Testing Long-Run Neutrality

Robert G. King and Mark W. Watson

changes in nominal variables have no effect on real economic vari-

ables in the long run. The simplest “long-run neutrality” proposition
specifies that a permanent change in the money stock has no long-run con-
sequences for the level of rea output. Other classical hypotheses specify that
a permanent change in the rate of inflation has no long-run effect on unem-
ployment (a vertical long-run Phillips curve) or real interest rates (the long-run
Fisher relation). In this article we provide an econometric framework for study-
ing these classical propositions and use the framework to investigate their
relevance for the postwar U.S. experience.

Testing these propositions is a subtle matter. For example, Lucas (1972)
and Sargent (1971) provide examples in which it is impossible to test long-run
neutrality using reduced-form econometric methods. Their examples feature
rational expectations together with short-run nonneutrality and exogenous vari-
ablesthat follow stationary processes so that the data generated by these models
do not contain the sustained changes necessary to directly test long-run neu-
trality. In the context of these models, Lucas and Sargent argued that it was
necessary to construct fully articulated behavioral models to test the neutrality
propositions. McCallum (1984) extended these arguments and showed that low-
frequency band spectral estimators calculated from reduced-form models were
also subject to the Lucas-Sargent critique. While these arguments stand on
firm logical ground, empirical analysis following the Lucas-Sargent prescrip-
tions has not yet yielded convincing evidence on the neutrality propositions.
This undoubtedly reflects a lack of consensus among macroeconomists on the
appropriate behavioral model to use for the investigation.

K ey classical macroeconomic hypotheses specify that permanent
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The specific critique offered by Lucas and Sargent depends critically on
stationarity. In models in which nominal variables follow integrated variables
processes, long-run neutrality can be defined and tested without complete
knowledge of the behavioral model. Sargent (1971) makes this point clearly
in his paper, and it is discussed in detail in Fisher and Seater (1993).! Buit,
even when variables are integrated, long-run neutrality cannot be tested us-
ing a reduced-form model. Instead, what is required is the model’s “fina
form,” showing the dynamic response of the variables to underlying structural
disturbances.?

Standard results from the econometric analysis of simultaneous equations
show that the final form of a structural model is not econometrically identi-
fied, in general, because a set of a priori restrictions are necessary to identify
the structural disturbances. Our objective in this article is to summarize the
reduced-form information in the postwar U.S. data and relate it to the long-run
neutrality propositions under alternative identifying restrictions. We do this by
systematically investigating a wide range of a priori restrictions and asking
which restrictions lead to rejections of long-run neutrality and which do not.
For example, in our framework the estimated value of the long-run elasticity
of output with respect to money depends critically on what is assumed about
one of three other elasticities: (i) the impact elasticity of output with respect
to money, (ii) the impact elasticity of money with respect to output, or (iii)
the long-run elasticity of money with respect to output. We present neutrality
test results for a wide range of values for these elasticities, using graphical
methods.

Our procedure stands in stark contrast to the traditional method of explor-
ing asmall number of alternative identifying restrictions, and it has consequent
costs and benefits. The key benefit is the extent of the information conveyed:
researchers with strong views about plausible values of key parameters can
learn about the result of a neutrality test appropriate for their beliefs; other
researchers can learn about what range of parameter values result in partic-
ular conclusions about neutrality. The key cost is that the methods that we
use are only practical in small models, and we demonstrate them here using

L Also see Geweke (1986), Stock and Watson (1988), King, Plosser, Stock, and Watson
(1991), and Gali (1992).

2 Throughout this article we use the traditional jargon of dynamic linear simultaneous equa-
tions. By “structural model” we mean a simultaneous equations model in which each endogenous
variable is expressed as a function of the other endogenous variables, exogenous variables, lags of
the variables, and disturbances that have structural interpretation. By “reduced-form model” we
mean a set of regression equations in which each endogenous variable is expressed as a function
of lagged dependent variables and exogenous variables. By “final-form model” we mean a set of
equations in which the endogenous variables are expressed as a function of current and lagged
values of shocks and exogenous variables in the model. For the standard textbook discussion of
these terms, see Goldberger (1964), chapter 7.
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bivariate models. This raises important questions about effects of potential
omitted variables, and we discuss this issue below in the context of specific
empirical models.

We organize our discussion as follows. In Section 1 below, we begin with
the theoretical problem of testing for neutrality in economies that are consi stent
with the Lucas-Sargent conclusions. Our goal is to show the restrictions that
long-run neutrality impose on the final-form model, and how these restrictions
are related to the degree of integration of the variables. In Section 2, we discuss
issues of econometric identification. Section 3 contains an empirical investiga-
tion of (i) the long-run neutrality of money, (ii) the long-run superneutrality of
money, and (iii) the long-run Fisher relation. Even with an unlimited amount of
data, the identification problems discussed above make it impossible to carry
out a definitive test of the long-run propositions. Instead, we investigate the
plausibility of the propositions across awide range of observationally equivalent
models. In Section 4 we investigate the long-run relation between inflation and
the unemployment rate, i.e., the slope of the long-run Phillips curve. Here, the
identification problem is more subtle than in the other examples. As we show,
the estimated long-run relationship depends in an important way on whether the
Phillips curve slopeis calculated from a“ supply” equation, asin Sargent (1976)
for example, or from a*price” eguation, asin Solow (1969) or Gordon (1970).

Previewing our empirical results, we find unambiguous evidence supporting
the neutrality of money but more qualified support for the other propositions.
Over awide range of identifying assumptions, we find thereis little evidence in
the data against the hypothesis that money is neutral in the long run. Thus the
finding that money is neutral in the long run is robust to a wide range of identi-
fying assumptions. Conclusions about the other long-run neutrality propositions
are not as unambiguous: these propositions are rejected for a range of identify-
ing restrictions that we find arguably reasonable, but they are not rejected for
others. Yet many general conclusions are robust. For example, the regjections
of the long-run Fisher effect suggest that a one percentage point permanent
increase in inflation leads to a smaller than one percentage point increase in
nominal interest rates. Moreover, a wide range of identifying restrictions leads
to very small estimates of the long-run effect of inflation on unemployment.
On the other hand, the sign and magnitude of the estimated long-run effect
of money growth on the level of output depends criticaly on the specific
identifying restriction employed.

1. THE ROLE OF UNIT ROOTSIN TESTS FOR
LONG-RUN NEUTRALITY

Early empirical researchers investigated long-run neutrality by examining the
coefficients in the distributed lag:

Yt = Sajm_j + error = a(L)m; + error, (1)
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where y is logarithm of output, m is logarithm of the money supply, a(L) =
YU, and L is the lag operator.® If my is increased by one unit permanently,
then (1) impliesthat y; will eventually increase by the sum of the o; coefficients.
Hence, investigating the long-run multiplier, a(1) = X, appears to be a rea-
sonable procedure for investigating long-run neutrality. However, Lucas (1972)
and Sargent (1971) demonstrated that in models with short-run nonneutrality
and rational expectations, this approach can be very misguided.

