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ABSTRACT. Monetary policy is conducted in an environment of uncertainty. This paper
sets up a model where the central bank uses real time data from the bond market together
with standard macroeconomic indicators to estimate the current state of the economy more
efficiently, while taking into account that its own actions influence the bond market and
therefore what it observes. The timeliness of bond market data allows for quicker monetary
policy responses to disturbances and reduces the variance of inflation and the output gap
as compared to the case when the central bank has to rely solely on collected aggregate
data. That the central bank uses the information in the term structure to set policy creates
a link between the bond market and the macro economy that is novel to the literature.
To quantify the importance of the bond market as a source of information, the model is
estimated on data for the United States using Bayesian methods. The empirical exercise
suggests that there is some information in US yields of maturities of less than one year
that can help the Federal Reserve to identify shocks to the economy on a timely basis.
Keywords: Monetary Policy, Imperfect Information, Bond Market, Term Structure of
Interest Rates

1. INTRODUCTION

Hayek (1945) famously argued that market economies are more efficient than planned
economies because of markets’ ability to efficiently use information dispersed among market
participants. In most western economies there is now little planning and almost all prices are
determined by market forces without interference from any central authority. However, there
is one important exception: the market for short term nominal debt where central banks
borrow and lend at fixed interest rates. In the presence of nominal frictions in product or
wage markets, this practise can improve welfare by reducing the volatility of inflation and
output. Hayek’s insight, though formulated in a more general setting of a planned economy,
was that even a central bank that shares the objective of the representative agent may not
be able to implement an optimal stabilizing policy due to incomplete information. In this
paper, the central bank would implement an optimal stabilizing policy if it knew the state of
the economy with certainty, and any deviation from optimal policy is due only to information
imperfections. Under this assumption we demonstrate how the central bank can make use of
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Hayek’s insight and use the market for debt of longer maturities as a source of information
that makes a more efficient estimation of the state of the business cycle possible, and thus
reduces deviations from optimal policy. That this is close to how some central banks think
about and use the term structure is illustrated by a quote by the Chairman (then Governor)
of the Federal Reserve Board, Ben Bernanke:

“To the extent that financial markets serve to aggregate private-sector infor-
mation about the likely future course of inflation, data on asset prices and
yields might be used to validate and perhaps improve the Fed’s forecasts.”

The suggestion that the bond market can provide information that is valuable to policy
makers is thus not news to the policy makers themselves. Rather, the contribution of the
present paper is to provide a coherent framework for analyzing and estimating the interac-
tion between information contained in the term structure and the monetary policy making
process. In the model presented below the central bank set interest rates in an uncertain
environment, where the yield curve is informative about the state of the economy and thus
also informative about the desired interest rate. This has the consequence that the macro
economy is not independent of the term structure. The only direct effect of interest rates on
the macro economy is from the expected path of the short rate set by the central bank to
aggregate demand, as is standard in the New-Keynesian literature. However, there is also
an indirect feedback from rates on longer maturity bonds to the macro economy through
an information channel. The mechanism is the following. Bonds are traded daily and the
affine form of the bond pricing function makes the bond pricing equation with macro factors
formally equivalent to a linear measurement of the state of economy. The term structure can
thus be used as a more timely indicator of the state of the economy than collected aggregate
information that is available only with delay and sometimes significant measurement error.
A movement in the term structure signals a shift in the underlying macro factors that in-
duces the central bank to re-evaluate what the optimal short term interest rate should be.
The shift in the term structure thus feeds into a change in demand through the change in
the short term interest rate.

In the present model the policy makers exploit the fact that bond market participants’ ex-
pectations about the future are revealed by the term structure. As pointed out by Bernanke
and Woodford (1997), letting monetary policy react mechanically to expectations may lead
to a situation where expectations become uninformative about the underlying state and no
equilibrium exists. They further argue that “targeting expectations” by policymakers can
not be a substitute to structural modelling. In the proposed framework below, the infor-
mation in the term structure is complementary to other information and firmly connected
to an underlying structural model. Policymakers then avoid the potential pitfalls of a pure
“expectations targeting” regime.

There is a large literature on the informational content of the term structure. Mostly,
it has focused on whether the term structure, often modelled as the spread between short
and long rates, can help predict future outcomes of macro variables.> This literature thus

L«What Policy Makers Can Learn from Asset Prices”, Remarks by Governor Ben S. Bernanke before The
Investment Analysts Society of Chicago, Chicago, llinois, April 15th, 2004.
ZFor example Harvey (1990), Mishkin (1990) and Estrella and Mishkin (1998).
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investigates whether the component of the yield curve that is orthogonal to other macro
variables adds predictive power to forecasting models of inflation and GDP growth. A recent
paper in this vein is Ang, Piazzesi and Wei (2003) who finds that the short interest rate
performs better than any term spread in predicting GDP growth. The negative correlation
between the orthogonal component of short interest rates and future output found by Ang
et al is consistent with the findings of the VAR literature on the real effects of monetary
policy shocks. In the VAR literature on the transmission mechanism of monetary policy,
the monetary policy shocks are defined to be exactly the component of interest rates that
is orthogonal to other macro variables (e.g. Christiano, Eichenbaum and Evans (2001)).
It is thus not surprising that the previous literature found that including the slope of the
yield curve, which will be negatively correlated with the orthogonal monetary policy shock,
improves forecasts. In this paper we deviate from the this literature on the informational
content of the term structure by asking if there is information in the term structure that can
be used in the monetary policy process when the transmission mechanism is assumed to be
known and the effect of the short rate is controlled for.

