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Abstract

A New Keynesian model with wages and prices is introduced and estimated by max-
imum likelihood. The steady state relationships of the model are imposed as testable
restrictions on the long-run cointegrating relationships in an equilibrium correction frame-
work, giving an equilibrium correction model with imposed theoretical restrictions from
a New Keynesian model. Short-run properties are also estimated and investigated. The
results indicate that the main aspects of the theoretical model cannot be rejected. Hence,
New Keynesian models may be combined with a more general vector autoregressive frame-
work in order to conduct estimation.
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equilibrium correction.

1 Introduction

New Keynesian models are founded on a microeconomic framework of optimizing agents,
with structural parameters explaining the behavior of these agents. These models are often
estimated via Bayesian estimation methods. So far, the main use of these models has been
to analyze monetary policy. The focus in this paper is to extend the analysis to the labor
market and to conduct estimation using other methods.

The New Keynesian model used here is mainly adopted from Blanchard and Gali (2010)
with certain modifications. This yields a relatively transparent model with labor market
frictions, real wage rigidities and staggered price setting, characterizing a New Keynesian
model where some extensions to include certain aspects are added. Additionally, the oil price
is included in the model, in order to account for effects of oil price changes on the general
price level. Hence, a theoretical model which explains price- and wage setting is introduced,
and rigidities which are often included in various New Keynesian models are also included.

*Thanks to Gunnar Bardsen, Tord Krogh, Joakim Prestmo, participants at the third workshop in dynamic
macroeconomics at the University of Oslo and participants at the 35th annual meeting of the Norwegian
Association of Economists for helpful comments and suggestions.

**Norwegian University of Science and Technology, Department of Economics, Dragvoll, NO-7491 Trond-
heim, Norway



The theoretical model used here may be represented as a log-linear system, in log de-
viations from steady state. This is suitable for estimation under the null hypothesis of the
correct model, where percentage deviations from the steady state are approximated by the
log-linear system. The model is estimated by maximum likelihood, but only a subset of the
structural parameters are possible to estimate, suggesting that it is hard to identify all of the
structural parameters in the model.

If the observed variables are non-stationary, a filter such as e.g. the Hodrick-Prescott filter
is often used on the variables prior to the analysis in order to isolate the cycle components
of the data (which is a common way of operating when estimating New Keynesian models).
However, an alternative procedure is to express the model as a vector autoregressive (VAR)
model with cointegration or an equilibrium correction model (EqCM), where the cointegrating
relations are the long-run equilibria which should be associated with the steady state of the
theoretical model. The theoretical steady state relationships can then be tested in the EqCM
framework, and should be imposed as the long-run equilibria for the system in order to
encompass the steady state of the New Keynesian model with the long-run properties of the
data.

A simultaneous equations model for the first differences of the observed variables with the
inclusion of the identified cointegration relations is then constructed econometrically. The
solution of the theoretical model, which consists of a system of log-linear equations, is in
form of a restricted vector autoregressive (VAR) model such that the simultaneous equations
model may be compared directly to the solution of the theoretical model.

This enables us to estimate the system of variables at a general level, and impose testable
restrictions in the form of the long-run relations when the VAR model is transformed into an
EqCM. Furthermore, a system of equations may then be estimated, where we may separate
between the long-run and the short-run structure and compare the estimated model to the
theoretical model. This removes the need to use maximum likelihood or Bayesian estimation
methods directly on the theoretical model, where it is shown difficult to find the maximum
of the likelihood function. Restrictions on the short-run structure may also be tested in this
framework.

2 A Theoretical New Keynesian Model

The model used here is mainly adopted from the framework in Blanchard and Gali (2010).
This involves a New Keynesian model which includes extensions such as labor market fric-
tions, real wage rigidities and staggered price setting. Even though these extensions are
added to the basic New Keynesian model, the model is relatively simple and transparent
such that it is possible to analyze the model analytically in detail. The model consists of
households which maximizes their utility, and perfectly competitive firms who each produce
an intermediate good which is transformed into differentiated final goods by monopolistically
competitive firms. Labor market frictions are included using hiring costs which depend on
labor market tightness, such that there is a relationship between unemployment and wage
and price dynamics.



