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1 Introduction

In Ellingsen and Soderstrém (2001) we developed a simple theory of how the mone-
tary policy actions of an optimizing central bank affect the term structure of interest
rates. The model rationalizes shifts in the yield curve as changes in economic fun-
damentals (inflation or output), and it rationalizes rotations in the yield curve as
changes in the preferences of the monetary policymakers. According to the theory,
observed monetary policy interventions affect the yield curve inasmuch as market
participants draw inferences about fundamentals or about the policy maker’s pref-
erences from the intervention.

An econometric test reported in Ellingsen and Séderstrém (2003) offers support
for the model’s main qualitative predictions: after policy innovations interpreted
by market participants as being due to economic fundamentals, long rates move in
the same direction as short rates, while after innovations interpreted as being due
to shifts in the policymaker’s preferences, long and short rates move in opposite
directions. However, due to the theoretical model’s small number of parameters it
cannot quantitatively match the yield curve movements that we observe. In the
current paper we therefore generalize the model by allowing more parameters to
differ from zero. At the same time, we make the model more precise by using
estimated parameters that reflect the postwar U.S. experience. The properties of
the quantitative model are compared with actual yield curve movements, with an
emphasis on the response of long rates to changes in the short-term interest rate.!

When there is full information, so private agents can observe shocks and central
bank preferences, long-term interest rates in our macro model hardly respond at all
to innovations in monetary policy, while empirical studies suggest that the response
is substantial. Thus, observed interest rates seem to be excessively sensitive to
monetary policy innovations. However, when we introduce private information, so
private agents cannot observe either the state of the economy or the inflation target
of the central bank, long rates in our model respond strongly to monetary policy
moves and the yield curve response depends on the information content of the policy
innovation, as in our simple theoretical model. Furthermore, the magnitudes of the
yield curve response are similar to those found in the data.

The excess sensitivity puzzle has recently been thoroughly studied by Giirkaynak

L Although we here focus primarily on the response of the yield curve to observed changes in
the central bank’s interest rate, our analysis bears equally on yield curve movements on days when
there are no policy changes. On these days movements are driven by expectations of the central
bank’s future reaction to the observed economic developments.



et al. (2003), who focus on the response of forward interest rates to both macroeco-
nomic announcements and monetary policy innovations. Their model can account
for the observed negative response of long-term forward rates to monetary policy
innovations by allowing for central bank private information about the inflation tar-
get. However, they are not able to explain the strong positive response of long-term
yields to monetary policy found in most empirical studies nor the time-varying re-
sponse of long rates to monetary policy. In contrast, our model is able to account
for the large and time-varying response of long rates to monetary policy by allow-
ing also for central bank private information about the state of the economy, as in
Romer and Romer (2000).

Our paper is organized as follows. We begin in Section 2 by illustrating the
excess sensitivity puzzle. In Section 3 we briefly summarize the existing theoret-
ical and empirical literature on the effects of central bank private information on
the relationship between monetary policy and the yield curve. Section 4 presents
our main results, and Section 5 provides a sensitivity analysis with respect to key

parameters in the model. Section 6 concludes.

2 Monetary policy and the yield curve: Empirical estimates

and predictions from a macro model

As an illustration of the relationship between monetary policy and the yield curve,
Figure 1 shows the estimated daily response of market interest rates in the U.S. (up
to 10 years’ maturity) to unexpected changes in the Federal Reserve’s policy rate,
measured as the daily change in the three-month T-bill rate.? The figure shows the
estimated slope coefficients b, (with two standard-error confidence intervals) from

the regression
A = a, + b, Ai™ + 0l (1)

where Ai? is the change in the n-maturity interest rate on day ¢ and Az™ is the
corresponding change in the three-month rate. This regression is estimated over
all days when the Federal Reserve’s target for the federal funds rate was changed
from October 1988 to December 2001. During this period, there is a clear positive

relationship between interest rates of all maturities and the three-month rate: a one

2We use the change in the three-month rate to measure policy innovations rather than expecta-
tions derived from the federal funds futures market as these are strongly influenced by the timing of
policy moves. For similar reasons, Rigobon and Sack (2002) use the rate on three-month eurodollar
futures contracts.



percentage point increase in the three-month rate is on average associated with an
increase in the 5-year rate of 51 basis points and in the 10-year rate of 29 basis
points.?

