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Abstract

We revisit the optimal-contract approach to the design of monetary
institutions, in the light of the Zero Lower Bound (ZLB) on interest rates
and the resort to Quantitative Easing (QE) in recent years. Four of our
lessons have not yet been incorporated in the practices of inflation target-
ing central banks. First, the optimal contract and the implied inflation-
targeting regime should condition on being at the ZLB or out of it. Sec-
ond — as already argued by others — the optimal inflation target should be
raised to deal with the possibility of being at the ZLB, and more so the
greater the risk of being there. But this qualitative lesson does not ap-
pear to warrant major quantitative changes of inflation targets. Third, the
relevance of the ZLB suggests that it may be desirable to expand central-
bank mandates to encompass financial stability, broadly defined, besides
price and output stability. Fourth, accountability for inflation perfor-
mance is a central mechanism in a successful monetary-policy framework.
How exactly to change those mechanisms in practice is a new and difficult
challenge, which is at least as important as the search for optimal policy
rules that has attracted so much recent attention.
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1 Introduction

By the 1980s, many countries had suffered through two decades of high inflation,
following the breakdown of the Bretton-Woods system. Gradually, academics
as well as policymakers came to interpret the high inflation as an equilibrium
outcome, since low-inflation objectives faced a major credibility problem with
political-institutional roots (Kydland and Prescott 1977, Calvo 1978, Barro and
Gordon 1983). The search for a new monetary-policy anchor converged to a
regime in which targeting of low inflation was delegated to an independent
central bank.

With five countries adopting inflation targeting over a mere three years —
New Zealand (1990), Canada (1991), the UK (1992), Sweden (1993), and Aus-
tralia (1993) — this regime caught on quickly and broadly from the 1990s. Until
the recent bout of inflation, many developed countries had thus experienced
almost three decades of low inflation supported by inflation targeting.

Given this real-world success, the attention of central bankers, as well as of
academics, turned from political/institutional issues towards more technical is-
sues, such as the design of Taylor rules (Taylor 1993), inflation-forecast targeting
(Svensson 1997a), and forward guidance (Woodford 2005).

However, monetary policymakers have also had to grapple with new striking
policy challenges during the inflation-targeting era. The most dramatic event
was the great financial crisis 15 years ago, followed by a prolonged depression of
demand. In the financial crisis and its aftermath, most central banks ran into
a Zero Lower Bound (ZLB) — or effective lower bound — on their policy interest
rates, although Japan had already faced it for a good decade. Many observers
have attributed the ZLB to two drivers: declining actual and expected inflation
rates and falling natural (Wicksellian) real interest rates.

As pointed out by Krugman (1997), the ZLB raised a new credibility prob-
lem in the opposite direction from the high inflation regimes: at the ZLB, the
central bank would like to raise expected inflation, but it cannot do so. Pol-
icymakers approached this challenge by using new policy tools, chiefly expan-
sions of central-bank balance sheets, known as Quantitative Easing (QE). Such
tools came to even more aggressive use to fend off diving demands in the early
COVID-19 pandemic. After the pandemic and during the Ukraine war, high
inflation reappeared and by now it may or may not have come to an end.

Figure 1 shows the evolution of (monthly) inflation rates, policy rates, and
natural rates at the monthly frequency over the last 40 years in four countries —
the US, UK, Euro Area and Sweden. The graphs clearly illustrate three features
of the data. (1) Inflation rates went down from their high levels in the 1970s
and 1980s, seemingly stabilized around 2%, but shot up again in the last few
years. (2) Policy rates were close to the ZLB during much of the time after the
financial crisis. (3) At the same time, measures of the natural rate went down
considerably and even turned negative.

Given this changing and more volatile environment, monetary policymakers
have to cope with two credibility problems: central banks want to keep expected
inflation anchored despite temporary inflationary shocks, and at the same time



they want to keep up inflation expectations to stay out of the ZLB.

In this paper, we revisit the issues around the credibility of monetary policy
and their institutional underpinnings in light of this dual challenge. Questions
about optimal monetary policy when the ZLB sometimes binds have been exten-
sively addressed. However, few contributions ask how to make optimal policies
credible through the design of monetary institutions, when expected inflation
is either too high or too low. This is precisely what we aim to do. Our goal is
thus to reconsider the main lessons from earlier research on central-bank cred-
ibility, incentives, and inflation targeting (Rogoff 1985, Persson and Tabellini
1993, Walsh 1995) in light of the challenges raised by the ZLB. In addition,
we touch upon how to analyze credibility issues around alternative policies like
Quantitative Easing (QE). Afrouzi et al (2024) also bring back credibility and
political-economy perspectives on monetary policy into the analysis of inflation,
but do not more than mention the design of central-banking institutions.

More precisely, we study a setting where monetary policy faces two credi-
bility problems: the traditional inflation bias associated with an expectations-
augmented supply side (as in Kydland and Prescott 1977, Calvo 1978, Barro
and Gordon 1983) and the deflation bias associated with controlling demand at
the ZLB (as in Krugman 1997). Under commitment, the optimal policy rule
finds a compromise between excessive inflation when the economy is off the ZLLB
and higher inflationary expectations when it is on the ZLB. Under discretion,
equilibrium inflation can be too high or too low, depending on which credibility
problem is more severe, and (unlike in the traditional literature on the inflation
bias), equilibrium output can be driven away from the natural rate.

In this setting, we ask how a central bank that operates under discretion can
be motivated to follow the optimal policy rule. An optimal state-contingent con-
tract for central-bank leaders entails an inflation “tax” or “subsidy,” depending
upon circumstances, and implements the optimal policy. A more realistic non-
fully state-contingent optimal contract resembles an inflation-targeting regime,
but has three distinct features. First, it targets inflation only when the economy
is out of the ZLB. Second, the inflation target in the contract is higher than so-
cially optimal inflation. Third, the tolerance for inflation deviations — literally,
the penalty on the central bank for missing the target — could be asymmetric
in either direction.

The paper is organized as follows. In Section 2, we present our basic frame-
work for monetary policy with a ZLB, and derive the optimal policy rule under
commitment as well as the equilibrium policy under discretion. Section 3 is
about the design of optimal contracts with the purpose of incentivizing a cen-
tral bank under discretion to implement the optimal monetary-policy rule. In
Section 4, we take stock of the findings and compare them to results and ideas
in the existing literature as well as to central-bank practice. In the context of
this discussion, we also sketch how to extend our basic model with alternative
policy instruments like QE. Section 5 concludes. Formal proofs of all our results
are relegated to an Appendix.



2 Two Credibility Problems in Monetary Policy

In this section, we propose a simple framework that entails two credibility prob-
lems in monetary policy. The first is the traditional problem to control expected
inflation when aggregate supply responds to surprise inflation, as highlighted in
the classical credibility literature (Kydland and Prescott 1977, Barro and Gor-
don 1983). The second is to control aggregate demand when the ZLB binds, as
highlighted in a more recent literature (Krugman 1998, Eggertson and Wood-
ford 2003). We use this framework to analyze the equilibrium policy outcomes
for central banks that operate under commitment and discretion, respectively.

2.1 A Simple Model

We use Occam’s razor and formulate the simplest possible model that allows
for these two problems and permits us to derive analytical results. The supply
side is captured by

2 =0+ (r—7°) —¢, (1)

where z is the level of output, 7 is realized inflation, and 7¢ expected inflation.
Random variable ¢ is an #d supply shock with mean 0 and variance v., while
6 is the natural rate of output, which is subject to iid shocks with mean 6 and
variance vg.

Aggregate demand is given by an IS-like equation, namely
tl=0—0(i—7°—p). (2)

Here, ¢ is the nominal interest rate, controlled by the central bank, o > 0 is
a parameter, while p is the Wicksellian natural — or equilibrium — real interest
rate, a random variable which is subject to iid demand shocks.

For given inflationary expectations 7€, this model is recursive in that output
is determined by (2) and inflation by (1). However, in a rational-expectations
equilibrium, 7¢ will have to be consistent with a joint solution for inflation and
output. We omit time periods, because we deal with a stationary, stochastic
environment with iid shocks.

Inflation expectations and policy We define expected inflation of private
agents — whether they set wages (prices) or express aggregate demand — by
¢ = E(m | I). The information set I always includes 6, but not € and p.

This static model is equivalent to a stationary dynamic model under two
assumptions. First, when forming expectations about future inflation, private
agents do not observe the current value of p'. Second, the same value of expected
inflation enters both aggregate supply and aggregate demand. This is satisfied,

L If not, the optimal policy rule for what to do in period ¢ would depend on the realization
of p , as in Eggertson and Woodford (2003).



if ¢ reflects forward-looking price setting in (1), and forward-looking expected
real rate of interest on saving or borrowing in (2).?

Private rational expectations notwithstanding, policymakers still have an
information advantage and can stabilize fluctuations due to shocks € and p, but
not due to 6. A central bank that can commit to a policy rule may thus take
into account how the rule affects expectations 7€, while a central bank that acts
under discretion must take these expectations as given.

Social losses Although the model relations can be given microeconomic un-
derpinnings, we take a shortcut and formulate society’s loss function in any
period directly over macroeconomic outcomes

E[L(m,z)] = %E[(w )2+ Mz —7)?] . (3)

Here, the expectation refers to all random variables {6, e, p}. The policy targets
7 > 0 and T > 0 are socially optimal levels of inflation and output.

Parameter A > 0 is the relative weight on the deviations from these policy
targets. In line with the analysis in Halac and Yared (2020) and Afrouzi et al
(2024), we could also introduce fluctuations in A and interpret these as “political
shocks.” If the value of A would enter the private sector’s information set, as
we already assume, then such shocks would have similar effects as shocks to 6.
Subsections 3.3 and 4.4 include further remarks on this prospective extension.

Assumptions on parameters and shocks To keep the analysis simple, we
make four (sets of) additional assumptions. First, we assume ¢ > 0, namely at 0
the central bank faces a hard constraint and cannot set negative interest rates.
Thus, at the ZLB monetary policy has no tool to control aggregate demand.
In Subsection 4.3, we discuss how to relax this assumption. There, we assume
that, at ¢ = 0, policymakers have access to an additional instrument, which is
associated with some social costs (unlike a non-negative interest rate). This
additional instrument can be thought of either as QE or as a negative interest
rate.

Second, the random variable p that captures natural-rate shocks on the
demand side takes on only two values: p = r < 0 with probability ¢, and p = R >
0 with probability (1 — ¢). Thus, its expected value is E(p) = gr + (1 —¢)R > 0.

Third, we also impose two parameter restrictions

—r>T+ANT—-6)>0 (Assumption 1)

1

—_— . A ti 2
q<1+0(1+)\> (Assumption 2)

2Tt is also satisfied if 7¢(6) in (1) reflects sticky nominal wages set in the previous period and
0 is constant over time, as this implies constant inflation expectations both under commitment
and discretion.