2.1 Households

A representative households maximizes

NIt
EOZﬂ {mc _1+¢>} (1)

where C} is composite consumption (a composition of several goods with elasticity of substi-
tution between them of €) and NV, is employment or hours of work. £ is the discount factor for
the households and ¢ measures the inverse of the Frisch elasticity of labor supply. Ey denotes
the expectations operator given the information set at time period 0. This is maximized s.t.
the budget constraint

P,Cy + QiTy < Ty + WilVy, (2)

where W; is the nominal wage and P; is the price of the bundle of consumption goods. Fur-
thermore, T} denotes the quantity of a one-period, nominally riskless discount bond purchased
in period t at price (J; and maturing in period ¢t + 1, paying one unit of money. Maximizing
(1) w.r.t (2) for labor/leisure, consumption and risk-free bonds gives

Wiy ®
— =N;C 3
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which shows the labor supply as a function of the real wage and consumption, and
Ci Py }
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which may be interpreted as the stochastic discount factor! for one period ahead.

2.2 Intermediate goods firms

The j intermediate goods firms are assumed perfectly competitive and each produce X;(j)
using the production function
Xe(j) = ANt ()

where A; measures productivity, assumed to be equal for all firms, and N;(j) is employment
in firm j.
Real profits for the intermediate goods firm are defined as

P (7)
P;

GuH, (j >—V]Z;Nt< ) (5)

IT; (§) = X¢ (4)

where P,(j) is the price of the intermediate good sold to the final goods producers, G; denotes
real hiring costs, and is defined as
Gy = AyBay, (6)

where we have the constants B > 0 and a > 0, and z; is a labor market tightness index
defined below. H(j) is the hiring in firm j at time ¢ and W; is the nominal wage, which is
assumed equal across firms. Accordingly, profits in firm j are given as income from sales of
the intermediate good X minus total hiring and wage costs.

'See e.g. Cochrane (2001) for an explanation of the stochastic discount factor approach, or Gali (2008) for
applications of the stochastic discount factor in a New Keynesian framework.



Hiring in firm j evolves according to

Hy (j) = Ne (§) = (1 =0) N1 (j) (7)

where 9 is a separation rate which measures the fraction of the employed in period ¢ — 1 who
leaves their job in firm j prior to period ¢. Hence, hiring consists of the change in employment
and the job separation. Furthermore, the labor market tightness index is defined as the ratio
between aggregate hires and unemployment Uy,

N, — (1—68) Ny
1-(1-0)Nyy

xy = H /Uy =

such that low unemployment or a high degree of hiring relatively to each other increase the
labor market tightness, which leads to a higher hiring cost G in (6). The hiring costs are
taken as given by the intermediate goods firms (following Blanchard and Gali (2010)).

As indicated by the dynamics of hiring, employment in firm j evolves according to

Ni(j) = (1 = 6)Ne—1(j) + Hi(4),

i.e. employment is made up of workers that stays in the firm and hiring.
For perfect competition when the intermediate goods firms maximize their profits by
determining the optimal level of employment, the following expression must hold;

PG _W/p G

t Gt+1
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where Q; = BE{(C,P,)/(Ciy1Pi41)} is the stochastic discount factor for one period ahead
as shown in (4), which is used for the intermediate goods firms since they are owned by the
households.

2.3 Final goods firms

Final goods firms are monopolistically competitive such that they set the optimal price of
the final goods by adding a markup over the price of the intermediate good (which implies
the equivalent of adding a markup over their marginal cost). We define this (time varying)
markup as

Pt == Mtpt (])
for all t. Furthermore, the markup is defined as

My = =V, (9)

-1

where V; is the real oil price and & measures the weight by which the real oil price influences
the markup and hence the price of the final good. A shock to the oil price will then be a shock
to the supply side of the economy since it influences the cost of the final goods. As seen in (8),
the real price of the intermediate good is given by real wages, real hiring costs, productivity
and the stochastic discount factor, where the latter is taken as given by the intermediate
goods firms since they are owned by the households. This implies that the oil price will only
affect the price of the final good and not the optimizing behavior of the intermediate goods
firms.



Blanchard and Gali (2007) introduces a non-produced input in the production function as
an exogenous variable and interprets an increase in the real price of this input as an increase
in the price of oil which increases the real marginal cost. By adding the real oil price to the
markup instead, the transparency of the model is increased since the production function will
not contain an additional factor. The effect of an increase in the real oil price will have a
qualitatively similar effect on the aggregate price level.

