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THE PRICE PUZZLE AND VAR
IDENTIFICATION

ARTURO ESTRELLA
Rensselaer Polytechnic Institute

In structural VARSs, unexpected monetary tightening often leads to the price puzzle, a
counterintuitive increase in inflation in the impulse response function. The identification
of impulse responses requires at least a minimal set of structural assumptions, and models
exhibiting the price puzzle typically use standard assumptions focusing mainly on
relationships among contemporaneous disturbances. This note uses a well-established
stylized fact, the long lags of monetary policy, to motivate a simple additional identifying
assumption. The assumption eliminates a single term in one equation of the reduced form,
and with it the price puzzle.
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1. INTRODUCTION

More than twenty-five years after the recognition of the price puzzle by Sims
(1986), the current literature still contains many examples of papers that find the
puzzle in empirical vector autoregression (VARs) and sometimes propose new
solutions. Specifically, the puzzle is that unexpected monetary tightening leads to
an increase in inflation in the model, instead of a decline as intuition, theory, and
empirical evidence would suggest.

Virtually all of the existing proposals for dealing with the price puzzle introduce
additional variables into the VAR to mitigate the empirical magnitude of the coun-
terintuitive effects. This article takes the opposite approach of making the model
simpler by incorporating a single theoretically motivated exclusion constraint.

The present approach is based on the well-documented tenet that there are
substantial lags between monetary policy actions and their observable effects on
real economic activity and, particularly, on inflation. Structural VAR identification
usually focuses on contemporaneous or long-term restrictions. In contrast, we
look here to the monetary lags literature for a simple dynamic restriction. When
a standard empirical VAR is reestimated to reflect this one constraint, the price
puzzle disappears.
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2. THE PRICE PUZZLE AND SOME PROPOSED SOLUTIONS

We begin with an illustrative structural VAR that exhibits the price puzzle when
estimated using U.S. data. The VAR contains three variables: inflation, real GDP
growth, and the nominal short-term interest rate. These series are calculated here,
respectively, as annualized quarterly log changes in the chain-weighted price index
P, and real GDP Y, and as the quarterly average of the federal funds rate.

Let X, = (7;, y;, 1)’ be the vector of endogenous variables in the VAR, where
m, = 4001log(P;/P;—1) and y, = 4001log(Y,/Y,—1). The VAR includes four quar-
terly lags of each of the variables and may be represented as

4
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where b is a constant vector and the B; are 3 x 3 matrices of unrestricted constant
coefficients. The model is estimated using quarterly U.S. data from Q3 1955 (start
of fed funds data) to Q2 2013. Impulse responses are first derived by identifying the
shock structure using Choleski factorization of the variance of u«,, with a standard
ordering as listed in X;,.

Figure 1 presents impulse responses for the model over 20 quarters, derived
by Monte Carlo methods as suggested by Sims and Zha (1999). The solid line is
the median of the simulated distribution and the dashed lines represent 0.68 error
bands. With one exception, the results in all the panels seem intuitively plausible.
For instance, we see along the diagonal panels that inflation and funds rate shocks
are very persistent, but that output shocks are much less so. The response of
inflation to output is positive, as in a short-run Phillips curve relationship, and the
short-term response of output to a positive shock in the funds rate is negative, as
generally expected. The responses of the interest rate to both output and inflation
shocks are positive, consistent with a policy rule interpretation.

The only exceptional case in Figure 1 is the positive response of inflation to
the funds rate: in other words, the price puzzle. This response remains positive
for several quarters and is statistically significant after one quarter even at a .95
confidence level. This empirical example provides a clear illustration of the prize
puzzle, which is also found in larger VARs and in estimates using data for other
time periods.

Various types of solutions to the puzzle have been put forth over the years.
Sims (1992) conjectures that central banks have internal information about infla-
tion expectations that is not captured in the simple VAR structure and proposes
including a measure of commodity price increases in the VAR as a proxy for
unobserved inflation expectations. Other researchers have followed this lead and
include various measures of commodity prices in structural VARs—for instance,
Kim (1999), Kim and Roubini (2000), Barth and Ramey (2001), Hanson (2004),
and Sims and Zha (2006).
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FIGURE 1. Impulse responses with full VAR lag structure. Model (1) is estimated with U.S. data from 1955 Q3 to 2013 Q2. Impulse responses are
given by the solid lines. Dotted lines represent 0.68 error bands as suggested by Sims and Zha (1999).
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Other authors have added a number of other variables to the VAR in search of
the missing link that would absorb the counterintuitive correlations. These include
Giordani (2004), Bernanke et al. (2005), Francis and Owyang (2005), Kozicki and
Tinsley (2005), Lagana and Mountford (2005), and Herrera and Pesavento (2009).
Bierens (2000) extracts common nonlinear trends from the variables, Scholl and
Uhlig (2008) constrain the questionable impulse responses to be negative, and
Krusec (2010) proposes long-run restrictions as a solution. Finally, other recent
explanations invoke the cost channel, as for example in Rabanal (2007), Henzel
et al. (2009), and Castelnuovo (2012); deep habits, as in Ravn et al. (2010);
nonlinearities, as in Bachmeier et al. (2007); and asymmetric information, as in
Tas (2011). The common thread in all of these approaches is that the solution is
more complex than the original model.

