] holds, it must be the case that

2(1+B) > @,
o
and thus that the coefficient of z in [A.2.1] is never zero. The coefficient of z? can be zero, though, so ¥(z)
is either quadratic or purely linear. This means that either ¢(z) has only one root or has two distinct roots.
As one root is known to be real, complex roots are not possible. Given that ¢(z) is at most quadratic and
has a sign change on [—1, 1], there can be no more than one root in this interval. A second root, if it exists,
lies in either (—oo, —1) or (1,00). If there is a second root, let ¢ denote the reciprocal of this root. If there
is no second root, let ¢ = 0. In either case, ( is a real number satisfying |¢| < 1.

When ¢ = 0, the function given in [A.2.3] is linear with single root at z = A. When ¢ # 0, [A.2.3] is a
quadratic function with roots z = A and z = {~!. Therefore, the factorization [A.2.3] must hold for some
non-zero coeflicient 8.

Take the case of y < o first. This means the coefficient of 22 in [A.2.1] is positive, so the quadratic
is u-shaped. Given that ¢(—1) < 0, it follows that the second root ¢(~! is found in (—oo, —1), that is, to
the left of A. Now consider the case of y > o, where the coefficient of 22 in ¥(z) is negative, and ¥(z) is
n-shaped. With (1) > 0 this means that the second root {~! is found in (1, 00), lying to the right of A.
In applying the quadratic root formula to find A, observe that the denominator of the formula is positive
in the case where v < o (with (7! < A) and negative when vy > o (with A < {~!). Therefore, the root A is
always associated with the upper branch of the quadratic root function:

~0+m )+ [care-8) - a- (1)
26(1-1) |

Since A is known to be a real number, the term inside the square root must be non-negative.
When a second root exists, ("' is given by the lower branch of the quadratic root function, and hence
an expression for ( is:

A= [A.2.5]

283 (1 =Y
- pO-3) : . A.2.6]
(2(1+(3)—‘?)+\/(2(1+f5)—@) —4p(1-12) (1—@%)
Using [A.2.1], the formula for the product A(~! of the roots of ¥(z) = 0 implies:
A= (1_6@3)&' A.2.7]
B(1-7)
Substituting for ¢ from [A.2.6] provides an alternative expression for A:
—9(1 - B
A — ( ’ ) . [A.2.8]

(2(1+(5)—E})+\/<2(1+ﬁ)—f{})2—4(5(1—g) (1—'%)

Given that condition [A.2.2] holds and that the term in the square root is positive, [A.2.8] provides a
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well-defined formula for A in all cases, including y = o. Similarly, it can be seen from [A.2.6] that { = 0 if

and only if y = o, which given the definition [A.2.1] is equivalent to ¥(z) being purely linear. Therefore,

formulas [A.2.6] and [A.2.8] are well defined for all configurations of y and o consistent with [A.2.2].
Multiplying out the terms in the factorization [A.2.3] yields:

G(2) = —802% + 8(1 +A)z — BA.
Equating the constant term with that in [A.2.1] implies —6A = (1 — By/0o), which leads to the following
expression for d:
_ (1 _ lﬂ)
§—_ N 97
= X .
Substituting for A from [A.2.8] shows that 0 is given by:

5:% <2(1+[3)—B;/) +\/<2(1+B)—[?>2—4[5 (1-7) <1—f?)> . A.2.9]

Given [A.2.2] holds and the term in the square root is positive, it follows that 6 is strictly positive. Observe
that the term in the square root can be simplified as follows:

(2(1 +B)— BE)Q 4B (1 - %) (1 - iy) —(1+28)2+3 (1 - (‘?)j . [A.2.10]

It follows that the term inside the square root is never more than (14 28)% + 3, and since (1 +2p)?+ 3 <
(2(1 + B))?, it can be seen from [A.2.9] that & < 2(1 + B).

Finally, substituting [A.2.10] into [A.2.5], [A.2.8], [A.2.6], and [A.2.9] yield the formulas in [A.2.4a]-
[A.2.4c]. This completes the proof. [

A.3 Proof of Proposition 2

In what follows, it is helpful to define a new variable e; in terms of r, and gy:
€ =TIy — 8¢ [Agl]

The system of equations [3.2a]-[3.2b] under incomplete markets can then be written in terms of the variables
dt7 €t, Cy,ty Cm,t, Co,t-

Cyt = Byde, [A.3.2a]

Cm,t = —Byde — y(er +di—1), [A.3.2b]

Cot = Y(et +di-1), [A.3.2¢]

Cyt = Eicmpp1 — oBery1 + (1 — 0)Eigeqt, [A.3.2d]
Cmyt = EiCo 11 — 011 + (1 — 0) gy [A.3.2¢]

This is a system of five equations in five unknowns if real GDP growth g; is taken as given. However, given
the presence of expectations of the future, this will not suffice to determine a unique solution in general.
Nonetheless, it will be possible to characterize the set of possible equilibria for the debt ratio d; up to a
martingale difference.

