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Abstract

In an otherwise standard macroeconomic model, we model
the central bank as providing money only in exchange for
eligible assets in open market operations. The relationship
between the policy interest rate and expected inflation and
consumption growth is affected by money market conditions,
i.e. the varying liquidity value of eligible assets, and aggre-
gate risk. This induces a data-consistent systematic wedge
between the policy and consumption Euler rates that stan-
dard models equate. Moreover, as the central bank distrib-
utes back only its interest earnings and not its entire wealth
to households, the relative evolution of eligible assets in-
duces persistent and hump-shaped consumption responses
to shocks.
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1 Introduction

In monetary policy analysis the focus has shifted away from monetary aggregates towards
short-run nominal interest rates. Consequently, the money market is widely neglected in the
analysis of transmission and optimality of monetary policy, and money demand is treated
as a redundant element. This link between the monetary instrument and the private sector
is replaced in current monetary macro-models by the consumption Euler equation, which is
also called the new IS-curve. It relates the policy rate to expected consumption growth and
inflation, and has become essential for monetary transmission and for the implementation
of optimal monetary policy. There are however issues with the empirical reliability of this
relationship.

Studies in finance provide broad evidence that consumption Euler equations fail when they
are applied to asset prices or the rate of returns on bonds (see Weil, 1989). This should already
cast doubt on the common practice in monetary policy analysis to assume that the real central
bank interest rate, which is close to the risk-free bond rate, is tightly related to consumption
growth. But what is more worrying, in our view, are recent studies unveiling substantial
failures of (implied) consumption Euler interest rates to match money market rates: interest
rates generated by standard consumption Euler equations are negatively related to US money
market rates, while their spread is negatively related to the stance of monetary policy, i.e.
with the level of the money market rates (see Canzoneri et al., 2007, and Atkeson and Kehoe,
2008). Thus there seems to exist a non-negligible systematic wedge that separates interest
rates, which are claimed to be identical in macroeconomic theory. Put differently, observed
policy rates do not seem to be related to consumption growth and inflation in the way
standard models characterize.

In this paper we take a closer look at the implementation of monetary policy and show
that an explicit specification of central bank operations can contribute to the resolution of
this problem. We thereby aim at explaining the puzzling relationship between the policy rate
and the Euler rate, i.e. expected values of consumption growth and inflation.

We develop a macro-model with three interest rates: a discount rate for open market
operations controlled by the central bank (the repo or policy rate), an interest rate on gov-
ernment bonds (the bond rate), and the Euler rate (the rate on private debt). The model
can explain systematic movements of the spreads with the monetary policy stance and with
aggregate uncertainty. Specifically, the liquidity premium on bonds, i.e. the spread between
FEuler and bond rates, varies endogenously with the expected costs of transforming bonds into
means of payment (money). Consistent with empirical evidence, we show that the liquidity
premium and the Euler rate can be negatively related to the policy rate. Thus changes in the
policy rate are linked to aggregate demand and inflation to a smaller extend than implied by

a conventional framework where the central bank sets the Euler rate.



The model is based on a general equilibrium framework, where money demand is intro-
duced by a cash-in-advance constraint. The model mainly differs from standard monetary
macro-models by three assumptions: First, we assume that financial markets are separated.
The asset market, where agents trade interest bearing assets and cash, opens at the end of
each period. Before, the money market opens, where agents can acquire cash from the central
bank in exchange for interest bearing assets discounted with the rate set by the central bank,
i.e., the repo rate. Bonds bought today can be cashed in the next period at the repo rate. The
bond rate is therefore closely linked to the expected future repo rate in open market opera-
tions, while the spread between these rates increases on average with aggregate uncertainty
and investors’ relative risk aversion. Thus, the bond rate exhibits a risk premium.

Second, we assume that only government bonds are eligible in open market operations,
while other assets (here, privately issued debt) cannot be cashed at the central bank. The
main property is that the amount of eligible assets is not unlimited. Access to money is thus
bounded by private sector government bond holdings and cannot be eased by holdings of other
securities issued by the private sector. Due to this property, government bonds are perceived
as a closer substitute for cash, which gives rise to a liquidity premium. Thus, in equilibrium
we observe a spread between the bond rate and the interest rate on privately issued debt,
which are not eligible for open market operations.? The debt rate, which corresponds to the
above mentioned consumption Euler rate, thus differs from the bond rate, while the spread
depends on the state of the economy. In particular, a higher repo rate raises the price of
money in terms of bonds, i.e. reduces the amount of money per unit of bonds supplied to
the central bank, and leads to a decline in the liquidity premium.

Third, we assume that the central bank transfers its revenues to the fiscal authority.
Following central bank practice (see Meulendyke, 1998), we assume that it reinvests payoffs
from maturing securities in new interest bearing assets. The associated interest rate earnings
are then transferred to the fiscal authority, while financial wealth is held by the central bank
as the counterpart of outstanding money.®> As a consequence, the distribution of eligible
securities between the private sector and the central bank changes over time and, in particular,
varies with the monetary policy stance. This property exerts an additional effect of monetary
policy on the private sector behavior.

When we examine the transmission of monetary policy shocks, which will be substantially
affected by these assumptions, we consider prices to be set in an imperfectly flexible way,
to allow for realistic inflation dynamics. When the constraint in open market operations

(“discounted value of bonds held by the private sector > new money”) is binding, the model’s

?Bansal and Coleman (1996) endogenously derive a liquidity premium by assuming bonds reduce transac-
tions costs.

3This differs from the common assumption in general equilibrium macro-models that the central bank
transfers seigniorage (defined as the change in the monetary base) to the fiscal authority.



predictions substantially differs from results generated by standard models. Consider, for
example, an unexpected increase in the repo rate, i.e. a positive innovation to a Taylor-type
feedback rule for the repo rate. Since aggregate demand is constrained by the amount of
short-term bonds discounted with the repo rate (plus money carried over from the previous
period), which represents the amount of money the private sector can get through open market
operations, the higher repo rate has a negative effect on the level of nominal consumption.
Under sticky prices, monetary policy affects real consumption. However, monetary policy
rather impacts on the level of real consumption than on its growth rate, as implied by the
consumption Euler equation in standard models. Here monetary policy has a smaller initial
impact on the level of consumption than in standard models. When the central bank increases
its policy rate, part of that increase reflects a decrease in liquidity premium such that expected
consumption growth is less affected than in a standard model.

Moreover, due to the third assumption above, the rise in the repo rate further affects
consumption through its impact on the distribution of eligible securities. If, for example,
monetary policy is persistently tightened by a higher repo rates, the central bank demands
more bonds in exchange for money. With reduced bond holdings, the constraint in the money
market tends to become even tighter in the next period, which is responsible for a hump-
shaped consumption response. Hence, an inertial rise in the repo rate leads to a decline in
the consumption growth rate, which — together with lower expected inflation — implies the
Euler-rate to fall, consistent with empirical evidence (see Canzoneri et al., 2007).

Finally, the model provides a simple explanation for the existence and — at the same time
— for the lack of a liquidity effect: When the central bank controls the money growth rate and
the open (or money) market constraint is binding, there is negative relation between newly
injected money and the repo rate, since the stock of eligible bonds is predetermined by the last
period investment decision.? As a consequence, a money injection leads to an unambiguous
liquidity effect, i.e. a decline in the repo rate and in the bond rate. In contrast, the debt/Euler
rate increases due to the well-known anticipated inflation effect. The latter typically leads
to a lack of a liquidity effect in standard sticky price models (see e.g. Christiano, et al.,
1997), which we also found for the version of model where the money market constraint is
not binding.

The paper is organized as follows. Section 2 presents empirical evidence on short-term
interest rates and spreads. In section 3, the model is developed. In section 4, we examine the
behavior of interest rates and spreads in the model. Section 5 presents responses to interest

rate and money supply shocks, and section 6 concludes.

4This is of course due to the first above mentioned assumption on the timing of financial markets.



2 Empirical behavior of interest rates

This section presents the empirical behavior of the different interest rates considered in the
model and the relationships between them. The model contains the Euler rate R?, a policy
rate R™, i.e. the price of money in terms of bonds inside open market operations, and an
interest rate R on an asset that the central bank accepts in exchange for money in its open

market operations, i.e. the price of money in terms of bonds outside open market operations.