Assumption 1 can be weakened, but is needed for the ZLB to be binding
both under commitment and discretion. Assumption 2 ensures that we have
a well-defined equilibrium under discretion.

Fourth, the supports of random shocks € and 6§ are sufficiently narrow that,
in equilibrium, the ZLB binds if and only if aggregate demand is low (p = r).

With these assumptions, i > 0 if p = R and i = 0 if p = r, for all realizations
of ¢ and 6. We can thus think about ¢ as the probability that the ZLB binds,
which only hinges on the realization of natural-rate (demand) shocks. Later in
the paper, we discuss the consequences of allowing (some) supply shocks ¢ to
affect the probability of being at the ZLB.

State-dependent macroeconomic outcomes Let x” and 7” denote equi-
librium output and inflation in state p = R,r. Under our assumption that
expectations are formed with information about 6, but not about € and p, we
can thus define expected inflation as a weighted average of its possible outcomes

¢ = qB(n"|0) + (1 - q) E("]0) . (4)
Consider first state p = r. Setting ¢ = 0 and using (1) and (1), we get

" = O+or+on° (5)
™ = (14+o)r°+or+e. (6)

With Assumption 1, the low demand associated with r < 0 cuts realized
inflation. Here, r < 0 brings down aggregate demand and pushes output below
the natural rate, 8. Once we reach the point ¢ = 0, monetary policy can only
shape aggregate outcomes indirectly: expectations 7 do reflect policy in the
good state p = R.

Consider that state and set ¢ = 2° to obtain.

z 0 —o(i—R)+on® (7)
™ = (140 —0o(i—R)+e¢. (8)

In this traditional setting, the central bank directly affects both inflation and
output via its control of the policy rate 7.

In the next two subsections, we discuss the full equilibrium outcomes under
commitment and discretion, respectively. In each regime, the central bank sets
its policy rate in an optimal way — though under different constraints — and the
private sector forms its expectations accordingly. However, before going there
we briefly compare our framework to two existing literatures.

Comparison to earlier research Our simple framework of unconstrained
monetary policy (in state p = R), more or less coincides with that in the early
credibility literature (Kydland and Prescott 1977, Barro and Gordon 1983) and
its later extensions to institution design, as inflation targeting sustained by
contracts for central bankers (Persson and Tabellini 1993, Walsh 1995, Svensson
1997D).



As in that literature, a central bank acting under discretion has to accept
the social cost of higher expected and actual inflation due to its ex post infla-
tion incentives. But as mentioned in the introduction, the institution-design
approach has not yet been extended to settings where the ZLB sometimes binds
(in state p = r). Our doing so is one way to describe the contribution of this
paper.

The framework is also reminiscent of earlier modeling of monetary policy
and the ZLB (Eggertson and Woodford 2003, Eggertson and Giannoni 2013,
and Kiley and Roberts 2017). In their settings, like in ours, the central bank
would like to raise expected inflation under the ZLB. This is because a higher
7¢ would cut the state-r real rate i — 7¢ = —n®, and thus raise both 7" and z".

That research on the ZLB differs from our model in that the role of mon-
etary policy in the stabilization of supply shocks is typically not considered.’?
Moreover, the models studied in that literature are dynamic: the evolution of
p reflects realizations of a Markov stochastic process rather than stationary iid
shocks. This may be realistic, as periods of low demand at the ZLB have been
stretched out in time, at least until the early COVID-19 pandemic. However, as
p becomes a state variable, the results rely on numerical solutions. Our station-
arity assumption allows for analytical solutions and thus for more transparent
theoretical results.

More importantly, existing work on the ZLB normatively evaluates the per-
formance of different policy rules, but does not ask how different institutions
shape their incentive compatibility. It is thus an open question whether and how
desirable rules can be implemented. Our tackling of that question is another
way to describe the contribution of this paper.

2.2 Optimal Policy under Commitment

In this subsection, we consider optimal policies under commitment, when the
ZLB sometimes binds.

A rule for interest rates By assumption, the central bank can only use the
interest rate in (good) state p = R. If it can indeed commit to an interest-rate
rule, we may derive the optimal one. Without loss of generality, we write this
policy rule as

it = Bi%) + e

where the linear form reflects the linear-quadratic (LQ) structure of the model
and the policy problem. The first component captures the rule’s average interest
rate and the second component its response to the random, mean-zero supply
shock . Note that this rule is state-contingent in two ways: it is conditional
on high realized demand (natural-interest) shock p = R and, given that, on the
realized supply shock e.

3However, see Eggertson (2012) who does study supply shocks at the ZLB.



When discussing the optimal policy, it is sometimes convenient to write the
resulting macroeconomic outcomes in state p = R, 7 on a similar form, namely

7w’ =E(n”)+ 77 and 2” = E(zf) + 2% .

The first component reflects the rule’s average interest rate and the second its
response to the mean-zero supply shock €. The former term is thus governed
by the expected interest rate F(i'!) (as well as the privately observed shock
0). Why is there such a term in state r when the ZLB binds? As mentioned
in the Subsection 3.1, average state-R policy indirectly affects macroeconomic
outcomes at the ZLB — expected policy alters E(7) and hence 7¢ = ¢E(n") +
(1 — q)E(r'), which changes the real interest rate i" — ¢ = —7¢. Internalizing
the effects of state-R policies on state-r outcomes is, indeed, a key concern when
designing the optimal rule.

Equilibrium outcomes with the optimal policy rule We now derive the
optimal rule for the interest rate under commitment, when the ZLB binds with
probability ¢, and compute the resulting macroeconomic outcomes. While the
details are relegated to the Appendix, the bottom-line results are described in

Proposition 1 The optimal policy rule under commitment gives outcomes

C,R _ = _ sR —
™ (Q77‘7€)77T 6 (q)(7T+T)+1+)\€

wc’r(q,r, e)=r—-0(¢)(F+r)+e
g, r) =7 —[0" (@)1 —q) + " (@)(F+7) > 7
PR (g 1,2) = 0= ql5™(@) & @)(7 + 1)
2% (q,re) =0+ (1—q)[0"(q) = " (Q)(F +7) — e,

where 6%(q), 6"(q) and [6%(q)(1 — q) + ¢0"(¢)] are all strictly increasing in q and
satisfy 0" (q) < 67(q), 67(0) < 6™(0) = 0 and 0 < 6%(¢) < 1.

To describe the results, we begin with the special case when ¢ — the chance
of a negative demand shock p = r — is zero. Then, Proposition 1 says that
average policy implies E(7¢f(0,7,¢)) = & = 79¢(q,r) and E(x“7(0,7,¢)) =
0. Thus, the optimal rule anchors actual and expected inflation at its socially
optimal rate, which keeps average output at its natural rate.

But when ¢ > 0, optimal state-R inflation on average exceeds the target,
E(n%%E(q,r,¢)) > 7, and average output is above the natural rate, E(z“"f(q, 7, ¢))
> 0 (recall that by Assumption 1, —r > 7+ A(T —0) > 0). These deviations
carry a cost for society in state R. However, they buy a lower real rate in state
r where the ZLB binds, which brings social benefits by raising average inflation
7" and average output x” in the right direction. Importantly, expected inflation
always exceeds the target, 7°¢(¢q,r) > 7 if ¢ > 0. If ¢ and the absolute value
of r rise, so does the optimal inflation rate in state R. This drives up expected



inflation, which makes the ZLB less distorting in the bad state. Moreover, these
effects are interactive: the optimal inflation rate in state R and expected infla-
tion respond more forcefully to a higher ¢ the deeper is the recession with the
bad demand shock — i.e., the more negative is parameter r.*

Finally, the optimal response to supply shocks ¢ is familiar from the existing
literature (see e.g., Persson and Tabellini 2000, Ch.15). Thus, in state R, the
optimal policy rule trades off the stabilization of output and inflation around
their desired values at a rate that depends on their relative weight A in the
social-loss function. In the bad state r, nothing can be done to stabilize supply
shocks.

Relation to existing work Our result that the ZLB makes it optimal to
raise expected inflation — and hence to raise actual inflation when outside of the
ZLB — is not novel. It has been stressed by Krugman (1997), Eggertson and
Woodford (2003), Coibion et al. (2017), Kiley and Roberts (2017) among others.
In the dynamic model considered in the ZLB literature, the optimal policy
under commitment is also history-dependent: it should be more expansionary
(and hence raise expected inflation) immediately after the exit from the ZLB.
This dynamic implication is missing in our stationary model. We return to a
comparison of our results and existing work in Section 4.

2.3 Equilibrium Policy under Discretion

In this subsection, we turn to equilibrium policies when the central bank can
no longer commit to an optimal policy rule, but instead sets the interest rate
under discretion.

Policymaking under discretion As before, the central bank freely alters its
policy rate in the good state p = R. However, as the bank acts under discretion,
it minimizes the loss function only in that state and for a particular realized
supply shock €, always taking expected inflation 7¢ as given. Thus, the central
bank acts in an ex post optimal fashion, as in the classical credibility literature.
The difference is that this failure to internalize the policy effects on expected
inflation spills over to macro outcomes at the ZLB, which binds with probability

q.

Outcomes under discretion As in the Subsection 3.2, we just state the
equilibrium results, relegating the proof to the Appendix. We use a similar
notation and format as in Proposition 1, except that we index all variables
with a D, rather than a C, superscript. The results are

Proposition 2 The equilibrium policy under discretion gives outcomes

2B (q,re) =7+ Nz —0) + ozR(q)[v'T + Az —-0)+ r]—|—1 T 3

4Formally, all derivatives above are multiplicative in r, so their cross derivatives with

have the same sign — implying e.g., 7qu"R(q, r+dr,e) > 7rqc’r(q,'r,e) for dr < 0.



7TD’7'(q,r, =74+NMZ-0)+a" (QF+AXT—-6)+71]+¢
7= T+ M@ - 0) + [(1 - q)a"(q) + qa” (@)][T + A& — 0) +7]

X

D,R( e

g,1,€) = 0+ qla"(q) — " (@[T + AT — 0) + 7] DY

e”"(q,r,6) =0 — (1 - q)la’(q) — " (g)][F + A& — ) +7] — ¢,

where af*(q),a”(q) and [(1 — q)aR(q) +qa’ (q)] are all strictly increasing in q, and
0 < a®(q) < a’(q), with a®(0) = 0 and a™(q) > 0 if ¢ > 0.

Let us compare these with the results under commitment. As we did then,
consider first the case when ¢ = 0. Because a’*(0) = 0, Proposition 2 says
that average discretionary policy gives E(7P%(0,7,¢)) = # + AT — 0) and
E(zP-#(0,7,€)) = 0. This is the familiar inflation-bias result in monetary policy.
Inflation is higher than under commitment, by A(Z — ), which reflects the ex
post incentive to inflate. As this incentive is anticipated by the private sector,
inflation has no systematic effect on output.