The Lucas-Sargent critique can be exposited as follows. Consider a model
consisting of an aggregate supply schedule (2a); a monetary equilibrium con-
dition (2b); and a money supply rule (2c):

Yt = 0(pt — Et—1p1), (29)
pr = m — Oy, and (2b)
m = pme_1 + €', (20)

wherey; is the logarithm of output; p; is the logarithm of the price level; E;_1p;
is the expectation of p; formed at t — 1, my is the logarithm of the money stock,
and " is a mean-zero serially independent shock to money. The solution for
output is

Yo = m(m — Eiogmy) = (M — pmy—1) = 7(1 — pL)my = a(L)m,  (3)

with 7 = 0/(1 + 60) and a(L) = ap + a1l = w(1 — pL).

As in Lucas (1973), the model is constructed so that only surprises in the
money stock are nonneutral and these have temporary rea effects. Permanent
changes in money have no long-run effect on output. However, the reduced-
form equation y; = «(L)m suggests that a one-unit permanent increase in
money will increase output by ap+ a1 = a(1) = w(1— p). Moreover, as noted
by McCallum (1984), the reduced form aso implies that there is a long-run
correlation between money and output, as measured by the spectral density
matrix of the variables at frequency zero.

On this basis, Lucas (1972), Sargent (1971), and McCallum (1984) argue
that a valid test of long-run neutrality can only be conducted by determining
the structure of monetary policy (p) and its interaction with the short-run re-
sponse to monetary shocks (), which depends on the behavioral relations in
the model (6 and 6). While this is easy enough to determine in this simple
setting, it is much more difficult in richer dynamic models or in models with
a more sophisticated specification of monetary policy.

3 See Sargent (1971) for references to these early empirical analyses.
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However, if p = 1, there is a straightforward test of the long-run neutrality
proposition in this simple model. Adding and subtracting pm, from the right-
hand side of (3) yields

Yi = TpAmy + 7(1 — p)my 3)

so that with p = 1 there is a zero effect of the level of money under the
neutrality restriction. Hence, one can simply examine whether the coefficient
on the level of money is zero when my isincluded in a bivariate regression that
aso involves Am as a regressor.

With permanent variations in the money stock, the reduced form of this
simple model has two key properties. (i) the coefficient on m; corresponds to
the experiment of permanently changing the level of the money stock; and
(i) the coefficient on Am captures the short-run nonneutrality of monetary
shocks. Equivaently, with p = 1, the neutrality hypothesis implies that in
the specification y; = Yojm_j, the neutrality restriction is (1) = 0, where
a(1) = Xaj is the sum of the distributed lag coefficients.

While the model in (2a) — (2¢) is useful for expositing the Lucas-Sargent
critique, it isfar too simple to be used in empirical anaysis. Standard macroeco-
nomic models include several other important features: shocks other than ;" are
incorporated to capture other sources of fluctuations; the simple specification of
an exogenous money supply in (2c¢) is discarded in favor of a specification that
allows the money supply to respond to the endogenous variables in the model;
and finally, the dynamics of the model are generalized through the incorporation
of sticky prices, costs of adjusting output, information lags, etc. In these more
general settings, it is still the case that long-run neutrality can sometimes be
determined by examining the model’s final form.

To see this, consider a macroeconomic model that is linear in both the
observed variables and the structural shocks. Then, if the growth rates of both
output and money are stationary, the model’s final form can be written as

Ayt = piy + Oyn (L)l + Oym(L)el and (4a)

Amy = pum + emn(l—)d? + Orom(L)€", (4b)

where ¢ is vector of shocks, other than money, that affect output; Omm(L)el =
Eemm,je{‘lj, and the other terms are similarly defined. Rich dynamics are in-
corporated in the model via the lag polynomials 6y, (L), ym(L), 0m,(L), and
Orm(L). These fina-form lag polynomias will be functions of the model’s
behavioral parametersin a way that depends on the specifics of the model, but
the particular functional relation need not concern us here.

The long-run neutrality tests that we conduct all involve the answer to the
following question: does an unexpected and exogenous permanent change in
the level of mlead to a permanent change in the level of y? If the answer is no,
then we say that mis long-run neutral towardsy. In equations (4a) and (4b), ¢"
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are exogenous unexpected changes in money. The permanent effect of " on
future values of mis given by X6ym e = Omm(1)el". Similarly, the permanent
effect of ¢ on future values of y is given by X6ym je™ = Oym(1)ef". Thus, the
long-run elasticity of output with respect to permanent exogenous changes in
money is

Yym = 9ym(1)/ Orm(2). )

Within this context, we say that the model exhibits long-run neutrality when
wm = 0. That is, the model exhibits long-run neutrality when the exogenous
shocks that permanently alter money, ¢, have no permanent effect on output.

In an earlier version of this article (King and Watson 1992) and in King and
Watson (1994), we explored the relationship between the restriction yym = 0
and the traditional notion of long-run neutrality using a dynamic linear rational
expectations model with sluggish short-run price adjustment. We required that
the model display theoretical neutrality, in that its real variables were invariant
to proportionate changes in al nomina variables. We showed that this long-
run neutrality requirement implied long-run neutrality in the sense investigated
here. That is, unexpected permanent changes in m; had no effect on y;. Further,
like the simple example presented in equations (2) and (3) above, the model
also implied that long-run neutrality could be tested within a system like (4)
if (and only if) the money stock is integrated of order one. Findly, in the
theoretical model, long-run neutrality implied that vym = O.

In the context of equations (4a) — (4b), the long-run neutrality restriction
mwm = 0 can only be investigated when money is integrated. If the money
process does not contain a unit root, then there are no permanent changes in
the level of m and 6ym(1) = 0. In this case, yym in (5) is undefined, and the
model’s fina form says nothing about long-run neutrality. This is the point
of the Lucas-Sargent critique. The intuition underlying this result is simple:
long-run neutrality asks whether a permanent change in money will lead to a
permanent change in output. If permanent changesin money did not occur in the
historical data (that is, money is stationary), then these data are uninformative
about long-run neutrality. On the other hand, when the exogenous changes in
money permanently ater the level of m, then (1) # 0, money has a unit
root, ~yym is well defined in (5), and the question of long-run neutrality can be
answered from the final form of the model.

2. ECONOMETRIC ISSUES

In genera, it is not possible to use data to determine the parameters of the
final-form equations (4a) — (4b). Econometric identification problems must first
be solved. We approach the identification problem in an unusua way. Rather
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than “solve” it by imposing a single set of a priori restrictions, our empirica
strategy is to investigate long-run neutrality for a large set of observationally
equivalent models. Our hope is that this will provide researchers with a clearer
sense of the robustness of any conclusions about long-run neutrality. Before
presenting the empirical results, we review the issues of econometric identifi-
cation that arise in the estimation of sets of equations like (4a) and (4b). This
discussion mativates the set of observationally equivalent models analyzed in
our empirical work.

To begin, assume that (/') is a vector of unobserved mean-zero serially
independent random variables, so that (4a) — (4b) can be interpreted as a vector
moving average model. The standard estimation strategy begins by inverting
the moving average model to form a vector autoregressive model (VAR). The
VAR, which is assumed to be finite order, is then analyzed as a dynamic linear
simultaneous equations model.* We will work within this framework.