Euler rate vs. policy rate This sub-section compares the empirical behavior of two
interest rates that standard models equate, i.e. the Euler rate and the policy rate. In our
model there is a third interest rate R, i.e. the interest rate on assets accepted by the central
bank in exchange for money in open market operations. In this sub-section we focus on
the spread between the fed funds rate and the Euler rate, given that empirically and in the
model both R™ and R move relatively close to each other and contrast significantly with the
behavior of R?. Thus for empirical comparison with the Euler rate we can interchangeably
use R™ or R, with only negligible quantitative differences (see below).

First, the empirical interest rate implied by standard Euler equations is computed. The
methodology is similar to Fuhrer (2000) and Canzoneri et al. (2007). In a standard Euler
equation, the inverse of the gross nominal interest rate Rf can be expressed as

— 8B, (“+ b ) 1)
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where ( is the discount factor, u. is marginal utility of consumption, and P is the price level.
With a standard CRRA utility function, leading to a marginal utility of consumption ¢; 7,

and under conditional log-normality the Euler equation can be written as
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where m; = Pt/Pt 1. Equation (2) is used to compute the implied standard Euler (net)
interest rate 7%, where the conditional moments are estimated from a six-variable VAR,
Y; = Ay + A1Y}_1 + vy, assuming v ~ i.0.d.N (0,%), 0 = 2 and § = .993. The variables
included in Y (1966Q1-2008Q2) are log per capita real personal consumption expenditures
on nondurable goods and services, log change in the deflator of this consumption measure,
log price of industrial commodities, log per capita real disposable personal income, federal
funds rate, and log per capita real non-consumption GDP. Moreover, a segmented (1974Q1)
time trend is included in Ag.

Figure 1 displays the computed standard Euler interest rate ¢ and the fed funds rate
r, as well as the spread between these two rates, s1; = rf — r, in percent. The Euler rate

averages at 11.4 percent, whereas the federal funds rate averages at 6.5 percent; thus the
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Figure 1: Euler and federal funds rates (%)

average spread is about 5 percentage points. Inflation averages at 4.4 percentage points
over the period considered. The federal funds rate and the Euler rate, which should be
identical according to standard macroeconomic models, display no apparent co-movement.
The fed funds rate is strongly negatively correlated with the spread, a fact that has recently
been pointed out by Atkeson and Kehoe (2008), while using Smets and Wouter’s (2007)
model. Thus, the unexplained wedge between the federal funds rate and the Euler rate are
substantially related to the federal funds rate.

At low frequency, the Euler and federal funds rates are positively correlated, which is
mainly due to inflation trends (upward in the 1970s and then downward in the 1980s) that
move both rates in the same direction. These trends evidently distort the correlation be-
tween the Euler and policy rates in comparison to a theoretical environment with constant
steady-state inflation. In order to correct for these inflation trends and to isolate short-run
(business cycle) interest rate dynamics from longer term movements, we HP-filter (A = 1600)
the interest rate series. The correlations between HP-filtered variables will be used to as-
sess theoretical moments of our model, which will be examined around a given steady-state
inflation rate.

Figure 2 displays the same variables as in Figure 1 but HP filtered. The bold line is
minus the detrended federal funds rate. Thus, there is an apparent negative comovement

between fluctuations of the spread and of the policy rate. Also, the Euler and policy rates



are negatively correlated at business cycle frequency.
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Figure 2: HP-filtered Euler and federal funds rates

Table 1 presents the (unconditional) correlations between the federal funds rate r, the
Euler rate 7%, and the spread si, using standard Euler equations as well as our own model’s

Euler equation.’

Table 1 Empirical correlations

Standard Euler equation Our model’s Euler equation
corr(sy,r) —0.98 —0.90
corr(rd,r) —0.66 —0.57

There is a strong (close to minus one) negative correlation between the spread and the
policy rate. The Euler rate and the policy rate are negatively correlated as well, as in
Canzoneri et al. (2007) in the case of real rates.® The correlations presented in Table 1 are

relatively similar for both Euler rates.

®Details on this latter rate can be found derived in the appendix. The difference between the standard
Fuler equation and our own model Euler equation is mainly due to a cash-in-advance constraint. Overall,
these two Euler rates differ only slightly, except in accelerating inflation (late 1970s) and disinflation (early
1980s) episodes, as well as around 1992 and 2003 with the drops in the policy rate.

S Canzoneri et al. (2007) reported correlation between real rates is smaller (—0.37) and they find a positive
correlation between nominal rates, which comes from the inflation trends, as explained above.



Policy rate vs. money market rate In this subsection we briefly assess the empirical
counterpart of the spread between the policy rate R™ and interest rate R, which measure
the relative price of money inside and outside open market operations. For this we assess
monthly data for the effective federal funds rate and the (overnight and 3-month) US$-LIBOR
since January 2001. In general, the LIBOR lies slightly above the policy rate (see fig. ?? in
appendix 9). The average spread between the federal funds rate and the overnight (3-month)
LIBOR has been 7 (25) basis points, when the recent financial crisis period (back to August
1, 2007) is omitted.

3 The model

In this section we develop a macroeconomic framework where the asset market and the
money market are separated. There are four different types of agents: households, firms,
the central bank and the government. We abstract from financial intermediation and assume
that households directly trade with the central bank in open market operations.

Households can invest in government bonds and non-interest bearing money, and they
can borrow and lend among each other using a full set of nominally state contingent claims.
Their demand for money is induced by assuming that goods market transactions cannot be
conducted by using credit. This is modelled by a cash-in-advance constraint, i.e. by assuming
that households have to hold money for goods market purchases. They can get money from
the central bank only in exchange for securities in open market operations. To give a preview,
financial markets separation will lead to a spread between the government bond rate and the
policy (repo) rate, i.e. a risk premium, whereas the spread between the Euler and government
bond rates, i.e. a liquidity premium, will be due to the special role of government bonds in
open market operation.

Throughout the paper, upper case letters denote nominal variables, lower case letters real

variables, and variables without an index (¢ or j) aggregate variables.

3.1 Timing of events

The timing of markets and the specification of open market operations will be important
for our results. We will focus on the case where only government bonds are eligible in open
market operations (like in Lacker, 1997, or Schabert, 2004). The timing of events in each

period is as follows:

There is a continuum of infinitely lived households indexed with ¢ € [0,1]. A household

1 enters a period ¢t with nominal assets carried over from the previous period t — 1 :
M} + Big-1+ Diy-1,

where M denotes holdings of money, B government bonds, and D private debt.



1. Aggregate shocks materialize, labor is supplied by households, and goods are produced
by firms.

2. Households enter the money market, where they can engage in open market operations
with the central bank. There, money can be traded only in exchange for eligible secu-
rities, and is supplied via outright sales/purchases and via repurchase agreements. The
relative price of money R}" (for both types of trades) is controlled by the central bank
and will be called repo rate:

AB/Ri" = Lig,

where I;; is the amount of money received by household ¢ and ABf, the amount of

bonds the CB gets. We assume that only government bonds are eligible
ABjy < Bjt-1. (3)
When household ¢ leaves the money market its bonds holdings equal B; ;1 — ABﬁt.

3. Households enter the (final) goods market, where money is assumed to be the only
accepted means of payment. Thus goods market expenditures are restricted by money
carried over from the previous period plus additional money acquired from the central

bank via current period open market operations:
Piciy < Iiy + Mﬁ—l» (4)

where ¢; denotes purchases of the final consumption good and P its price level. When

household ¢ leaves the goods market, its money stock equals 1; ; + Mﬁ_l — Picit.

4. Finally, the asset market opens. Before households trade in the asset market, current
labor income and dividends are paid back in cash to households. Further, government
bonds can be repurchased from the central bank with cash, i.e. household ¢ can re-
purchase bonds Bﬁt using money Mf; = Bﬁ. After repurchase agreements are settled,

money and bond holdings of household i equal

My =1y + Mﬂ_l + Pawn g + Pidiy — Piciy — Milf‘,a

Biy = Biy1— ABf{, + Bf,

where w; denotes the real wage rate, n; working time and P;d;; dividends. In the asset
market, households borrow/lend and trade money and bonds among each other. They
can further buy bonds from the government at the price 1/R;, such that the price of

money in terms of bonds in the asset market equals R;. Hence, we can summarize the



asset market constraint of household 7 as
(Bit/Re) + Eilqri+1Di¢] + Mﬁ < Ez‘,t + D1+ M,t + Py7y, (5)

where P;7; denotes lump-sum government transfers and gz ;41 is a stochastic discount

factor, which will be defined below.