There are two potentially important types of information that could be revealed by the
term structure that the present model is silent about. Goodfriend (1998) discusses the
Federal Reserves responses to “inflation scares” in the 1980s, which he defines as increases in
the long term yields. He interprets these as doubts by market participants about the Federal
Reserves commitment to fighting inflation. The present paper does not address questions
about central bank credibility, but takes a perfectly credible central bank with a publicly
known inflation target as given. The model presented here is also not suited to analyzing or
interpreting market perceptions of the reasons for a change in the monetary policy stance,
as done by Ellingsen and Soderstrom (2001). The policymakers’ relative preferences for
stabilizing inflation or the output gap are assumed to be publicly known. In this paper, we
restrict our attention to what the term structure can tell us about the state of the business
cycle.

The practical relevance of any information contained in the term structure is ultimately
an empirical question. When bond markets are noisy, observing the term structure is not
very informative. In order to quantify the informational content of the term structure the
variances of the non-fundamental shocks in the term structure are estimated simultaneously
with the structural parameters of the macro economy. The estimation methodology is similar
to recent work by Hordahl, Tristani and Vestin (2004) who estimate the term structure
dynamics jointly with a small empirical macro model where the central bank is assumed to
be perfectly informed. Hordahl et al impose only a no arbitrage condition on the pricing
of bonds while in this paper the bond pricing function and the dynamics of the macro
economy are derived from the same underlying utility function. This makes the analysis
more stringent, but it comes at the cost of an empirically less flexible bond pricing function.

In the next section a model is presented where the central bank extracts information
from the term structure about unobservable shocks while recognizing that its own actions
influences the term structure itself. In Section 3 the model is estimated to quantify the
potential of the yield curve as a source of information. Section 4 concludes.
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2. THE MACRO EcONOMY, THE TERM STRUCTURE AND MONETARY PoLicy UNDER
IMPERFECT INFORMATION

This section presents a model where the central bank extracts information about the state
of the economy from the term structure of interest rates. Movements in the term structure
will then have a direct impact on the macro economy through its effect on the central bank’s
estimate of the state and therefore also on the setting of the policy instrument. This means
that the macro economy, the term structure model and the filtering problem of the central
bank have to be solved simultaneously which makes the model different from other recent
papers, for example Hordahl et al (2004) and Bekaert, Cho and Moreno (2005), where
the macro economic model can be solved separately from the term structure. Though the
complete model has to be solved simultaneously, it is still useful to divide the description
of the model into three parts. The macro economy is described first without specifying
an explicit interest rate function, but merely noting that it is set by the central bank to
minimize a loss function that in principle could be derived from micro foundations. The
filtering problem of the central bank is then solved, taking the term structure model as
given. Finally, in the last part the term structure model is derived.

2.1. The Macro Economy. We use a standard business cycle model of the macro econ-
omy with monopolistically competitive firms that sell differentiated goods. Prices are set
according to the Calvo mechanism, with a fraction of firms using a rule of thumb rather
than optimizing as in Gali an Gertler (1999). Households supply labor and consume goods.
In addition to their own current consumption, they also care about the lagged aggregate
consumption level.

2.1.1. Households and firms. Consider a representative household j € (0,1) that wishes to
maximize the discounted sum of expected utility

E, {Z B°U (Crys(4), NHS(J'))} (1)

where 3 € (0,1) is the household’s subjective discount factor and the period utility function
in consumption C; and labor NN is given by

(CHH™)' N(j)+e

U (Ci(5), Ne(5)) = 1—7) - l+o (2)

The variable H,
= [coit)d 3)

is a reference level of consumption that we interpret as external habits that makes marginal
utility of consumption an increasing function of lagged aggregate consumption. The habit
specification helps to explain the inertial movement of aggregate output as well as the pro-
cyclicality of asset prices.® Differentiated goods indexed by i € (0,1) are produced with a

3See Campbell and Cochrane (1999) for the implications of habits for asset prices.
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technology that is linear in labor and subject to a persistent productivity shock A,

Yi(1) = AN (i) (4)

that follow an AR(1) process in logs
ag = pa_1+ e} (5)
el ~ N(0,07). (6)

Firms set prices according to the Calvo (1983) mechanism where a fraction 6 of firms reset
their price in a given period. Of the firms resetting their price, a fraction (1 — w) optimize
their price decision and take into account that their price may be effective for more than
one period while a fraction w of price setters use a “rule of thumb” as in Gali and Gertler
(1999). Price setters using a “rule of thumb” set their price equal to last period’s average
reset price plus the lagged inflation rate.