Estimation and inference in this framework requires two distinct sets of
assumptions. The first set of assumptions is required to transform the vector
moving average model into a VAR. The second set of assumptions is required
to econometrically identify the parameters of the VAR. These sets of assump-
tions are intimately related: the moving average model can only be inverted if
the VAR includes enough variables to reconstruct the structural shocks. In the
context of (4a) — (4b), if ¢ = (&' isan n x 1 vector, then there must be at
least n variables in the VAR. But, identification of an n-variable VAR requires
n x (n— 1) a priori restrictions, so that the necessary number of identifying
restrictions increases with the square of the number of structural shocks.

In our empirical analysis we will assume that n = 2, so that only bivariate
VARSs are required. To us, this seems the natural starting point, and it has been
employed by many other researchers in the study of the neutrality propositions
discussed below. We also do this for tractability: when n = 2, only 2 identifying
restrictions are necessary. This allows us to investigate thoroughly the set of
observationally equivalent models. The cost of this smplification is that some
of our results may be contaminated by omitted variables bias. We discuss this
possibility more in the context of the empirical results.

To derive the set of observationally equivalent models, let X; = (Ay;,
Am)’, and stack (4a) — (4b) as

Xt = O(L)e, (6)

where e = (e €[")’ is the 2 x 1 vector of structural disturbances. Assume that

4 Standard references are Blanchard and Watson (1986), Bernanke (1986), and Sims (1986).
See Watson (1994) for a survey.
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|©(2)| has al of its zeros outside the unit circle, so that ©(L) can be inverted
to yield the VAR: ®

Oz(L)Xt = €t, (7)
where a(L) = E]PgoajLJ, with o a2 x 2 matrix. Unstacking the Ay; and Am
equations yields

p p
Ay = AymAmy + Z ajywAY—j + Z ajymAMe_j + e and (89)
j=1 j=1

p p
Am = )\myAyt + Z OéjyrnyAyt_j + Z (,Yj,mmAmt—j + 6{“1 (8b)
j=1 j=1
which is written under the assumption that the VAR in (7) is of order p.
Equation (7) or equivaently equations (8a) and (8b) are a set of dynamic
simultaneous equations, and econometric identification can be studied in the
usual way. Writing X, = E(ete;), the reduced form of (7) is

p
Xe=> ®iX_i+ae, C)
i=1
where &; = —ag 'y and & = ag e, The matrices o; and X, are determined
by the set of eguations
aglai=—®,i=1, ..., pand (10)
ag oY = Yo = E(a). (12)

When there are no restrictions on coefficients on lags entering (9), equation
(10) imposes no restrictions on «p; it serves to determine «; as afunction of g
and ;. Equation (11) determines both g and X, as afunction of .. Since X
(a2 x 2 symmetric matrix) has only three unique elements, only three unknown
parameters in ap and Y. can be identified. Equations (8a) and (8b) place 1s
on the diagona of ap, but evidently only three of the remaining parameters
var(e"), var(e'), cov(e", &), Amy and A\ym can be identified. We follow the stan-
dard practice in structural VAR analysis and assume that the structural shocks
are uncorrelated. Since Ay and Aym are allowed to be nonzero, the assumption
places no restriction on the contemporaneous correlation between y and m.
Moreover, nonzero values of Ay, and Aym alow both y and m to respond €™
and ¢" shocks within the period. With the assumption that cov(e[", ) = O,
only one additional identifying restriction is required.

Where might this additional restriction come from? One approach is to
assume that the model is recursive, so that either Ay = 0 or Ay, = 0. Geweke
(1986), Stock and Watson (1988), Rotemberg, Driscoll, and Poterba (1995),
and Fisher and Seater (1993) present tests for neutrality under the assumption

5The unit roots discussion of Section 1 is important here, since the invertability of ©(L)
requires that ©(1) has full rank. This implies that y; and my are both integrated processes, and
(yt, m) are not cointegrated.
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that \ym = 0; Geweke (1986) also presents results under the assumption that
Amy = 0. Alternatively, neutrality might be assumed, and the restriction yym = 0
used to identify the model. This assumption has been used by Gali (1992), by
King, Plosser, Stock, and Watson (1991), by Shapiro and Watson (1988), and
by others to disentangle the structural shocks e and . Finally, an assumption
such as ymy = 1 might be used to identify the model; this assumption is
consistent with long-run price stability under the assumption of stable velocity.

The approach that we take in the empirical section is more eclectic and
potentially more informative. Rather than report results associated with asingle
identifying restriction, we summarize results for awide range of observationally
equivalent estimated models. This alows the reader to gauge the robustness
of conclusions about ~ym and long-run neutrality to specific assumptions about
Aym; Amy, OF 7my. Our method is in the spirit of robustness calculations car-
ried out by sophisticated users of structural VARS such as Sims (1989) and
Blanchard (1989).

3. EVIDENCE ON THE NEUTRALITY PROPOSITIONS
IN THE POSTWAR U.S. ECONOMY

While our discussion has focused on the long-run neutrality of money, we can
test a range of related long-run neutrality propositions by varying the definition
X; in equation (7). Aswe have shown, using X; = (Ay, Am)’, with my assumed
to follow an I(1) process, the model can be used to investigate the neutrality
of money. If the process describing my is I(2) rather than 1(1), then the frame-
work can be used to investigate superneutrality by using X; = (Ay;, A%m)’.%
In economies in which rate of inflation, 7, and the nomina interest rate, R;,
follow integrated processes, then we can study the long-run effect of inflation
on real interest rates by setting X; = (Am, AR)’. Finaly, if both the inflation
rate and the unemployment rate are I(1), then the slope of the long-run Phillips
curve can be investigated using X; = (A, Au).

We investigate these four long-run neutrality hypotheses using postwar
quarterly data for the United States. We use gross nationa product for output;

6 Long-run neutrality cannot be tested in a system in which output is (1) and money is
1(2). Intuitively this follows because neutrality concerns the relationship between shocks to the
level of money and to the level of output. When money is I(2), shocks affect the rate of growth
of money, and there are no shocks to the level of money. To see this formally, write equation

(82) as
ayy (LAY = aym(L)Am + ¢!

= aym(D)AM + (L) AZmy + €,
where agn(L) = (1 — L)~ Haym(L) — aym(1)]. When money is I(1), the neutrality restriction is
oym(1) = 0. But when money is 1(2) and output is I(1), aym(1) = O by construction. (When

aym(1) # O, output is I(2).) For a more detailed discussion of neutrality restrictions with possibly
different orders of integration, see Fisher and Seater (1993).
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money is M2; unemployment is the civilian unemployment rate; price inflation
is calculated from the consumer price index; and the nomina interest rate is
the yield on three-month Treasury bills.”

Since the unit root properties of the data play a key role in the analysis,
Table 1 presents statistics describing these properties of the data. We use two
sets of statistics: (i) augmented Dickey-Fuller (ADF) t-statistics and (ii) 95
percent confidence intervals for the largest autoregressive root. (These were
constructed from the ADF statistics using Stock’s [1991] procedure.)

The ADF satistics indicate that unit roots cannot be rejected at the 5
percent level for any of the series. From this perspective, output (y;), money
(my), money growth (Am), inflation (m¢), unemployment (u;), and nominal
interest rates (R;) al can be taken to possess the nonstationarity necessary for
investigating long-run neutrality using the final form (7). Moreover, a unit root
cannot be rejected for r; = R — 7y, consistent with the hypothesis that R; and
7t are not cointegrated.