Money cannot be issued by the private sector, [ ]\Z,tdi = Mﬁdi, while the total amount
of government bonds held by the private sector at the end of the period [ B;;di will depend
on how many bonds are issued by the fiscal authority or held by the central bank. In what

follows we describe the model in detail.
3.2 Private sector

Households Households have identical asset endowments and identical preferences. House-

hold ¢ maximizes the expected sum of a discounted stream of instantaneous utilities w :

Eo Y B'u(cit, nit) , (6)
t=0

where Ej is the expectation operator conditional on the time 0 information set, and § €
(0,1) is the subjective discount factor. The instantaneous utility u is assumed to satisfy
w = [(cly7 = 1) (1= 0) 7] = yma.

A household ¢ is initially endowed with money M; _1, government bonds B; _1, and con-
tingent claims D; _1. As described above, it faces three constraints in each period. In the
money market, it can acquire money I; ; up to the amount of government bonds carried over

from the previous period B;_; discounted by Ry". The constraint (3) can be written as
Liy < Biw1 /R (7)

The constraint (7) will be called the open (or money) market constraint. It should be noted
that this model can also be applied to the case where the central bank withdraws money from
the private sector I; ; < 0. For monetary injections to be positive in equilibrium a sufficiently
large fraction of money has to be supplied under repurchase agreements. Throughout the
analysis we will restrict our attention to the case where the central bank supplies money in
a way that ensures I;; > 0.

Households are further assumed to rely on cash for transactions in the goods market.
Given that they can first trade with the central bank in open market operations, the cash-

in-advance constraint differs from Svensson’s (1985) cash-in-advance constraint by I; ;:

Ptcl‘7t < Ii,t + M'{{—l‘ (8)

7

In the asset market, the government issues bonds, and households trade money and bonds



with each other. They can further borrow and lend using a full set of nominally state
contingent claims. Dividing the period ¢ price of one unit of nominal wealth in a particular
state of period ¢ 4+ 1 by the period ¢ probability of that state gives the stochastic discount
factor g¢¢41. The period ¢ price of a payoff Dj; in period ¢+ 1 is then given by Ey[qs4+1D;t)-
Substituting out the stock of bonds and money held before the asset market opens, E@t and

]/\2;'71/, in (5), the asset market constraint of household ¢ reads

(Bit/Re) + Etlgri1Dig] + M + (Rf" — 1) I 9)
<Bit1+Dit1+ Mﬁ_l + Powingy — Piciy + Py + Py,

where household #’'s borrowing is restricted by the following no-Ponzi game condition
lim FiqsysDipqs > 0, (10)
S§—00

as well as Mﬂ > 0and B;; > 0. The term (R — 1) I;; measures the costs of money acquired
in open market operations: The households receive new cash I; ; in exchange for Rj"I; ; bonds.

Maximizing the objective (6) subject to the money market constraint (7), the goods
market constraint (8), the asset market constraints (9) and (10), for given initial values
M; 1, Bi,—1, and D; _1 leads to the following first order conditions for working time n; 4,
consumption ¢; ;, open market trades I; ¢, as well as holdings of contingent claims, government

bonds and money:

—Umt/wt = )\i,t7 (11)

Wit = Ait + ;4 (12)

R (Nit +Mig) = Nig + iy, (13)
B i+l

2 = 14

Tor1 /\i’t qtt+1, ( )

BEy [(Ni1 + Mipe1) Tin ] = Nig/ Re,

BE [Nt + Pien) ] =i
where A;; and 1), ; denote the multiplier on the asset and goods constraint. The first two
conditions (11) and (12) show that a binding goods market constraint (i;; > 0) distorts
the intratemporal consumption-leisure decision in a conventional way, w; ¢t + Ui nt/wr = %‘,t'

Combining (11) and (12) with (16), discloses the inflation tax on consumption, which is

implied by the cash-in-advance constraint (8):

BE; (Wi ct41/Te41] = —Uint /Wy (17)

The open market constraint is associated with the multiplier 7, ,, which measures the liquidity

value of bonds. When the goods market constraint is binding, w; + wjnt/wy > 0, the role

10



of money as a means of payment is positively valued. Likewise, government bonds, as a
substitute for money, can also be valued differently from non-eligible assets; for this, the
exchange rate R™ has to be sufficiently low, as discussed below.

Combining (11), (12), and (13), we obtain

Us nt Us ct
i = it S

= . 1
’ Wt R%n ( 8)

The multiplier on the open market constraint 7, ;, which measures the liquidity value of bonds,
tends to decline with the policy rate (see 18), since a higher policy rate reduces the amount
of money for each unit of bonds supplied to the central bank. The bond pricing equation
(15) shows that a rise in this multiplier tends to lower the interest rate on bonds, which can
generate a spread between the Euler rate and the bond rate, i.e. a liquidity premium.

The household’s investment decisions further links the bond rate to the repo rate. They
are willing to hold both assets, money and bonds, if the rate of return on bonds compensates
for the costs of acquiring new money in the next period. This can be seen by combining (11),
(13), (15), and (16)

B [(1/RY) (wietsr /me1)]
Ey [(wict1/me41)]

implying that the interest rate on bonds equals the expected future policy rate up to first

=1/Ry,

order. Throughout, we will repeatedly refer to the rate of return on a nominally risk-free
portfolio of claims that deliver one unit of currency in each state. This interest rate Rf,

which corresponds to the Euler rate in section 2, is given by
RY = [Eigren] ™ (19)

It should be noted that equation (14), which defines the Euler-rate, can differ from the
standard Euler rate (see 1) due to the cash-credit-good friction, \j; < wu;e. Finally, the

following complementary slackness conditions are satisfied in the household’s optimum

i) 0 < bigam YR — iy, Mig =0, My (bjp—1m; /R —di4) =0,

.. . -1 . -1
i) 0<ij;+ mﬁ_lﬂt —City, Vi >0, iy (Zi,t + mf{,t—lﬂt - Ci,t) =0,

where mft = Mﬂ/Pt, bit = Bit/P:, and ;4 = I; /P, and (9) and (10) hold with equality.
In equilibrium households are willing to hold both types of money, i.e. money held under
repurchase agreements Mft and under outright sales/purchases Mﬁ . Changes in the compo-
sition of money supplied to the private sector might however affect the distribution of eligible

securities between the private sector and the central bank.

Production To facilitate a reasonable transmission of monetary shocks we will allow for

imperfectly flexible prices. We will introduce price stickiness in the standard way following

11



the New Keynesian literature. In particular, we assume that the final consumption good is
an aggregate of differentiated goods produced by monopolistically competitive firms indexed
with j € [0,1]. The CES aggregator of differentiated goods is y:%l = fol y;t%l dj, with € > 1,
where y; is the number of units of the final good, y;; the amount produced by firm j, and
€ the constant elasticity of substitution. Let Pj; and P; denote the price of good j set by
firm j and the price index for the final good. The demand for each differentiated good
is yjt = (Pji/P) i, with PI¢ = fo P1 ‘dj. A firm j produces good y; employing the

technology: y;: = ayn%, where o € (0, 1), a is a stochastic productivity level satisfying

ar = af“l expeqgt, p* > 0, and €f is i.i.d. normally distributed with F;_1ef = 0. Hence, labor

Jt

demand satisfies:
wy = ijtayjt/njta (20)

where mc;; denotes real marginal costs.

We consider a nominal rigidity in form of staggered price setting as developed by Calvo
(1983) and Yun (1995). Each period firms may reset their prices with the probability 1 — ¢
independently of the time elapsed since the last price setting. The fraction ¢ € [0,1) of
firms is assumed to adjust their prices with the steady state inflation rate w, where m; =
P,/ P;_1, such that Pj; = mPp j;—1. In each period a measure 1 — ¢ of randomly selected firms
sets new prices ﬁjt in order to maximize the expected sum of discounted future dividends
Fibji = (Pjr — Bmer) yje - maxp By Y 2 O Gtirs(Pjtljirs — PresMCrisYjirs)s St Yjirs =
ﬁjt_ePtSrsst. For ¢ > 0, the first order condition is given by

~ e E D aen 9’ [Qt,t+syt+sp tirslmctﬂ]
e—1  E > 200" [anissyersPrys)

(21)

Aggregate output is yy = (P;*/P;)n®, where (Pf) ™€ = fo +°dj and thus (P})~¢ = ¢ (P} )
1

(1- qﬁ)P . Under flexible prices ¢ = 0, real marginal costs are given by mcj; = .