2.1.2. The linearized model. The linearized structural equations are given by equations (7)

- (8)

v -n(1—7) 1 . y
Yyp=——"—"—"—"N~FEpun+—y, - ——— [Zt — by 1] +e (7)
y=n+n T Ty =+ v —ntm e
50 w
T = Etﬂ't+1+ Tt—1 (8)

0+w(l—0(1—5))
(I-w)(1-0)(1-6p)
0+ w(l—0(1— 7))

where {y;, 7,4} is real output, inflation and the short nominal interest rate in period t.
Marginal cost in period ¢, mc¢;, can be found by equating the marginal utility of consuming
the real wage paid for an additional unit of labor with the household’s disutility of providing
the additional unit of labor. The real marginal cost then equals the market clearing real
wage divided by productivity

mee = (p +7) ye + (1 =)y — (1 + p)ay. (9)

0+w(l—0(1-5)

me; +

where the relationship
=Yt — W (10)

was used to substitute out labor supply. Potential output, 7,, defined as the level of output
that is compatible with no acceleration in inflation then is

_ 1-— 1+
= n(l—7) . (11)

(e +7) (o +7)

The short term interest rate is set by a monetary authority to minimize the expected value
of the loss function
o0
Lo=E [ > 0" [Nk = Teen)® + 7o+ NGir — ii1)?] | - (12)
k=0
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The weights A, and \; can be chosen such that the loss function (12) is a second order
approximation of the utility function of the representative agent.* However, we do not
necessarily want to impose this restriction when we estimate the model. The equations (5),
(7), (8) and (9) can be written more compactly as

X141 X1 .
i =A ' B C 13
{EtXQ,tJ {XQ,t]+ i+ Ce (13)
where
Xl,t = [atayt—lﬂﬁ—lﬁ%’f?ﬂt—hAit;Vt]l (14)
Xoy = [yem) (15)
g = [el el er e, &~ N(0,X) (16)

That the innovations vector ¢, is assumed to be normally distributed will be used later. The
vector v; in X, are (potentially serially correlated) measurement errors that follow

Vi = WVt_l + e:; (17)

The measurement errors have not yet been introduced to the model but are included in the
state definition already here in order to keep notation compact and consistent throughout
the paper.

2.2. Monetary Policy and Real Time Signal Extraction. Monetary policy operates
in an uncertain environment where some state variables are only observed with error and
delay and some variables, like productivity and thus potential output, are not observed at
all. Variables that are not observable but relevant for monetary policy have to be inferred
from the variables that are observable. In such a setting, Svensson and Woodford (2003)
show that a form of certainty equivalence holds. That is, with a quadratic objective function
and linear constraints, the optimal interest rate can be expressed as a linear function of the
central bank’s estimate of the state X 4

Xl,t\t =E [Xl,t | It]

where [; is the information set of the central bank at time t. The coefficients in the policy
function are then the same as they would be if the central bank could observe the predeter-
mined state perfectly. The coefficient vector F' of the optimal interest function

it — FXl,t‘t (18)

can thus be found by standard full information methods, for instance by the algorithm
in Soderlind (1999). Here we describe how the central bank can apply the Kalman filter
to estimate the state X;;. The affine function that maps the predetermined state into
bond prices, characterized by the matrices ()1 and ()9, are taken as given and deriving the
equilibrium dynamics of the model is then a straightforward application of the procedure in
Svensson and Woodford (2003).

4See Amato and Laubach (2004).
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Partition the coefficient matrices in (13) conformably to the predetermined and forward
looking variables and substitute in the interest rate function to get

Xlt-‘rl All A12 Xlt Bl
i = ’ FX Cey. 19
{Etxg,m} {Agl A | | Xop | 7| By | R0 T O (19)

The equilibrium dynamics of the model can then be described by equations (20)-(24)
Xy = HXyq+JX g + Cigy (20)

Xoy = G'Xi+ (G—G") X (21)

X = Xigpr + K [Zt — Ly Xy g1 — L2X1,t|t] (22)

(23)

(24)

[\
—_

Zy = 2+ L1 X+ Lo Xy
Vi = a+ Q1 Xy + QX

where Z; is the vector of variables that are observable to the central bank and )} is a vector
of bond yields of different maturities. The system of equations (20)-(24) can be written
solely as functions of the actual state, the central bank’s estimate of the state and the shock
vectors &;. The coefficient matrices G and G! are derived in Svensson and Woodford (2003)
and satisfy equations (25) and (26)

G = (Ayp —GAp) ' [~Ay + GAy + (GBy — By) F] (25)
G' = AQ{—Ay +[G'+ (G —-GHKL||H} (26)
where the following definitions were used
H = Aj+ ApG! (27)
The Kalman gain matrix K is given by
K = PL(L,PL)™ (29)
P = H(P-PL(LPL)'LiP)H + % (30)

where P is the one period ahead forecast error. The coefficient matrices G, G*, the Kalman
gain K and the one period ahead state forecast error P have to be determined jointly by
finding a fixed point of the system described by the equations (25),(26),(29) and (30). Before
we can solve for the equilibrium dynamics we need to specify the selection matrices Liand Lo
in the observation equation (23). We thus have to decide what the central bank can observe.