This strong response of long-term interest rates to monetary policy innovations
is typically difficult to replicate using standard macro models (see also Giirkaynak
et al., 2003). Throughout this paper we will evaluate the yield curve response to
monetary policy using the quantitative New-Keynesian model estimated by Rude-
busch (2002) on quarterly U.S. data, extended with a term structure relationship to
determine the yield curve. Inflation (m;) and the output gap (y;) are thus assumed

to follow*

4
T = PnBe1Tees + (1 — pr) Z Qi Ty—j + Qulp—1 + €y, (2)
j=1
2
e = By + (1= py) Z ByiYi—i — B lie—1 — Epo1Tqs] + . (3)
j=1

Here, m; = 400 (log P, — log P,_1) is the annualized quarterly rate of inflation; 7, =
1/4 Z?:o m—; is the average four-quarter inflation rate; ; is the quarterly (annual-
ized) interest rate; y; is the output gap (the percentage deviation of real GDP from
“potential”); and the supply and demand shocks €, and 7, are i.i.d. with mean zero
and constant standard deviation o, o,,.
To close the model, we assume that the central bank chooses a path for the short-
term interest rate i; to minimize (under discretion) a standard objective function:
Iﬁi{l Var [7; — 7/ + AVar [y;] + vVar [Ai,], (4)
¢

where 7} is a time-varying target for inflation, which follows

T =P+ G ()

where 0 < p < 1 and ¢; is an i.i.d. disturbance with standard deviation o,. The
central bank thus acts to minimize the weighted variances of inflation, the output

gap, and the change in the interest rate. Finally, long-term interest rates are assumed

3Similar estimates have been found for other time periods and for other countries, and using
other techniques. For example, for U.S. data, Evans and Marshall (1998, 2002) use identified
VARs, Rigobon and Sack (2002) use a heteroskedasticity-based estimator, and Kuttner (2001)
uses policy surprises calculated from prices of federal funds futures contracts. For other countries,
see Battellino et al. (1997) for Australia; Buttiglione et al. (1997) for Italy; and Lindberg et al.
(1997) for Sweden.

4While the main specification of Rudebusch (2002) allows for forward-looking behavior only in
the determination of inflation, we also introduce forward-looking behavior in the output equation.



Table 1: Parameter values

Inflation Output gap Monetary policy
L 0.29 Ly 0.22 A {0.1,0.5,1.0 }
Qlr1 0.67 By 1.15 v {0.1,0.5 }
Qlro —-0.14 By2 —0.27 p 0.95
OUr3 0.40 o 0.09
Oty 0.07 oy 0.833
Qy 0.13
O- 1.012

Note: Inflation and output parameters estimated by Rudebusch (2002) on quarterly U.S. data,
1968Q3-1996Q4, except for p, which is estimated by Fuhrer and Rudebusch (2002) on quarterly
U.S. data, 1966Q1-2000Q4.

to be determined by the expectations hypothesis. Thus, the interest rate on a

discount bond of maturity n is given by
1 n—1
iy = - > Brivys + &7, (6)
s=0

where &' is the term premium at time ¢ for maturity n, assumed to be independent
of monetary policy and the supply and demand shocks.

To parameterize the model we take the values of the a and (3 parameters, p,, and
the standard deviations for the shocks o., o, estimated by Rudebusch (2002). For
fty, Fuhrer and Rudebusch (2002) obtain a range of estimates from 0 to 0.45, and
we choose an intermediate value of 0.22. We use three values for the preference for
output stabilization, A € {0.1,0.5,1.0}, and two values for the preference for interest
rate smoothing, v € {0.1,0.5}. The inflation target is assumed to be very persistent
around its long-run level, with p = 0.95. Table 1 summarizes these parameter values.
Section 5 below provides a sensitivity analysis with respect to the free parameters
in the model; A, v, and p.

To see how market interest rates are affected by monetary policy in this model,
Figure 2 shows the response of the policy rate i; over time and the contempora-
neous response of the yield curve to an unexpected one percentage point increase
in the policy rate, after which policy is expected to follow the optimal rule.® It

is immediately clear that the yield curve response in Figure 2 does not match the

5This interest rate disturbance is not part of the model, since the interest rate is assumed to
be set optimally. Nevertheless, an artificial interest rate shock can be constructed by assuming
that the interest rate is unexpectedly raised by one percentage point for one period, and that the
system follows the reduced form afterwards. See Appendix B for details.



estimated response in Figure 1 for any values of the preference parameters \ or v.%

In the model, short-term rates respond strongly to the policy innovation, but as
monetary policy is expected to return to a neutral stance relatively quickly (with
some undershooting), interest rates above three years’ maturity hardly respond at
all. While the estimated response of the three-year rate in Figure 1 is around 60
basis points (with a confidence interval from 40 to 80 basis points), the response in
the model is below two basis points. Thus, the estimated response coefficients in
Figure 1 seem unlikely to be due only to market participants revising the expected
path of the short rate after unexpected changes in the policy stance that are not

related to any other changes in the economy or in central bank behavior.