3.3 Public sector

The public sector consists of a government and a central bank. The government issues debt
BT which is held both by households [ B;;di = B; and by the central bank [ Bf,di =
Bf : BI' > B; + B{. It further receives payments P;7!" from the central bank and transfers

financial wealth P,7; to the households. Its flow budget constraint thus reads
(BY /Ry) + P = Bl | + Pyry.

Though taxes are non-distortionary, Ricardian equivalence will not apply when the money
market constraint is binding. The supply of government debt will then not be irrelevant
for the conduct of monetary policy and for monetary transmission. Given that for many

central banks only short-term government debts are eligible, we focus on the supply of t-bills

12



and disregard debt with longer maturity. As we are focusing on monetary policy effects, we
assume that the supply of government bonds is exogenously determined and that government

debt is issued at a constant growth rate I' satisfying:
I'>p3:Bf =TBL,.

The central bank supplies money in exchange for government bonds in open market operations
in form of outright sales/purchases M/! and repurchase agreements M. Before the money
market opens, the central bank’s stock of government bonds equals Bf ; and the stock of
outstanding money equals Mﬁ 1- It then receives an amount of bonds ABf in exchange for
money I;, and after repurchase agreements are settled its holdings of bonds reduces by Bf
and the amount of outstanding money by M = Bf. Before the asset market opens, where
the central bank can invest in government bonds By, it holds an amount of bonds equal to

Ef = AB{ + BY | — B, Tts budget constraint is given by
(Bf/Re) + P = AB + Bf_y = Bi' + M =M%y — (I = M)

In accordance with the operational practice of central banks we assume that it rolls over
its maturing assets (see e.g. Meulendyke, 1998, ch.7). Thus, we assume that the central
bank also enters the asset market at the end of each period, and reinvests in bonds to the
amount that equals its current stock of maturing debt Bf = Ef Further using Bf = MF
and ABf = R I;, the budget constraint can be simplified to (Bf/R;) — By ; = M — MH | +
(R*—1) I — Py

Following common practice (see Meulendyke, 1998), we assume that the central bank

transfers interest earnings from asset holdings to the government.
PtT;n = Bg(]. - ]./Rt)

Note that these transfers will not be negative in equilibrium, such that the central bank
will never rely on funds from the government.” Accordingly, its bond holdings will evolve
according to

Bf - Bf 4 = R'L — (I - M + M[,). (22)

Thus the central bank tends to accumulate more bonds, i.e. bonds flow from households to
the central bank, when money supply or the policy rate is high.
Regarding the implementation of monetary policy, we assume that the central bank con-

ducts monetary policy by using simple instrument rules, which contain a stochastic element

"Note that this is different in models, where central bank tranfers seigniorage (defined as the change in
the monetary base) to the government in each period. A discussion of government transfers and central bank
independence can be found in Sims (2003).
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to allow for monetary policy shocks. We consider two alternatives. For the benchmark speci-
fication of monetary policy, we assume that the central bank sets the repo rate R}*. It might
be set contingent on its own lags and on current inflation to allow for a Taylor-rule-type
interest rate setting. To assess the monetary transmission mechanism, we further consider

shocks to the interest rate reaction function
1— _
7= (R)” (R™)'° (my /)P~ 7P) expeef,. (23)

where p > 0 and ¢/ is normally i.i.d. with F;_1ef = 0 and variance var., > 0. The long-run
repo rate, R™ > 1, and the target inflation rate, 7 > (3, can be chosen by the central bank.
Alternatively, we will also assume that the central bank controls the growth rate of money.
In contrast to (standard) models, where repurchase agreements are not considered, the
central bank has an additional role: It can decide on whether money is traded in form of
outright sales/purchases or in form of repurchase agreements. For simplicity, we assume that

it controls the ratio of money supply under both types of open market operations €2:
MtR =Q- MtH7

or MJt = MtHLQ, where Q > 0 and M, is the total money supply, M; = MH + ME.

Finally, substituting out central bank transfers in the government budget constraint shows
that the government transfers revenues from debt issuance and central bank profits to the
households: Py = (Bf /Ry) — Bf_; + B (1 — 1/Ry).

3.4 Rational expectations equilibrium

In equilibrium, there will be no arbitrage opportunities and markets clear, n; = fol njidj =
fol nidi and y = fol yjrdj = fol citdi = c¢;. Households will not behave differently and
aggregate asset holdings satisfy Vt > 0: [ D;di = 0,

/Mﬂdi = / ]Tjivtdi = MtH7 /Mi}ffdi = MtRa /Bz}tdi = B,
/Ii,tdi:It:Mg{_MtI£1+Mﬁ, BtT:Bt—l—Bf

Since government bonds are the single eligible security, its distribution between the central
bank and the private sector will matter. Given that the government issues bonds according
to a constant growth rate I', household bond holdings change according to By — By_1 =
(T — 1)BL; — Bf + Bf . Further using (22), the evolution of bonds held by households
satisfies

By— By = -1)BL, — R (M — M, + M) + Mf. (24)

Thus, private sector holdings of bonds tend to decrease with a higher price of money R™

and to increase with I'. For a given injection I; households further loose less bonds when the
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fraction of money held under repurchase agreements increases.

Throughout, we will focus on the case where the central bank sets its instrument such
that the goods market constraint (8) is strictly binding (¢, > 0).% A rational expectations
equilibrium can then be defined as follows:

A rational expectations equilibrium is a set of sequences {ct, n¢, yi, we, my, by, b}, R,
R¢, Ry, P}$°, satisfying the firms’ first order conditions and the production technology,
the households’ first order conditions (11)-(16) and the transversality condition, the binding
goods market constraint Pyc; = M + M}, the open market constraint

b1
R%nT(t

>my +my —milym

and by —by_y7; = (D—1)b] 77t = R (mf —mf ") — (R — 1)mft, for I = bf'my /6] 4,
for a monetary policy satisfying (23) and initial values M_; >0, B_; > 0, and P_; > 0.

Note that under a non-binding open market constraint, by /m; > R} (mtR +mf —mf r; 1),
the evolution of government bonds will neither affect the equilibrium allocation nor the asso-
ciated price system. If however the open market constraint is binding, b;_1/ (R{"m) = mf +

mf —m 771 household bond holdings matter and (24) reduces to B; = (I' — 1) B! |+ MJ.
3.5 Steady state

In the following analysis, the two cases of a binding and a non-binding open market constraint
(7) will be treated separately, which facilitates analyzing the mechanisms that are responsible
for the main results.” Throughout the analysis, we are particularly interested in the case
where the money market constraint is binding. For this we assume that the central bank
conducts monetary policy in a way that ensures the rate of return on government bonds to
be lower on average than the rate of return on private debt in equilibrium. Households then
tend to economize on bond holdings, i.e. they will not hold more government bonds than
necessary for their money market trades. If however both returns are identical, households can
borrow and invest in government bonds without costs such that the money market constraint
will not be binding.'® As seen from Figure 1, the policy rate has almost always been below
the implied Euler rate, which corresponds to the binding money market constraint case.

In order to analyze the two regimes in a separate way, we first examine steady states with
a binding and a non-binding open market constraint. We then assume that monetary policy
is conducted in a way to implement one particular steady state and that aggregate shocks are

sufficiently small, so that we can analyze the properties of the economy in the neighborhood

®In the long-run, this is ensured by the nominal interest rate R being larger than one.

9The set of equilibrium conditions for both cases can be found in the appendix 8.2.

10T ikewise, if the central bank simply declares both assets as eligible for open market operations, the private
sector can freely create any amount of private debt that can be used in exchange for money, such that the
private sector never runs out of eligible securities.
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of this steady state. A steady state value of an endogenous variable x; will not carry a time
index, x.
To examine the two cases, we combine (14), (15), and (19), to give the following steady

state condition

/A = (Rd - R) /R. (25)
The spread between the debt rate R? and the bond rate R thus determines if the multiplier
on the open market constraint is positive n > 0, which indicates a binding open market
constraint.