As shown empirically in the case of Canada in Khan and Kim (2013), markup shocks
are highly associated with current oil price movements. Changing markups of firms could
therefore be an indicator of changes in the oil price such that the inclusion of oil prices in
the markup may be a feasible way of measuring the markup and markup shocks. As shown
below, the New Keynesian Phillips curve (NKPC) will consist of the log of the real oil price in
deviation from its steady state value due to the inclusion of it in the markup. Roberts (1995)
also includes the real oil price in the (NKPC), but he includes the change of the real oil price
directly in the NKPC without including it structurally in the foundations of the model.

Using the markup defined in (9) and inserting for the stochastic discount factor Q; =
BEHL(CyP,)/(Cry1Piy1)}, we may rewrite the optimality condition in (8) to

1 Wi/P Gy { CiP G }
— = + L B(1=8)E {1 . 10
M= a T PR e R A (10
Inserting for the hiring costs defined in (6), we get the steady state relationship
1 w/P o
R R (1-p8(1-9)),
which may be approximated to (assuming Bz® (1 — (1 — ¢)) is small)
p=w—a+&u+In(e/(e—1)), (11)

where lower case letters denote logarithms of the respective variable. This shows that we
should have a linear relationship between the price, wage, productivity and the real oil price
in steady state. Even though the labor market tightness index is included in the price equation
(before approximating it), it is taken as given by the firm when they maximize their profits
since hiring costs are taken as given. Labor market tightness is therefore considered a given
parameter in the price setting.

Furthermore, Calvo pricing (Calvo, 1983) introduces nominal rigidities, which yields the
New Keynesian Phillips curve,

1-6) él - 69)775\0? + BEmy1, (12)

T+ —

where # measures the fraction of the final goods producers who are not able to reset their
prices in each period, 7 is inflation and me¢; is the log deviation from the steady state value
of the real marginal cost, which consists of the standard marginal cost (i.e. the textbook New
Keynesian marginal cost, see e.g. Gali (2008)) and the real oil price which now enters the
marginal cost since it is a time varying part of the markup. The log deviation of the total
real marginal cost may be decomposed into

-1 -1 -1
£ £ = {0+me—1In <€> .
€

me; = mey —me’ = mcf —In (

V5> =mc+E&v—E&v—In
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Inserting this into (12) yields

(1-06) (1 — 56)
0

T = (&0 + mey) + BEymi41 — (1-9) él 59) In (8 . 1) , (13)
such that we have a New Keynesian Phillips curve which describes inflation as a function
of the real oil price gap, the real marginal cost, the constant component of the markup and
future expected inflation. This is in line with e.g. Hooker (2002) who includes the growth rate
for crude oil relative to the inflation rate, and Roberts (1995) who includes the log difference
of the real oil price in the NKPC.

The effect of oil price movements on core inflation in the US has e.g. by Hooker (2002)
been shown to be much larger before 1981 than after. This indicates that the parameter for
the effect of oil price movements on inflation may be non-constant. However, the sample used
in the estimation conducted below starts in 1982Q3 such that this problem is less relevant.

2.4 Real wage rigidities

The real wages (wy — py or Wy/P;) are assumed to be respond slowly to changes in the labor
market, and are modeled as in Blanchard and Gali (2007) as a partial adjustment model for
the log of the real wage:

(wg — pe) = Y(wi—1 — pe—1) + (1 — y)mrsy, (14)

where 0 < v < 1 measures the degree of real wage rigidity. Hence, changes in the marginal
rate of substitution, mrs, is not reflected fully in real wages as long as v > 0. The equilibrium
wage is therefore defined to be equal to the households’ marginal rate of substitution between
labor and consumption. This marginal rate of substitution is shown in (3), such that M RS; =
Cth . Inserting for this, we get

(wr — pt) = Y(wi—1 — pr—1) + (1 = 7) (et + Pny).