2.2.1. Variables observable by the central bank. The central bank observes bond yields con-
temporaneously, while output and inflation are only observable with a one period lag. This
is a compromise that is necessary due to the division of time into discrete periods that do
not conform to the exact delays of data releases, though it does capture some broad features
of data availability. Data on real GDP are released with a significant delay while bond prices
are observed every day that bonds are traded. The compromise is the observation of the
price level. In most countries, CPI data are released the month after observation so the one
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quarter lag is thus too long for most countries. We can write the measurement equation (23)
as

Yt—1 vy
Zt == T—1 + UZT (31)
N 0

and the matrices Ljand Lo are then given by

L, — O2x1 Iz O2xq Iz Oax3 (32)
@
02x12
Ly = . 33
= %] (33)
The information set of the central bank is given by
I" ={A,B,C,Q1,Q2, %z, Zi—s | 5 > 0} (34)

that is, in addition to observing the vector Z;, the central bank also knows the structure of
the economy.

2.3. The Law of Motion for the State of the Economy. In full information models,
the relevant state for the pricing of bonds is the same as the state of the economy. In the
present model the central bank cannot observe the state of the economy with certainty and
uses the Kalman filter to estimate it. The central bank’s information set is a subset of
the information set of the bond market participants, who are assumed to observe the state
perfectly. This assumption allows us to model bond market participants as if they know the
central bank’s estimate of the state. We define the extended state X, as

Xe=[ X1 Xige ] (35)
and we want to find a system of the form

X, = MX, 1+ Ng, (36)

Vi = q+QX, (37)

that is, we conjecture that yields ), are an affine function of the extended state X,. We
start by substituting the observation equation (23) into the central banks updating equation
(22) to get

X = Xogje—1 + K [Lle,t + Lo Xy — L1 Xy g0—1 — L2X1,t|t} (38)
Using equations (20)-(22) and the definitions (27) and (28) and rearranging we get

X = [(H+J)+KLJ — KLi(H+ J)] X111 (39)
+KL1HX1¢_1 + KLlﬁt

The matrices K, L; and L, depend on the coefficients in the conjectured term structure
function (37) and the covariance matrix of the structural shocks and measurement errors
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Y.e. Combining equation (20) and (39) we get the conjectured form from equation (36)

x - | 2 “ X
KILWH [(H+J)+KLJ— KL (H +J)]
Ch
+ |: KLlCl 1 Et (40)

2.4. The Term Structure and the State of the Economy. In this section we derive
the law of motion for the nominal stochastic discount factor that is used to price bonds.
We use a similar strategy as Bekaert, Cho and Moreno (2005), and like them, we make use
of the fact that the normality of the shocks in the linearised model makes the stochastic
discount factor implied by the structural model log normal. This allows the term structure
to be derived as an affine function of the state of the economy.

Define the nominal stochastic discount factor E;M,;,; as

Uay1 By
UetPry1’
where U, is the marginal utility of consumption in period ¢. That the price in period ¢ of
a dollar delivered in period t + n is given by E;M; 1 M s...M;,, can be used to derive a

recursive formula for the term structure. Plug in the utility function (2) into (41) and take
logs to get

EtMt+1 = Etﬁ (4:]_)

2

o
log By My =1log 8 — vEicipr + (v =+ ym)ee +n(1 — v)cio1 — By — 77” (42)

where we used that a log of the expectation of a log normal variable equals the expectation
of the log minus half its conditional variance, i.e.
2

Um
log ExMi1 = Eymyyq — o (43)
and that
My = —Ye1 + (v — 0+ yn)ee +n(l — y)ce—1 — T (44)
In equilibrium
Etth + ’it =0 (45)

must hold and we know from (18) that (the deviation of) the interest rate (from its mean)
1; is a function of the state X,

it - ﬁt (46)
F = [0y F|] (47)
which imply that the log of the expected value of the discount factor M, is
2
log ExMy 1 = log 8 — FX, - %ﬂ (48)

The conditional variance o2,

discount factor is given by

is yet to be determined. The innovation to the stochastic

M1 — Etth = V/€t (49)
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where the vector V'

Ch 0
Vi=[-y -1][& G—Gl}[KLICI K} (50)
can be derived from equations (20) - (22) and (44). The conditional variance of m; is then
o2, =V'SV (51)

We can now write down an expression for the log of the price at time ¢ of a nominal bond
paying one dollar in period ¢t + n as

log P[L = log EtMt+1 + log EtMt+2"° + log EtMt+n = Zn + F;Yt (52)
where the constant A, and the vector B, are given by the recursive relations
_ VYV — 1— —
A, = —logf+ +A,1— B, V+ §Bn_1NEN B, (53)
B, = -F+MB,_, (54)
starting from
_ V'YV
A = —logf+ 5 (55)
B, = —F (56)