(i)  First, substitute the budget identities [A.3.2a] and [A.3.2b] for the young and middle-aged into the
Euler equation [A.3.2d] for the young:

Byd: = E¢[—PBydir1 — v(ert1 +di)] — oEreri1 + (1 — 0)Esgeia.
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This can be rearranged to obtain an expression for Ese;;:
(v + 0)Ererr1 = —y(1 4+ B)d; — PyEedir1 + (1 — 0)Ergry. [A.3.3]
Next, combine the Euler equations [A.3.2d] and [A.3.2¢] for both the young and the middle-aged:
eyt = Et[Eri1¢o 142 — 0B 118042 + (1 — 0)Erp1gi42] — oreri1 + (1 — o) Ergrya,

which simplifies to:
Cyt = EiCo o — ol [er+1 + €] + (1 — 0)Ey[grr1 + gei2)-

Then substitute the budget identities [A.3.2a] and [A.3.2¢] for the young and old into this equation:
Byd: = Ei[y(erva + di1)] — 0Filer1 + erpo] + (1 — 0)Ei[gir1 + git2],

and rearrange this collect the terms in E;e;1 and IEieq49 on the left-hand side:
(0 —v)Eier12 + oBier 11 = —Byd + VEidi1 + (1 — 0)Ee[ge 1 + a2 [A.3.4]

Multiply both sides of the equation [A.3.4] by the positive coefficient (y + o) and apply the law of
iterated expectations to write:

(0=Y)E; [(v + 0)Eir1€i42]4+0 ((v + 0)Eery1) = —By(y+0)di+y(v+0)Erdi11+(1—0) (vy+0) Et[ge+1+81+2]-

Now substitute the expression for (y 4+ 0)Ee;4;1 from [A.3.3] into the above equation:

(0 —V)E; [—y(1 + B)dey1 — BYE1diso + (1 — 0)Eip1gi42] + 0 (—y(1 + B)dy — ByEidir1 + (1 — 0)Eigis1)
=—By(y+0)d: +v(y + 0)Eidiy1 + (1 — 0) (v + 0)Ei[ger1 + 8r+2),

and by collecting terms:

By(o —v)Eidiy2 +v (1 +B)(o—7v) +Bo+ (v +0)) Edeyr +v ((1+B)o— By +0))de
= (0= (y+0)(1 = 0)Eigr1 + (0 = v) = (v + 0))(1 — 0)Etgryo,

which can be simplified to yield the following equation:
By(o —v)Eidiy2 +v(2(1 + B)o — By)Eedir1 +v(1 = By)d: = —y(1 — 0)Et[gr1 + 28¢+2)-
Finally, divide both sides by the positive coefficient yo:

p (1 - %/) Ediyo + <2(1 +B) — B;/) Ediq + (1 - B(Z) dp = — <1;0> Eilge+1 + 28t42].  [A.3.5]

The dynamic equation [A.3.5] for the debt ratio d; can be written in terms of the quadratic equation
9 (z) from [A.2.1] analysed in Lemma 1. If L denotes the lag operator, F the forward operator, and I the
identity operator, equation [A.3.5] is:

E; [9(F)dy] = — (1 ; G> E; [(I+ 2F)Fg] .

As it has been assumed the parameters are such that there is a unique steady state, Proposition 1 implies
that o > v/(2 4 0). With the definition of  in [2.1], this is seen to be equivalent to [A.2.2], and therefore
the results of Lemma 1 can be applied. The factorization of ¢(z) from [A.2.3] can be used to obtain:

1—-o0

E; [8(I — CF)(I — AL)Fd,] = — < > E; [(I+ 2F)Fgy],
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where A, ¢, and § are the terms from [A.2.4a]-[A.2.4c], and therefore:

1

1—o0
(Bedir1 — Adg) — CBy [Eeqadiye — A ] = — (

d

5 ) E¢ (g1 + 2g1+2] - [A.3.6]

Now consider the stochastic process f; defined in [3.4] using the coefficient ¢ from [A.2.4b], which is
the same as that defined in [3.5¢]. Given a bounded stochastic process g; for real GDP growth, and since
Lemma 1 demonstrates that |¢| < 1, it follows that f; is also a bounded stochastic process.

To study the general class of solutions of [A.3.2a]-[A.3.2¢], using f; from [3.4] and the coefficient A from
[A.2.4a], define Yy as follows:

1/1-0
Yy =Eidiys — Ady + 8 ( o ) (2Etft+1 + ft) . [A37]
Given that g; is exogenous, so is the stochastic process f;. Since d; is endogenous, so is the stochastic
process Y.