3 Monetary policy with private information: Theory and

empirical evidence

Romer and Romer (2000) offer one potential explanation for the strong positive
response of long-term rates to policy innovations: if the Fed possesses private infor-
mation about the development of inflation, unexpected changes in the policy rate
reveal information about the future path of inflation. As the Fed unexpectedly
tightens policy, inflation expectations are revised upwards, leading to a stronger re-
sponse of long rates than under symmetric information. Romer and Romer (2000)
also find empirical evidence that the Federal Reserve has private information about
the future path of inflation: Federal Reserve inflation forecasts are vastly superior
to those of private forecasters.”

At the same time, it is well known that the average response shown in Figure 1
hides the fact that on many occasions long-term interest rates actually fall in re-
sponse to an unexpected policy tightening. Noting that monetary policy in a typical
macro model is a linear function of observed inflation and output where the coeffi-
cients are related to the central bank’s preferences, Ellingsen and Séderstrom (2001)
suggest that innovations in the central bank interest rate can reveal information of
two types: information about the development of the economy and information
about the preferences of the central bank.

Using a very simple macro model due to Svensson (1997), Ellingsen and Séderstrém

6Similar results are obtained if using a Taylor-rule specification for monetary policy.

"This finding is supported by evidence reported by Peek et al. (1999, 2003) that the Fed’s
access to confidential bank supervisory data can be used to improve on inflation forecasts. On the
other hand, Faust et al. (2002) do not find support for the hypothesis that the Fed has private
information about either inflation or GDP.



(2001) find that the yield curve response to monetary policy innovations depends
crucially on the interpretation of bond market participants of the reasons behind
the policy move. If the policy move is interpreted to reveal information about the
state of the economy (“endogenous policy”), interest rates of all maturities move
in the same direction as the policy interest rate. If, on the other hand, bond mar-
ket participants view the policy move as driven by changes in the central bank’s
preferences (“exogenous policy”), long and short rates move in opposite directions.

The intuition behind these results is straightforward. When supply or demand
shocks cannot be directly observed, any unanticipated increase in the central bank’s
policy rate is interpreted as a response to an unobserved inflationary shock. As the
central bank is expected to counteract this inflationary impulse by tightening policy
for some time, interest rates of all maturities increase as market participants update
their expectations of the future path of the short rate. If, on the other hand, shocks
are observable, but central bank preferences or objectives are not, an unanticipated
tightening of policy is interpreted as a shift to a more inflation averse policy. Such
a shift will imply a period of tighter policy than previously expected, but a quicker
return to a neutral stance. Thus, short-term rates will increase in response to the
policy innovation, while longer rates fall.

In Ellingsen and Soderstrom (2003) we test these theoretical predictions by clas-
sifying policy moves in the U.S. as endogenous or exogenous using reports in the
Wall Street Journal. The results are illustrated in Figure 3. Panel (a) reiterates the
results from Figure 1, showing the estimated response of the yield curve to changes
in the three-month T-bill rate (our measure of policy innovations) on all days when
the Federal Reserve’s target for the federal funds rate was changed from October
1988 to December 2001.% Panels (b) and (c¢) show the estimated coefficients from the
two subsamples: policy events classified as endogenous and exogenous, respectively.
After endogenous policy innovations in panel (b), interest rates of all maturities are
positively related to the short rate, and all coefficients up to 10 years’ maturity are
significant at the 1%-level. After exogenous innovations in panel (c¢), the response
of short rates is still significantly positive, while that of interest rates of 5 years’
maturity and longer is negative, although typically not significant.’

However, there is likely to be some new information about the economy released

also on the days classified as exogenous. Therefore, Ellingsen and Séderstrém (2003)

8The estimation results in panel (a) are not reported in Ellingsen and Soderstrom (2003);
detailed results are available upon request.

9The response of the 10-year rate is significant at the 10%-level and that of the 30-year rate
(not shown in the figure) is significant at the 5%-level.



adjust the estimates from exogenous policy days to identify the truly exogenous
component. These adjusted estimates are shown in panel (d) of Figure 3. Now all
interest rates of 5 years” maturity and longer are negatively related to the short rate,
and the coefficients are significant at the 5%-level.

These empirical results thus give strong support for our theoretical predictions:
after policy moves classified as endogenous, interest rates of all maturities tend to
move in the same direction, but after moves classified as exogenous, long and short
rates move in opposite directions.!® Furthermore, as emphasized by Romer and
Romer (2000), central bank private information may also lead to a stronger yield
curve response to monetary policy moves than under symmetric information, as
these moves reveal information about economic fundamentals. The next section in-
vestigates whether introducing private information in the quantitative macro model
will enable us to explain the large and time-varying response of the yield curve to

monetary policy.

4 Private information and monetary policy in the macro

model

When the central bank is seen to possess private information, market participants
will try to infer this information from the observed policy moves. We therefore begin
by considering the response of monetary policy and the yield curve to observable
shocks to inflation, the output gap and the central bank preferences. We then
analyze the response of the yield curve to monetary policy when these shocks are
unobservable.