To find the vector of yields of selected maturities Y, collect the appropriate constants A,
and vectors B,, as
—A —B)
V=1 = |+ | X4V (57)
where the yield of an n periods to maturity bond is found by dividing the price by n.
Equation (57) has a dual interpretation. On one hand it can be used to express bond yields
as a function of the state and the vector of shocks to the term structure, vy, are then
residuals, i.e. the component of the yields that cannot be explained by the dynamics of the
stochastic discount factor. A small variance of v should then be interpreted as that the
term structure model provide a good fit of the observed yields. Equation (57) can also be
viewed as a measurement equation where the observable bond yields ), tell us something
about the unobservable state X,. The vector of shocks v are then measurement errors and
when the variance of the innovations to vy are small, the signal-to-noise ratio is high and
the term structure is informative about the state of the economy. In the special case of the
rank of [ —By - —%En }/ being equal to the dimension of the state and E [vtyvﬂ =0,
the model replicates the full information dynamics, since the state can then be backed out
perfectly from the term structure. In the opposite case, when the variances of v}’ are very
large, the model will replicate the dynamics when the central bank can only observe imperfect
but direct measures of the lagged aggregate variables.
In practise, the measurement errors on the longer maturity bonds turn out to be serially
correlated. By including the measurement errors in the state, it is straightforward to estimate
their persistence together with the rest of the model’s coefficients. The precision of the
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yields as a measure of the state will then depend on the variance of the innovations ej to
the measurement error process (17), rather than the variance of the measurement errors
themselves.

Partitioning the stacked vectors —%En appropriately and since v € X; we can write (57)
in the desired form (37)

Vi=q+ | Q1 Q]X, (58)
where
_El
[Q1 Q] = : +[0 I 0].
_1F

This completes the description of the model.

3. THE DYNAMICS OF THE ESTIMATED MODEL

The implications of letting the central bank extract information from the term structure
depend on the magnitude of the noise in the bond market. There is little information in the
term structure when bond prices are very noisy, and including it in the information set of the
central bank then has little effect on the dynamics of inflation and output. It is therefore of
interest to quantify the variances in the model. The parameters of the model are estimated
by Bayesian methods using quarterly data for the US ranging from 1982:QQ1 to 2005:Q4. The
first 8 observations were used as a convergence sample for the Kalman filter.

The interest rates included are the Federal Funds rate and secondary market rates for 6
and 12 month Treasury Bills. Non-farm real GDP and CPI (excluding food and energy) are
used as a measure of output and to calculate quarterly inflation rates. The GDP data series
were detrended using the Hodrick-Prescott filter and the CPI and interest rate series were
demeaned. By using demeaned data, we do not fully exploit all the information in the yield
curve about the structural parameters of the model. However, estimating the model in level
form to also match the average slope of the yield curve in US data led to large reductions in
overall fit.

The priors on the structural parameters are reported in Table 1. We impose rather tight
priors on the degree of price stickiness # which can be measured directly, and the discount
factor # which can be backed out from average real interest rates. The priors on the rest of
the behavioral parameters are more dispersed. The prior distributions of the variances of the
structural shocks of the model are uniform over the interval [0,00) and the prior distributions
of the variances of the measurement errors are uniform over the interval [0, %) where o2, is
the variance of the corresponding observable time series.

[Table 1 here.]

All yields except for the short interest rate are assumed to be affected by serially correlated
measurement errors/non-fundamental shocks. The variance of the non-fundamental shocks
and their persistence is estimated together with the other parameters of the model. We
estimate two sets of measurement errors on output and inflation. The first, which we may
call the econometric measurement errors, are motivated by the fact that the output and
inflation measures that we use do not correspond exactly to the model’s concept of output
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and inflation as well as that data on GDP may include errors introduced through the data

collection process. The variance of the econometric measurement errors are denoted ng and
2

o

We do not want to impose that the time series that we use to estimate the model corre-
sponds exactly to the information that enters into the filtering problem of the central bank.
We therefore allow for a second set of measurement errors on the lagged output and inflation
measure that the model’s central bank observes. These should be interpreted more generally
as the central bank’s misperceptions of the lagged aggregate variables and their variances
are denoted by o7, and o7 ;. The estimated posterior variances of both the econometric
measurement errors and the measurement errors of the central banks’ observation of lagged
output and inflation are reported in Table 1 together with the posterior estimates of the
other structural parameters of the model presented in Section 2.

Our primary interest lies in quantifying the variances of the non-fundamental shocks to the
term structure since it is these parameters that govern how informative the term structure
is as a measure of the current state of the business cycle. Before turning to the consequences
for monetary policy of a more or less noisy term structure, we briefly note that the posterior
estimates of the parameters governing the behaviour of firms and households are reasonable,
and that the standard deviations of the posterior estimates are less dispersed than the priors
which indicates that the data is informative about the parameters of the model.

g

3.1. Policy Responses to Shocks and the Role of Term Structure Information.
As argued in the introduction above, one of the main advantages from a policy perspective
of using the information in the term structure is that it is observable everyday that the
market is open, while macro data takes time to collect. However, for the timeliness of
the term structure observations to matter, the term structure cannot be too noisy. If there
is useful information in the term structure, one way that this will manifest itself in the
estimated model is through the response of the short policy rate to shocks. If there is useful
information in the term structure, the short policy rate will respond immediately to shocks,
but not otherwise, as the central bank then has to wait for the lagged observation of inflation
and output for an indication that a shock has occurred. Figure 1 below shows the impulse
responses of output (solid line), inflation (dashed line) and the short interest rate (dotted
line) to productivity, demand and cost push shocks at the estimated posterior mode of the
model. The short rate responds immediately in the impact period to demand and cost
push shocks, but only gradually to a productivity shock. This suggests that there is useful
information in the terms structure, at least about demand and cost push shocks.

[Figure 1 here.]