Observe that the definition of f; in [3.4] implies that it satisfies the following recursive equation:

fr — CEifr1 = Eigrya- [A.3.8]
Next, from the definition of Yy in [A.3.7]:
1/1-0
Eidi41 = Ady — g < p ) (2Etft+1 -+ ft) + Yy, [A39]

and by substituting this into [A.3.6]:

1/1—-o0 1/1—-o0
Y — CEY g1 — 3 ( 5 ) Eg 2(frr1 — CBppafipo) + (fr — CEifiy1)] = ~3 <G> E¢ [gi4+1 + 28¢+42] -

Using [A.3.8], this equation reduces to:
Y = CEY g1, [A.3.10]

which characterizes the whole class of solutions for Yy, and through [A.3.7], the class of solutions for the
debt ratio d;.

Now consider the remaining Fuler equation and budget identity combination. Take the budget identities
[A.3.2b] and [A.3.2¢] of the middle-aged and old and substitute these into the Euler equation [A.3.2¢] for
the middle-aged:

(=Byde —v(et + di—1)) = Bt [y(er1 + di)] — 0Erer1 + (1 — 0)Ergrtar.
Collect the terms in IFie;1 1 on the left-hand side to obtain:
(0 —v)Eery1 = v(1+ B)de +v(er +di—1) + (1 — 0)Ergeia,
then multiplying both sides by the positive coefficient (y+ o) and applying the law of iterated expectations:
(0=¥) (v + 0)Erery1) =v(1+ B)(y + 0)de +v(y + 0)(er + di—1) + (1 — 0) (v + 0) Esgr1.
Substitute the expression for (y + 0)E:e;11 from [A.3.3]:

(0 —v) (—y(1+B)ds — BYEdsy1 + (1 — 0)Esgsy1)
=v(1+B)(y + 0)d: +¥(y + 0)(et + di—1) + (1 — 0)(v + 0)Ergt1,

then collecting similar terms:

Yy +0)(ee+di—1) +v(1+B) (v + 0) + (0 = ¥)) de + By (0 — V) Eede 1 = (1 - 0)((0 =) = (v + 0)) Ergeta,
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and rearranging to obtain:

Y(Y + O')(et + dt—l) + 2Y0'(1 + B)dt + BY(G — Y)Etdt—i-l = —QY(l — G)Etgt+1-
Finally, dividing both sides by the non-zero coefficient yo:

v 1—o0

(1 + E) (et +di1) +2(1+B)de + B (1 - %) Eidiy1 = —2 <

> Etgt+1- [A311]

A general solution to the debt ratio equation [A.3.5] has been shown to satisfy [A.3.9], in terms of a
stochastic process Y; which in turn satisfies the expectational difference equation [A.3.10]. Substituting
[A.3.9] into [A.3.11]:

(1 + %’) (er+di—1)+2(1+B)de+p (1 - X) (Adt 1 (1 — G) (2Efe1 + fr) +Tt) = -2 <1 ; G) Eigi+1,

o ) o

which yields the following after collecting terms:

(1+%)(et+dt_1)+(2(1+f5)+(5(1—%)>\)dt+ﬁ(1—1)vt

o

_ (1 = G) E, [ng - % (1 _ (Xy) (211 + ft)} .

The formulas [A.2.4b] and [A.2.4c] for ¢ and & imply that ¢ = B(1 —y/0)/5. Using this result and the
expression for g; in [A.3.8] to simplify the expectation on the right-hand side:

[A.3.12]

109 [2gt+1 - % (1 - };) (fie1 + 2ft+2)} =By [2(fir1 — o) + C(frr1 + 2fi0)] = (2 + QO E4fyp1.

Substituting this back into [A.3.12], and noting that [A.2.4b] and [A.2.4c] imply B(1 —vy/0) = 8¢, yields
the following equation:

(1 ¥ g) (e +di 1) + (2(1 +B)+B (1 - g) ?\) d; = 8 — (24 Q) (1;“> Eifi1. [A.3.13]

Define the following coefficients (can show that all are strictly positive):

2(1 1—-HA 2 1S
0= (L+p)+P(1—5) , d= +C, and 3 = , [A.3.14]
1+2 1+ 1+73
using which equation [A.3.13] can be written as:
l1-0
(et + dt—l) + edt = C%Yt -9 < > Etft+1. [A315]

To derive the class of solutions to the debt equation, define I; = e; + d;_1 to be the total stock of
liabilities relative to GDP. The generational budget identities [A.3.2a]-[A.3.2¢| can be written as:

Cyt = Byde, Cmye=—Pydi —vly, and cor =yl [A.3.16]
and l; is determined by equation [A.3.15]:

1—-o0

It + edt = C%Yt -9 ( > Etft—i-l- [A317]

Now define v; to be the unpredictable component of the debt ratio d;, and v; to be the unpredictable
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component of Y:
V¢ = dt — Et—ldt7 and Vy = Yt — ]Et_th. [A318]