Before examining the differences between both steady states, we look at common prop-
erties. Throughout the paper, we assume that the central bank successfully implements its
inflation target 7 in the long-run. Hence, the steady state Euler rate is as usual determined
by (14) and (19), R? = /8. In the steady state, consumption is then given by

ca+1/a71 _ ig — 1g
Re ¢ v

where we used (17), (20), and the ¢ = n®. Real balances are then determined by: m = ¢,
m =mH" +m®, and mf = QmH. Thus, for a fixed inflation target 7, the steady state values
R? ¢, m, m" and m® are independent of n, i.e. do not depend on the tightness of the money
market constraint. The latter only matters for the steady state values of the bond rate and
debt.

i.) If the central bank sets the average repo-rate R™ equal to the debt rate R? in a steady
state, R™ = 7/, the interest rate on government bonds R also equals R?, as can be
seen from (16). The multiplier on the open market constraint will then be equal to zero
n =0 (see 25) and the steady state is characterized by R = RY = R™, while bonds are

neutral.

i1.) If however the central bank chooses an average repo-rate R™ that is strictly smaller
than R?, which requires R™ < 7/f, there exists a steady state with a binding open
market constraint, n > 0 (see 25) satisfying R = R™,
b
Rmr

and b (1 - F7r_1) =mh (1 - F7r_1).

=mH (1- 7r_1) + mf, (26)

In the case 7i.), the condition b (1 —I'r~!) = m® (1 —T'n~!) together with (26) would
only be consistent with I' # 7 and M/ > 0 for deflationary equilibria, thus we restrict our
attention to the case where the growth rate of bonds equals the steady state inflation rate

I" = 7. For this, we assume that the central bank chooses its inflation target and eventually
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adjusts the set of eligible assets if the growth rate of bonds differs from the inflation target,
which is not considered in this paper.

If, for example, I' < 7, the central bank might accept also a fraction of private debt
in open market operations. If I' > 7, it might accept only a fraction of government bonds
in open market operations. Thus, by deciding on the set of eligible securities, the central
bank actually decides on the maximum amount of money that can be traded in open market

operations.

4 Interest rates and spreads

In this section, we examine the relation between the three interest rates, i.e., the repo or
policy rate R™, the bond rate R, and the debt rate R?. The bond rate R; and the repo rate
R} are closely related to each other as can be seen from (16). The spread between these two
rates, i.e. a risk premium, will be examined below. Before, we will take a look at the spread
between the debt rate R{ and the bond rate Ry, i.e. a liquidity premium.

For the analysis of both spreads we will use simple versions of the model, to facilitate the
derivation of analytical results. Throughout this section, we assume that production is linear
« = 1, the production sector is perfectly competitive ¢ — 0o, and that prices are perfectly
flexible ¢ = 0. We further simplify public policy by assuming that money is only supplied
under repurchase agreements () — oo and that the supply of government bonds is constant
r=1.

4.1 The liquidity premium

Households are willing to hold government bonds even if the bond rate is lower than the
debt rate, since bonds exhibit an additional liquidity value. Due to lower interest earnings,
households will economize on bond holdings such that the money market constraint is binding.
This property has already been used for the steady state analysis (see 25). The central bank
can implement a long-run equilibrium with a binding money market constraint if the repo
rate R™ is set at a value lower than R? = 7/f. Outside the steady state, the debt-bond rate
spread will not be constant over time and will in particular depend on the monetary policy
stance, since the value of liquidity will depend on the money market conditions.

To facilitate the analysis of the liquidity premium, we focus on the case of an exogenous
interest rate policy p, = 0. Since the current bond rate is affected by tomorrow’s repo rate
rather than today’s repo rate, we further assume that the repo rate sequence exhibits inertia
p > 0.1 A rise in the repo rate R™, i.e. in the relative price of money, has two immediate

effects. It reduces nominal consumption for a given stock of household bond holdings B; 1

"Under perfectly flexible prices both rates, R? and R, will be constant if p = 0. This will not be the case
under sticky prices (see section 5).
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(see 7 and 8). It further leads to lower end-of-period nominal bond holdings B; (see 24, which
in the simplified version reads B; = B;_1/R}"). Thus, both effects tend to reduce inflation.
Since the repo rate is raised in an inertial way, inflation is also expected to be lower in the
following period, thus households demand a lower debt rate R{ (see 14).

The effects can easily be shown for the case where utility is logarithmic in consumption

o = 1. The results are summarized in the following proposition.

Proposition 1 Consider the case, where o = 1 and the repo rate satisfies p, = 0 and
R™ < 1/8, such that the open market constraint is binding. The debt rate Rf and the ratio

R¢/Ry decrease with i.) the current level of the repo rate if p > 0 and 4i.) with the variance

of repo rate innovations €Y.

Proof. See appendix 8.3. m

The spread, i.e., the liquidity premium, depends on the ability of bonds to be convertible
into means of payments in open market operations before the goods market opens. If these
costs of exchanging bonds against money R;* are high or more uncertain, the liquidity value
of bonds and thus the liquidity premium declines (see 18).

According to the standard Fischer effect, the debt rate falls in response to an increase
in the repo rate, when inflation is expected be to lower than average inflation rate in the
subsequent period, which requires p > 0. It should be noted this inflation response is also
responsible for an increase in consumption, since the inflation tax on cash goods is then
lowered (see 17). This counterfactual consumption response will disappear when prices are

assumed to be imperfectly flexible (see section 5).

4.2 The risk premium

As discussed in the previous section, the interest rates on bonds and debt only differ when
the open market constraint is binding. In contrast, there can be a spread between the repo
rate and the bond rate, regardless whether the open market constraint is binding or not.
This can be seen from the household optimality condition (16), which can by using (11) and

(12) be rewritten as

covy [(1/R%,) , (ters1/me41)]

1/Ry = Ey (1/R ) +
/Ry t(/ t+1) Ei [ucty1/ 1]

(27)

Households are willing to hold both, money and bonds, if the rate of return on bonds compen-
sates for the costs of converting bonds against money in next period’s open market operations.
Up to first order, the current bond price 1/R; in the asset market equals the expected fu-
ture money-price of bonds in open market operations E} (1 / RZ‘H). However, the price of a
government bond 1/R; will be smaller than E; (1/R}",), if the covariance on the RHS of
(27) is negative, i.e., if the real repo rate Rf"}, is positively related to the marginal utility of

consumption divided by the inflation rate, wes41 /741
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The spread between the bond rate and the repo rate then tends to be positive and increases
with the measure of relative risk aversion o. It can therefore be interpreted as a risk premium
on the nominal rate of return on bonds compared to the expected repo rate. A risk-averse
agent who considers investing in bonds in the asset market will ask for a price 1/R; that is
lower than the money-price of bonds in next period’s open market market, if a lower real
repo rate (and thus a higher real pay-off from bonds) is associated with higher consumption.

To establish this result, we again apply a simplified version (¢ =T' =1, ¢ =0, € — o0,
and 2 — 00). We now allow for varying degrees of relative risk aversion, o > 1, and we focus
on i.i.d. technology shocks, p* = 0, as the only source of aggregate uncertainty, such that
varg = 0, while the repo rate will endogenously be adjusted according to p, > 0 and p = 0.

The following proposition summarizes the main results.

Proposition 2 Consider the case where o > 1 and p* = 0, while the repo rate satisfies
pr >0, p=0 and R™ < 1/8, such that the open market constraint is binding. The current
price of government bonds is smaller than the expected future money-price of bonds 1/R; <
Ly (1/Rﬁ1). The average bond rate Ry further increases with the households’ relative risk
aversion and with the variance of productivity shocks.

Proof. See appendix 8.4. m

The covariance term in (27) is strictly negative under a binding open market constraint,
where a higher repo rate tends to reduce current consumption times inflation b;_1 /R = ¢;7y.
Hence, the bond rate tends to exceed the repo rate and further increases for a given repo
rate, if aggregate uncertainty, var(e%) or the relative risk aversion o increases. In both cases

households only want to invest in bonds at a higher rate of return.

5 Numerical analysis

In this section we apply a numerical analysis of a less simplistic model, using a second order
approximation at the deterministic steady state (see Schmitt-Grohé and Uribe, 2004) and
standard parameter values as far as possible (see table Al in appendix 8.5).!2 In the first
part, we re-examine the behavior of the interest rates. In the second part we look at the
transmission of monetary policy shocks.