While in Ellingsen and Séderstrom (2001) we model private information about
the central bank’s preferences in terms of the weight on output stabilization, X\, we
here primarily focus on an alternative model where the preference parameters are
known (and constant), but the inflation target 7 is unobservable to private agents.!!

While the two versions of the model give similar qualitative results, their quantitative

0Peersman (2002) conducts an alternative test of our theory, identifying changes in monetary
policy preferences as well as changes in economic conditions using a structural VAR estimated on
monthly German data. Comparing the yield curve movement following a shock to policy preferences
to yield curve movements following other economic shocks, his analysis unambiguously supports
the theory. In particular, 3-month and 10-year interest rates move in opposite directions following
a shock to policy preferences.

HGiirkaynak et al. (2003) develop a similar idea, but instead assume that the inflation target
follows

T =i+ 0 (T — mg) + Gy



predictions differ in some dimensions, and we discuss the alternative scenario when
A is unobservable in Section 4.4. Throughout we will use three different values for
the weight on output stabilization (A € {0.1,0.5,1.0}) and a small weight on interest
rate smoothing (v = 0.1).

4.1 The interest rate response to observable shocks

Figure 4 shows the policy response over time to the three shocks in the model: a
positive supply shock (to inflation), a positive demand shock (to output), and a
negative shock to the inflation target. After both supply and demand shocks, the
central bank responds by tightening monetary policy to stabilize inflation and the
output gap and then gradually returning to a neutral policy stance. Intuitively,
a larger weight on output stabilization (a larger \) leads to a smaller (but more
persistent) response to supply shocks and a larger (and less persistent) response to
demand shocks.!?

A negative shock to the inflation target leads to a brief period of tight policy,
as inflation is brought down to the new lower target level. Eventually, the lower
inflation target leads to a lower short-term nominal interest rate, and a long period
of interest rates below the initial level before the inflation target slowly reverts back
to its long-run level (normalized to zero). A larger weight on output stabilization
leads to smaller movements in the short-term interest rate as inflation is reduced
more gradually.

Figure 5 shows the implied contemporaneous response of the yield curve to the
three shocks, when these shocks are observable to private agents. Because supply
and demand shocks lead to a long period of higher short rates, yields of all ma-
turities increase in response to such shocks. Note, however, that the yield curve
response often does not decline monotonically with maturity. In some cases the
policy response is hump-shaped with a maximum effect after two to four quarters,
making one-year yields respond more strongly than the short rate. This is due to
the weight on interest rate smoothing: without interest rate smoothing (v = 0),

the maximum effect on policy is instantaneous, but also implausibly large (three to

and private agents’ estimate of the inflation target follows
7?('2< = ﬁt—l —+ 9 (7_1'15,1 — 7?('2‘_1) — R (Zt — ’Zt) ,

where « is the Kalman gain on deviations of the interest rate from agents’ expectations based on
their prior estimate of 7} .

12This is in contrast to the simple model used in Ellingsen and Séderstrém (2001), where the
response to both supply and demand shock is decreasing in .



eight percentage points).

After a shock to the inflation target, on the other hand, short rates increase, but
long rates fall, as the lower inflation target eventually leads to a lower level of the
short rate. Thus, when all shocks are observable, different shocks will have different
impact on the yield curve. While supply and demand shocks move all interest rates
in the same direction, shocks to the inflation target move long and short rates in

opposite directions.

4.2 Private information: The yield curve response to monetary policy

Under full information monetary policy and the yield curve respond to the same
underlying shocks, and the yield curve does not respond to monetary policy actions
per se. When the central bank has private information about these shocks, on the
other hand, changes in monetary policy will reveal information about the underly-
ing shocks. Therefore the yield curve will respond to any unexpected changes in
monetary policy as market participants revise their expectations about the future
path of policy.

To make things simple, we will assume that the central bank possesses private
information only about one shock at a time, while the other shocks are observable
to all agents. Because market participants know which shock the central bank
is responding to, but not its size, it is straightforward to infer the realization of
the unobservable shock from the change in the short rate. While this is a strong
simplifying assumption, our study of newspaper reports after policy changes in the
U.S. suggests that market participants often have a clear idea about the underlying
reasons behind policy moves.

Figure 6 shows how the yield curve responds to unexpected changes in monetary
policy that are due to the three shocks in the model, when these shocks are unob-
servable.!? In panels (a) and (b), when an unexpected change in policy is due to
supply or demand shocks, interest rates of all maturities increase as market partic-
ipants revise their expectations about future policy. In these cases, an unexpected
policy tightening is interpreted as the response to an inflationary shock, which will
lead to a period of higher interest rates than usual. These yield curve responses
to monetary policy innovations are also considerably larger than under symmetric
information, as shown in Figure 2.