However, the confidence intervals are very wide, suggesting alarge amount
of uncertainty about the unit root properties of the data. For example, the real
GNP data are consistent with the hypothesis that the process is 1(1), but aso
are consistent with the hypothesis that the data are trend stationary with an
autoregressive root of 0.89. The money supply data are consistent with the
trend stationary, 1(1) and 1(2) hypotheses. The results in Table 1 suggest that
whileit is reasonable to carry an empirical investigation of the neutrality propo-
sitions predicated on integrated processes, as is usua in models with unit root
identifying restrictions, the results must be interpreted with some caution.

Our empirical investigation centers around the four economic interpreta-
tions of equation (7) discussed above. For each interpretation, we estimate the
model using the following identifying assumptions:

(i) ap has 1s on the diagonal,
(i) X is diagonal,
and, defining X; = (x¢ x?), one of the following:

(iii.8) the impact elasticity x* with respect to x? is known (9., A\ym iS
known in the money-output system),

" Data sources; Output: Citibase series GNP82 (real GNP). Money: The monthly Citibase
M2 series (FM2) was used for 1959-1989; the earlier M1 data were formed by splicing the M2
series reported in Banking and Monetary Statistics, 1941-1970, Board of Governors of the Federal
Reserve System, to the Citibase data in January 1959. Inflation: Log first differences of Citibase
series PUNEW (CPI-U: All Items). Unemployment Rate: Citibase Series LHUR (Unemployment
rate: all workers, 16 years and over [percent, sa]). Interest Rate: Citibase series FYGM3 (yield
on three-month U.S. Treasury bills). Monthly series were averaged to form the quarterly data.
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Table 1 Unit Root Statistics

95 Percent Confidence Intervals for p

Variable ADF 77 ADF Tu Detrended Data Demeaned Data
Yt —253 — (0.89 1.02) —

m —2.40 — (0.90 1.03) —

Ay —2.76 —2.90 (0.86 1.02) (0.84 1.01)
Tt —-3.27 —2.86 (0.81 1.02) (0.84 1.02)
Ut -3.35 —2.34 (0.81 1.01) (0.89 1.02)
R —3.08 —-1.87 (084 1.02) (092 1.02)

r —-3.34 —2.94 (0.82 1.02) (0.85 1.01)

Notes: The regressions used to calculate the ADF statistics included six lagged differences of
the variable. All regressions were carried out over the period 1949:1 to 1990:4 using quarterly
data except those involving u, which began in 1950:1. The variables y;, m; are the logarithms of
output and money multiplied by 400, so that their first differences represent rates of growth at
annual rates; similarly, 7 represents price inflation at an annual rate. The 95 percent confidence
intervals were based on the ADF statistics using the procedure developed in Stock (1991).

(iii.b) the impact elasticity of x? with respect to x* is known (e.g., Amy is
known in the money-output system),

(iii.c) the long-run elasticity of x* with respect to x? is known (e.g., yym iS
known in the money-output system),

(iii.d) the long-run elasticity of x? with respect to x! is known (e.g., Ymy is
known in the money-output system).

The models are estimated using simultaneous equation methods. The de-
tails are provided in the appendix, but the basic strategy is quite simple and
we describe it here using the money-output system. If Aym in (88) were known,
then the equation could be estimated by regressing Ay; — AymAm, onto the
lagged values of the variables in the eguation. However, the money supply
equation (8b) cannot be estimated by ordinary least squares regression since it
contains Ay, which is potentially correlated with the error term. The maximum
likelihood estimator of this equation is constructed by instrumental variables,
using the residual from the estimated output supply equation together with lags
of Am; and Ay; as instruments. The residua is a valid instrument because
of assumption (ii). In the appendix we show how a similar procedure can be
used when assumptions (iii.b) —(iii.d) are maintained. Formulae for the standard
errors of the estimators are also provided in the appendix.

We report results for a wide range of values of the parameters in assump-
tions (iii.a) —(iii.d). All of the models include six lags of the relevant variables.
The sample period is 1949:1-1990:4 for the models that did not include the
unemployment rate; when the unemployment rate was included in the model,
the sample period is 1950:1-1990:4. Data prior to the initial periods were used
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as lags in the regressions. The robustness of the results to choice of lag length
and sample period is discussed below. We now discuss the empirical evidence
on the four long-run neutrality propositions.

Neutrality of Money

Figure 1 plots the estimates of the stochastic trends or permanent components
in output and money. These were computed as the multivariate Beveridge-
Nelson (1981) trends from the estimated bivariate VAR. Also shown in the
graph are the NBER business cycle peak and trough dates. Changes in these
series at a given date represent changes in the long-run forecasts of output
and money associated with the VAR residuals at that date.® A scatterplot of
these residuals, or innovations in the stochastic trends, is shown in Figure 2.
The simple correlation between these innovations is —0.25. Thus, money and
output appear to have a negative long-run correlation, at least over this sample
period. The important question is the direction of causation explaining this
correlation. Simply put, does money cause output or vice versa? This question
cannot be answered without an identifying restriction, and we now present
results for a range of different identifying assumptions.

Since we estimate the final form (7) using literally hundreds of different
identifying assumptions, there is a tremendous amount of information that can
potentially be reported. In Figure 3 we summarize the information on long-
run neutrality. Figure 3 presents the point estimates and 95 percent confidence
intervals for vym for a wide range of values of Ay (panel A), Aym (panel B),
and ymy (panel C). Long-run neutrality is not rejected at the 5 percent level if
~m = 0 is contained in the 95 percent confidence interval. For example, from
panel A, when Ay, = 0, the point estimate for yym is 0.23 and the 95 percent
confidence interval is —0.18 < yym < 0.64. Thus, when Ay = 0, the data
do not reject the long-run neutrality hypothesis. Indeed, as is evident from the
figure, long-run neutrality cannot be rejected at the 5 percent level for any value
of Amy < 1.40. Thus, the interpretation of the evidence on long-run neutrality
depends critically on the assumed value of Aqy.

The precise value of Ay, depends on the money supply process. For ex-
ample, if the centra bank’s reserve position is adjusted to smooth interest
rates, then my will adjust to accommodate shifts in money demand arising from
changesin y;. In this case, Ay corresponds to the short-run elasticity of money
demand, and a reasonable range of valuesis 0.1 < Ay < 0.6. For all values of
Amy in this range, the null hypothesis of long-run neutrality cannot be rejected.

Panel B of Figure 3 shows that long-run neutrality is not rejected for values
of Aym > —4.61. Since traditional monetary models of the business cycle imply

8 Because the VAR residuals sum to zero over the entire sample, the trends are constrained
to equal zero in the fina period. In addition, they are normalized to equal zero in the initial
period. This explains their “Brownian Bridge” behavior.
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Figure1l Stochastic Trends

A. Stochastic Trend in Real Output
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expansion—the results in panel B again suggest that the data are consistent

that \ym > O—output does not decline on impact in response to a monetary
with the long-run neutrality hypothesis.