In steady state, the rigidities are absent since they are assumed to represent distortions.
Hence, this amounts to the same steady state relationship as the steady state of (3);

W
— =CN?.
P
Inserting for the aggregate resource constraint (as defined in Blanchard and Gali (2010) and

consistent with the first part of the model outlined above),
Cy = Ay(Ny — Bz Hy), (15)
we get the steady state relationship
w

5 = AN - Bz“)N*¢

The steady state expression for employment is N = 1 — u (the sum of aggregate employment
and aggregate unemployment rate is defined to equal unity), for hiring H = N = 6(1 — u)



and for labor market tightness © = §(1 — u)/(u + 6(1 — u)). Inserting these, we have the
steady state relationship

Taking logs yields

w—p—a=log ((1 —u>”¢) +log (1—58 (%)) :

6}
which may be approximated to (assuming u and §B (%) are small)

where u is the unemployment rate (not in logs). A Taylor approximation of 6 B(5(1 —u)/
(u+ (1 —u)))* around u = 0 yields (Bd — Bau), such that we obtain

w=p+a— (Ba+1+¢)u— BS. (16)

This implies that there should be a linear relationship between the log of the wage, log
of the price log of productivity and the unemployment rate in steady state. We denote this
relationship the long-run wage equation.

2.5 Log-linearized model

The first equation of the log-linearized model is the New Keynesian Phillips curve shown in
(13). The real marginal cost is given by the right-hand side of (10);

Wi/ Py { Cy A }
+ Bz —p(1-96)F Tiy ¢,
At K B ( ) ! Ct+1 At t+l

MC; =

which yields
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where variables denoted with a hat are log deviations from their steady state values (except for
unemployment where it is the deviation from steady state unemployment). Log-linearization
of the real wage rigidities in (14) gives

W — pr =y (Wr—1 — Pr—1) + (1 =) ¢ + (1 — ) &, (18)
and the log-linear expression for labor market tightness is given by
0ty =m0 — (1 —0) (1 —x) ny—1. (19)
Furthermore, the aggregate resource constraint given in (15) can be log-linearized to yield

(1=0g)és = (1 = g)ig + (1 = 0g)ny + (1 — 6g)as + (g — 0g)n—1 — (dga)Zy (20)



The first order conditions of the consumer shown in (4) yields a log-linear IS equation
¢t = Eiéip1 — (i — Eymigpr — p) s (21)

where iy = —In @Q); is the nominal interest rate and p = —In 3 is its steady state value.
Additionally, we need to add an equation for the interest rate in order to close the model.
This is done by including a simple Taylor rule as in Blanchard and Gali (2010);

it = P+ QaTrp — Pyl (22)

We also assume autoregressive processes of order one (AR(1) processes) for the oil price and
productivity;

Op = pyli—1 + €/ (23)
ar = pali—1 + €% (24)

The equations (13) and (17)-(22) may be combined to yield the following system of three
equations:

Wy — Pr = Y(Wi—1 — Pe—1) + M1t + Yolyg—1 + (1 —y) @y
Bory = BrEymi1 + Potiy—1 + B3ty + BaEitpy1 + Psar + BeErapy1 + k€O + PBr(w — Pr)
Oolt = 01Ut—1 + 02 Eplp1 — Qpmy + By — ap + Erapiq,
= m4-S24+2)—642)— _
where §p = 6 (x — 1) glal x;zgf;tf)) 21 _ Pu, 01 = —9% (6-1) ;5_11 (a—azx+1), 6 =

5w — 1) Sl 5y — 5 (0 — 1) (y — 1) THOEEIEIL ) g5 (0 1) (65— 1)-(y - 1) S8,

(
fo = 2y (e +gnfeds (5—1) = 1), p = PEETIT By = —ganZiof - (1 - 1), By =
_ e dm0a 61 (ale—D)*(6-1)~dua)

2(e=1) , Ba = garBit(z—1), B5 = —re - WEYATIBOD)

(1—6g) (z/(6 + & — 6z))' . This, together with the autoregressive processes for the oil price
and productivity as shown in (23) and (24) yields the entire log-linear model, which may be
written in matrix notation as

1 0 -y (v—=1) 0 Wt — Pt vy 0 v 0 0 Wi—1 — Pr—1

—B7 Bo —P3 —B5 —KE ud 00 B 0 0 -1
0 ¢ 1 0 a |=l0046 0 0 By
0 0 0 1 0 ay 0 0 0 po O ar—1
0 0 0 0 1 Uy 00 0 0 p, Vp_1
0O 0 0 0 O Wil — Dt 0 0
0 B Ba Bs O Ti41 A

+10 1 6 1 0|E Upq1 +(0 0 ( 5) : (25)

00 0 0 O G 1 0]\
0O 0 0 0 O V41 0 1

i.e. giving a system for the real wage, inflation, unemployment, productivity and the real oil
price.