First, consider the special case where ¢ = 0. Equation [A.3.10] then implies Y; = 0. Next, consider the
general case of ¢ # 0. Using [A.3.18], equation [A.3.10] can be expressed equivalently as

Tt = Cith_l + Vg [A319]

Similarly, using [A.3.18], equation [A.3.9] is equivalent to:

1/1—-o0
dip1 = Ady — g < . ) Et[ft+1 + 2ft+2] + Y+ Veg1- [A320]

Since |¢| < 1 and because v; must be a martingale difference sequence (IE;—jv; = 0) it is clear that Yy =0
is the only bounded solution of the equation [A.3.19]. Furthermore, since E;v¢y; = 0, the innovation v
must be uncorrelated with Y. It follows from [A.3.20] that whenever Y} is unbounded (whenever Y; # 0),
the solution for d; is also unbounded. Therefore, given [A.3.16] if either d; or |, were unbounded then the
implied path for one of ¢y, ¢ ¢, Or ¢, would be such as to violate one of the non-negativity constraints
on consumption. This cannot be a solution, from which it follows that Y; cannot be unbounded. Finally,
it then follows that Y; = 0, which requires vy = 0.

Unlike vy, there is no tight restriction that can be placed on v;. The only requirement imposed by
equations [A.3.2a]-[A.3.2¢] is that v; is a bounded martingale difference process.

Therefore, from [A.3.20] it is established that all solutions for the debt ratio d; are in the following class

1/1-0
dt+1 = )\dt — g < pu ) Et[ft+1 + 2ft+2] + Vit1, [A321]

where the bounded stochastic process f; is as defined in [3.4], and v, is bounded and satisfies IE; v = 0.
(i)  Given a solution for d;, equation [A.3.15] gives the solution for e; and hence ry:

l1-o0

€ — *Gdt - dt,1 -9 < ) Etft+1. [A322]

This completes the proof.

A.4 Proof of Proposition 3

The system of equations describing the economy with complete markets is [3.10a]—[3.10c].

(i)  Note that equations [3.10a]-[3.10b] are of exactly the same form as [3.2a]-[3.2b] for the economy with
incomplete markets. Proposition 2 can then be applied to deduce that the debt-GDP ratio dj must satisfy
equation [3.3], that is:

1/1—-o0
d?; = }\d:_l — S < 5 ) (2Et71ft + ftfl) + V:, [A.4.1]

where v§ is such that E;_1v] = 0, and where f; is as defined in [3.4] and the coefficients & and A in [3.5a]
and [3.5b]. Moreover, equation [3.6] must hold. Written in terms of e} = r} — g; this becomes:

1—
e = —0di —df , -9 ( _ ") fi, [A.4.2]

where the coefficients 0 and 9 are given in [3.7a]-[3.7b].
Equation [A.4.1] implies df — E;_1d; = v;. Taking the unpredictable components of both sides of
[A.4.2] and using the equation for v} yields:

l1—-o

(e;f — ]Et,lef) = —6\/2‘ -9 ( > (ft — Etflft). [A43]
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Now take the unpredictable components of both sides of equation [3.10c], which must hold under
complete markets:

Cmt — Br1Cmy = Cop — Eyo1Cgy [A.4.4]
The budget constraints in [3.10a] imply that ¢}, , = —Byd; —y(ef+d; ;) and ¢}, = y(ef+d; ;). Substituting

these into [A.4.4] and using the definition of vj:
—Byvi —vle; — Eraey) = v(ey — Erre;y),
and by collecting terms and cancelling the positive coefficient y:
2(e; — Ei_1e7) = —Bv}. [A.4.5]
Multiplying both sides of [A.4.3] by 2 and substituting using [A.4.5]:

l1—-o0

(20 —B)vy = —29 < ) (fr — Eyi_1fp). [A.4.6]

Using the expression for 6 from [3.7al:

2+¢%+¢@+23V+3<1—(@)3

1+73

20— B =

)

and hence from [3.5a] and [3.7b] that §, 0, and ¥ are related by:

5 265_ B [A.4.7)

Substituting this into [A.4.6] yields:

. 2(1-o0
‘Vt = _S < o ) (ft — ]Etflft). [A48]

Finally, combining [A.4.1] and [A.4.8] leads to [3.11].
Next, take conditional expectations of [A.4.1] to obtain:

1/1-—
Eq-1df =My — 3 < = G> (2E_1f, + 1) .

Subtracting this from [3.8] and using the definition d; = d; — d} implies that [3.12] holds.

(i)  Next, use equation [A.4.2] to deduce:

1—-o0

ef — A&y = —0(d} — Adly) — (df 1 — Adiy) — D ( ) (F— M),

and by substituting from [3.11]:

1/1—o0
ef —Aej_, = 3 <G> (0(2f; + fr—1) + (2fi—1 + fr—2) — OO(fy — Af_q)).