Finally, the resultsin panel C suggest that the long-run neutrality hypothesis

cannot be rejected for the entire range of values ymy shown in Figure 3. To in-

terpret the results in this figure, recall that v, represents the long-run response
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Figure 2 Innovationsin Stochastic Trends

°
L °
I ° °
2t o % :‘ ° .:.. ° °
E‘- ", ..
5 o | ° o'
ST bo §3 “ oo .
o . .‘
2T .. r ..... L4
I o
4 F
°
-6 1 1 1 1 1
-10 6 2 2 6 10 14

Nominal Money

of my to exogenous permanent shifts in the level of y;. If (M2) velocity is
reasonably stable over long periods, then price stability would require vy = 1.
Consequently, values of ymy < 1 represent long-run deflationary policies and
Ymy > 1 represent long-run inflationary policies. Thus, when vy = 1+ 6, the
long-run level of pricesincrease by ¢ percent when the long-run level of output
increases by 1 percent. In the figure we show that long-run neutrality cannot be
rejected for values of vy as large as 2.5; we have estimated the model using
values of vy as large as 5.7 and found no rejections of the long-run neutrality
hypothesis.

An dternative way to interpret the evidence from panels A —C of Figure
3 is to use long-run neutrality as an identifying restriction and to estimate
the other parameters of the model. From the figure, when ~m = 0, the point
estimates are Amy = 0.22, Aym = —0.59, and 5y = —0.51, and the implied 95
percent confidence intervals are —0.18 < Apy < 0.62, —1.93 < A\ym < 0.74,
and —2.1 < vy < 1.06. By definition, these intervals contain the true values
of Amy, Aym, and vy 95 percent of the time, if long-run neutrality is true. Thus,
if the confidence intervals contain only nonsensical values of these parame-
ters, then this provides evidence against long-run neutrality. We find that the
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Figure 3 Money and Output

A. 95% Confidence Interval for yym as a Function of Ay
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confidence intervals include many reasonable values of the parameters and
conclude that they provide little evidence against the neutrality hypothesis.

Multivariate confidence intervals can also be constructed. Panel D of Figure
3 provides an example. It shows the 95 percent confidence ellipse for (Amy, Aym)
constructed under the assumption of long-run neutrality.® If long-run neutrality
holds, then 95 percent of the time this ellipse will cover the true values of the
pair (Aym, Amy). Thus, if reasonable values for the pair of parameters are not
included in this ellipse, then this provides evidence against long-run neutrality.

Table 2 summarizes selected results for variations in the specification. The
VAR lag length (6 in the results discussed above) is varied between 4 and 8,
and the modél is estimated over various subsamples. Overall, the table suggests
that the results are robust to these changes in the specification.°

These conclusions are predicated on the two-shock model that forms the
basis of the bivariate specification. That is, the analysis is based on the assump-
tion that money and output are driven by only two structural disturbances, here
interpreted as a monetary shock and a real shock. This is clearly wrong, as
there are many sources of real shocks (productivity, oil prices, tax rates, etc.)
and nominal shocks (factors affecting both money supply and money demand).
However, deducing the effects of these omitted variables on the anaysis is
difficult, since what matters is both the relative variability of these different
shocks and their different dynamic effects on y and m. Indeed, as shown in
Blanchard and Quah (1989), a two-shock model will provide approximately
correct answers if the dynamic responses of y and m to shocks with large
relative variances are sufficiently similar.

Superneutrality of Money

Evidence on the superneutrality of money is summarized in Figure 4 and in
paned B of Table 2. Figure 4 is read the same way as Figure 3, except that
now the experiment involves the effects of changes in the rate of growth of

9 This confidence ellipse is computed in the usual way. For example, see Johnston (1984),
p. 190.

10 These results are not robust to certain other changes in the specification. For example,
Rotemberg, Driscoll, and Poterba (1995) report results using monthly data on M2 and U.S. In-
dustrial Production (IP) for a specification that includes a linear time trend, 12 monthly lags, and
is econometrically identified using the restriction that Amy = 0. These authors report an estimate
of yym = 1.57 that is significantly different from zero and thus reject long-run neutrality. Stock
and Watson (1988) report a similar finding using monthly data on IP and M 1. The sample period
and output measure seems to be responsible for the differences between these results and those
reported here. For example, assuming Aym = 0 and using quarterly IP and M2 results in estimated
values of yym of 0.43 (0.31) using data from 1949:1 to 1990:4. (The standard error of the estimate
is shown in parentheses.) As in Table 2, when the sample is split and the model estimated over
the period 1949:1 to 1972:4 and 1973:1 to 1990:4, the resulting estimates are 0.56 (0.37) and
1.32 (0.70). Thus, point estimates of ~ym are larger using IP in place of real GNP, and tend to
increase in the second half of the second period.
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Table 2 Robustness to Sample Period and Lag Length

A. Neutrality of Money

Xy = (Amy, Ay’ .
Estimates of yym when

Sample Lag

Period Length AmyZO AymZO ’ymyzo
1949-1990 6 023 (0.21) 017 (0199 —0.12 (0.19)
19491972 6 015 (0.24) 013 (0.24) 004 (0.27)
1973-1990 6 077 (0.47) 065 (0.37) 002 (0.25)
1949-1990 4 024 (0.17) 020 (015  —004 (0.17)
1949-1990 8 012 (0.19) 007 (0.17)  -018 (0.8)

B. Superneutrality of Money

Xt = (A%my, Ay .
Estimates of vy, Am when

Sample Lag

Period Length Aamy=0 Ay am =0 Yamy =20
1949-1990 6 3.80 (1.74) 312 (1.36) —-0.95 (1.57)
19491972 6 350 (1.66) 3.32 (1.49 1.67 (1.99)
1973-1990 6 4.02 (4.57) 265 (2.62) —-4.11 (114
1949-1990 4 1.81 (0.90) 131 (0.63) —-155 (0.97)
1949-1990 8 3.94 (1.81) 343 (1.53) 0.10 (1.66)

C. Long-Run Fisher Effect

Xt = (Am, ARy )
Estimates of yr, When

Sample Lag

Period Length Ar=0 Arz =0 Yxr =0
1949-1990 6 0.18 (0.09) 0.08 (0.08) 0.34 (0.12)
1949-1972 6 0.04 (0.06) 0.03 (0.05) 0.07 (0.09)
1973-1990 6 0.40 (0.16) 023 (0.18) 053 (0.20)
1949-1990 4 0.15 (0.07) 0.07 (0.06) 0.28 (0.09)
1949-1990 8 0.26 (0.09) 0.14 (0.08) 0.39 (0.13)

D. Long-Run Phillips Curve

Xt = (Amt, AUt)I .
Estimates of yux when

Sample Lag

1950-1990 6 0.03 (0.09) 0.06 (0.09) —-0.17 (0.12)
19501972 6 —0.04 (0.10) —0.03 (0.09) —0.07 (0.14)
1973-1990 6 0.29 (0.35) 051 (0.56) —0.21 (0.16)
1950-1990 4 —0.03 (0.06) —0.00 (0.05) —0.18 (0.07)
1950-1990 8 0.08 (0.09) 0.12 (0.09) —-0.11 (0.10)

Note: Standard errors are shown in parentheses.
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Figure 4 Money Growth and Output

A. 95% Confidence Interval for yy am asa Function of Aym y
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money, so that the parameters are Aamy, Ay,Am, Yamy, and 4y, am. There are two
substantive conclusions to be drawn from the table and figure.