Let us instead suppose that ¢ > 0. Then, average inflation in good state R is
unambiguously below 7 + \(Z — ), because a®(q) > 0 > 7+ A(Z —0) +r, and it
is decreasing in ¢ and in the absolute value of 7. Thus, the inflation bias shrinks
with a higher ¢ and a lower 7. Since a”(q) > af(g), inflation is even lower in
bad state r. Correspondingly, average output is above (below) the natural rate
in state R (state r), due to, a positive (negative) inflation surprise. Formally,
we have E(zPR(q,7,€)) > 0 > E(zP"(q,r,¢)).

Importantly, expected inflation falls unambiguously short of 7 + A(Z — 6),
but could be either below or above 7 depending on parameter values. The
Appendix shows that 7€ is more likely below 7 the greater is ¢ and the larger
is the absolute value of r, while 72+¢ is more likely above 7 the greater is A(z—0).

Intuitively, the two credibility problems push policy in opposite directions.
Under discretion, the central bank fails to internalize the consequences of its
policy for inflation expectations. One consequence is higher inflation in the
good state, which in itself imposes a social cost by driving up inflationary ex-
pectations. But higher expected inflation also implies a social benefit in the bad
state where the central bank is constrained. If the ZLB binds more often, this
benefit weighs more heavily and the gap shrinks between socially optimal and
discretionary state-R inflation. Whether 72-¢ is ultimately above or below 7,
depends on the relative weight of these two incentive problems.

Another way to see this result appeals to the theory of the second best
(Lipsey and Lancaster 1956). Specifically, as the state-R discretionary equilib-
rium is “distorted” by one credibility problem, and the state-r ZLB equilibrium
by another, the two distortions combined may yield a better outcome.

Finally, let us note that monetary policy under discretion stabilizes supply
shocks in an optimal fashion. Formally, state-dependent inflation and output
depend on ¢ in the same way in Propositions 1 and 2. Nevertheless, output is
more volatile under discretion than under commitment, because monetary policy
stabilize demand shocks due to p in a less effective way under discretion (this can

10



(g, re) >

be seen by noting that 2% (q,r, &) — 2P (q,7,€) > 29 E(q,7,€) —x
0).

In the next section, we ask how to design institutions that give policymakers
under discretion appropriate incentives to implement the optimal interest-rate

rule under commitment.

3 Optimal Institution Design

To solve the classical credibility problem, Rogoff (1985) proposed that mone-
tary policy be delegated to a “conservative central banker”, interpreted as an
independent central bank with a mandate stressing inflation control. But he
did not study how to optimally hold this banker accountable for her actions.
Subsequent research by Persson and Tabellini (1993) and Walsh (1995) took
this step by studying an outright institution-design problem: how to provide
the right incentives in an optimal contract. In this section, we ask how the
earlier institution-design results hold up in the presence of the ZLB. We begin
by stating the general contracting problem, and then spell out its solution under
two alternative constraints on how granular incentives can be designed.

3.1 Central-bank Contracts

Suppose the central bank has a mandate to pursue society’s goals as captured
by loss function, L(r,z). But it also has a “performance contract” T'() z 0,
a reward/penalty scheme, which satisfies the central-bank leadership’s partic-
ipation constraint and depends, positively or negatively, on realized inflation.
Moreover, the central bank operates under discretion and full information: hav-
ing observed all shocks, it sets ¢ to minimize L(r, z) + T (w). Hence, if T'(7) > 0,
this corresponds to a negative utility transfer to the central bank.

Take the case when T is increasing in 7. Then, higher realized inflation cor-
responds to a larger expected utility loss to the central bank. In material terms,
this can be seen as the result of a lower probability of receiving a bonus payment,
or to be reappointed to the central-bank leadership. Taken less literally, it can
be interpreted as an intrinsic loss — such as a lower social or personal reputation
— e.g., due to public criticism after a careful outside ex post evaluation of poli-
cymaking. Section 4 provides a further discussion of real-world accountability.
Here, we study the formal problem of picking the optimal form for T'(7) under
different assumptions about constraints on its state contingency.

The formal problem Let the central bank face a set of state-contingent
contractual payments T'(7?,0,¢), a set of "taxes" or "subsidies" for realized
inflation. In the general case, we allow these payments to be contingent on
realized inflation under the two demand-side shocks, as well as the realized
values of the supply-side shocks 6 and ¢.

In our model, the bank shapes all aggregate outcomes — directly or indirectly
— solely by its policy stance in good state R (see the proofs of Propositions 1

11



and 2). This makes it natural to focus on state-R inflation. Hence, we study
a contract, which is contingent just on realized state-R inflation T®(7% 0, ¢).
Specifically, we write that contract in the following form

TR, 0,e) = TE+ TR, e)n® + TE (0,)(xF)? + ...,

where the intercept T can be set freely, to satisfy any participation constraint
for central-bank leaders. We ask how to optimally design the terms of this
contract, so that a central bank operating under discretion chooses an inflation
rate 77(q,r,¢) as close as possible to the ex-ante social optimum. Ideally, the
optimal contract implements the optimal policy rule under commitment stated
in Proposition 1.

3.2 State-contingent Contracts

In this subsection, we suppose that the bank contract can be fully state-contingent.
That is, the contractual terms can depend on the realized demand shock p, as
well as supply shocks 6 and .

As we showed in Section 2, stabilization — the policy response to € — is the
same under commitment and discretion. Thus, there is no need to incentivize
the bank’s response to supply shocks ¢, if the contract implements the optimal
policy rule. Below, we show that this is indeed the case. Therefore, we do not
make the contract terms contingent on ¢ and focus on contractual payments
TE(rk0).

Next, we observe that, by Propositions 1 and 2, equilibrium inflation rates
in state R under commitment and discretion differ by constant terms, which
however depend on the realization of # and other known parameters, such as
g, r and 7. A linear contract over state-R inflation contingent on 6 (and other
parameters), TR(7 %, 0) = Td + TE(0), should therefore induce a central bank
under discretion to implement the optimal policy under commitment. The fol-
lowing proposition shows that this is indeed the case:

Proposition 3 The optimal state-contingent contract has the form T(WR7 0) =
T§+T§(0)WR, where

T0) = \N& - 0) + ™ (9)(7 + 1), 9)

and BR(q) = aR(q) + 5R(q) > 0 is strictly increasing in q with BR(O) =0 and
ﬁR(q) >0 if ¢ > 0, and where 5R(q) and a®(q) are defined in Propositions 1 and
2. This contract induces a central bank operating under discretion to implement the
optimal policy under commitment.

As in Persson and Tabellini (1993) and Walsh (1995), the optimal state-
contingent contract is linear in inflation. But this contract is state-dependent:
it holds the central bank accountable for its performance, only if p = R. When
p = r, the central bank is at the ZLB and inflation is beyond its control. The
next section discusses the situation when the central bank can use an alternative
(costly) policy instrument, like QE, to control aggregate demand at the ZLB.

12



Intuition and new insights To build intuition for Proposition 3, consider
first the special case ¢ = 0. Then, the proposition says that (as ,BR(O) =0) only
the first term appears in the optimal contract T(6) = A\(Z — ). Unsurprisingly,
this coincides with the contract derived in Persson and Tabellini (1993) and
Walsh (1995) in the absence of the ZLB. However, for positive ¢, the second
term of T(0) is negative, so — for larger ¢ — it is ambiguous whether the central
bank should face a corrective, “Pigouvian” inflation tax or a subsidy.

The novel results — compared to the previous literature — are two. First, the
optimal contract is state contingent in two ways. As in Persson and Tabellini
(1993) and Walsh (1995), it depends on the natural-rate of output shock 6, as
that shock shapes the classical credibility problem. But the contract is also
contingent on the natural-rate of interest shock p, as that shock shapes the new
credibility problem under the ZLB.

Second, the power of the contract — i.e., its slope in realized state-R inflation
— reflects the interplay of the two distortions under discretion that we discussed
in Subsection 2.3. In particular, it may entail either a tax or a subsidy on infla-
tion. A subsidy is more likely the less serious is the classical credibility problem
tied to boosting output in state R. This is captured by the first contract term
AT —0) > 0. But a subsidy is also more likely the more serious is the credibility
problem tied to boosting demand in state r (the ZLB). This is captured by the
second term 7(q)(7 4+ r) < 0. Note that 37%(q) = a(¢) + 6"(q) > 0, where
a®(q) is the dependence of state-R inflation on (7 + r) under discretion and
—5" (q) the same dependence under the optimal rule — this is how the optimal
contract resolves the second credibility problem.

Depending on which of the two problems is more severe, the net effect is a
tax or a subsidy for inflation. Since the relevance of the ZLB increases with ¢
and with the absolute value of r, the optimal contract is more likely to entail
an inflation subsidy if ¢ is larger and the absolute value of r is larger.

Finally, like in Persson and Tabellini (1993) and Walsh (1995), the optimal
contract is linear. Therefore, upward and downward deviations cancel each other
and the contract does not distort the response to the supply shock € over which
the central bank has an information advantage. The contract also eliminates
the inefficiency in how the discretionary equilibrium stabilizes demand shocks
p. All in all, the optimal state-contingent contract in Proposition 3 implements
the optimal policy under commitment. The next subsection shows how both
linearity and full implementation can fail.

3.3 Non-state-contingent Contracts

We now impose the plausible constraint that not all relevant contingencies may
be incorporated in an inflation contract. If we think about writing a literal
contract, all contingencies may not be observable or verifiable. This applies in
particular to the natural rate of output (growth) and the supply shock — 6 and
in our model — which may only be meaningfully defined in an empirical model.
But models are not unique and the values of 6 or € may not be verifiable,
while in principle observable. If we think about a more general central-bank
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institution, it will have to be designed under a veil of uncertainty about these
shocks. Conditioning on realizations of # and € thus seems doubtful.

For simplicity, we continue to assume that the realization of p is verifiable, so
the performance contract is only defined on inflation in state R, when monetary
policy has a role to play. One justification for this assumption is that whether
i = 0 or not is easily verifiable. Moreover, under the contract the central bank
has no incentive to pretend that the ZLB binds when in fact it does not.

With this motivation — and a similar logic as in the previous subsection — we
derive the optimal contract for holding the central bank accountable for state-R
inflation, 7', when the incentives cannot be contingent on the realizations of ¢
and €. Since the loss function is quadratic in inflation, we allow both linear and
quadratic terms in the contract. As in the preceding subsection, the central bank
chooses its policy rate under discretion and full information, so as to minimize

L(m,z) + T(m).

The main result The Appendix proves that if Assumptions 1 and 2 are
satisfied and the variance of 0, vy, is sufficiently large relative to the variance of
€, Ve, then

Proposition 4 The optimal non-state-contingent contract for inflation away from
the ZLB is

R
T(r) =T + TRE)R" + ) gy

where @ = E(n"(q,r,€)) = 7 —8(q)(F + 1) > T coincides with expected state-R
inflation in Proposition 1, where Tf(@) % 0 has the same form as in Proposition 3 eval-

uated at expected value 0, and where Tf;r (vg,v,.)> 0 is increasing in Vg and decreasing
in Ve. This contract does not implement the optimal policy under commitment.