3. THE LONG LAGS OF MONETARY POLICY

The basic modeling goal of this article is to find a minimal identification structure
for a VAR that does not exhibit the price puzzle. In a seminal set of articles,
Friedman (1958, 1960, 1961) argued that the lags between monetary policy actions
and their influence on prices and economic activity are “long and variable.” The
lag between policy and inflation is seen to be anywhere from a few quarters to
several years. Friedman’s results have been confirmed empirically by Bernanke
and Gertler (1995) and Batini and Nelson (2001) using more recent data and
methodologies.

On the theoretical side, Svensson (1997) proposed a model that exhibits mon-
etary policy lags consistent with observed facts. A version of that model is com-
posed of three equations representing aggregate supply, aggregate demand, and
the monetary policy rule:

T = a1m— + axy—1 + &, 2)
Yt =b1yf—1 + by (r—1 — ) + vy, 3
1y = cir—1 + 2y 3y + My, )

where a; > 0, ay > 0, & is a supply shock, b; > 0, b, < 0, v, is a demand shock,
¢ >0, i =1,2,3, and p, is a monetary policy shock. Assume for simplicity
that the equilibrium values of all the variables are zero and that the shocks are
independent and identically distributed. For our purposes, the key feature of the
model is the absence of a direct channel from r,_; to m; in equation (2), reflecting
the monetary policy lag.

If we define X, = (7, y;, ;)" as before, the model may be written as

ApX, = A1 X, + e, (5)
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where Ap and A; are 3 x 3 matrices, Ay is lower triangular, and A; contains some
zero values. The reduced form is

Xf = A61A1X,_1 + Aalef = Ble—l + u; (6)

with Ay ! Jower triangular. The coefficient matrix B; has a general form except
for the restriction that the (1,3) element is zero, as a consequence of the monetary
policy lag.

This exclusion restriction is also seen in the dual moving average (MA) rep-
resentation, which corresponds directly to the impulse responses. Referring to
equation (5), the MA representation of the model is

X, =(Ao— AiL) "¢, = Coe, + Cre;—1 + Caeyn + -+ -, @)

where L is the lag operator and C; = (A, YA/ Ay ! The properties of Ao and A,
imply that the (1,3) elements of both Cy and C; are zero. Hence the first nonzero
effect of the monetary policy shock on inflation occurs with a two-period lag and
is negative, as indicated here by the (1,3) element of C,, which is a,b, < 0.

4. IMPLICATIONS FOR SOLVING THE PRICE PUZZLE

To illustrate the effects on the price puzzle of imposing the zero restriction from
Section 3, we repeat the estimation and computation of impulse responses in the
empirical VAR of Section 2, but this time with the single additional restriction on
Bj. The resulting numerical impulse responses are shown in Figure 2.

Most of the impulse responses in Figure 2 are virtually the same as their
counterparts in Figure 1. The only panel that differs appreciably is the response
of inflation to the funds rate, which in Figure 2 is never significantly positive and
becomes negative within a few quarters. After four quarters, the full error band
lies below zero and the reduction in inflation resulting from the shock persists
over the rest of the five-year horizon. The price puzzle is thus absent from these
results.

This particular solution to the puzzle stems solely from the exclusion of the
first lag of the funds rate in equation (2) and consequently in the reduced-form
equation for inflation. Impulse responses depend critically on structural iden-
tification and we should not underestimate the importance of even seemingly
modest identification assumptions on the economic properties of the model. In
this case, recognition of the well-documented structural lag in the effect of mon-
etary policy on inflation leads to sensible results and elimination of the price
puzzle.
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FIGURE 2. Impulse responses with near VAR lag structure: excludes first lag of the fed funds rate in inflation equation. Model (1) is estimated with
U.S. data from 1955 Q3 to 2013 Q2 and the restriction By;3 = 0. Dotted lines represent 0.68 error bands as suggested by Sims and Zha (1999).
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5. CONCLUDING REMARKS

The construction of impulse responses requires a minimal set of identification
restrictions in order to produce sensible structural implications. When the goal is
to interpret one of the VAR disturbances as a monetary policy shock, the clear
stylized fact of monetary policy lags should be reflected in that minimal set of
identification assumptions. The analysis here supports imposing a single zero
restriction in the matrix of coefficients of the first lag of the reduced form of our
illustrative structural VAR, an approach supported by both theory and empirical
work.

When the restriction is applied to an otherwise standard structural VAR that
exhibits the price puzzle, the puzzle disappears. Additional variables or model
structure are not required in the context of this model.

Note, however, that these findings do not contradict other proposed solutions
to the price puzzle and that the zero restriction and those other solutions are not
in practice mutually exclusive. The present analysis simply demonstrates that it
is possible to obtain an interpretable set of impulse responses in a representative
VAR through minimal structural assumptions.
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