The first conclusion is that it is possible to find evidence against superneu-
trality. For example, superneutrality is rejected at the 5 percent level for al
values of Aamy between —0.25 and 0.08, and for all values of Ay am between
—0.26 and 1.02. On the other hand, the figures suggest that these rejections are
marginal, and the rejections are not robust to al of the lag-length and sample-
period specification changes reported in Table 2. Moreover, a wide range of
(arguably) reasonable identifying restrictions lead to the conclusion that su-
perneutrality cannot be rejected. For example, superneutrality is not rejected
for any value of Aamy in the interval 0.08 to 0.53. Because of the lags in the
model, the impact multiplier Aamy has the same interpretation as Ay in the
discussion of long-run neutrality, and we argued above that the interval (0.08,
0.53) was a reasonable range of values for this parameter. In addition, from
panel C, superneutality cannot be rejected for values of yamy < 0.07. To put
this into perspective, note that yamy measures the long-run elasticity of rate
of growth of money with respect to permanent changes in the level of outpuit.
Thus a value of yamy = O corresponds to a non-accelerationist policy.

The second substantive conclusion is that the identifying assumption has
a large effect on the sign and the magnitude of the estimated value of vy Am.
For example, when Aamy = O the estimated value of vy am is 3.8. Thus, a 1
percent permanent increase in the money growth rate is estimated to increase
the flow of output by 3.8 percent per year in perpetuity. Our sense is that even
those who believe that the Tobin (1965) effect is empirically important do not
believe that it is this large. The estimated value of vy am falls sharply as Aamy
is increased, and 4y, am = 0 when Aamy = 0.30. For values of Aamy > 0.30,
the point estimate of ~y, Am IS Negative, consistent with the predictions of cash-
in-advance models in which sustained inflation is a tax on investment activity
(Stockman 1981) or on labor supply (Aschauer and Greenwood 1983 or Cooley
and Hansen 1989).

The Fisherian Theory of Inflation and Interest Rates

In the Fisherian theory of interest, the interest rate is determined as the sum
of areal component, r;, and an expected inflation component E;m1. A related
long-run neutrality proposition—also suggested by Fisher—is that the level of
the real interest rate is invariant to permanent changes in the rate of inflation.
If inflation is integrated, then this proposition can be investigated using our
framework: when X; = (An, AR;), then permament changes in 7; will have
no effect on real interest rates when g, = 1.

We find mixed evidence against the classical Fisherian link between long-
run components of inflation and nomina interest rates, interpreted here as
vre = 1. For example, from Figure 5, maintaining a positive value of either
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Figure5 Inflation and Nominal Rates

A. 95% Confidence Interval for yg; as a Function of A ;g
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AR OF vrr leads to an estimate of g, that is significantly less than 1. A
mechanical explanation of this finding is that the VAR model implies substan-
tial volatility in trend inflation: the estimated standard deviation of the inflation
trend is much larger (1.25) than that of nominal rates (0.75). Thus, to reconcile
the data with v, = 1, a large negative effect of nominal interest rates on
inflation is required.

However, from panel B of the figure, vr, = 1 cannot be rejected for a
value of Agr, > 0.55. One way to interpret the \g,, parameter is to decompose
the impact effect of = on Rinto an expected inflation effect and an effect on real
rates. If = has no impact effect on rea rates, so that only the expected inflation
effect was present, then Ar; = 0m1/0¢[. For our data, Omiy1/0ef = 0.6
when the modd is estimated using Ar, = 0.6 as an identifying restriction,
suggesting that this is a reasonable estimate of the expected inflation effect.
The magnitude of the rea interest effect is more difficult to determine since
different macreconomic models lead to different conclusions about the effect
of nominal shocks on rea rates. For example, models with liquidity effects
imply that real rates fal (e.g., Lucas [1990], Fuerst [1992], and Christiano
and Eichenbaum [1994]), while the sticky nominal wage and price models in
King (1994) imply that real rates rise. In this regard, the interpretation of the
evidence on the long-run Fisher effect is seen to depend critically on one's
belief about the impact effect of a nominal disturbance on the real interest rate.
If this effect is negative, then there is significant evidence in the data against
this neutrality hypothesis.

The confidence intervals suggest that the evidence against the long-run
Fisher relation is not overwhelming. When g, = 1 is maintained, the im-
plied confidence intervals for the other parameters are wide (—43.7 < A\r <
15.6,0.0 < Mgy < 2.1,—154.8 < ~v,r < 116.4) and contain what are arguably
reasonable values of these parameters. Thisis also evident from the confidence
élipse in panel D of Figure 5.

One interpretation is that these results reflect the conventional finding that
nomina interest rates do not adjust fully to sustained inflation in the postwar
U.S. data. This result obtains for a wide range of identifying assumptions. One
possible explanation is that the failure depends on the particular specification
of the bivariate model that we employ, suggesting the importance of extend-
ing this analysis to multivariate models. Another candidate source of potential
misspecification is cointegration between nominal rates and inflation. This is
discussed in some detail in papers by Evans and Lewis (1993), Mehra (1995),
and Mishkin (1992).11

1 These authors suggest that real rates R; — 7y are 1(0). Evans and Lewis (1993) and
Mishkin (1992) find estimates suggesting that nominal rates do not respond fully to permanent
changes in inflation and attribute this to a small sample bias associated with shifts in the inflation
process. Mehra (1995) finds that permanent changes in interest rates do respond one-for-one with
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4. EVIDENCE ON THE LONG-RUN PHILLIPS CURVE

As discussed in King and Watson (1994), the interpretation of the evidence
on the long-run Phillips curve is more subtle than the other neutrality propo-
sitions.”> Throughout this article we have examined neutrality by examining
the long-run multiplier in equations relating real variables to nominal variables.
This suggests examining the neutrality proposition embodied in the long-run
Phillips curve using the equation

O(uu(L)Ut = Oéuﬂ-(L)ﬂ-[ + 6?. (12)

Of coursg, as in Sargent (1976), equation (12) is one standard way of writing
the Phillips curve.

Figure 6 shows estimates . for a wide range of identifying assumptions.
When the model is estimated using Ay as an identifying assumption, a verti-
cal Phillips curve (yyr = 0) is rejected when A, > 2.3.13 Thus, neutrality is
rejected only if one assumes that positive changes in the unemployment rate
have a large positive impact effect on inflation. From panel B of the figure,
Yur = 0 is rglected for maintained values of Ay, < —0.07. Since Ay, can
be interpreted as the slope of the short-run (impact) Phillips curve, this fig-
ure shows the relationship between maintained assumptions and conclusions
about short-run and long-run neutrality. The data are consistent with the pair
of parameters A\, and v, being close to zero; the data also are consistent
with the hypothesis that these parameters are both less than zero. If short-run
neutrality is maintained (A, = 0), the estimated long-run effect of inflation on
unemployment is very small (j,, = 0.06). If long-run neutrality is maintained
(vur = 0), the estimated short-run effect of inflation on unemployment is very
small (5\u7r = —0.02). This latter result is consistent with the small estimated
real effects of nomina disturbances found by King, Plosser, Stock, and Watson
(1991), Gdli (1992), and Shapiro and Watson (1988), who all used long-run
neutrality as an identifying restriction.