By Proposition 4, the optimal non-state-contingent contract resembles an
inflation target: its last term penalizes deviations from the optimal average
inflation rate under commitment 7 > #. The inflation target coincides with the
social optimum 7 only if the probability of being at the ZLB is zero. Otherwise,
7 exceeds socially optimal inflation, and does so by more the higher is gq.
As in Proposition 3, the additional penalty (the second term) for missing
the inflation target could be asymmetric in either direction — i.e., T.%(8) z 0.
Again, this reflects whether the credibility problem tied to the ex post inflation
incentives is larger or smaller than the credibility problem tied to raising demand
at the ZLB, except that T1(6) is now defined by the expected value of 6 rather
than its specific realization.’

Different from a state-contingent contract, an optimal non-state-contingent
contract can no longer incentivize the central bank to implement the optimal
policy rule. In particular, the non-linear inflation contract distorts the responses
to two types of shocks and has to make a compromise between them. The
penalty TE (vg,v.) for deviations from 7(q) is more severe — TE larger — the

5In the extension discussed in Subsection 2.1 with political shocks to A, and if A were
observable but non-verifiable, the contract would include A — the average value of .
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larger the variance of the natural-rate shocks 6 that cause the inflation bias,
and less severe — T smaller — the larger the variance of the supply shocks e
that the central bank ought to stabilize.

4 Discussion

This section relates our results on optimal contracts to the existing literature on
monetary policy, as well as to accountability mechanisms for real-world central
banks. In addition to this discussion of how policy should be delegated, we
also bring up the old question which tasks should be delegated to central banks.
Finally, we discuss how one could relax some of our simplifying assumptions
and extend the analysis in other ways.

As a premise, we have assumed that — absent an optimal contract — the
central bank fully and correctly internalizes society’s loss function as captured
by L(mw,x). The purpose of the contract is to counteract the specific incentive
problems that result from sequential decision making and the resulting lack of
commitment. An inflation contract should thus not be confused with the general
objectives assigned to the central bank, such as the US Federal Reserve’s dual
mandate of maximum employment and price stability, or the ECB’s primary
objective of price stability (and without prejudice to price stability to support
the general economic policies of the EU). In our conceptual framework, these
general goals can be interpreted as the form of society’s loss function, L(m,z).
The optimal contract T'(7) goes beyond these general statements, and is meant
to hold the central bank accountable for realized inflation, according to pre-
specified procedures and contingencies.

Our discussion does not pretend to be exhaustive. We single out some issues
that we think are particularly relevant today in designing appropriate mone-
tary policy institutions. However, we do not address a number of important
operational questions, such as which measure of inflation to target, how large
deviations to tolerate around the stated target, how fast to return after target
deviations, how to communicate policy decisions and future intentions, or how
to forecast inflation.

4.1 Comparison with Existing Research and Practice

We begin by pointing out a few upshots of the optimal contracts we have derived,
comparing them to other proposals in the research on monetary policy and to
policy strategies recently adopted by central banks.

A higher inflation target? As in Persson and Tabellini (1993), it is natural
to interpret the optimal non-state-contingent contract in Proposition 4 as an
inflation-targeting structure. By its last term, this contract holds the central
bank accountable for keeping inflation close to a pre-specified target. If the ZLB
is expected to bind, the target inflation rate should be higher than the socially
optimal rate of inflation: 7 > 7. Qualitatively, this is consistent with proposals
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in the aftermath of the financial crisis (Blanchard et al. 2010, Krugman 2014)
to raise the inflation target from about 2% (the benchmark in most countries)
towards 4%.°

Even though our model is very simple, we present some back-of-the-envelope
calculations to judge its quantitative normative implications. Suppose that
7 =0.02, 0 =1, A = 0.25 (cf. Kiley and Roberts 2017) and » = —0.03. Then,
equation (A34) for 6%(¢) in the Appendix says that the inflation target to be
applied off the ZLB should be related to ¢ as

14 (14 N)olog
1—qg+ (1+No?q

2,25
0,25+ 1/q

~-R

=7 — (T+r)=2+
Given the incidence of the ZLB in the last 20 years (Kiley and Roberts 2017),
it is not unreasonable to set ¢ = 0.25. This would imply 7% =~ 2,5%. To reach
78 = 3%, we have to assume ¢ > 0.4 or r < —0.033. The upshot that the ZLB
does not call for an inflation target much higher than 3% is also supported by the
micro-founded welfare simulations in Coibion et al. (2012). However, allowing
for additional sources of aggregate demand shocks, or for correlated supply and
demand shocks, might raise the frequency of being at the ZLB, which would
raise the implied inflation target.

State-dependent inflation targets? A second — perhaps more subtle — as-
pect distinguishes our optimal contract from the prescription of raising the in-
flation target to 3 or 4%. In our contracts, the central bank is held accountable
for inflation only in states when the ZLB does not bind — thus, the inflation-
targeting framework only applies if p = R. The proposals mentioned above do
not make this distinction between being constrained by the ZLB, or not. Since
average inflation is lower in state  than in state R, this suggests further caution
in calling for a target much above 2% for average inflation — i.e., irrespective
of whether the ZLB binds. Kiley and Roberts (2017) do acknowledge that it
is important to distinguish macro outcomes by whether the ZLB binds, but
they do not analyze how to design central bank incentives in order to make
state-contingent policy rules credible.

Asymmetric inflation targets? At their introduction, some inflation-targeting
frameworks were asymmetric, stating that realized inflation above the target was
worse than downward deviations. For example, the ECB described its initial
strategy as the goal of keeping medium-run inflation close to or below 2%. These
asymmetries have since been removed.”

6More recently, Blanchard called for an inflation target of 3% (Blanchard 2022).

"In 2021, the ECB stated that : "The Governing Council considers that price stabil-
ity is best maintained by aiming for 2% inflation over the medium term. The Governing
Council’s commitment to this target is symmetric. Symmetry means that the Governing
Council considers negative and positive deviations from this target as equally undesirable."
cf. https://www.ecb.europa.eu/home/search/review/html/ech.strategyreview
monpol strategy statement.en.html
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To gauge if and how the optimal contract should be asymmetric — formally,
if the second term 7(f) in Proposition 4 is positive or negative — requires an
estimate for the average inflation bias A\(Z — 6). Data from the 1960s and 1970s
would produce very high estimates for the inflation bias, and hence a penalty
for upward deviations (7%(6) > 0). One may argue that, by now, the public
and monetary authorities may have understood that chasing very low output
gaps could backfire into high inflation — in terms of our model, the desired
level of output Z is very close to the average natural rate . But we note the
recent arguments in Afrouzi et al. (2024) that political-economy and credibility
problems may well make a comeback as inflation drivers.

In analogy with our earlier numeric discussion of the target level, we can ask
how high the inflation bias must be to generate a symmetric optimal contract
— i.e., TE(@) = 0. Consider the same parameter values as above, including
g = 0.25. By expression (A20) for 5(q) in the Appendix, the optimal contract is
symmetric for an inflation bias A\(Z — 0) about 0,6%. With A = 0.25, this value
would apply if the central bank systematically tried to keep output 1.5% above
its natural rate. A higher (lower) inflation bias, or a value of ¢ lower (higher)
than 0.25 would imply an optimal inflation tax (subsidy).

Once again, these numbers — in our simple model — suggest that the ZLB
does not radically change the properties of the basic optimal-inflation contract,
even though some marginal changes may be desirable.

Price-level targets or inflation targets? Some scholars have proposed
price-level targeting as a preferred way to implement stable inflation (Svensson
1999b). How will such a regime work with a ZLB? In the model of Eggertson
and Woodford (2003), the optimal monetary policy under commitment can be
approximated by a price-level targeting rule around a rising trend. Intuitively,
such a rule calls for higher actual (and expected) inflation after a sequence of
low inflation rates — the likely outcome after some time at the ZLB. If the nat-
ural interest rate follows a Markov process (or has positive serial correlation),
then this raises expected inflation when needed.

However, the welfare consequences — and hence the credibility — of such a
policy rule become questionable in more general settings. For instance, it may
be very costly in terms of output losses to return to a prescribed price-level
path after a large supply shock, especially if inflation is backward-looking and
hence sticky. Price-level targeting would also rule out using inflation as a shock
absorber in the wake of major fiscal shocks (Lucas and Stokey 1983).

Moreover, targeting a rising price level may be more complicated to explain
to the public than targeting inflation. This, in turn, would make it more difficult
to hold the central bank accountable, possibly undermining the credibility of
monetary policy. For these reasons, price-level targeting has not been adopted
in the real world, except by Sweden that targeted a constant price level in the
1930s (Fisher 1934, Ch. X).
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Average inflation targets? In August 2020, the US Federal Reserve an-
nounced it would target average inflation, for a period longer than a year. Do-
ing so, the Fed implicitly introduced elements of history dependence into its
strategy: as yearly inflation had been below 2% for a while, the Fed would now
accept a period with inflation above 2%. If believed, this announcement would
have raised expected inflation when most needed, like a (credible) price-level
target.®

However, the drawback of this strategy became evident a couple of years
later, when supply shocks raised the inflation rate. Since the strategy and its
underpinnings had not been explicitly spelled out, market participants found
it difficult to form expectations. Was the Fed "behind the curve" and react-
ing too slowly to inflationary shocks — implementing a procyclical monetary
policy and raising output and inflation volatility — maybe because it did not
forecast inflation correctly? Or was it just following its pre-announced strategy
of targeting inflation for a longer period? And over exactly what period was
average inflation measured? Without clarity on these questions, the benefits of
an inflation-targeting framework for policy credibility seemed lost.

This obliquity contrasts with the transparency of an optimal-contract ap-
proach, as articulated in Section 3. The underlying economic model may cer-
tainly be criticized for being too simple, in particular for being static. But a
contract built on simple logic is more transparent. If appropriate accountabil-
ity mechanisms foster contract compliance, transparency promotes credibility,
which facilitates expectations formation.

4.2 Real-world Implementation

In this section, we briefly discuss what the results in Section 3 tell us about how
to delegate monetary policy to central banks and to hold them accountable,
comparing these implications to real-world practices (Svensson 1999a discusses
how actual inflation targeting was implemented in its early days).

Our analysis suggests that the objective and horizon of the delegation —
including any conditions in terms of state dependence — should be publicly
spelled out ex ante by the bank’s principal. As the contracts we have derived
are based on realized inflation, performance should be evaluated ex post. To set
incentives right, the central-bank leadership should know about this evaluation
and expect that they will be held accountable for their policy performance with
explicit reference to the delegation terms.