After collecting similar terms, this can be written as:

1

1—
e —Aef i =< <U“> ((20 — 59, + (2+ 0 + 5ON)fr_y + o). [A.4.9]

49



Since equation [A.4.7] implies 20 — 3 = &d:

20 — 59 = B.

[A.4.10]

Now observe from the formulas [3.5a], [3.5¢], [3.7a], and [3.7b] that the following relationships hold

between the coefficients: 6
v

[}

1+3

0+

2
1

_|_
+

N

0 and ¥ =

)

aR

These expressions can be used to note:

2(1+2) + (584 8) + (M2 +0)
14+

240+ 00\ =

)

and since [3.5a] and [3.5b] imply 8A = —(1 — By/0):

1— By

o

B
2 +38 45— (
1+73

)¢

By using the expressions for A and ( from [A.2.4a] and [A.2.4Db], it follows that (1 —By/0)l =
Substituting this into equation [A.4.11]:

240+ 00\ =

By

o}

v

o

2Y +3 +6—(5(1—%)?\.

240+ 60 =
o 1+

o

Using the expression for & from [A.2.4c] and the alternative formula for A from [A.2.4a]:

2
5—(5(1—%)7\27 (1+2p) + (1—‘?) + (1+2B)2+3<1— <[?> )
2
L asep) 43 (1— (ﬁ:) ) _(1+2B)— (1_'10 —o+p) - Y
Substituting this into [A.4.12] yields:
2(1+p+2+8)
240+ 50\ = = 2(1 + B).

1+3

Hence [A.4.9] together with equations [A.4.10] and [A.4.13] implies:

(

Since e; —Aej_; = (rf — Arj_;) — (8t — Agt—1, this demonstrates that equation [3.13] holds.
Using the definition of e}, equation [A.4.2] implies:

1

5

1—-o0
* * _
e —Aej_; =

> (Bfe +2(1 + B)fi—1 +fi—2).

1—o0

ry =—0df —dj_; +g — 9 ( > Eifi1.

With the definitions ¥; = r, — rf and d; = d; — d¥, subtracting [A.4.14] from [3.6] yields [3.14].

(iii)

20

[A4.11]

B(1—v/0)A.

[A.4.12)

[A.4.13]

[A.4.14]

Subtracting the generational budget constraints with incomplete markets [3.2a] from the budget



constraints with complete markets [3.10a]:
&t = Byds, Emy=—PBydi —v(F +di1), and Sy =y(F +di1).
Noting that [3.14] implies F; + d;_1 = 0d; and substituting into the equations above yields:
Cyt = ﬁYata Cmyt = Y(0 — B)at, and ¢, = —Yeat‘
Since Ci,t =Gt — Cfy =iyt — ¢}, = Cit, the results in [3.15] follow.

(iv) With o = 1, it follows immediately from [3.12] that df = 0. If E;g;41 = 0 then E;gip = 0 for all
¢ > 1 by the law of iterated expectations. The definition of f; in [3.4] then implies f; = 0, and hence df =0
by equation [3.12]. With either 0 =1 or f; = 0, [3.14] implies that r; = g;. This completes the proof.

A.5 Proof of Proposition 9

The social welfare function:

1—1 1—1 1—1
1 & oL ]C -1 Contlr—1 NOPIE|
Vg =B |3 D B0 g+ B BT
t=tog—2 o o

1
o

Since the weights w; are calculated for the case where GDP is Yt*, and since Yt* = A, it follows that the
weights are independent of policy and thus

~ 1—1 1_l 1—1

Ny ) Oy Crta Coiio
ZB”OA*; e s Tl R
t to—2 cyf o o

where .# denotes terms independent of policy, and where the weights have been replaced by the formula in
(?7?7). Changing the order of summation and noting that terms dated prior to ¢y are independent of policy
because predetermined:

~ 1-1 A 1-L1 B 1—+
o * o * o
- Bt to Nt Cy,t Ntfl Cm,t Nth Co,t +.7
— o Z 171 1 7 _1 L1 1
* O * O *x O
= vt R N s

Note that the Lagrangian multipliers &f are such that:

_1 _1
Ak o ~F o
. R ¢ . A c
* O y,t—1 * O y,t—2
Ny =N} - , and Nf_ 5 =1y g .
Cm,t Co,t

By substituting these into the formula for the social welfare function:

1 1 1
o R Cl_E Cl_E Cl_E
%0 _ Eto % Z BtftON;k vt — + m,t — + o,t — nys
t=to (1 - %) c*y,t(I (1 - %) C*mg ( - %) C*O,tc

This can be written in terms of consumption to GDP ratios:

1 1 1
1 2 11 e ¢ e c ., °
_ t—toy* v 1" o vt m, ¢ oyt
Wig =By |5 > BTORY, Tt S+ apeatd I
_ L k L * L k
t=to (1 0) ¢ y,t(j (1 O') ¢ m,‘% ( cr) ¢ Oatc
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Finally, using the fact that Y;/ Y, =1 J A