3 Estimation

3.1 Data

Five observable variables are used in the analysis below. These are variables for wage, price,
the unemployment rate, productivity and the oil price, such that none of the variables in
(25) are unobserved. The data set includes the civilian unemployment rate for persons 16
years of age and older from the Bureau of Labor Statistics (BLS), the non-farm business
sector’s implicit price deflator, compensation per hour for the non-farm business sector and
output per hour of all persons for the non-farm business sector from BLS’ Productivity and
Costs release, as well as the West Texas Intermediate Spot Oil Price. The log of these series
(except the unemployment rate which is in levels) are plotted in figure 1 for the sample used
in the estimation (1982Q3-2011Q1). The real oil price is the nominal oil price deflated by the
implicit price deflator used in the data set.
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Figure 1: Logarithms of the data series (except the unemployment rate in levels).

3.2 Maximum likelihood estimation

One of the benefits of New Keynesian models is that the parameters in the model explain
structural behavior of the agents in the economy such that by estimating the New Keynesian
model, we are able to estimate the structural parameters.

In order to estimate the complete model, we may use maximum likelihood estimation
(MLE). This is done by using Dynare (Adjemian et al., 2011), where the log-linear model
which consists of equations (13) and (17)-(24) are inserted. Maximum likelihood estimation
is then conducted by using the observable variables which corresponds to inflation, real wage
gap, productivity gap, oil price gap and unemployment gap. In order to connect the data



to the theoretically defined variables in the log-linear model, demeaned log differences (ap-
proximating demeaned growth rates) of the data series are used, corresponding to the log
deviation from the theoretical steady state.? Using the log differences is also in line with the
econometric model used in section 3.3. Hence, the data set provides the same information
when using MLE and when using the econometric model. If different filtering methods were
used, the data could have given different information in the two cases.

The log-difference of the implicit price deflator is used as a measure of inflation, and it is
demeaned to have an average value of zero in order to match the theoretical model which is
defined as having a zero inflation steady state. We should also include the real oil price and
the real wage (not the nominal variables) since the model is expressed using these variables.
Compensation per hour and the spot oil price is therefore divided by the implicit price deflator
in order to create the variables in real terms, and the log difference of these express their
growth rates.? Furthermore, the log difference of output per hour is used to measure the
growth rate of productivity. The unemployment rate is divided by 100 and demeaned, and
used as a measure for the deviation between actual and steady state unemployment rate,
which should be zero in steady state. We then have observations for all of the variables
in (25). The data consists of quarterly observations, and I use the sample 1982Q3-2011Q1,
which implies 115 observations. This sample is chosen because of the inflation regime break
found for 1982Q3 by Caporale and Grier (2005), which cites other works that also finds a
break close to this date.

In order to match the data with the model, since the model uses variables in deviations
from steady state and the data set consists of approximated growth rates, I add observational
errors to some of the variables. This is also necessary in order to avoid stochastic singularity,
which occurs if we have more observables than shocks in the model. Stochastic singularity
may be avoided by having at least as many shocks in the model as observable variables either
by adding more structural shocks or shock in the form of measurement errors. Since the
autoregressive processes for productivity and the real oil price contains the shocks € and &y,
we need at least three additional shocks in the model. These are added as measurement errors
for the observed variables for inflation, the real wage and unemployment in the following way:

~obs __ o U
~R,0bs _ ~R w
W =w; +

b
Tt =+ b,

such that the shocks vf, 1/’ and v} are added as measurement errors by including these
equations in the log-linear model. Hence, superscript ’obs’ denotes the variables in the data
set.

When applying MLE on the log linear model in Dynare, there seems to be problems re-
lated to finding the maximum of the likelihood function. This may be due to problems with
identification of some of the parameters in the model or misspecification of the model. The
various optimization routines for finding the maximum of the likelihood function available in
Dynare seems to have problems finding estimates for all of the parameters in the model. 1

2This is known as a first order difference filter. See e.g. Canova and Ferroni (2011) for an overview of
filtering methods used when estimating New Keynesian models.

3Using the log deviation of the real oil price as an approximation for the growth in the real oil price may
be an inaccurate approximation since there are quite large movements in the oil price.
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therefore choose to calibrate the parameters that seems to be most difficult to obtain esti-
mates for, and estimate the remaining parameters. This results in 8 of the 14 parameters
being estimated, while the remaining 6 parameters are calibrated. Additionally, the standard
deviations of the shocks and measurement errors are estimated.