How to delegate? Some countries on inflation targeting have codified the
delegation of monetary policy in an official document. Thus, as stipulated in a
new law from the year before, the first of many Policy Target Agreements (PTA)
was signed in March 1990 between New Zealand Finance Minister David Caygill

8The Fed 2020 framework was also asymmetric: it called for keeping inflation “moderately
above target for some time” after persistent outcomes below target, but no such makeups for
overshoots. Moreover, policy ought to consider shortfalls from “maximum employment” but
not overshoots.
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and Reserve Bank Governor Don Brash. This public document spelled out the
objective (0-2%), how it were to be measured and at what horizon (2 years).
Signing such a PTA was mandatory before any appointment, or reappointment,
of the governor who was singled out as ultimately responsible.

Similarly, under the Bank of England Act, the Chancellor of the Exchequer
writes an annual public remit to the members of the Bank of England’s MPC,
which spells out a 2% target for the annual inflation rate with an obligation
for the bank to explain any deviation of more than 1% in a public letter. This
remit regularly makes reference to other goals, as well as to economic shocks,
but it has not made the inflation target state dependent. In particular, the 2%
target has never been altered despite long periods at the ZLB.

Other central banks — such as the US Fed, the ECB, and the Riksbank —
that enjoy legislated instrument independence and are obliged by law to pursue
price stability — have instead practiced some goal independence by formulating
their own inflation targets so as to clarify their monetary-policy strategies.

Accountability mechanisms? As for exercising accountability, we also ob-
serve a variety of practices. Up to 2019, the New Zealand PTA designated the
Bank ’s signatory, namely the Governor, as ultimately responsible for fulfilling
the target. But nowadays the MPC is collectively responsible, as is the MPC
of the Bank of England. Some countries have developed a practice of periodic
backward-looking evaluations by outsiders, sometimes led by leading interna-
tional experts. Thus, the Riksbank’s inflation-targeting policy has undergone
four long-term evaluations commissioned by the fiscal committee of parliament
— the parliament (rather than the government) being the Riksbank’s principal.”.
In Norway, annual policy evaluations — Norges Bank Watch — have been car-
ried out by the independent Center for Monetary Economics for more than 20
years on behalf of the Ministry of Finance. The delivery of these outside reports
are associated with public questioning of bank representatives arranged by the
contracting authority. These periodic evaluations often have the dual purpose
of assessing central-bank performance and suggesting possible improvements to
the targeting framework.

Other central banks regularly submit their own reports to their principals,
including the ECB, the US Fed, and the Bank of England — e.g., by the Federal
Reserve Act, the US Fed reports to Congress every year, and by the Bank of
England Act, the bank publishes quarterly Monetary Policy Reports (Inflation
Reports up to 2019). However, external periodic evaluations of the Fed and the
Bank of England have been called for by a group at the Boston Fed (Fuhrer
et al. 2018), and by the Upper House Economic Affairs Committee (House of
Lords 2023), respectively. Given the results in Section 3, an outside and inde-
pendent evaluation of contract fulfilment does indeed appear to be an important
mechanism for exercising accountability.

9The first evaluation was carried out by Francesco Giavazzi and Fredric Mishkin (for 1995-
2005), and subsequent ones by Charles Goodhart and Jean-Charles Rochet (2005-10), by

Marvin Goodfriend and Mervyn King (2010-15), and by Karnit Flug and Patrick Honohan
(2015-20).
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These real-world procedures to exercise accountability entail both extrinsic
and intrinsic rewards or punishments. The (earlier) proviso that a New Zealand
Bank Governor can only be appointed and reappointed after signing a PTA
is a clear example of the former. The latent reputational losses of Riksbank
MPC members who are criticized for policy failures by renowned international
academics, or by domestic politicians — and are exposed to this criticism in
highly publicized hearings — is a clear example of the latter.

Bottom line The spirit of our contracting analysis suggests that the principal,
rather than the agent, ought to design the details of the delegation. Account-
ability will be more effective, and incentives stronger, when the target and the
procedure are assigned by the principal rather than being self-declared policy
targets. But an explicit assignment of a target, by itself, may not be sufficient
to alter central-bank incentives. It needs to be complemented by a specific pro-
cedure to hold the central bank accountable, assessing its policy performance
against the delegated target.

Combining the theory and practice of inflation targeting suggests that an
effective accountability procedure would be to require the central bank to hold
yearly inflation close to target on average over a pre-defined period (say, 4 years).
Significant yearly deviations from target should be clearly explained as attempts
to reach other goals specified in the central bank mandate. Periodic external
reviews of central-bank performance in light of its mandate, and reviews of the
targeting framework should also be part of the procedure. Existing theory has
little to say on whether the target should be specified as a point or as a range.

In existing practices, accountability mechanisms are not always as strong
and effective as they could be. Not surprisingly, central banks do not demand
stronger accountability, while their political principals may lack the expertise
to design more effective procedures.

4.3 Alternative Instruments

So far, our analysis has relied on two simplifying assumptions. (1) The cen-
tral bank lacks other policy instruments when the ZLB excludes further cuts
in interest rates. (2) Policymakers and society only worry about the effects
of central-bank policy on inflation and output. But many central banks relied
on QE, in one form or another, when they intervened in the aftermath of the
financial crisis and in the early COVID-pandemic. And even though such mea-
sures may decrease the short-run risk of financial crises, boosting liquidity and
asset prices by large asset purchases may have harmful side effects. These may
include more pressure on future inflation, spillovers on fiscal policy, or a higher
risk of future financial crises (Acharya and Rajan 2023, House of Lords 2023).
Some central banks, including the ECB and the Riksbank, have also resorted
to negative policy interest rates, appealing to an “effective lower bound” rather
than a ZLB. But the effectiveness and desirability of negative interest rates is
controversial (see, e.g., Brunnermeier et al 2023, or Eggertson et al 2024).
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In this section, we sketch how to expand our simple model when the central
bank can use a proxy for QE, or negative interest rates, under the ZLB. We
also assume that such use has an additional social cost, which we will initially
interpret as reflecting a higher risk of future financial instability. We don’t
pretend to discuss optimal policies at the ZLB — a lot has been written on
that already. Rather, we discuss the additional incentive problems that may
arise when attempting to steer the economy by other means at the ZLB. As we
shall see, this raises new questions about institution design — not just “how” to
delegate, but “what” to delegate.

A simple model of QE Consider a minimal extension of our model. Let us
replace (2), our previous equation for aggregate demand, by

'=0—-0(i—7°—p)+g, (10)

where g is a measure of QE (or of negative interest rates).'® Suppose further
that society’s loss function is

L= %E[(W” — )2+ Mz — )2 + kg . (11)

for p = R,r. Parameter x > 0 captures the additional social costs associated
with this alternative policy instrument, due to higher risks of future financial
instability. While this is an extremely simple reduced form, such an additional
cost could be derived from a more primitive model. Suppose that an expansion
of liquidity via higher central-bank asset purchases raises the probability of a
large future financial crisis. Suppose further that we model the consequences
of a large financial crisis as a major economic disaster, along the lines of Barro
(2006). Then, the last term in (11) could capture (a first-order approximation
of) the higher expected cost due to a higher risk of a major disaster — maybe
better so if g denoted cumulated asset purchases by the CB (or the cost imposed
on the banking system by negative interest rates.

Finally, we assume that a central bank operating under discretion (taking
expectations as given) minimizes a loss function of the same form as (11), except
that it internalizes only a fraction v < 1 of the true social cost of using instru-
ment g — meaning that we get the objective of the central bank by replacing the
last term on the RHS of (11) with yxg. We make this assumption to illustrate
the consequences of today’s arrangement that the main responsibility for most
central banks is to maintain macroeconomic stability. But the costs (or benefits)
that QE impose on society may largely be associated with other policy-related
outcomes outside of a narrow mandate, costs which may therefore not be fully
internalized by the central bank.

10Tf g refers to negative inetrest rates, we may write g = noi, where n < 0 is a parameter
that captures the fact that negative interest rates may transmit differently to demand than
positive ones.
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Differences between discretion and commitment How does the equilib-
rium under the optimal policy rule with commitment differ from the equilibrium
under discretion, given these assumptions? The Appendix proves:

Proposition 5 The difference between the equilibrium under discretion and the op-
timum under commitment, also taking into account the difference in the minimized
loss functions, is

DR — 7O = Nz —-0)—q(1+0)k+ w
P — 79" = AN@—-0)—q(1+0)k+ o Zf(j ;r)qA)H
7TD,e — ﬂ_C,e = A("E — 0) - q(l + U)ﬁ + (1 N ’}/)QK/
pr_ cr _ _al=7k
x x = (1+X)
ID,T . IC,T _ w
(1+ )

Compared to the optimal policy under commitment, discretionary policy en-
tails two distortions. The first arises because a central bank under discretion
neglects the effects of both policy instruments on expected inflation. It is ap-
parent if we set v = 1 in the expressions in Proposition 5. Under discretion,
inflation in both states p = R, r could be too high or too low, compared to the
optimum under commitment. This depends on whether the conventional infla-
tion bias A(Z — #) — the first term in 72% — 7¢% and 7P — 7" — is higher
or lower than the neglected effect of expected inflation on aggregate demand at
the ZLB — the second term ¢(1 + o)k in these expressions. Because using QE is
costly, higher expected inflation would reduce the need to resort to this costly
alternative instrument. As in Sections 2 and 3, this deflation bias is higher the
larger is g, the probability of being at the ZLB.

This difference between the discretionary equilibrium and the optimal policy
is qualitatively similar to the difference highlighted by Propositions 1 and
2, and it could be corrected with a suitable state-contingent linear inflation
contract. Unlike in the two previous sections though, the inflation difference
between discretion and commitment is the same in both states, p = R, . Hence,
an optimal state-contingent inflation contract would not need to distinguish
between these two states. Since the distortion is the same in the two states, the
same inflation tax or subsidy would remove it. But this result hinges on the
simple linear social cost of using ¢ and state-dependence might thus reappear
with a more general cost function.

However, a second distortion arises if the central bank does not correctly
internalize the social costs (or benefits) of using alternative instrument g — i.e.,
when parameter v # 1. Suppose in particular that v < 1, so that the central
banks does not fully internalize the adverse effects of QE on asset markets, or
of negative interest rates on the banking system, and thus on financial stability.
Then, any contract with a state-p independent inflation target — as in existing
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real-world regimes — worsens the second distortion, as it induces the central
bank to rely too much on QE or negative interest rates at the ZLB. As is
evident by comparing the third terms in 72% — 7% and 7P — 7¢7, the
second distortion is higher in state r than in state R (for positive ¢ and vy < 1).
In principle, this distortion could be remedied by a state-contingent inflation
contract. The less the central bank internalizes the social cost of g (the lower is
), the more it over-uses it to stimulate the economy at the ZLB, and the higher
is realized inflation in state r. To remedy this, we should raise the inflation tax
(or reduce the inflation subsidy) in both states, p = R,r, but more so in state
r, and the more so the lower is . In other words, our result from Section 3 that
the optimal inflation contract should be state-contingent on p reappears, even
with a linear social cost of g. Similar considerations (with opposite implications)
would arise if the central bank exaggerates the social costs of using g (i.e., if
~ > 1). This would be the case, e.g., if it does not correctly take into account
that QE could prevent financial crisis in circumstances when liquidity is scarce,
as argued by Allen et al. (2024).