Panel (¢) of Figure 6 shows the yield curve response to an unexpected change in

13The Figure shows how interest rates of each maturity respond to a one unit increase in the
short rate, i.e., di}"/dit, where di; and di}* are taken from Figure 5.



monetary policy that is due to a change in the central bank’s unobservable inflation
target. Now short-term interest rates move in the same direction as the policy
rate, but long-term interest rates move in the opposite direction. A positive policy
surprise thus leads to higher short rates but lower long rates, as market participants
expect the central bank to lower the short rate in the long run (see Figure 4c).
Furthermore, long rates fall substantially after an unexpected policy tightening: a
one percentage point innovation in policy leads to a decrease in the 10-year rate by
20-25 basis points.!*

Thus, the main results derived in Ellingsen and Séderstrom (2001) continue
to hold in this more richly parameterized model, estimated on U.S. data: After
endogenous policy innovations (due to supply or demand shocks) all interest rates
move in the same direction, while after exogenous innovations (due to shifts in the

inflation target), long and short rates move in opposite directions.

4.3 Quantitative results

To see how the yield curve response in the model compares with the empirical
evidence, Figure 7 shows the yield curve response in the model from Figure 6 (with
A = 1.0) along with the estimated responses in panels (b)—(c¢) of Figure 3. After
supply shocks and shocks to the inflation target in panels (a) and (¢) of Figure 7,
the model responses are very similar to the estimated responses for all maturities.
The response of the 10-year rate is around 0.3 after supply shocks and —0.25 after
inflation target shocks. After demand shocks, however, there is some evidence of
excess sensitivity, in particular for medium-term rates where the model response is
significantly lower than the estimated response. For the 10-year rate, the estimated
coefficient is 0.33, while the model response is closer to 0.1, although this is still
within the 95% confidence intervals around the estimated response. The combined
impression from Figure 7, nevertheless, is that our model with central bank private
information is very successful in matching the estimated response of the yield curve

to monetary policy.

4.4 Unobservable central bank preferences

Although we have chosen to focus on the case where the central bank preference

parameters are known to the public but the inflation target is not, for many coun-

14 Although the quantitative response of long rates depends on the persistence of the inflation
target, assumed here to be p = 0.95, Section 5 shows that the response is negative also for very
small values of p.
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tries the opposite situation seems to be more relevant. Many central banks have
announced their preferred target level for inflation, while the relative weights on
inflation and output stabilization remain unobservable. Thus, in this section we
briefly discuss the case of a known and constant inflation target, but an unobserv-
able preference for output stabilization, A. (We continue to assume that the weight
on interest smoothing is observable and constant at v = 0.1.)

In this case, the public observes the shocks hitting the economy, and if the central
bank responds differently than expected, this is interpreted as a change in the central
bank preferences. (Note that in order for preference changes to have any effect on
interest rates, the economy must be away from steady state.) This inferred shift
in the central bank preferences leads to a revision of the expected path of future
interest rates, and thus the yield curve moves. Using the interest rate response to
supply and demand shocks under different values of A shown in Figure 5, we can
calculate how the yield curve responds to such unanticipated changes in monetary
policy.

Panels (a) and (b) of Figure 8 show the contemporaneous yield curve response to
supply and demand shocks for different values of A, taken from Figure 5. Panels (¢)
and (d) show how the yield curve responds to unexpected movements in the short
rate due to a change in \ after supply and demand shocks.!® For instance, when
market participants have observed a supply shock, but the central bank responds by
raising the interest rate more aggressively than expected, market participants infer
that A has decreased, and short rates increase while long rates fall (see Panel (a)).
Panel (¢) shows how this response translates into a relationship between the yield
curve and the short-term policy rate.

Qualitatively, after a supply shock the relationship between the yield curve and
the policy rate is similar to that after an unobserved inflation target shock in Fig-
ure 6¢, but now the effects are much larger. Because a given change in A has a rather
small effect on the short-term policy rate, but a relatively large effect on longer rates,
the response of long rates to the short rate is very large for most maturities.

However, after a demand shock the pattern is different. Because a more inflation
averse central bank (with a lower \) responds less aggressively to demand shocks

both in the short and long run (but not in the medium run, see Figure 4b), interest

15The graphs show how the interest rate for each maturity changes in response to a one unit
change in the short-term interest rate when the central bank changes its A, e.g.,

(dif|a=0.5 — diy'|x=0.1) / (dit|a=0.5 — dit|r=0.1),

where di; and dif’ are taken from Figure 5.
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rates of all maturities in Panel (b) of Figure 8 repond less. Thus a move to a more
inflation averse central bank would make short and long rates move in the same
direction (but medium-term rates would move in the opposite direction), with a

smaller effect on longer maturities.