To allow for more realistic dynamics we now use a sticky price version of the model. For
most of the model’s parameter we apply standard values for quarterly data, namely, o = 2,
a =066, ¢ =0.8, pl@ = 0.9, and ¢ = 6. To match the average interest rate values found
in the data, we apply an inflation rate of 7 = 1.0108 (for an annual rate of 4.4%, see section
2), a low discount factor 8 = 0.984, and a target repo rate equal to R™ = 1.015, leading to
a steady state spread R? — R equal to 120 basis points per quarter and a spread of 503 basis

12For the computation we used dynare.
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points per year. We further set the inflation feedback p,. either equal to zero or equal to 1.5.13
Finally, we set the value for the ratio between repo-money and money supplied outright 2

equal to 0.5.

5.1 Interest rate behavior

In this section we again look at the relations between the interest rates, which have already
been analysed qualitatively in section 4. To facilitate comparisons with the latter results, we

present numerical results for only one type of shock.

Liquidity premium Table 2 presents values for the average spread between the debt rate
and the bonds rate, Fys1; = Ep (Rf — Rt). Starting with a steady state value of 120 basis
points, it decreases with larger variances of repo rate innovations €, which accords to claim
i.) in proposition 1. When the repo rate is endogenously adjusted (p, = 1.5), such that its

variance is not only directly affected by the innovations €/, this effect is less pronounced.

Table 2 Average spread Es;; under interest rate shocks

var (?) = 0.0001  wvar (¢”) = 0.0005 wvar (e”) = 0.001
pr=0 477 b.p. 342 b.p. 172 b.p.
p. =15 489 b.p. 400 b.p. 988 b.p.

Table 3 further presents the correlation between the debt rate and the repo rate as well as the
correlations between the spread s;; and the repo rate. The columns refer to only one type of
shock. Both, the debt rate and the spread are found to be highly negatively correlated with
the repo rate, while the correlations are slightly smaller under technology shocks. Overall,
these finding supports claim éi.) made in proposition 1. The correlations of the spread further
accord to the empirical results presented in section 2 and in other studies (see Atkeson and
Kehoe, 2008, and Canzoneri et al., 2007).

Table 3 Unconditional correlations

Interest rate shocks Technology shocks

Pr=0 p.=15 pr =15
corr(sy ¢, Ri") —0.996 —0.997 —0.861
corr(RE, R")  —0.885  —0.907 ~0.830

The model overstates the negative correlation between the debt rate and the repo rate com-
pared to the numbers presented in the empirical analysis (see section 2). Nevertheless, we

can conclude that the debt rate hardly mimics the policy rate in all cases.

13Tn contrast to standard sticky price models a passive interest rate policy does not give rise to local
equilibrium indeterminacy when the money market constraint is binding. The reason is that nominal debt
serves a nominal anchor like a constant money supply. A local determinacy analysis for a simplified model
version can be found in Schabert (2004).
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Risk premium We now turn to the spread between the repo rate and the bond rate.
Applying the parameter values from above (with p. = 1.5, see table Al), we find small
positive numbers for the spread so; = Ry — Rj*. As shown in table 4, they lie in between
0.3 basis-points and 1.5 basis-points, where the latter is obtained for a high variance of the

technology shock var (¢%).14

Table 4 Spread Epsa; for technology shocks

o=2 o=5
var (¢*) =0.01 0.34 b.p. 0.75 b.p.
var (%) = 0.02 0.68 bp. 151 bp.

The results for different values for o and for var (¢*) support the claims made in the second
part of proposition 2. Overall, the model is able to generate a positive spread between the
policy rate and the bond rate. Evidently, the average spread between the federal funds rate

and the 3-month Libor presented above (25 b.p.) is much larger than the model’s predictions.

5.2 Monetary transmission

In this section we examine responses to repo rate innovations and money supply shocks to
disclose the monetary transmission mechanism in our model. Throughout the analysis we
report results for the case where the open market constraint is binding, unless the opposite

is explicitly mentioned.

5.2.1 Responses to interest rate shocks

Consider a positive innovation to the repo rate satisfying (23) with p = 0.9. Figure 3 presents
the impulse responses of interest rates and macroeconomic aggregates for the case where the
repo rate is exogenously set (blue solid line: p. = 0) and for the case where it follows a Taylor
type feedback rule (p,, = 1.5, green marked line). An increase of the repo rate by 1% from its
steady state value leads to a rise in the bonds rate by less than one percent, which accords to
(27). The debt rate decreases on impact and is closely followed by the rate R-Euler, which is
the rate implied by a standard Euler equation, BE; [uc 41/ (uctmei1)] = 1/REUe; the latter
has no meaningful role in our model and is only computed to facilitate comparisons (see
section 2). The spread between the debt rate and the bond rate decreases, as predicted in
proposition 1. The impact response of the spread almost equals the size of its steady state

.
value.!®

“Note that the variances are small enough so that the multiplier on the open market constraint remains
positive in response to a standard deviation productivity innovation.
'5The multiplier on the open market constraint is thus strictly positive after the interest rate shock.
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Figure 3: Responses (in % dev. from st.st.) to an interest rate shock

Regarding the responses of macroeconomic aggregates, figure 3 further shows that output
decline in a hump-shaped way, which is qualitatively consistent with standard VAR evidence.
Hump-shape impulse responses are usually not generated by simple sticky price models (like
the version of our model without the money market constraint). However, hump-shaped
impulse responses, which are also found in the data, can also be generated by considering
additional frictions or rigidities (see Christiano et al., 2005). Here, the shape of the consump-
tion response is affected by the dynamics of households’ real bond holdings b7, which falls
in response to the monetary contraction.

On the one hand, the real value of government bonds should increase, since inflation
falls. Yet, the amount of bonds held by the central bank tends to rise by higher interest
rates and by less repo money (see 22). Thus, a monetary tightening does not only lead to
contractionary effects on impact, but subsequently shifts the distribution of bond holdings
towards the central bank. With depleting eligible securities, households can acquire less
money in the subsequent periods, such that the initial contraction in consumption will even

be enhanced. Then the inflation effects starts dominating the interest rate effect and real
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bonds return to their steady-state value. Thus, the dynamics of bond holdings affects the
transmission of monetary policy shocks, which relies on the assumption that the central banks
does not transfer its wealth to the household at the end of each period. Modeling central
bank operations can thus help explaining persistence to monetary policy effects. Even after
the policy rate has decreased substantially after its positive impact, for example after 15
periods in this simulation, output is still at the level it was just after the shock.

For a smaller fraction of repo money, Q = M/'/M/?, the impact of an interest rate shock,
in particular, the responses of the macroeconomic aggregates, are less pronounced. The
impulse responses to interest rate shocks for 2 = 0.1 are given in the appendix. Thus, our
model predicts that the size of interest rate shock effects depends on the way the central bank
conducts open market operations. The impact of an increased policy rate is less pronounced
if consumption is based more on money holdings than on bonds discounted in open market
operations.

Figure 4 shows impulse responses to a one percent repo rate innovation for a version of the

model where the money market constraint is not binding.!® Since the stock of government
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Figure 4: Responses (in % dev. from st.st.) to an interest rate shock for a non-binding money
market constraint

bonds is now irrelevant and the bond rate and the debt rate are identical, the responses of
the latter, the spread si;, and of bonds are not presented. The inflation feedback of the
policy rule is set equal to p, = 1.5 (blue solid line) and p, = 2.5, since determinacy now

requires the Taylor-principle. The effects of the same policy shock on inflation and on output

Y For this version of the model we used a standard value for the subjective discount factor (8 = 0.99).
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are much more pronounced than for a binding money market constraint. Here, the output

response does not exhibit a hump shape, since the distribution of asset holdings is irrelevant.