More far-reaching implications Nonetheless, there is a simpler and more
transparent way to address the distortion (incentive problem) that the central
bank does not fully internalize the social cost imposed by this alternative in-
strument. Our discussion here is particularly relevant with regard to QE. If the
effects (positive or negative) of QE mostly concern costs taking the form of im-
posing higher future financial risks — or benefits taking the form of preventing
current liquidity crises — then the most natural incentive contract would add
an auxiliary clause to make the central bank internalize these effects. In other
words, the common logic of “addressing the distortion directly at its source”
(Bhagwati 1969) would suggest that the central-bank mandate be expanded to
cover financial stability, on top of price-cum-output stability. If the incentive
contract manages to induce the central bank to correctly internalize the social
costs and benefits of QE in the financial-stability domain, then — by the dis-
cussion above — the incentive-contract clause over inflation must no longer be
state-contingent (given the linear social cost).

Here, financial stability could have a broader interpretation than avoiding
banking and financial crises, which also includes financial amplifications of busi-
ness cycles. As discussed by Borio et al. (2022), central banks around the world
are developing new frameworks for macroprudential measures. Integrating new
policy instruments in a unified framework for price stability and financial stabil-
ity raises operational issues. Holding the central bank accountable for broader
objectives also raises new challenges. Not only do policy horizons differ across
goals, but new financial innovations keep altering the constraints for central-
bank operations — finding appropriate policy instruments is thus like “aiming at
a moving target.” To address these challenges may be the next crucial frontier
in the design of monetary institutions.

Finally, the additional effects of QE may go beyond the risk of financial
instability, and involve spillovers to the domain of fiscal policy. This might
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call for more explicit coordination between fiscal and monetary policy when the
central bank is at the ZLB. For instance, to preserve central-bank independence,
mounting capital losses on large asset holdings in the central bank’s balance
sheet must eventually be absorbed by the Treasury. In fact, such absorption
was institutionally backed after the financial crisis in the UK — though not
without frictions — by the creation of the so-called Asset Purchase Facility.

Anyway, thinking about the ZLB — and the temptation to use instruments
like QE — alters our perspective not only on how to delegate a certain objective to
the central bank. Our extended model also sheds new light on which objectives
should be delegated in the first place, and hints at the desirability of coordination
with other policymakers.

4.4 'What’s Missing?

Wrapping up this section, we briefly point to a few obvious omissions in our
analysis and a few aspects of our approach that one could fruitfully develop
further.

Relax drastic assumptions To facilitate closed-form — rather than numer-
ical — solutions, we work with a stationary framework, where the probability
of being at the ZLB is constant across time. This flies in the face of the evi-
dence from Japan and from the aftermath of the financial crisis, which strongly
suggest some path dependence. We also assume that the same expectations of
inflation affect both the demand and the supply side of the economy. Deriving
optimal contracts in a dynamic setting where the ZLB is history-dependent is
a vital but complex task.

To simplify the analysis, we subsume all demand fluctuations in a binary
shock p to the natural rate of interest, one realization of which always triggers
the ZLB. Similarly, we assume that supply shocks e (and ) are uncorrelated
with p and have a narrow enough support that they do not affect the probability
of being at the ZLB. More general distributions of demand and supply shocks
would be more realistic and allow for a richer and more interesting analysis of
when the ZLB binds.

Related to this point, the optimal contract that we have studied in the
previous section is contingent on the realization of p, an exogenous event that we
have assumed to be verifiable. A more realistic assumption is that the verifiable
event is whether ¢ = 0. However, this contingency is not the same as a shock to
the natural real rate, as 7 is a choice variable of the central bank. An optimal
sustainable contract contingent on whether 2 > 0 or ¢ = 0 would need to have an
additional property: under the contract the central bank would have incentives
to tell the truth about the realization of p. We don’t know if such a truth-
telling constraint would require additional restrictions on parameter values in
our simple model.

Include policy spillovers As it stands, our model only studies the tradi-
tional macro outcomes of inflation and output. But in the preceding subsection,
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we argued that QE — and other instruments at the ZLB — may have stronger
spillovers on other policy-related outcomes than does conventional monetary
(interest-rate) policy. This raises old issues of assignment of policy instruments
and coordination among policymakers (Tinbergen 1956, Mundell 1962). Taking
such spillovers explicitly into account, would be an important and interesting
extension of the appropriate institutional framework for monetary (and fiscal)
policy.

Study richer policymaking incentives More broadly, our model main-
tains the simple contracting approach of earlier research (Persson and Tabellini
1993, Walsh 1995), which directs our thinking to material motives. However,
in monetary policymaking by experts, extrinsic incentives are probably much
less important than the intrinsic incentives tied to decision-maker reputations
(Benabou and Tirole 2003). To study how alternative accountability mech-
anisms motivate central-bank leaders, who are modeled as motivated agents
(Besley and Ghatak 2005), may thus enrich our analysis.

Further, we do not distinguish central banks with single and multiple decision-
makers. That distinction may be vital for information aggregation and decisions
in genuinely new situations, such as the ZLB. Extending our model in that di-
rection would be worthwhile, as most central banks delegate decisions to an
MPC, which is more or less collectively accountable depending on the precise
institutional setting.

Introduce political shocks In Section 2, we mentioned that our model could
be extended with political shocks to A, the relative weight on inflation and
output, as in Halac and Yared (2020) and Afrouzi et al (2024). In Section 3, we
conjectured that the optimal non-state contingent central-bank contract in such
a setting would entail the average value of A. It is natural to suppose that the
political shocks are tied to uncertain election outcomes whereby two political
parties — with different weights A — alternate in power.

It would be interesting to study the political feasibility of delegating an
optimal central-bank contract in this partisan setting. It is conceivable that the
parties would prefer such a compromise under a veil of ignorance about future
political power. The incentives for an ex ante agreement would be analogous
to the incentives for parties to find a way to compromise in Alesina (1987) and
Lagunoff (2001).!!

5 Concluding Remarks

Inflation targeting has been an effective innovation in the conduct of monetary
policy, because it has altered policymaking incentives. The fact that monetary

11 Alesina (1987) considered a compromise via a reputational equilibrium in the wake of
partisan disagreement over how to stabilize macroeconomic outcomes, while Lagunoff (2001)
considered a compromise via a constitutional rule in the wake of partisan disgreement over
how much to extend civil rights.
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authorities have gained credibility and become increasingly able to influence ex-
pectations reflects changes in institutions, much more than novel communication
strategies.

But inflation-targeting frameworks were developed to deal with high and
volatile inflation, at a time when central banks did not encounter feasibility
constraints in setting interest rates. Since then the world has changed. Thanks
to the success in bringing down inflation, and a downward trend in the natural
interest rate, the ZLB has become a recurring restriction on interest-rate policy.

In this paper, we ask whether and how the inflation-targeting framework
ought to be adapted to this new contingency. We do so by revisiting the optimal-
contract approach to the design of monetary institutions, along the lines of
Persson and Tabellini (1993) and Walsh (1995). Four lessons stand out.

First, the optimal contract and the implied inflation-targeting regime should
condition on being at the ZLB or out of it. Since monetary policy operates in a
different manner in these circumstances, which are observable and verifiable, the
distinction between being at the ZLB or out of it should be reflected in central-
bank targets and how the central bank is held accountable for its performance.
This simple lesson has not been incorporated in existing central-bank practices.

Second, and as already argued by others, the optimal inflation target should
be raised to deal with the possibility of being at the ZLB, and more so the
greater the risk of being there. Moreover, upward deviations of inflation from
target should not be discouraged more than downward deviations. But these
qualitative lessons do not appear to warrant major quantitative changes of in-
flation targets, at least based on our suggestive computations.

Third, the relevance of the ZLB suggests that it may be desirable to expand
central-bank mandates to encompass financial stability, broadly defined, besides
price and output stability. At the ZLB, the central bank has to rely on non-
standard policy tools, which likely alter how financial markets function and
influence business cycles as well as reshape the risks of financial crises. The
lesson from our approach is that one cannot take it for granted that, absent
appropriate institution design and explicit responsibility, monetary authorities
have the right incentives to handle this broader set of policy instruments.

Last, but not least, accountability for inflation performance is a central in-
gredient in a successful monetary-policy framework. As we just argued, inflation
targeting mattered mainly by changing policymaker incentives. The lessons in
our contracting results on new features of effective inflation targeting thus ought
to be reflected in modified accountability mechanisms. How exactly to change
those mechanisms in practice is a new and difficult challenge, which goes beyond
the scope of this paper. Addressing that challenge is an urgent task for future
research, at least as important as the search for optimal policy rules that has
attracted so much recent attention.
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Figure 1 Monthly Inflation, Policy and Natural Rates since 1975 in Four Countries
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Note: The figure shows monthly data for (top to bottom) inflation rates, nominal (central-bank policy) interest
rates, and real “natural” rates for the United States, United Kingdom, Sweden, and the Euro Area, going back to
1975 (or 1990). Inflation and policy rates are retrieved from Thomson Reuters for the Euro Area and from BIS,
OECD, and the Riksbank, for the other countries. Natural rates are two-sided estimates from Davis et al. (2024),
except for the Euro Area, where the estimates are from Holston, Laubach, and Williams (2023).



7 Appendix

7.1 Proof of Proposition 1

As explained in Section 2.2, the LQ structure of the problem allows us to study
the optimal policy rule in two parts, one is the average (expected over ¢) interest
rate E(i%) and the other its (linear) response to supply shocks (°c. Further, the
one-to-one relation between i and 7 allows us to study this as a choice 7%,
taking its direct and indirect effects on equilibrium macroeconomic outcomes,

including the effects via inflationary expectations.

Average (expected) policy Thus, we first minimize loss function (3) with
regard to expected policy 7¢%¢, taking into account the effects on macroeco-
nomic outcomes via (4)-(8). Using the latter five relations, we can re-express
all these outcomes in terms of 7¢%¢

C,Re
xCfe — g qai(w +r) (A1)
1-¢(1+o0)
. C,Re
ﬂ,C,re _ (1 Q)(1_+ O—),/T +or (AQ)
1-¢g(1+0)
C,Re
C,re _ 1— (7T + T) A
T 0+ ( q)ail—q(l—ka) (A3)
1— C,Re
pOe = L QT = T aor) (A4)
1-¢q(1+40)

Using (A1)-(A4) to rewrite the expected loss as a function of x“"#¢_ the
first-order condition for a minimum of expected loss E[L(r, z)] = $ E[(7 —7)% +

Az — 7)? with regard to ¢ can be written as
_ (1-q)o (1—q)o Re oy =
0 = Aql_q(1+0) <9+1_q(1+0)(w” +7) ) (A5)
qo qo Re )=
=i (0 Ty - 3)
(I+0)1—-q) ((1—f.l)(l‘*‘f")ﬁc’ﬂri +or _7T>
1—q(1+0) 1-¢(1+0)

+(1 - )@~ 7).