5 Sensitivity analysis

Most of the parameters in our model are taken from the empirical estimates by
Rudebusch (2002) and Fuhrer and Rudebusch (2002). In addition to these, there
are three free parameters which have proven difficult to estimate precisely: the
weights on output stabilization (A) and interest rate smoothing (v) in the central
bank’s objective function and the degree of persistence of the inflation target (p).
This section will show how sensitive our results are to changes in these parameters.

Figures 9 and 10 show the yield curve response to monetary policy after un-
observable supply or demand shocks, respectively, for different values of A and v.
(This response does not depend on the persistence in the inflation target.) The
responses are similar for all parameter values, except for the case when there is no
interest rate smoothing in panel (a). As mentioned above, when there is no interest
rate smoothing the yield curve response decreases monotonically with maturity, and
there is a smaller effect on long-term interest rates. However, this case also leads to
very high volatility in the short-term interest rate, which is contrary to the empirical
evidence.!6

Allowing for more interest rate smoothing leads to a larger hump-shaped response
of the yield curve, and the response of medium-term yields is typically larger than
the empirical estimates in Figure 3. However, the response of long-term interest
rates is often close to the empirical estimates, regardless of the value of A or v. In
particular, the yield curve response to endogenous policy changes is positive for all
maturities.

Figure 11 shows how the response to exogenous policy moves varies with the
weight on interest rate smoothing (v) and the persistence in the inflation target
(p). (Changes in the weight on output stabilization, A, have virtually no effect on
these responses, so we set A = 1.0.) Again, the case with v = 0 leads to very small
responses for medium- and long-term interest rates, while the responses for v > 0

are qualitatively very similar: short rates are always respond in the same direction

16Estimates of central bank objective functions typically obtain a large degree of interest rate
smoothing; see, e.g., Dennis (2001) or Séderstrom et al. (2003).
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as the policy innovation while long rates always respond in the opposite direction.
Larger values of v leads to larger responses for all maturities: short rates increase
more and long rates decrease more.

When the inflation target is not very persistent (so p is small), long rates hardly
respond at all to the policy innovation (for any value of v), as long-term inflation
expectations do not change much. To match the estimated response in Figure 3,
we therefore need a fairly persistent inflation target, with p > 0.8. However, also
with very little persistence in the inflation target, the response of the long-term
yields fall inside the estimated confidence bands. Finally, in the extreme case when
the inflation target follows a random walk (so p = 1), and shocks to the inflation
target are permanent, long-term interest rates respond very strongly to the policy
innovation.

This analysis shows that our results concerning the response of long-term interest
rates to monetary policy innovations (both endogenous and exogenous) are not very
sensitive to the free parameters in the model: after endogenous innovations long
rates increase, and after exogenous innovations long rates fall, and the responses are
(almost) always inside the estimated confidence intervals in Figure 3. For medium-
term interest rates, the response depends strongly on the degree of interest rate
smoothing: without interest rate smoothing, medium-term rates do not respond as
strongly as in the data, and with a large degree of interest rate smoothing, medium-

term rates respond more strongly than in the data.

6 Final remarks

Few would deny that monetary policy has a major impact on the bond market. To
our knowledge, this is nonetheless the first paper linking a quantitative model of
an optimizing central bank to observed variations in the term structure of interest
rates.

It has often been noted that the response of long-term interest rates to monetary
policy innovations differs from occasion to occasion: sometimes long rates move in
the same direction as the policy innovation, sometimes they move in the opposite
direction. Most models of monetary policy cannot account for this puzzling behavior
of long-term interest rates. In our previous work, we have shown that such a behavior
is easily explained in a model where the central bank has private information about
economic shocks and its own preferences or targets.

The analysis in this paper has confirmed this behavior in a quantitative model
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of the U.S. economy. More importantly, we here show that the model’s responses
are closely in line with empirical estimates of the yield curve response to monetary
policy. Furthermore, this result is not very sensitive to the free parameters in our
model. Thus, our findings suggest that central bank private information causes the

strong impact of monetary policy on long-term interest rates.
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A Model appendix

A.1 The state-space representation
To write this model on state-space form, lead (2) and (3) one period:

Tyl = %Et [Te41 + Tt + Tt + Tipd] (A1)

+ (1 — por) [Tt + Qo1 + QrsTi—2 + QraTi—3] + QY + €441,
Yerr = MyEeyea + (1 — ) [y + Byaye]

. 1
— 0B [’lt - ZEt (M1 + Tgo + Tops + Tea) | + et (A2)

Then solve for the forward-looking variables E;m; 14 and E;y;,2 and take expectations

as of period t:

%Etﬂtﬂ = ( - %) Eimii — %Etﬂwﬂ - %Eﬂtﬁ (A3)
— (1 = i) o1 Tt + QupaTio1 + QupgTi_o + QraTi_s] — s,
B,
HyEiyio + ZEtWt+4 =B — (1 — py) [Bave + Byoyi—1]
) 1
+05, [’lt — ZEt (41 + Mg + Tey3) | (A4)

and reintroduce the disturbances via the predetermined variables
M1 = B + €4, (A5)
Y1 = By + e (A6)