5.2.2 Money supply shocks and liquidity effects

This section reports the effects of money injections modelled by innovations to the growth

rate of money holdings M| i.e.

logp, = pylogp, o et =M /M,

where p = 7 and &}’ is normally i.i.d. with E;_1}' = 0 and p > 0. We assume that the
amount of money supplied under repurchase agreements satisfies MtR = Mtl%}v as before.
Figure 5 shows impulse responses to a positive one percent deviation from the steady state

money growth rate for different degrees of serial correlation, p* = 0.5 and p* = 0.9.
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Figure 5: Responses (in % dev. from st.st.) to a money supply shock

A shock to the money growth rate leads to a decline in the repo rate R}" and in the closely
linked to the bonds rate R;. The simple reason is that a binding open market constraint

implies a negative relation between money injections and the repo rate for a given level of
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nominal debt, B;_1/R}* = I;. Thus, both rates exhibit an unambiguous liquidity effect.
At the same time the debt rate R{ (as well as the standard Euler-rate RF“€") is rising
in accordance with to the usual anticipated inflation effect. The spread between the debt
rate and the bond rate R{ — R; increases. Thus, the model again predicts a negative relation
between the repo rate and the debt rate and between the repo rate and the liquidity premium.
Like in the case of interest rate shocks, output displays a hump-shaped impulse response
function.

When the constraint is not binding, the impulse responses are closely related to the
responses of standard models, as displayed in figure 6, except for the small difference between

the repo rate and the bond rates. The impact on inflation and output is identical to the case of
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Figure 6: Responses (in % dev. from st.st.) to a money supply shock for a non-binding
money market constraint

a binding open market constraint, while the responses of the interest rate substantially differ.
The repo rate R}" and the bond rate R;, which equals the debt rate R; = Rf, unambiguously
rise in response to a money growth shock with a high autocorrelation. If the serial correlation
of the money growth rate is smaller, both rates first rise and then fall below their steady state
values. Thus, in both cases the model does not generate clear liquidity effects, like in most

standard sticky price models (see Christiano et al., 1997).

Productivity shocks. Finally, we look at impulse responses to a 1% innovation to the
technology parameter, which are shown in figure 7 for different degrees of price stickiness
(¢ = 0.8 and ¢ = 0.7). The increase in productivity leads, as usual, to a rise in output and

to an immediate decline in inflation. Given that the Taylor-rule links the repo rate to the
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Figure 7: Responses (in % dev. from st.st.) to a 1% productivity shock

inflation rate, the real repo rate decreases. The response of the bond rate is similar, but less
pronounced, such that spread so between the bond rate and the repo rate also increases. The
output reponse is again hump-shaped (due to the mechanism described above), implying that
output growth and thus the real debt rate increase. Hence, the liquidity premium, i.e. the

spread s; = R? — R, also increases.

6 Conclusion

In this paper we have shown that modeling central bank operations can explain the wedge
between the monetary policy interest rate and the Euler rate. Specifying money supply as
exchange of asset can further lead to persistent effects of monetary policy and a hump-shaped
consumption response to shocks. Contrary to why is claimed by standard models’ builders,
neglecting the money market is not without consequence for the variables of interest for
monetary policy, as this affects the relationship between instruments and targets.

The framework presented in this paper can be used to address consequences of money
market (e.g. liquidity) shocks and the appropriate monetary policy responses, and the influ-

ence of cental banks on the yield of various assets accepted in open market operations.

26



7 References

Atkeson, A., and P.J. Kehoe, 2008, On the need for a new approach to analyzing mon-
etary policy, NBER working paper 14260.

Bansal, R., and W.J. Coleman II., 1996, A Monetary Explanation of the Equity Pre-
mium, Term Premium, and Risk-Free Rate Puzzle, Journal of Political Economy 104 ,
1135-1171.

Canzoneri M.B., R. E. Cumby, and B.T. Diba, 2007, Fuler equations and money mar-
ket interest rates: A challenge for monetary policy models, Journal of Monetary Eco-
nomics 54 , 1863-1881.

Canzoneri M.B., R. E. Cumby, and B.T. Diba, D. Lopez-Salido, 2008, Monetary Ag-
gregates and Liquidity in a Neo-Wicksellian Framework, Journal of Money, Credit and
Banking, vol.40, n.8, 1667-1698.

Christiano, J.L., M. Eichenbaum, and C.L. Evans, 1997, Sticky price and Limited Par-
ticipation Models of Money: A Comparison, European Economic Review 41, 1201-49.

Christiano, J.L., M. Eichenbaum, and C.L. Evans, 2005, Nominal rigidities and the

dynamic effects of a shock to monetary policy, Journal of Political Economy 113, 1-45.

Goodfriend, M., and B.T. McCallum, 2007, Banking and interest rates in monetary
policy analysis: A quantitative exploration, Journal of Monetary Economics 54, 1480-
1507.

Fuhrer, J. C., 2000, Habit formation in consumption and its implications for monetary-

policy models, American Economic Review 90, 367-390.

Lacker, J.E., 1997, Clearing, settlement and monetary policy, Journal of Monetary Eco-
nomics 40, 347-381.

Meulendyke, A.M., 1998, U.S. monetary policy and financial markets, Federal Reserve
Bank of New York, New York.

Schabert, A., 2004, Interactions between monetary and fiscal policy via open market op-
erations, Economic Journal 114, C186-C206.

Schmitt-Grohé, S., and M. Uribe, 2004, Solving Dynamic General Equilibrium Models
Using a Second-Order Approximation to the Policy Function, Journal of Economics
Dynamic and Control 28, 755-775.

Schmitt-Grohé, S., and M. Uribe, 2007, Optimal, Simple, and Implementable Mone-
tary and Fiscal Rules, Journal of Monetary Economics 54, 1702-1725.

27



Sims, C. A., 2005, Limits to Inflation Targeting, in: The Inflation-Targeting Debate, B.S.
Bernanke and M. Woodford, eds., NBER Studies in Business Cycles 32. 283-310.

Smets, F., and R. Wouters, 2007, Shocks and frictions in U.S. business cycles: A Bayesian
DSGE approach. American Economic Review 97, 586-606.

Svensson, L.E.QO., 1985, Money and Asset Prices in a Cash-in-advance Model, Journal of

Political Economy 93, 919-944.

Weil, P., 1989, The Equity Premium Puzzle and the Risk-free rate Puzzle, Journal of Mon-
etary Economics 24, 401-421.

Woodford, M., 2003, Interest and Prices: Foundations of a Theory of Monetary Policy,

Princeton: Princeton University Press.

Yun, T., 1996, Nominal Price Rigidity, Money Supply Endogeneity, and Business Cycles,
Journal of Monetary Economics 37, 345-370.

28



8 Appendix
8.1 Computation of the Euler rate

In section 2, the empirical Euler interest rate r® implied by our model has been computed as

1 — Bexp —0 (Btlogciy1 —loge) — Eylogmyyr — By + 1" + %Zvart log ci1 + %vart log 741
1+

—i—%vartrﬁl + ocovy (log ¢yq1,log my1) + ocovy (log CLt1, Tﬁl) + cov; (log Tit1, rﬁl)
8.2 Equilibrium conditions

A rational expectations equilibrium for a binding money market constraint and a binding

goods market constraint is a set of sequences {c;, ¢, yi, wy, mi, m mey, R, Rf, Ry, by, 152,

satisfying
mf’“ + th = Ct, )
mﬁ = thH, (29)
bi—1 -
Ry =m +m{ —m{l 7", (30)
BEtuctJrl _ —unt7 (31)
Mi41 Wt
wi = Moyt /Ny, 3
~Unti1 (Neg1) /W1 4
1/8 = R{E,—" Tet1: >
/ E g () Jwy . .
B Eiuci41 (ci41) 71;11 (34)
t = -1 ~17
Ey (R )™ e (o) Ty
Yr = arny, (%)
and either me¢; = % and y; = ¢ for flexible prices or (21) with ]Sjt = P, and Ptl_e -

¢(P-)' "+ (L= @) B, g = (P /P)n, where (Ff)™* = ¢ (Py) 4 (1 — ¢)P;  for

sticky prices, and a sequence for household’s bond holdings satisfying

be = byt = (0= Dby ' = R (mf’ —miLymyt) — (R = 1) my, (36)

bl =TbL 7, (37)

the tvc’s, and {a:}72,, for a monetary policy (23) and initial asset endowments. For con-
venience, we neglect higher order terms of the aggregate supply constraint log (m¢/7) =
BElog (mir1/m) + xlog (mey/me), where x = (1 — ¢)(1 — B¢)/¢ (for a detailed analysis of
aggregate supply under sticky prices, see, e.g., the working paper version of Schmitt-Grohé
and Uribe, 2007).