Collecting terms, and simplifying the resulting expression, we obtain the follow-
ing closed form solution for 7/

nOfe =m —§f(q)(7 +7) 2 7, (A6)

where 14 (14 \)o]
+ (1 + A)ojog
1> 6%(q) = >0
@ =77 1+ NoZq
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with 67(0) = 0 and

9%(q) L+ (1+No]o

dq [1—q+ (1+N)a?q)?

Using this short-hand expression for 7%¢ as well as another short-hand func-
tion §"(¢q) defined by

g

14 q((1+ Mo —1)

5" (q) = 6"(q) < %(q),

in equations (A2), (1) and (4), we obtain

gore = w_ 0" (q)(m+T)

¢ = 7M1 -9+ ¢ (@QIF+7)>7T
xOfe =9 —q[6"(q) — 6" ()l + 1)

@ = 0+ 1[6"(q) — 5" @)1 - g)(F + 7).

Finally, note that 6"(0) = —o, and that

D) =" = T v =

. B (14 N)o?q
%(q) = qld"(0) = 0"(@)] = 1= PERGES Y

2{5") ~ " " @]} RV
dq [1—q+ (14 X)o2q)?

These are the average macroeconomic outcomes that appear in Proposition 1.

Policy response to ¢ To fully characterize the macroeconomic effects of the
best policy rule, it remains to derive the optimal interest-rate response to supply
shocks tc. These are captured by the (private-sector) unexpected components
of state-R inflation 7¢Fe = 7CF — 7C.Re and output x¢Fe = gO R — 5O Re,
The first-order condition when minimizing the loss with regard to ¢°, taking

the effect on %% and 7€ into account, is
d.’EC’RE dﬂC’RE
AP CLap i SO (L PE I TIROC)

= 02(1—q)[~o(1+ N +1]=0.

where E. denotes the expectations operator with regard to €. Thus, we have

= ﬁ, which given (8) and (7) yields
A 1
C,Re C,Re
’ = d 4 = — . A
" T+ e 7 T° (A8)



The expressions in (A8) are the random macroeconomic outcomes in state R
under the optimal rule that appear in Proposition 1.

In state r, the central bank — by our assumption — operates under the ZLB
for all realizations of €. Because of this and because the only effect on state r
outcomes of state-R policy runs via expected inflation, the central bank cannot
use the real interest rate to stabilize any supply shocks in state r. Thus, we
trivially have

e =¢ and 2" = —¢,

the random macroeconomic outcomes in state  under the optimal rule according
to Proposition 1. This completes the proof of the proposition. QED

7.2 Proof of Proposition 2

To derive the equilibrium macroeconomic outcomes under discretion that ap-
pear in Proposition 2, we use the same two-step procedure as in the proof of
Proposition 1.

Average policy Thus, we begin by deriving the average outcomes. As dis-
cussed in Subsection 2.3, a central bank that cannot commit must optimize ex
post and thus takes inflation expectations as given. Formally, we study which

value of 7Pf¢ minimizes loss function

L(r?,2?) = %[(ﬂ'ﬂ —7)% + ANz — 7).

for given realizations of all random variables, p, § and ¢, and for a given value of
€. Given the macroeconomic model, this minimizer must satisfy the first-order

condition
D,Re _ = D,Re e _ydr?re
(7% =)+ XO+ 77" — 7 —:E)]W:(). (A9)
Denoting average inflation in state r by 77", we can write expected inflation
as
7€ = qnP 4 (1 — q)nPfe, (A10)

Substituting this expression into (A9), we obtain an expression for equilibrium
inflation, namely

7I_D,Re =7+ )\(ff 0) . q(ﬂD,Re . 7TD,re). (A]_]_)

But clearly, this is only an intermediate solution. Let us proceed by noting
that the expression for 77:"¢ is the same as under commitment, namely (A2)
— although the precise values of 72"¢ and 7" will differ (as expected inflation
differs across the two regimes). Together, (A2) and (A11) give

D,Re D,re g D,re
) —at — Vil _’_717
T—aita) :
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and
~D.Re _ (1fq(1+0))(f+>\(i70))+q/\ar. (A12)
(1—-q(l+o(1+ X))
Thus, we have parametric solutions for 727 in (A2) and 7-%¢ in (A12), which
are related as

D.Re | o[ + \T —0) + ]

D,re
e _ , A13
" " 1 —q(l+o(1+N) (A13)
where Assumption 1 (7 + A\(Z — 0) + r < 0) implies 777¢ < 7D fe,
Next, we use (A12) to define a short-hand expression for 727 viz.
R =7+ N7 - 0) + B (Q)[7 + N7 — 0) + 7], (A14)
where \
R oq
= O
o™(a) 1—q(1+0)—)\0q>
is strictly increasing in ¢. By (A12) and (A13), we can also write
P27 =7+ N7 - 0) + " (9)[7 + A7 — 0) + 7], (A15)

where
Aog+ o

- 1—¢q(14+0)— Aog

a’(q) > a(q)
is also strictly increasing in g. Moreover, a”(0) > 0 = a*(0). To take the last
steps, just use (A10) and (1) to obtain the expressions for 7¢ and for '8¢ and
for zP:7¢ (i.e. for the average values of output in the two states) in Proposition
2.

Finally, note that

(1 — q)a"(q) + qa"(q)]
dq

aft o
— '@ -+ -2 4 2D

Policy response to ¢ When it comes to the response to the random supply
shocks € under discretion, it is easy to show that the first-order conditions for
a minimum loss coincide with those under the optimal rule under commitment
— the proof is therefore omitted. This is why the random part of the macro
outcomes in Propositions 1 and 2 coincide. QED.

7.3 Proof of Proposition 3

As stated in the text, the equilibrium response to the ¢ shocks is the same under
commitment and under discretion. Hence, the optimal state contingent contract
only needs to address the distortion in expected inflation.

Simplify the central-bank first order condition under commitment with re-
gard to 7f¢ by rewriting (A15) as

(1= a1 = g1+ o)) (7F —7) — (1 — @) Ago (7 — z)+ (A16)
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+q¢(14+0)1 = q)(7%" —7) + gho(1 — ¢)(z©" — ) = 0.

Under discretion (taking 7¢ as given) with the optimal contract, the first-
order conditions with regard to 7 evaluated at ¢ = 0 are more simply

(rf¢ —7) + A(zf —z) + TH(q,0) = 0. (A17)

Hence, (A16) is equal to (A17) — i.e., the optimal contract implements the
equilibrium under commitment — if

i) = {(1-ql—q(+0)] -1} @ —7)~

—{(1-¢q)qo +1} )\(xC’Re —Z)+gq {(WC’TG —m)(1+0o)(1—-q)+ )\(:EC’”?

which in turn implies that the contract has the form T + T2 ()7 . To derive a

closed form expression for T2(6), note that in equilibrium z%¢ — 2™ = rf¢ —77e
and rewrite (9) as:
T76) = —@" =)l +0)(1 —q) — q(@" —7) — qAa(1l — q)(z"" —

= —q(1 =)+ o1+ X)) (xD —797) — g(wOf —7) — A&~

Now insert (A18) into the equilibrium expressions of the relevant variables
under commitment, as stated in Proposition 1, to get

TF(0) = Az — 0) + Ba) (7 +7), (A19)

where

go(1+ M) (1+o0)
1 —q+ 1+ No?g
and where the second inequality follows from Assumption 2. The definition
of 8(q) implies that

0<B(q) = 1, (A20)

0B(q) _ o1+ XN)(1+0)
dq [1—g+ (1+A)o?q)?

with 8(0) =0
Finally, it follows from the definitions in (the proofs of) Propositions 1
and 2 that 3(¢) = a®(q) + 6%(q). QED.

7.4 Proof of Proposition 4
Consider a general quadratic contract on the form T'(7) = 7o+7w8+72(71?)?/2.
Equilibrium policy as a function of the contract parameters Under
discretion and with full information in state R, the central bank chooses i to
minimize

L=Z[@" =) + Ma" - )% + ram + ()2,
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The first-order condition imply
(7 —7) + MNP —2) + 71 + r2nff = 0. (A21)

Take the expectation with regard to ¢ and denote /¢ = E.nf, zfic = E aF.
Then, (A21) implies

(ﬂ_RC _ ’ﬁ) + )\(:L.Re _ i’) + 71+ 7—27TRE =0. (A22)

Using the equlibrium relation between 2/1¢ and 7%¢, equation (A22) can also be
written as:

ale 4

(mfe —7) + A0 — qam

—.’E)+T1+T27TREZO.

This implies that the equilibrium inflation rate chosen by the central bank is
(we denote equilibrium values with a * superscript):

oRex _ [T+ Mz —60) — 74] —I—ozgr’ (A23)
051(1 +T2) — Q9

where

ap = 1-¢g(1+0)
ay = Aogq.

Inserting (A23) in the remaining equilibrium expressions we also get:

Rex _ o 0@+ A@—0)—71]  go(l+To)r
* =0 a1 (14 72) — az [a1 (14 72) — ) (A24)
rex ol-g+ Mz —-0)-m] o(1-q)(1+73)
. = 0+ ar(1+72) — ag ar(1+79) — g (A25)
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ar(1472) —ae
Next, we have to compute equilibrium values of the relevant variables as a
function of €. Using (1), we rewrite (A21) as
(7B =7+ XO+ 77 -7 —¢ —Z)+ 711 +To2rft = 0.
Subtracting (A22) from this expression, we get:

(7! — 7)1+ 79) + A(r® — 7fe —¢) =0,

or

A
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0 (A27)

35



where m#¢* is given by (A23). Using (1) and (2) we also get:

14+ T2
Rx* Rex
- B A28
x x S 5 (A28)
™ =g (A29)
=" 4 e (A30)

Optimal contract The expressions derived above fully describe the equilib-
rium under discretion as a function of the parameters in a quadratic contract.
To characterize the optimal contract, we plug these expressions in the expected
loss function and compute the optimal values of 771 and 75. That is, we now
solve

1
Ming, r, 5 E,BoBe[(" — )2 + Nz — )2,

subject to the equilibrium expressions derived above.
Let w0 = Onr* /OT1, 7h" = O7P* /012, and so on. The first-order conditions
for 71 and 79 are
EgE (1 = @[(n™ = m)r1] + (1 = ) A[(&™ = 2)2™] + ¢[(7™ = T)n7] + gA[(2™ — 2)27"]}
EgEA{(1 = @)[(n™ — m)mi™] + (1 — ) A[(&™ = 2)25”] + ¢[(7™ = T)m5"] + gA[(2™ — 2)5’]}

where

Rx* Rex aq

T = M =
1 L al(l + 7'2) — Q2
) - 1 1-—

P (0 ()