Define an (ny x 1) vector of predetermined state variables (n; = 8) as

. %3/
Tt = {7Tt77rt7177Tt7277Tt737ytaytflathlaﬂt} ) (A7)

an (ny x 1) vector of forward-looking jump variables (ny = 4) as

Tor = {Eimiy3, Eemiyo, Eemya, EtytJrl},’ (A8)

and an (ny x 1) vector of shocks to the predetermined variables as

/
Vit = {5taogx1anta0,2xlvct} . (Ag)
We then can write the model on its state-space representation as

T1t+1 T1¢

AO = A1 + Blit + Ut+1, (AlO)

Et$2t+1 Lot
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where

Vit+1
Ut41 = , (A11)
0n2><1
and where the coeflicient matrices are
In1><n1 On1><n2
Ur/4 0 0 0
Ag = o 10 0 [, (A12)
0n2><n1
01 0
/4 0 0 py |
[0 0 0 0 0 0 0 0 0 0 1 0
1 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1
o 0 0 0 0 1 0 0 0 0 0 0 0
! 0 0 0 0 0 0 00 0 0 0o 0
0 0 0 0 0 0 0 p 0 0 0 0
Gy —Opy —Gms —Gpa —0y 0 0 0 —pp/4 —pp/4 1—p/4 0
0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0
L 0 0 0 0 *5@/1 75)@/2 0 0 767“/4 767"/4 *67“/4 1
’
Bl = { ngl 1 21><1 ﬁT } ’ (A14)

where d; = (1 = ir) ainj; By = (1 — py) Byy; and the shock vector vy, has covariance

matrix X, which is a diagonal matrix with diagonal {ag, 0341, ag, 0ox1, ag} with all
off-diagonal elements being zero.

To obtain the usual state-space form, premultiply (A10) by A;' to get

T1t+1 L1t

=A

+ B'Lt + Ut-i-l) (A15)

Et9€2t+1 Lo

where A = A;'A; and B = Ay'B,.\7

17Note that this means that we must have M,y > 0, and also that Ao_lvt+1 = vy since Ag is
block diagonal with an identity matrix as its upper left block and the lower block of vy is zero.
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To write the central bank’s objective function (4), it is convenient to define an

(n, x 1) vector of target variables (n, = 3) as
2 = {7 — 7, g, A} (A16)
which can be constructed by
2z = Cray + Chiy, (A17)
where
1/4 1/4 1/4 1/4 0 0 0 -1 0 0 0 O

C;:=| 0 0 O 0O 10 0 0 0O0O0O], (A18)
O 0 O 0 00 -1 0 0000

/
Ci=]0 o0 1]. (A19)
A.2 Optimal policy rules
The central bank’s period loss function in (4) can then be written as

L = (=) + M\ + v (Ady)°
= 2Kz, (A20)

where K is a matrix of preference parameters with diagonal {1, A\, v}. Using (A17),

the loss function is

Lt = Z;/KZt
Cl Tt
= . i * K Cx Cz
0] [ G wle e
= 1,Qu, + Uiy + i,U'xy + i, Riy, (A21)
where
2 = { = } , (A22)
Lot
and where
Q = C.KC, (A23)
U = C.LKC; (A24)
R = CIKC;. (A25)
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Thus the central bank’s control problem is given by the conventional Bellman equa-

tion
J(z¢) = min {z,Qx; + Uiy + i,U'x + i, Riy + 0B J (2441) } (A26)

subject to the transition equation (A15), and optimal policy rules etc. can be
calculated using standard methods (see Soderlind, 1999, for an overview).
The optimal policy under discretion is a rule for the interest rate as a linear

function of the predetermined variables:
Z.t = Fdl'lty (A27)
resulting in the reduced form

T = Mgz + Vi, (A28)
Lot = Ndxlt- (A29)

B Responses to an interest rate shock

In order to model a monetary policy shock, i.e., a one-time shock to the interest
rate, suppose the central bank changes the interest rate at time ¢ = 0 by di;, and
from then on follows its optimal policy rule i; = Fxy; for all ¢ > 0. How does the
economy respond to such a shock?