1—1 1—1 1—1
1, Cell (11 c.,° c 0 c.,°
Wto — Eto g Z Bt tONtY; UAt ( c) );t — + T,t — + C;,t — + 7.
t=to (1I-3)eyf (-g)ems (1-5)e7
First, observe that
1-1 1 1 1\* ,
Ci,t =1 —+ (1 — 0‘) Ci,t + 5 (1 — ()') Ci,t =+ ﬁ3,
where O3 denotes terms of order three and higher in the exogenous shocks. Similarly:
1 1. 11 .2
T =1+ EC*i,t + §§C*z‘,t + Os.
C*i,tG
Putting these results together implies that
1-3 1 1
Civ° 1 = . 1 1 1 = .2 1.

Ut T = +Cii+—C 4= (1= =), + =&, + —CCip + O3

A1 _1 ’ _1 2 ) 21-1"% b
(1 — l) c*. ° 1 o 1 o o o o
o 1,0
Summing over all generations:
a3 a2 a3 ,
y,t _ m,t _ o,t _ = - + o - (CA*y,t + CA*m,t + CA*o,t)
1\ % o 1\ %~ o 1\ % o 1-= 1—-=
(I-3)eys (-5)cmi (1-5) o o

1 1 S R S
+ (Cy,t + Cmt + Coit) + ) <1 - G) (Cg,t + c?n,t + Cg,t) + 21 f 1 (C*y,t + s c*oyt)
o

1 x x x ﬁ
+Gic%w%r+cmwm¢+cqwm)+ 3.

Since (1/3)(cyt + emy + Cot) = 1 and (1/3)(c*y s + C*mt + c*or) = 1, it follows that:

1 A N ~ 1 /.9 ~9 N
(cyt eyt +cyt) = 3 (c;t + Ci,t + c;t) + 03, (Cyt+ Cme+Cop) = D) (C*y,t +Ct et C*o,t> .

Substituting this into the earlier expression:

1—1 1—1 1—-1
o o o

vt 4 Crmt 4 Co t _ 3 11 (2, +c2,+c2)

1)\ % o 1\ % o 1)\ % © 1-1 207 ’ ’

(1_G)Cy,t ( _U)Cm,t (1_0)60715

11 2 %2 52 1 U Sk U
o Cyt T Cme TC% )+ = (C v,tCy,t T € m tCm ¢t + C o,tco,t) + 03,

C

and noting that:

1—1 1—1 1—1
C, . ° Cr 4° Coy© N . A
};’t 1 + Iil,t 1 + 017t 1 — T o5~ ((Cy,t - C*y,t) + (Cm,t - C*m,t) + (Co,t - C*O,t) )
(1 B ) C*y; (1 B 0) C*m; (1 B E) *O,t(T

Next, note that the expression for the cost of misallocation from relative price distortions:

e &
———p'} + O3,

A =
tT o1 -¢
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and hence that A, = &5 since there are no first-order terms. The log-linearization of the price-setting
equation implies that:

E;_1p; = O,
and hence that:
Pé = Et_1Pt + ﬁg, and p; = Pt - Et—lpt + ﬁg =m — E;_1m + ﬁz.

Therefore, relative price distortions can be written in terms of the squared inflation surprise:

e &
Ay = iﬁ(ﬂt - IE)15—17[1t)2 + 03,

The production function implies Y; = A; — A;. Since ?t = Ay, it follows that:
Y, =Y =A = Oy

Therefore, g = gt + Oo. Since g; is the driving variable for c},, it follows that:

2,0
cA*i,t =ci i+ Oa.
Substituting this into the earlier expression:

1—1 1—1 1-1
Cyt” Cm,t” Cort " 3 11
Y = + ° T 1 _55 ((Cy,t - C;,t)2 + (Cm,t - C:n,t)Q + (CO,t B Cz,t)2)+ﬁ3'

L _1 1 1 —
(1 - %) c*yﬂf(T (1 - %) C*m; (1 - %) C*O,tL7 L o

The results of Proposition 3 imply that:

Cyt —Cyp = YBd: + O, oy — Crnt = Y(0 — B)d; + Oa, and coy — Cot = —v0d; + O>.