011(1 + TQ) — (X9
x{%* — xf’,e* —_ qo

041(1 + 7'2) — Qg
r* rex __ 0(1 B q)

1 - = 041(1—|—7'2)—052
R by 0517TR6*
T o= — € —
(14+ X+ 72) a1(1+72) —an
. al,ﬂ.re*
. e S
2 041(1 + 7'2) — Qg
R A ay(zf* —0) + qor
x = — €—
2 [(14+ X+ 72)]? aj(l+72) —
T Oll(xrm* — 0) - (1 — q)O’T
Tyt = - i

a1(1+T2)—a2
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Optimal value of 71 We begin by inserting the first four partial derivatives
in (A31) using (A23)-(A26). Simplifying, taking expectations, and engaging in
some tedious algebra, we get that the optimal value of 74

i =MNZ —0) + B(q) (7 + 1) — 127, (A33)
where ((q) is given by (A20) in the proof of Proposition 3. Moreover,
=7 —-0(q)(7+r)>7
with
14 (14 N)olog

1>6(q) = T+ (11 NoZg =B(q) — Aog >0 (A34)

is the optimal expected rate of inflation under commitment. Thus, function 6(q)

is the same function as the 6(g) derived in the proof of Proposition 1. Thus,

0(q) 1+ (14 Noo

g [1—q+ (1+N)o?q]?
and 6(0) = 0.
Optimal value of 7o Next, we insert the remaining partial derivatives in
(A32). Using (A27)-(A30) and simplifying, we get

A _ A aqmhe

—(1 - Q)EQEE {[ﬂ'Re* + m& — 7'('][(1 Tt t2)2€ +

Oél(]. +t2) — 0[2]

—(1—q>AEaEE{[xR€*—( 1+t g

1+ +1t2)
B al,/TTE*

_ E E rex _ P _

Bl 5{[7'( te W][Oél(l—f'tQ)—OéQ]}

rex - al(xre* B '9) - (1 — q)O’T‘ _
_q)\EaEE{(CC — )] (T 6) = }} =0.

In this expression, 7f¢* 77¢* xfe* 77¢* are all linear functions of # and 7, and

non-linear functions of 79, as given by (A23)-(A26). Taking expectations with
respect to 6 and e, using the expression for the optimal value of 71, 77 in (A33),
simplifying, and engaging in another round of tedious algebra, we get

g {121 a1+ ) ba-g- (A36)

851

gt g+ N1 - g
o (1+ 72) — a2 ’

—A@g{m1+@+wﬂzf—ﬁ}u—@—

or ar(1479) — as](1 — Q)N\*7
_qUT{[ ﬂ}—i—[ i +(121r)\+2]7(2)3 DT

ve =0,
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ay (2 — 0) + qor
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where vg and v, denote the variances of § and ¢ and where

041(1 — B)ﬁ' + (Ozg — 0416)7" + TQﬁ'R

A(TQ) - 041(14*7‘2)70[2

Equation (A36) implicitly defines the optimal value of 79 as a function of the
remaining parameters, and in particular of the two variances, 75 = F(vg,v.).
Under Assumption 2, a; — as > 0. If 75 > 0, the LHS of (A36) is thus
increasing in v. and decreasing in wvg. If the second-order condition for 79
is satisfied and if 75 > 0, it follows by the implicit function theorem that
015 /0vg > 0 > 0715 /0v.. To show that 75 > 0, consider the LHS of (A36)
at the point 79 = 0. It can be written as

1—q+qo?(1+X)
aq

R ba-g+ (A37)

[ —g+qo?(1+ N0 = gar)”
[1 — ao]?

+ o+

+A(0) {[2(1 o)+ Aa]%qf - w} (1—¢q)+ qar[% — 7,

which is certainly positive if vy is large enough.

To show that the second-order condition is satisfied, take the derivative of
the LHS of (A36) with regard to 72, recalling that to derive (A36) we substituted
away 77 from (A33). This gives

2A(72)A2{1_q+q;2(1+)\)}(1—(])_

[1—q+qo?(L+ N)](1 - g)ar\?
[a1 (14 72) — as]?
[ar (14 72) — ag](1 — g)A? a1(l — @)A1y

-2

a1

(A38)

v + As {[2(1+a) + o] 2 _W} (1—q) -

- e 5 3
I+ At7)° R T e T+ A f72)
where DA(rs) n A(r)
T2 T — T2
Ay = = = (0.
2 O0T9 a1(1+72) —as <0

Hence, if vy is large enough, the expression in (A38) is negative, implying that
the second-order condition for 75 is satisfied.

Summary To summarize this lengthy and laborious proof, we have shown
that if Assumption 2 is satisfied and vy is large enough, we can characterize
the parameter values in the optimal contract T'(7) = 7¢ + 7177 + 7o(7%)2 /2.
Specifically, 75 > 0 is increasing in vg and decreasing in v.. We also get

I =MNZ—-0)+B(q)(7+ 1) — 37l (A39)
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with
R

Tt =7—-0(¢)(m+r)>T,

where functions §(q) > d(q) are both increasing in ¢ with 5(0) = 6(0) = 0.
Exploiting (A39), we can then rewrite the optimal contract as

o) 18+ 1@+ TE
where .
Tg =70 + T7”TT(q)(7‘rR)2
TE(0) = Mz - 0) + Blg) (7 +7)
TE (q) =73,

and where 7 can be arbitrarily defined so as to meet the central bank partici-
pation constraint of the central bank’s leaders. These are the properties stated
in Proposition 4. QED.

7.5 Proof of Proposition 5

Discretion Under discretion, the central bank minimizes
1 —\2 —\2
L, 2?) = Sl(x” =7)" + Ma” = 7)" + yrg] .

for a given realization of all random variables, p, 0, ¢, given (1) and (10), and
taking expected inflation as given. At p = R, the central bank only uses 4, since
it is not costly. At p = 7, it uses g as i is constrained by the ZLB. Using also
the expression for aggregate supply, we get:

= f—0o(i—7°—R)
2" = O+o0(n°+r)+g
=1 +o0)r°—0o(i—R)+e¢
7 =0+o0)1°+g+or+e.

We employ the same notation as earlier, namely 77¢ = E.rf, 2f¢ = E_zf and
so on. Then, we can write.

¢ = (1 _ q)ﬂ_R(z _|_qﬂ_7‘c _ 71_Rc _ q(ﬂ_Re _ ﬂ_rc).

Let us first look at the optimality conditions with regard to ¢ and g, taking
¢ as given. They imply

(rf 7))+ Az —2) =0 (A40)
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(7" =7)+ X(z"—Z)+yx=0. (A41)
Subtract (A41) from (A40), and use the fact that from the supply curves 2% —
x" = — 7", This allows us to write
(7 — 7"y = yr/(1 4+ ). (A42)
Hence, expected inflation is

¢ = phe . IV A43
™ ™ 1+>\ ( )

Next, we take expectation with regard to € and use (A43) and the supply curve
to rewrite (A40) as

VgK

wm7ﬁ+xw+1+Af@:Q
such that N
Re _ = = _ gy _ J4AR
T =T+ AT —0) TN (A44)
Insert (A44) in (A42) to get
ﬂﬁ:ﬁ+A@—9y—Q%%¥ﬂi (A45)

Expected inflation is thus

e

¢ =7+ AT —0) — vgk.

To get the reaction to €, write 77 = wP¢+7P%e, with m°¢ yet to be determined.
We can write (A40) as

R L nPfe — R4 ANO+ 7 $ e —n® —c—F) =

e + N(7Pe —¢)

(IH)AmPee = e,
which gives
pe _ A
1+ X
Finally, we insert these results in the output equations, to get
R YqK 1
= 0 —_— —
v TN T TaaC
(1+qN) 1
L _ _
v Fmle = 5 T TRe

A-ghs 1 _
1+ I1+A7

= 9—
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Commitment Take the supply curves and the expression for expected infla-
tion,
zf =0+ (7 —7°),

€ = (1 _ q),n_Re _’_qﬂ_re _ 7TR6 _ q(ﬂRe _ 7T7'e).
It follows that

mRe _ 9+q(7TRe _ﬂ_r(a)
2’ = 9+ (1 _ q)(ﬂ’re _ ﬂ_Re).

Further, by the aggregate-demand function
¢ = 7 —=1Q+o0)r®—or
= -1 +0)gr"™ - (1+0)1 - q)n" —or

Re

The central bank minimizes by choice of 7%¢ and 7" :

%E{;Ee(l — q)[(wR . Mz — 7)%) + %EEEQ(][(TFT —7T)2 + Ma" —7)? + k]

Hence, the first order conditions are, respectively,
(1=g) (7™ =T) + Ag(1 =) (2" =F) —q(1 =)A= —=F) —q(1+0)(1—q)x = 0
—(1 =g\ = %) + q(n" = 7) + q(1 — )A(z"™ —F) + ¢[1 — (1 + 0)g]x = 0.
Noting that 7f¢ — 77 = ¢ — g7 rewrite the first-order conditions as

(1 =)@ —7) + Aq(1 — g)(7" —77) —g(1+0)(1 — ) =0

—(1 = )g\(wf — 7)) + q(z" —=7F) 4+ ¢[1l — (1 +0)glk =0
and add them together to get
(1= a)(x" =) +q(x"* =7) = qor

or
¢ = (1 —q)n +qn"™ =7 + qor > 7.

Moreover,
(xfe — 7' = [ — 7 — gol/q

(rfe — 77 = [7 + qor — 7] /(1 — q).
Insert these expressions in the optimality conditions and simplify to obtain

[q(1+ o)+ Aok

Re _ —
=T (14+N)

[1—q[1+c(1+N]]x
(I+X)

't =7 —

<,
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by Assumption 2.
Finally, using the expressions for output, we get

Re _ gK

v = T ay
. (1—-q)k
A .V
v (14X

We don’t repeat the computations for the optimal stabilization policies, since
they coincide with those under discretion. The proof is similar to that of Propo-
sitions 2 and 3.

Difference between discretion and commitment Taking the difference
between these equilibrium expressions, we have:

DR _CR _ (= o a1 +0)+A(o+7)]k
T T = MNz-0) Ty
_ a(m (I —Agr
= MNz—-0)+ TSy q(1+o)k
D, _Cor __ = [1 B (1 + q)\)'Y - q[(]- + 0(1 + )‘)]]K
T T = X 0) + Y
R R (N e
= MNz-0) A+ gl +o)k
abe _pgCe = Mz —0)+q(l—v)k—q(1+0)k
D,R_,C,R _ _9(1—7)"@
S
Dr  Cr _ (1 - q)(l - PY)H
T T iy
Moreover, note that:
D,Re _ C,Re
o(m m ) _ AgK <0
oy (1+X)
a(ﬂ.D,rc _ ﬂ.C,re) o (1 + qA)K/ - a(ﬂ.D,R(z _ 7.‘_C,R{z)
Ay B (1+X) 10g '

This completes the proof of Proposition 5. QED.
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