As a comparison, it is interesting to contrast the estimated responses with how the central
bank would respond to shocks if it knew the state of the economy perfectly as well as how it
would respond to shocks if the term structure was very noisy. These two cases are illustrated
in Figure 2 and 3, respectively.

[Figure 2 here.]

The full information policy responses in Figure 2 are qualitatively similar to the estimated
responses for demand and cost push shocks. However, with full information, the central bank
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responds to a productivity shock by lowering the short interest rate. The lack of immediate
response to the productivity shock in the estimated model is thus due to information im-
perfections on behalf of the central bank, and not because it is not optimal to respond to
productivity shocks.

[Figure 3 here.]

Figure 3 displays the result of increasing the variance of the non-fundamental shocks in
the term structure ten-fold while keeping all other parameters fixed and recomputing the
same impulse responses as in Figure 1. We can see that without the information in the term
structure, the short interest rate does not respond to any of shocks in the impact period.
Instead, policy is only able to respond when the lagged macro variables become observable
in the second period after the shock.’?

The model can also be used to quantify how the unconditional variance of inflation and
the output gap (defined as y; — ¥, ) changes when the central bank use the information in
the term structure. This exercise suggest that when the central bank uses the information
in the term structure the variance of both of these variables are only approximately 2/3 of
what it would be otherwise.

The analysis above emphasizes the beneficial policy aspects of responding to movements
in the term structure, but since the term structure is noisy this means that sometimes the
central bank will inadvertently respond to non-fundamental shocks. The responses of output,
inflation and the short interest rate to a unit non-fundamental shock to the 6 and 12 month
bond rate is plotted in Figure 4.

[Figure 4 here.]

In the absence of noise in the term structure, an increase in either the 6 or 12 month yield
signals that a shock has occurred that the market believes that the central bank will respond
to by raising interest rates. This is also how the central bank of the model partly interpret a
non-fundamental shock to the term structure. A positive noise shock leads the central bank
to believe that raising the short interest rate is appropriate, which in turn leads to a fall in
both output and inflation. The response is stronger to a non-fundamental shock to the 6
month rate than to the 12 month rate since historically, the variance of the noise has been
lower in the 6 month rate than in the 12 month rate. This fact leads the Federal Reserve to
attribute a larger fraction of what it observes in the 6 month rate than in the 12 month rate
to fundamental sources rather than noise.

That the central bank responds to a non-fundamental increase in long rates by raising
short rates does not imply that the model permits self fulfilling expectation shocks. The
reason is twofold. Firstly, since the term structure is known by the central bank to be noisy,
policymakers will not put enough weight on the observation of bond yields to respond so
strongly that a unit increase in a long bond rate justifies it self through the expectations
hypothesis. Secondly, the initial increase of the short rate will lower output and inflation.

5The working paper version of this paper, available at www.rba.gov.au, also includes results using Australian
data. The Australian yield curve appears to be too noisy to allow the Reserve Bank of Australia to use it as
a timely source of information about the state of the economy, and in the estimated impulse responses the
short rate do not respond immediately to shocks, i.e. the Australian case is much closer to Figure 3 than to
Figure 1.
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Ceteris paribus, this means that in the next period when the output and inflation outcomes
of the impact period are observed, the central bank will want to lower interest rates. These
two forces rule out self fulfilling expectations shocks to longer maturity yields.

3.2. Variance Decomposition. The estimated model can be used to decompose historical
variances of the endogenous variables into their exogenous sources. Table 2 reports the
unconditional variance decomposition evaluated at the posterior modes as well as the 95 %
probability intervals. Output variance is primarily caused by productivity shocks which also
explain more than half of the variance of inflation. Demand shocks appear to not be very
important for output variance, but explain more than half the variance of the short interest
rate which suggest that the Federal Reserve has successfully raised interest rates to counter
exogenous demand pressure during the sample period. The posterior mode estimates suggest
that cost push shocks are not a major source of macroeconomic variability.

[Table 2 here.]

Perhaps the more interesting part of Table 2 are the four columns to the right. These
columns report the proportion of the variances of output, inflation and interest rates of differ-
ent maturities that are caused by non-structural shocks, i.e. by central bank misperceptions
about lagged output and inflation and the non-fundamental shocks to the term structure.
The channel through which these shocks affect the macro economy is the short interest rate.
In the present model, all non-systematic changes in monetary policy are attributed to mis-
perceptions of the state of the economy by the central bank. The four non-structural shocks
thus provide a way to interpret what in a full information model would be termed ”monetary
policy shocks”.

The model attributes policy shocks to come mostly either from misperceptions about
lagged output, which explains 11% of short interest rate variability, or from non-fundamental
shocks to the 6 month yields, which explain 17% of the variability short interest rates.
Through their effect on the short rate, these shocks also affect the real economy and mis-
perceptions about output particularly, explain a substantial fraction of inflation and output
variability (7% and 30% respectively).

This magnitude of interest rate variance that is attributable to “policy shocks” is com-
parable to what full information studies have found, e.g. Smets and Wouters (2004). That
a large portion of the “policy shocks” comes from the bond market suggest that there may
have been episodes where misperceptions about the state of the economy may have been
shared by the bond market participants. These non-fundamental shocks feed into output
and inflation through the short term interest rate, and it may appear as if responding to
these shocks is not optimal. However, since the central bank is assumed to respond with
statistically optimal weights to movements in the term structure, the benefits of having more
accurate estimates of the state on average outweighs the cost of occasionally responding to
“false alarms”.