This leads to:

1—1 1—-1 1—1
co,° C 4 Coyt’ 3 2(B2 4+ (6 —B)O) -~
yl,tA_l+ rf,t - ?tA_l:l_l Y- (B ((y B) )d%JrﬁS'
(1 - E) C*yf (1 - ) C*m; (1 - E) *0,750 o
Note that: 5
_(1_1 1 1 1
At(l U):1—(1—>At—|—<1—> A?—f—ﬁz’),
o 2 o

but since A; = 05, this can actually be written as:

1
st (1D

By combining equations (?7?) and (77):

1—1 1—1 1—1
1 _(1-1 Cy e 0 c,.° 1 2(B2+ (6 —P)O) -
gAt( 0) };yt — + Tyt — + 017t — — ; T *At*’y (B 3(0- B) )d%+ﬁ3
(-5 (=5)cmi (I-5)cf °

Furthermore we can say that:
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It follows that:

1—-1 1—1 1—-1
1A ~1_1 _(1_1 o, ° Cm s’ c..° 2(p2 0—3)0)-~
gNrYtl GAt (1 cr) y,t — 4 t — 4 o,t — —_ _At_y (B +3(0- B) )d?‘i‘j"_ﬁS
-3y (-geuy -z
By substituting the formula for A; derived earlier:
1—1 1—1 1—1
Loot-L  —(1-% ¢ Cmt’ Cot °
RIS e STy A
(1 B ) C*y,t(y (1 T o C*mg ( B E) ot
2/32
+ (0 — ~
= o (m — Beam)® - (B 3(0 B) )d§ +.7 + 0.
Finally, we obtain that:
o0
& Y*(B*+ (0 —B)O)
%0 = Z Bt tO]E |:]_-£<7Tt ]Et_l'r[t)2 + 30_ d? + j + ﬁg

t=to

A.6 Proof of Proposition 11

Substitute the formula for lifetime utility [5.1] into the social welfare function [5.21] and change the order
of summation to write the welfare function as

1 H” H) , Hnt
— m, o
VVt0 = Eto g Z Bt to (logC +t log Cy, + Tt log C, t) — ﬁ n— 1 + n—1 + n—1 + .7, [A61]
t=to (xy Xm Xo
where .# denotes terms independent of monetary policy. Writing HZt =H;H ?t_ L and noting that equation

[5.3] implies (H;t/o;)"™1 = w;+/Cyy, the terms in the disutility of labour at time ¢ from [A.6.1] can be
written as follows:

H},  H H, 1 H H H
ny—tl i nnj Tlo_t1 _ = (wynf AN Wit Hm,t + Wot 0,t> ’ [A.6.2]
Ky Xm Xo Y; Cy,t Cm,t Co,t
using the definition ¢;+ = C;;/Y:. Next, equation [5.11] is substituted into [A.6.2] to obtain:
H), H), HI wy N, oy o x
O n°_ﬁ—< L ><y+m+°). [A.6.3]
oy ool o (1-7)Y; Cyt Cmt  Cot
Using the particular value of the wage-bill subsidy T = ¢! and w; = x;A; from equation [4.6]:
H) HY), H) x4 Ay N, o o x
L+ nc’_t1—< kel ><y+m+°>. [A.6.4]
oy o o (1—-¢e1)Y; Cyt  Cmgt  Cot

Next, noting that [5.10] implies A;N; = A;Y}, substitute the expression for real marginal cost x; from [5.13]
into [A.6.4] to obtain:

Hn Hn Hn Y %y %m %o (0.6 (0.8 X
y,t m,t o,t n t 3 3 3 y m 0
+ + = A ( ) <c c.lic )(—i——i—). A.6.5
;}71 n—1 n—1 At y,t “m,t ~o,t Cyt Cont Cort [ ]

Defining the output gap V; = Y, /Ay, it follows that:

11 H;t Hy,  Hp, non [ 5 Sm %o Xy 1, %m 1 %o ol
gﬁ <“n—1 + n—1 + n—1 *A Y ( Cyit mgtcot> (?Cy,t + = 3 Cmp+ o 3 ) [A'6‘6]
y

Xm Xo

o4



The terms in consumption:

~ 1
(log Cyt +10g Cryyp +log Coy) = log Yy + 3 (log ¢yt +1og emye +1ogcot) + 7. [A.6.7]

W

Given the steady-state values Y =1 and ¢i=1forallie {y,m,o}:

1 ~ 1
g (IOg Cyﬂg + log Cm,t + log Co,t) =Y;+ g(Cy’t + Cmt + Co,t) + 7. [A68]
Note that: . 11
3 (Cyt +Cmt +Cor) = 33 (Cg,t + Cr2n,t + Cz,t) +0°.
Consider the second-order approximations:
n? 5 L
Al =140 + ?A? + 03, and Y =1+nVY; + ?Yf + 03,
And: )
&y oam  Xo oy (08
el =1+ ( 3 it 3 emt + 3 c0t> +3 ( 3ycyt+ 3 et + 3 c0t> + 0°.
Also:
Xy _ Om _ oy . 1/« Om
St et i =1 (ot Fromt Feor) +3 (St Fehr Fb) + 0°
From before: K
At = ?(Tft — Et_lﬂt)Z + ﬁ?’.