If the money market constraint is not binding, the sequence of bonds is irrelevant and the
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model can be reduced to a set of equilibrium sequences for {c, nt, ye, we, my, mes, RY”, Ry, 122,
given by (32)-(35) my = ¢, uq = Ri"=;»t and either mc; = &1 for flexible prices or
log (m¢/m) = BE:log (m41/m) + x log (mei/mc) for sticky prices, the tvc’s, and {a;}72,, for a

monetary policy (23) and initial values.

8.3 Proof of proposition 1

Applying the parameter restrictions ¢ = p, =0, ' =a=0=1, p > 0, and 2 = € — o0, the

set of equilibrium conditions given in 8.2 can be reduced to

b et
R -1 R t+1 i
= ¢ - , B =L 38
my Ct R%nﬂ't my /B t T4l wy ( )
Wy = ag,  Yp = @y,  Yp =, by — bt—lﬁfl = - ( ?1 - 1)77157 (39)
a _
1/R} = 5Et;—+t17ft+117 Ry = EyRY 1, (40)

and a monetary policy. Eliminating consumption, the real wage rate, and output, it can

further be reduced to a system in b, 7, R, and R? satisfying (40)

m

1
Bt =g =
B ¢ bt Q¢ ¢ R%nﬂ't

bi_1 (41)

and the policy rule Rj* = (R}Z l)p (Rm)l_p expey. Since this system is log-linear, and shocks
are log-normally distributed, all variables are also log-normal. Thus, the two conditions in

(41) can be written as

Eilog R + (1/2)vari(log Ry} 1) = log by — log a; + log v/ log 8
log by = —log R} — log m; + log by—1

where we used that log By R} | = E;log Rt 1+ (1/2)vari(log Ryt 1) and vary (vi4;) = Evar (x444).
Using the logged policy rule log R" = plog Rj"; + (1 — p)log R™ + ¢; and defining x =
log~ — log B, we get the solutions for real bonds and inflation
log 7 =— (14 p)log R{" + log by—1 —loga; — (1/2)vari(log R’ 1) — (1 — p) log R™ + K42)
log by = plog Ry +loga; + (1 — p)log R™ 4 (1/2)vari(log R} {) — K (43)

To assess the spread between the debt rate and the bonds rate, we apply the conditions in

(40), which can be combined to

Ri/RY = BER" B———
At4+1TT¢4+1
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Taking logs and using log E;R"; = E;log R + (1/2)vary(log R™,), the ratio R{/R; can

be written as
— log(Rf/Rt) =loga; +1log 8+ Eilog R} | + (1/2)var(log Ry’ 1) + log E; [al;llﬁ;rll]

Rewriting the last term log Ey[a,. +117r; +11] by using log E;[a,, +117r; Jrll] = Ey (—logai1 — logmey1)+

(1/2)var (—logai+1 — log mey1) and vary (— log ai41 — log miy1) = vari(log ary1)+var: (log mey1)+

2covy (log agq1,logmiy1), we get

—log(R{/R;) = (1— p,)loga; +log B + plog R + (1 — p) log R™ — E;log 141

+(1/2)vari(log R} ) + vari(log ar+1) + vary (log m41)
+2covy (log aty1,log my1)

where we used Elog azy1 = p,loga; and Eylog R | = plog R{"+(1 — p) log R™. Eliminating

Et log Tt+1 with (42),

log(R4/R;y) = —loga; — p (p+ 2)log R™ + log by — (1/2) Ey[var,1 (log R,

—(1/2)var¢(log R}, 1) — vari(log ai+1) — var; (log mey1)

—2covy (log a1,log 1) — 2 (1 — p)log R™ 4+ K — log 3
and further log b; with (43), gives

log(R{/Ry) = —p (1 + p) log Ry — (1/2)var;(log R{}5) —log 8 — (1 — p)log R™
—vari(log aiy1) — vary (log mit1) — 2covy (log ayy1,1og mi1)

Using that (42) implies var; (log ms1) = (1 + p)* vary (log R} ;) + vary (log ai+1) as well as

covy (log ayy1,log mi41) = —varylog a1, leads to

log(R{/R) = —p (1+ p)log Ry* —log f — (1 — p) log R™
—(1/2)var(log R 5) — (1 + p)* vary (log R%,)
Using vary (log R ) = var (¢”) and var(log RY,) = (1 + p*) var (°), we get
log (Rf/Rt) =—p(1+p)log R;”—((I/Q) (14+p%) + 1+ p)2> var (e”)—log —(1 — p)log R™
(44)
implying that the spread decreases with R}" and var (e”), and requires R" < 1/8. Further
eliminating log R; = log Ey R} | using log By R} | = plog R{"+(1 — p) log R™+(1/2)vars(log R{} ),

gives
log RY = —p?In R — <(1/2)p2 +(1+ p)2> var () — log 8 (45)

which together with (44) establish the claims made in the proposition. O

31



8.4 Proof of proposition 2

We want to establish the claims made in proposition 2. For ¢ = p(® =0, ' =a =1, 0 > 1,
Pr >0, varz,, =0, and 2 = € — 00, the model can be reduced to a system in b, c, 7, R, and
R? satisfying (40),

bi—1 Ucty1 7Y 1
— =c, [PE: =—, b=,
Rt T Tt4+1 ag Rt ¢

bi—1 (46)

where u,s = ¢; 7, and a policy rule satisfying R} = R™(m:/m)P~. Applying the latter and
Uet = [b—1/ (R{m1)]” 7, the covariance on the RHS of (27) can easily be shown to satisfy

1, - —1
covy [(1/R%1) , (tetg1 /me41)] = (R™/mP=)? Lb 7 cov Wtff,wff’fm <0

implying 1/R; < E; (1/Ry%;). In order to examine the impact of the relative risk aversion and
of aggregate uncertainty on the bond rate, we derive the solutions for b; and 7;. Eliminating

the repo rate in (41), we get two conditions for the equilibrium sequences of b; and 7:

log by = py By log g1 +logay + (1/2)p2vary(log mpi1) + k2
(1 + pg)logm = —logb; + logb;—1 + K3

where kg = —logy+1log 8 +1log R™ — p, logm and k3 = —log R™ + p,. log w. Since the model
is log-linear, all variables will finally be log-normally distributed. We further know that the

solutions can be written as

log 7y = dxplogbi—1 + drg log ar + dryvary (log agy1) + 0x
log by = dpp log by—1 + Opg log ay + dpyvar, (log azr1) + 0p

where the ¢’s are unknown constants. Inserting these solutions in (41), the unknown coeffi-

cients can easily be identified:

(1/2)p3
log 7y = log by_1 — log a; — ——Zwar; (loga + ks, 47
gt1+p7rgt1 g at 1+ p. ¢ (log azy1) 5 (47)
log by = (1 + p,. ) log a;s + (1/2)p2var; (log azy1) + Ka, (48)

log R —p. log
prtl

We now want to solve for the bonds rate, which satisfies (16) or

(pr+2)(log R —p, log m)+(p+1)(log B—log~) )
(p=+1)* '

where k4 = exp(log f—log v+ ) and k5 = exp(—

—0

-1
Eye, imin

t ({11 Cer1Te41
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Using the solutions for inflation and bonds (47)-(48), we get

By (63 /mes) = (R™ J0e)7 a7 (s )01 ()T c(1/2venlogns) (o200 0t ))

Er [(1/R) (0 /mern)] = (R™/ap )"t ag UHPn) o Lgr DO 0/ (0D A+0:)" —0p? Juari(log ara)
The solution for the bond rate can thus be written as
1 r
Ry = af" - exp[p (20 — pr + 200, —2) (1/2) vary (log ags)] - (R™) 7271 7 7e 1

Taking unconditional expectations (FEp) and using that Ega}™ = exp p2(1/2)var; (logaz+1) =

exp p2(1/2)var (¢) for p® = 0, the mean of the bond rate is given by
1 __Px
FoRy = explpy (0p5 +0 — 1) var ()] - (R™)77 5o

and thus increases with var (¢f) and . O

8.5 Parameter values

Table A1l: Benchmark parameter values

Ié] v o I'=nx me o « s Q p  p, war(e?) wvar(e?)
0.984 2 2 1.0108 0.833 0.8 0.66 0.012 0.5 09 1.5 0.0001 0.0001

9 Additional figures

——VLIBOR (overnight) ----LIBOR (3 month) —— Federal funds rate

Federal funds and interbank rates
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