Note first that the predetermined variables in x1; do not respond to a change in
1, so dxy; = 0. The forward-looking variables in x5, on the other hand, respond
immediately. But the response of xo; depends on the response of E;xq; 1. Partition
A and B conformably with x1; and zo;. Then the response of E;z9:41 is, using (A29)
and (A15),

dByro1 = NdE@14
= N [Alldxlt -+ Alzdl'zt —+ Bld’lt] . (Bl)

From (A15) we also get
dEtIL'QH_l = Agldl‘lt + Aggdl’gt + Bgdit. (BQ)
Combining these expressions and using dx; = 0 we get

dl’zt = [AQQ — NAlg]il [NBl — BQ] d’Lt (B3)
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The variables in ;.1 then respond by

drip1 = Avedry + Bidi,
= {Alg [AQQ — NAlg]il [NBl — BQ] + Bl} dit,

and from then on the system follows (A28) and (A29).
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Figure 1: Estimated yield curve response to a monetary policy innovation
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Note: The figure shows the estimated response of the yield curve to changes in the 3-month T-bill
rate on all dates when the federal funds rate target was adjusted from October 1988 to December
2001. The dotted lines are two standard-error confidence intervals.
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Figure 2: Policy and yield curve response to policy innovation

(a) Policy response, v = 0.1 (b) Contemporaneous yield curve response, v = 0.1
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Note: Panels (a) and (¢) show the response of the short-term interest rate (the monetary policy
instrument) to a one percentage point unexpected increase in the short rate, after which policy
is expected to follow the optimal rule under discretion. (See Appendix B for details.) Panels (b)
and (d) show the implied contemporaneous response of the yield curve.
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Figure 3: Estimated yield curve response to monetary policy innovations

(a) All policy events (b) Endogenous policy events
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Note: Panel (a) shows the estimated response of the yield curve to changes in the 3-month T-bill
rate on all dates when the federal funds rate target was adjusted from October 1988 to December
2001. Panels (b)—(d) show the estimated response on dates classified as exogenous and endoge-
nous (see Ellingsen and Séderstrom, 2003, for details). The dotted lines are two standard-error
confidence intervals.
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Figure 4: Policy response to shocks

(a) Supply shock (b) Demand shock
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(c) Inflation target shock
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Note: Panels (a) and (b) show the response over time of the short-term interest rate (the monetary
policy instrument) to positive one percentage point shocks to inflation (e;) and output (7;). Panel
(¢) shows the response of the short-term interest rate to a negative one percentage point shock to
the inflation target (¢;).
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Figure 5: Contemporaneous yield curve response to shocks

(a) Supply shock (b) Demand shock
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Note: Panels (a) and (b) show the contemporaneous response of the yield curve to positive one
percentage point shocks to inflation () and output (7). Panel (¢) shows the contemporaneous
response of the yield curve to a negative one percentage point shock to the inflation target (¢;).
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Figure 6: Yield curve response to endogenous and exogenous policy

(a) Endogenous policy (supply shock) (b) Endogenous policy (demand shock)
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Note: Panels (a) and (b) show the contemporaneous response of the yield curve to an unexpected
one percentage point increase in the short-term interest rate, interpreted as a response to an
unobserved shock to inflation or output. Panel (¢) shows the contemporaneous response of the yield
curve to an unexpected one percentage point increase in the short-term interest rate, interpreted
as an unobserved decrease in the central bank’s inflation target.
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Figure 7: Estimated and model yield curve response

(a) Endogenous events and supply shock (b) Endogenous events and demand shock
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Note: The figure shows the estimated yield curve response to endogenous and exogenous policy
events (the solid lines) from Figure 3, panels (b) and (¢), along with the yield curve response in the
model (the dashed lines) from Figure 6 (with A = 1.0). The dotted lines are two standard-error
confidence intervals around the estimated response.
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Figure 8: Yield curve response to exogenous shifts in the central bank preference
for output stabilization

(a) Yield curve response to supply shock (b) Yield curve response to demand shock
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Note: Panels (a) and (b) show the contemporaneous response of the yield curve to positive one
percentage point shocks to inflation (g;) and output (1), taken from Figure 5, panels (a) and (b).
Panels (¢) and (d) show the implied contemporaneous response of the yield curve to an unexpected
one percentage point increase in the short-term interest rate, interpreted as a change in the central
bank’s weight on output stabilization () after shocks to inflation and output.
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Figure 9: Yield curve response to endogenous policy (supply shock) for different A
and v
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Note: The figure shows the contemporaneous response of the yield curve to an unexpected one
percentage point increase in the short-term interest rate, interpreted as a response to an unobserved
shock to inflation, for different central bank preferences for output stability (A) and interest rate
smoothing (v).
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Figure 10: Yield curve response to endogenous policy (demand shock) for different
A and v
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Note: The figure shows the contemporaneous response of the yield curve to an unexpected one
percentage point increase in the short-term interest rate, interpreted as a response to an unobserved
shock to output, for different central bank preferences for output stability (A\) and interest rate

smoothing (v).
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Figure 11: Yield curve response to exogenous policy for different v and p
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Note: The figure shows the contemporaneous response of the yield curve to an unexpected one
percentage point increase in the short-term interest rate, interpreted as a response to an unobserved
shock to the inflation target, for different central bank preferences for interest rate smoothing (v)
and persistence in the inflation target (p). The preference for output stabilization is set to A = 1.0.
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