It follows that:
(xy ‘Xm (Xo X 0@ X (0.6
ﬁAY ( >(3y Gt ?inf;lﬁ 30 71) At+Yt+nYt+"<?y§t+ ?in?nt+3 °t>

yt mt ot
11 /oy
_"<3 it 3

et + O;OCo,t) + 7 + 03,

Note that: x o« «
( 3)’ Cy i+ 3mCm,t + ?OCOJ) =&d; + o2,

and therefore:

2
(S 0] (o Sewr s ) = o+ Sl
Ko 2 oy 2 KXo A \2) 42
+?<co,t—adt> = (FrB—8)? + T8 — B) — &)+ Z2(—v8 — &)%) o
And also: ) .
5 (et et = 5 (vB) + (v(0 - B)* + (—v0)*) d.
Now define:

x =g (V) + (10— B+ (—v0)) + 1 (T (B~ £ + S v(e - B) — £ + (0 - 0)2).

This can be rearranged as follows:
2

X =0 (14 5) @4 B2 0= BY) + 52 (CYBIYB) 4 (v(1+ B)(x(O — B+ (-)(~¥0)?) -
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Further simplification yields:

2

’ 2
xzy<1+11]> (e2+{32+(e—[5)2)+% ((1+B)(e_ﬁ)2—92—63)—£—

1
3 n n

Setting up the Lagrangian for minimizing loss function [5.22] subject to the constraints [5.20a]-[5.20c]:

Bto = Z BtitOEtO |:ng(7'[,5 — Et_lﬂt)Q + g?? + gdﬂ + Z BtitoEtO |:Ft {ﬂ?t + E,dt — K(T[t — Et_lﬂft)}]

2
t=to t=to
+ Z RITIOTR,, [‘It {Ady —dipr } + 2 {itfl +0d; +di—1 — Ve + Yo —m — F:H :
t=to
[A.6.9]
The first-order conditions of [A.6.9] with respect to the endogenous variables 7, dy, ?t, and i; are:
ek(my — By1m) — k(F ¢ —By1F¢) — 3¢ = 0; [A.6.10a]
xde + EF ¢+ AT — B Ty + 00y + BIE; Dy sy = 0; [A.6.10b)
T]?t +nfF¢— Dt + BEt:t—&-l = 0; [A.G.lOC]
BTyt = 0. [A.6.10d]
Using [A.6.10d], it follows from [A.6.10c] that:
~ 1
Fo=—Yet 2 [A.6.11]
The Phillips curve [5.20c] can be rearranged as follows:
~ K &
Yi = —(m — Ei1m) — Zdy, [A.6.12]
n n
and combining this with [A.6.11] yields:
K 1
F+= éClt — *(T[t — Etflﬂft) + *:t. [A613]
n n n
Taking conditional expectations and using [A.6.10d]:
&
EtFt+1 == ﬁEtdt+1. [A614]
Now multiply [A.6.10b] by B and use [A.6.10d] to deduce:
T = BAE: Tr1 + BE: [xdt1 + &EF t41] . [A.6.15]
Substituting from [A.6.14] implies:
(22
-It = ﬁ)\Et-lt+1 + B <X + T]) Etdt+1. [A616]

Solving forwards and using [5.20a] to deduce that FE;d; , = A’d; yields:

2 A
T = <x + i) <1 —Bm?) dq. [A.6.17]
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Next, substitute the expressions for F ¢ and ; from [A.6.13] and [A.6.17] into [A.6.10b] and use [A.6.10d]:

ds + =dy — — —E;_ + =)+ + — Ay — =di—1 | + 063, =0. A.6.18
Xat E,<n t n(ﬁt t 17Tt) n t) (X n 1—f5)\2 t B t—1 t [ ]

Simplifying this equation yields:

2 1
<X + i) <1—f3)\2> (dy — Ey_qdy) — iK(Ttt =) + (9 + E’) J; =0, [A.6.19]

where equation [5.20a] has been used to write Ad;—1 = IE;_1d;.
Use equations [A.6.13] and [A.6.14] to deduce:

K

1
E’(dt — Etfldt) n (7Tt — EtflT[t) + ﬁ:t [A620]

Fe—Eiqfi=-=
n

This equation can be combined with [A.6.10a] to yield:
K K &
(1 + T]> jt =K <<8 + 1’]) (7'[t — Et_lTEt) — 1;(dt — Et—ldt)> . [A621]

Multiplying both sides of [A.6.19] by (1 + k/7):

) (43) ()2 o) (5 )

Now substituting [A.6.21] into this equation:

(90D ) 0D

Note that:

And:

(6o 5) 02 () =5 (000)) = (e ) () (5) ) + e

It follows that:

1
M“‘“{(ﬁfg) (14 (1+5) (Fw)) + 50 20)

Calculating the surprise component:

(mty — By_17) + (8¢ — Ei—18¢) = 0(dy — E4—1dy).
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The over-weighting of the price level in the weighted nominal income target is:

K0 (9 (Hrﬁ) +(€—1)%>
B 1) () e

0 =

o8
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