Severa researchers, relying on a variety of specifications and identifying
assumptions, have produced estimates of the short-run Phillips curve slope.
For example, Sargent (1976) estimates A\, using innovations in population,
money, and various fiscal policy variables as instruments. He finds an es
timate of Ay, = —0.07. Estimates of Ay, ranging from —0.07 to —0.18 can

permanent changes in inflation. In contrast to these papers, our results are predicated on the
assumption that 7t and R; are (1) and are not cointegrated over the entire sample. As the results
in Table 1 make clear, both the 1(0) and 1(1) hypotheses are consistent with the data.

12 A greatly expanded version of the analysis in this section is contained in King and Watson
(1994).

13 Recall that the Phillips curve is drawn with inflation on the vertical axis and unemploy-
ment on the horizontal axis. Thus, a vertical long-run Phillips curve corresponds to the restriction
Yur = 0.
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Figure 6 Inflation and Unemployment

A. 95% Confidence Interval for vy, as a Function of A

B. 95% Confidence Interval for vy, as a Function of A
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be extracted from the results in Barro and Rush (1980), who estimated the
unemployment and inflation effects of unanticipated money shocks. Values of
Aur inthisrange lead to arejection of the null ~,,, = 0, but they suggest a very
steep long-run tradeoff. For example, when A\, = —0.10, the corresponding
point estimate of ~,, = —0.20, so that the long-run Phillips curve has a slope
of —5.0(= v;.0).

By contrast, the conventional view in the late 1960s and early 1970s
was that there was a much more favorable tradeoff between inflation and un-
employment. For example, in discussing Gordon’'s famous (1970) test of an
accelerationist Phillips curve model, Solow calculated that there was a one-
for-one long-run tradeoff implied by Gordon’s results. This calculation was
sufficiently conventional that it led to no sharp discussion among the partici-
pants at the Brookings panel. Essentialy the same tradeoff was suggested by
the 1969 Economic Report of the President, which provided a graph of inflation
and unemployment between 1954 and 1968.1

What is responsible for the difference between our estimates and the con-
ventional estimates from the late '60s? Panel D in Table 2 suggests that sample
period cannot be the answer: the full sample results are very similar to the
results obtained using data from 1950 through 1972. Instead, the answer lies
in differences between the identifying assumptions employed. The traditional
Gordon-Solow estimate was obtained from a price equation of the form®

Arr(L)me = apu(L)U; + €. (13)

The estimated slope of the long-run Phillips curve was calculated as v =
aru(D/ar-(1). Thus, in the traditional Gordon-Solow framework, the long-
run Phillips curve was calculated as the long-run multiplier from the inflation
equation. In contrast, our estimate (v;.2) is calculated from the unemployment
equation. The difference is critical, since it means that the two parameters rep-
resent responses to different shocks. Using our notation, the long-run multiplier
from (13) is

_limy o O /et
iMoo OUgy /0€l

Vru

while the inverse of the long-run multiplier from the unemployment equation
(12) is
1 |im|(Hoo aerk/aﬁZT
T im0 QU /0T

14 See McCallum (1989, p. 180) for a replication and discussion of this graph.

15 Equation (13) served as a baseline mode! for estimating the Phillips curve. Careful re-
searchers employed various shift variables in the regression to capture the effects of demographic
shifts on the unemployment rate and the effects of price controls on inflation. For our purposes,
these complications can be ignored.
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Thus, the traditional estimate measures the relative effect of shocks to unem-
ployment, while our estimate corresponds to the relative effect of shocks to
inflation. Figure 7 presents our estimates of ~,.,. Evidently, the Gordon-Solow
value of v, = —1 is consistent with a wide range of identifying restrictions
shown in the figure.

But the question is not whether the long-run multiplier is calculated from
the unemployment equation, ayu(L)u = ayr(L)m + €, or from the inflation
equation, a.(L)m = axu(L)u; + €. By choosing between these two spec-
ifications under a specific identification scheme, one is also choosing a way
of representing the experiment of a higher long-run rate of inflation, presum-
ably originating from a higher long-run rate of monetary expansion. Under the
Gordon-Solow procedure, the idea is that the shock to unemployment—the ¢}’
shock defined by a particular identifying restriction—is the indicator of a shift
in aggregate demand. Its consequences are traced through the inflation equation
since unemployment is the right-hand side variable in that equation. Under the
Lucas-Sargent procedure, the idea is that the shock to inflation—the ¢ shock
defined by a particular identifying restriction—is the indicator of a shift in
aggregate demand.

To interpret the Gordon-Solow estimate of ~.., we must determine the par-
ticular identifying assumption that they used. Their assumption can be deduced
from the way that they estimated ~,, namely from the ordinary least squares
estimators of equation (13). Recall that OLS requires that the variables on the
right-hand side of (13) are uncorrelated with the error term. Since u; appears
on the right-hand side of (13), this will be true only when A\, = 0. Thus, the
particular identifying assumption employed in the Gordon-Solow specification
in Ayr = 0.

What does this identifying assumption mean? When A, = 0, the Gordon-
Solow interpretation implies that autonomous shocks to aggregate demand are
one-step-ahead forecast errors in u. The other shocks in the system can affect
prices on impact but cannot affect unemployment. Thus, in this sense, prices
are flexible, since they can be affected on impact by all shocks, but unemploy-
ment is sticky, since it can be affected on impact only by aggregate demand
shocks. For today’s “new Keynesians' this may appear to be a very unreason-
able identifying restriction (and so must any evidence about the Phillips curve
that follows from it). However, the identifying restriction is consistent with the
traditional Keynesian model of the late 1960s.16

16 \What we have in mind is a block recursive model in which the unemployment rate is
determined in an IS-LM block, and wages and prices are determined in a wage-price block. This
interpretation is further explored in King and Watson (1994).
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Unemployment and Inflation

A. 95% Confidence Interval for vy, as a Function of A
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5. CONCLUDING REMARKS

We have investigated four long-run neutrality propositions using bivariate mod-
els and 40 years of quarterly observations. We conclude that the data contain
little evidence against the long-run neutrality of money and suggest a very
steep long-run Phillips curve. These conclusions are robust to a wide range
of identifying assumptions. Conclusions about the long-run Fisher effect and
the superneutrality of money are not robust to the particular identifying as-
sumption. Over afairly broad range of identifying restrictions, the data suggest
that nominal interest rates do not move one-for-one with permanent shifts in
inflation. The sign and magnitude of the estimated long-run effect of money
growth on the level of output depends critically on the specific identifying
restriction employed.

These conclusions are tempered by four important caveats. First, the results
are predicated on specific assumptions concerning the degree of integration of
the data, and with 40 years of data the degree of integration is necessarily
uncertain. Second, even if the degree of integration were known, only limited
“long-run” information is contained in data that span 40 years. This suggests
that a useful extension of this work is to carry out similar analyses on long
annual series. Third, the analysis has been carried out using bivariate models.
If there are more than two important sources of macroeconomic shocks, then
bivariate models may be subject to significant omitted variable bias. Thus an-
other extension of this work is to expand the set of variables under study to
alow aricher set of structural macroeconomic shocks. The challenge is to do
this in a way that produces results that can be easily interpreted in spite of
the large number of identifying restrictions required. Fourth, we have analyzed
each of these propositions separately and yet there are obvious and important
theoretical connections between them. Future work on multivariate extensions
of this approach may allow for a unified econometric analysis of these long-run
neutrality propositions.