3.3. The (lack of) information in longer maturity yields. In the variance decompo-
sition tables, we could see that the fraction of the variance of yields that is explained by
non-fundamental shocks is larger for the 1 year bonds than for 6 month bonds and almost
all information in the term structure about the state of the economy is in the observation
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of the 6 month yield. Excluding the 1 year yield hardly changes the responses to shocks of
output, inflation and short interest rates at all. The model was also estimated including 2
year and 5 year yields in the vector of variables that the central bank can observe. These
longer yields held virtually no information about the state and their variance was almost en-
tirely explained by non-fundamental shocks. That longer maturity bonds are uninformative
about the state of the economy is the dual of the fact that standard macro models are not
very good at explaining the movements of long maturity yields (see for instance Gurkaynak,
Sack and Swanson (2005)). (This is also true for theoretically less stringent models like Ang
and Piazzesi’s (2003) who find that macro factors contribute most explanatory power to the
yield curve at short-to-medium maturities.) If the business cycle model is not very good at
explaining long yields, then movements in long yields will not be very informative about the
current state of the business cycle. This is not to say that there is no correlation between
long yields and the business cycle, but rather that if we want to interpret this correlation us-
ing structural models that can guide policy, then we need to develop a better understanding
of what drives long maturity yields.

3.4. Robustness. In the baseline estimation above it was assumed that the central banks
had an explicit interest rate smoothing objective. An alternative explanation of inertial in-
terest rate changes could be that central banks move slowly because they want to accumulate
more information before they move. The model was re-estimated after imposing no interest
rate smoothing, that is, by setting A\; = 0. This lead to reductions in the marginal likelihoods
and the corresponding posterior odds ratios do not support the hypothesis that \; = 0.°

In the estimation, it was also imposed that the Federal Reserve used the information in the
term structure to set policy. If this assumption is incorrect, it would bias the estimates of the
noise in the term structure upwards. The log likelihood decreases when we re-estimate the
model without assuming that the central banks use the information in the term structure.
Though the change in marginal likelihood is small, the direction of the change lends some
empirical support for the assumption that the Fed uses the information in the term structure
to set policy, in addition to anecdotal evidence in the form of quotes from Federal Reserve
officials cited in the introduction.

4. CONCLUSIONS

This paper has presented a general equilibrium model of monetary policy where the central
bank operates in an uncertain environment and uses information contained in the term
structure to estimate the underlying state of the economy more efficiently. This set up creates
a link between the term structure and the macro economy that is novel to the literature.
A movement in the term structure signals that a change in the short term interest rate set
by the central bank may be desirable, which when implemented in turn affects aggregate
demand.

Soderlind and Svensson (1997) warn that “central banks should not react mechanically to
[market expectations|” since this may lead to a situation of “the central bank chasing the

6More details on posterior mode estimates and likelihoods for the alternative specifications are available from
the author upon request.
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market, and the market simultaneously chasing the central bank”. This argument is formal-
ized in Bernanke and Woodford (1997) where the authors show that if central banks react
to market expectations, a situation with a multiplicity of equilibria or where no equilibrium
exists may arise. In this paper we have argued that there may be benefits from systematic
reactions to market expectations, but with some important qualifications. The non-existence
of equilibria arises in the model of Bernanke and Woodford because the central bank can
extract the underlying state perfectly from observing the expectations of the private sector.
Inflation will thus always be on target. But if inflation is always on target and private agents
only care about accurate inflation forecasts there is no incentive for the private sector to pay
a cost to be informed about the underlying shock, and observing expectations will not reveal
any information. The model here differs because, to the extent that there is noise in the
bond market, the central bank cannot extract the underlying shock perfectly. Thus there
will always exist a cost of information gathering that is small enough to make it profitable for
the private sector to acquire information about the underlying shock, even if private agents
only cared about having accurate inflation forecasts. Additionally, in this model the fore-
casting problem of private agents involves more than accurately forecasting inflation since
bond prices depend on real factors through the stochastic discount factor as well as the price
level. In so far as the real discount factor is affected by the underlying state, agents will
have an incentive to collect information about it, regardless of the behavior of inflation.

Ultimately, the informational content of the term structure is an empirical question. The
model presented here provides a coherent framework within which any information about
the state of the economy that is contained in the term structure can be quantified in a
general equilibrium setting. The model explicitly takes into account that the central bank
may use the information in the term structure to set policy and therefore influences what
it observes. The model was estimated on US data using Bayesian methods. The empirical
exercise suggests that there is some information in the US term structure that allow the
Federal Reserve to respond to shocks in a timely manner.