96 Federal Reserve Bank of Richmond Economic Quarterly

APPENDIX

Estimation Methods

Under each alternative identifying restriction, the Gaussian maximum likeli-
hood estimates can be constructed using standard regression and instrumen-
tal variable calculations. When Ay is assumed known, equation (8a) can
be estimated by ordinary least squares by regressing Ay; — AymAm onto
{Ay;_i, Am_;}_,. Equation (8b) cannot be estimated by OLS because Ay,
one of the regressors, is potentially correlated with €. Instrumental variables
must be used. The appropriate instruments are { Ay;_;, Am,_; }_, together with
the residual from the estimated (8a). This residual is avalid instrument because
of the assumption that ¢’ and €™ are uncorrelated. When Ay is assumed known,
rather than Aym, this process was reversed.

When a value for vy is used to identify the model, a similar procedure
can be used. First, rewrite (8b) as

p—1

AM = any(DAY; + SrmAMe1 + D amyA2y |
p—1 =0
3 M+ (A)

j=0

where Gpm = > amm. Equation (A1) replaces the regressors (Ayt, Ay:-1,
vy AVip, Ame_g, ..., Am_p) in (8b) with the equivalent set of regres-
sors (Ayy, Am_g, A%y, A%y_q, ..o, A%y g, APMy, L., APMpya).
In (A1), the long-run multiplier is ymy = am(D/(1 — Bym), SO that
amy(1) = Ymy — BmmYmy- Making this substitution, (A1) can be written as

p—1
AN — Yy AVt = Brm(AMC_1 — Yy AV + Y aimy A%y
p-1 =0
+ ) rmAZme + € (A2)
j=0
Equation (A2) can be estimated by instrumental variables by regressing
Ay — Yy Ay; ONto (AMy_1 — ymyAyr, A%y, A%yi_q, ..., A%y_py1, AZmy_y,
. Azm_p+1) using {Ayt_i,Amt_i}ip:l as instruments. (Instruments are
required because of the potential correlation between Ay; and the error term.)
Equation (8a) can now be estimated by instrumental variables using the residual
from the estimated (A2) together with {Ayt_i,Am[_i}ip:l. When a value for
~ym is used to identify the model, this process was reversed.
Two complications arise in the calculation of standard errors for the es-
timated models. The first is that the long-run multipliers, vym and vy, are
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nonlinear functions of the regression coefficients. Their standard errors are
calculated from standard formula derived from delta method arguments. The
second complication arises because one of the equations is estimated using in-
struments that are residuals from another equation. This introduces the kind of
“generated regressor” problems discussed in Pagan (1984). To see the problem
in our context, notice that all of the models under consideration can be written
as

i =61+ el (A3)

2 =x¢ 6 + €. (A4)

Where, for example, when \qy is assumed known, yi = Amy — AmyAyi, X
represents the set of regressors {Ay;_i, Am_i}I_,,y? = Ay, and X2 repre-
sents the set of regressors [Amy, {Ayi_j, Am_;}I_,]. Alternatively, when 7y,
is assumed known, yf = Am — ymyAyi, Xt represents the set of regressors
[AM_ 1 —ymyAyy, A2y, {A%y i, A2m_}P7]], 2 = Ay, and x? represents the
set of regressors [Am, {Ay_i, Am_i}P_].

Equations (A3) and (A4) alow us to discuss estimation of al the models
in a unified way. First, (A3) is estimated using z = {Ay;_j, Am_;}l_, asin-
struments. Next, equation (A4) is estimated using Oy = (€}, Z) as instruments,
where ¢ is the estimated residuals from (A3). If ¢ rather than & is used
as an instrument, standard errors could be calculated using standard formu-
lae. However, when &, an estimate of ¢!, is used, a potential problem arises.
This problem will only effect the estimates in (A4) since ¢! is not used as an
instrument in (A3).

To explain the problem, some additional notation will prove helpful. Stack
the observations for each equation so that the model can be written as

Y1 = X101+ €1 (AD)

Yo = Xo62 + €2, (A6)

where Y1 is T x 1, etc. Denote the matrix of instruments for thg first equa
tion by Z, the matrix of instruments for the second equation by U = [é1 Z],
and let U = [61 Z]. Since @1 = €1 — X1(61 — (51),U =U - [X]_(é]_ — 51) 0].

Let Vi = 02 plim [T(Z'%X1)~1(Z’2)(X}Z)] denote the asymptotic covariance
matrix of TY2(6; — 61).
Now write,
TY2(8, — 62) = (T~ 20" %)~ H(T Y20/ ) = (T~20" %)~ H(T¥2U'er)
—(T720"%) 7 TV2(81 — 62) (T~ X4e2) | (A7)
0

It is straightforward to verify that plim T-*0’0 = plim T~'U'U and that
T~1U'X, = plim T~1U’X,. Thus, the first term on the right-hand side of (A7)
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is standard: it is asymptotically equivalent to the expression for TY2(5, — 6,)
that would obtain if U rather than U were used as instruments. This expression
converges in distribution to a random variable distributed as N(O, 032 plim
[T(U’Xz)*l(lAJ’lAJ)(X’ZU)*l]), which is the usual expression for the asymptotic
distribution of the IV estimator.

Potential problems arise because of the second term on the right-hand side
of (A7). Since T”Z(Sl — 61) converges in distribution, the second term can
only be disregarded asymptotically when plim T—1X{e, = 0, that is, when the
regressors in (A3) are uncorrelated with the error termsin (A4). In our context,
this will occur when Ay and A\ym are assumed known, since in this case X
contains only lagged variables. However, when vy or ~ym are assumed known,
x will contain the contemporaneous value of Ay; or Am, and thus x¢ and €?
will be correlated. In this case the covariance matrix of 52 must be modified
to account for the second term on the right-hand side of (A7).

The necessary modification is as follows. Standard calculations show that
TY2(8;,—67) and T-Y2U’e, are asymptotically independent under the maintained
assumption that E(ez|e1) = O; thus, the two terms on the right-hand side of (A7)
are asymptotically uncorrelated. A straightforward calculation demonstrates that
TY2 (32 — 62) converges to a random variable with a N(0, V2) distribution where

V2 = o2, plim [T(0"%)~H(0'0)0) 71 + plim [T(0"%) DU,

where D is a matrix with all elements equal to zero, except that Dy =
(5X1) TVa(Xqe2), and where TVy = 02 (Z'X1)~H(Z'2)(X;2)~ . Similarly, it is
straightforward to show that the asymptotic covariance between T”Z(Sl — 61)
and TY2(8, — 65) = —plim[Va(T~1X}ez) O][T-1X50].

An aternative to this approach is the GMM-estimator in Hausman, Newey,
and Taylor (1987). This approach considers the estimation problem as a GMM
problem with moment conditions E(zef) = 0,E(ze?) = 0, and E(efe?) = 0.
The GMM approach is more general than the one we have employed, and
when the errors terms are non-normal and the model is over-identified, it may
produce more efficient estimates.
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