Most of the information in the US term structure about the state of the business cycle
could be found in yields with maturities of less than one year. That longer maturity bonds
are uninformative about the state of the economy is a consequence of the fact that the
standard macro models are not very good at explaining movements in long maturity yields
(see for instance Gurkaynak, Sack and Swanson (2005)). If a business cycle model is not very
good at explaining long yields, then movements in long yields will not be very informative
about the current state of the business cycle as defined by the model at hand. There is
reduced form evidence that long maturity yields are correlated with the business cycle, with
perhaps the most famous link being between an inverted yield curve and the onset of a
recession (Harvey (1993)) which suggest that there may be potentially useful information
also in the long end of the term structure. However, the link between long term interest rates
and optimizing behaviour by individual investors are still quite poorly understood. Until a
better understanding of what drives long rates is achieved, we may have to settle for looking
at the short end of the yield curve to find clues about the current state of the business cycle
that we can interpret using structural micro founded models.
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APPENDIX A. THE MODEL

The model can be put in compact form

|: X17t+1 :| =A |: Xl’t :| + Blt + C€t

Ei X1 Xoy
. Y T - . !
X = [ataytflaﬂ-tflugt?gt7Zt717AZt;Vt]
!
X2,t = [?JtﬂTt]
_ a Yy _m v/
& = [gtagtv‘gtaet]‘

where the coefficient matrices A, B and C' are given by
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APPENDIX B. THE LIKELIHOOD FUNCTION

Form a state space system of the AR(1) process of the state X,

Yt = Myt—l + N€t (67)
EV{V, = S, (69)

where Z, is the vector of variables that are observable and ¥, is the covariance matrix of
the measurement errors given by

R Ugy 0 O
Yw=1| 0 o2 0 (70)
0O 0 O
Construct the innovation series {ut}tho from the innovation representation
)?t-‘rl = ﬁ“‘Mj(\Vt + M[?Ut (71)
Z\t = D)?t + Ut (72)
by rearranging to
Ut = Zt — DXt (73)
where K is the Kalman gain matrix
K = PD'(DPD +3%,)™" (74)
P = M(P-PD(DPD +%,,) '\DP)M' + NLN'. (75)

The log likelihood £(Z | ©) of observing the data Z for a given set of parameters © can
then be computed as

T
L(Z1®) = =5 [pn(27) + In [Qf + Q] (76)
t=0
where R R
Q= MPM' +3%,,. (77)

The posterior mode O is then given by

~

O = argmax | £(0) + L(Z | ©) (78)



20 KRISTOFFER NIMARK

where £(0) denotes the log of the prior likelihood of the parameters ©. The posterior mode
was found using Bill Goffe’s simulated annealing minimizer (available at http://cook.rfe.org/
). The posterior standard deviations were calculated using Gary Koop’s Random Walk
Metropolis-Hastings distribution simulator (available at http://www.wiley.co.uk /koopbayesian/

).
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Table 1
Prior and estimated posteriors of structural parameters

Prior mode Prior s.e.  Distribution Posterior s.e.
Y 2 0.32 normal 1.82 0.22
%) 3 1 normal 0.03 0.18
n 1 0.22 normal 1.19 0.08
0 0.75 0.05 beta 0.81 0.04
w 0.3 0.05 beta 0.37 0.03
5} 0.99 0.03 beta 0.98 0.02
p 0.5 0.15 beta 0.86 0.11
Ay 0.5 0.22 normal 0.52 0.09
i 0.5 0.22 normal 0.53 0.13
T4 - - uniform (0,00) 2.04x1072 1.2x107*
oy - - uniform (0,00)  2.79x107% 1.1x107°
Or - - uniform (0,00) 1.66x107% 4.5x107°
Ovyeh - - uniform (0,0,,) 9.64x1073 4.2x1078
Tymeb - - uniform (0,0,,) 7.69x1076 2.2x107°
Oy - - uniform (0,0,,) 1.69x107°% 3.3x107°
Tor - - uniform (0,0,,;) 1.24x107% 1.4x107°
Oyo - - uniform (0,0,y) 7.15x107% 5.6x107°
Oy4 - - uniform (0,0,y4) 1.02x1073 1.1x107°
Py2 - - uniform (0,1) 0.74 0.05
Pya - - uniform (0,1) 0.83 0.05
L(0) 3.8
L(Z|0) 2272.9
L©O | Z) 2276.7
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Table 2 Variance Decomposition
(2.5%-97.5% probability intervals)

e el er v e v v

in 0.79 0.12 0.01 0.07 0 0.01 0
(0.69—0.84)  (0.08—0.20) (0—0.04) (0.04—0.08)  (0—0)  (0.01—0.02) (0—-0)

e 0.63 0.05 0.01 0.30 0 0.01 0
(0.54—0.71)  (0.01-0.12) (0—0.04) (0.15—0.38) (0-0) (0—-0.02) (0—0)

1y 0.17 0.51 0.05 0.11 0 0.17 0
(0.09-0.24)  (0.41-0.54) (0—0.12) (0.05—0.17) (0—0.04) (0.13—0.21) (0-0)

E 0.15 0.38 0.03 0.06 0 0.39 0
(0.07-0.23)  (0.31-0.43) (0—0.06) (0.03—0.09) (0—0.01) (0.30—0.48) (0-0)
,54 0.03 0.07 0 0.01 0 0.01 0.87

(0.02—0.07)  (0.05—0.11) (0—0.02) (0.01—0.02) (0—0) (0.01-0.02)  (0.79—0.89)
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