I calibrate a = 1 following Blanchard and Gali (2010), 5 = 0.99 is the assumed discount
factor, ¢ = 1 assumes a unitary Frisch labor supply elasticity, € = 6 implies a gross steady
state markup of MY = 1.2, the weight of the real oil price in the markup is set to £ = 0.1 and
the steady state value of the job finding rate is calibrated to = 0.7 which corresponds to a
monthly rate of 0.3. Hence, the parameters estimated by maximum likelihood is conditioned
on these calibrated values, and the results are shown in table 1.

Table 1: Results from maximum likelihood estimation

parameters Estimate s.d. t-stat

) 1.4626  0.1195 12.24

¥ -0.5818  0.4416  1.3175

Pa 0.4978 0.0822  6.0531

0 -0.9951  8.2717  0.1203

P 0.2048 0.0914  2.2419

B -73.9446 43.6676  1.6934

o 1.2645  0.0947 13.3492

b 0.3525 0.1915  1.8407

s.d. of shocks Estimate s.d. t-stat
€a 0.0077  0.0005 14.9537

Ev 0.1445 0.0096 15.1319

s.d. of measurement errors Estimate s.d. t-stat
vy 0.0166  0.0011 15.1027

v 0.0026  0.0002 14.7449

v 0.0068  0.0005 14.8715

A lot of the estimated parameter values are quite far from what we would expect to be
reasonable parameter estimates’, i.e. consistent with the definitions in the theoretical model.
Additionally, some of these parameters are insignificant, so we should be careful in drawing
conclusions about how the data explains these deep parameters since this implies that the
data does not seem to provide information about them.

The separation rate ¢ is estimated to be significantly above unity. This makes little sense
theoretically, since this parameter should measure the fraction of the employed in period
t — 1 who leave their job during the period. Additionally, the Calvo parameter, 6, and
the parameter value describing the degree of real wage rigidity, v, are both estimated to be
negative although we would expect them to be between zero and unity. However, they are not
significant. The parameter B, which measures the impact of labor market tightness on hiring
costs is estimated to be a large negative number. This is also counter-intuitive, but the degree
of significance for this parameter is quite low, so it does not seem to be a lot of explanatory
power in the data about this parameter either. The significantly estimated parameter values
are 0, pa, Pv, Orx and ¢, which all seems to have reasonable results except for §.

The likelihood functions of New Keynesian models are often full of local maxima and
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minima and nearly flat surfaces due to a relatively small data set when using quarterly data
and the fact that the model contains a lot of parameters (Ferndndez-Villaverde, 2010). In
order to circumvent this issue, bayesian estimation is often used in order to estimate New
Keynesian models. Calibrating some parameters prior to MLE may be considered a special
case of Bayesian estimation, since this is analogous to imposing a very strict prior for these
parameters while having a very loose prior for the remaining parameters. Pure MLE is
therefore not actually conducted here, but rather a special case of Bayesian estimation.

In order to get more information on how the differences between the NK model and
the data cause problems when estimating using maximum likelihood, we should estimate the
model by imposing the assumptions of the theoretical model on the data rather than assuming
the NK model is the real data generating process (DGP) and estimate conditional on this
assumption. By using an equilibrium correction model (EqCM), this is possible. This enables
us to estimate an unrestricted model which shows the behavior of the data, and then we may
impose the restrictions of the theoretical NK model and see whether these restrictions are
found in the data, as well as where the differences between the data and the assumed DGP
lies. The steady state relations of the NK model may be imposed as long-run restrictions
and tested, and the dynamic specification of the NK model may be compared to the dynamic
specification of the EQCM in order to see what the differences between the model and the
data are.

3.3 More general framework

In order to avoid imposing the entire structure of the theoretical New Keynesian model prior
to estimation, we may use a more general framework for estimating the economy, and impose
certain features of the theoretical NK model as restrictions on an econometrical model. These
restrictions will be testable as restrictions on a more general model. Two relationships that
we may impose on the long-run structure of the VAR model are the long-run relationship for
the price in (11) and for the wage in (16).

The following procedure follows the framework for empirically modeling a system for wages
and prices as e.g. in Bardsen et al. (2007) for Australia, Bardsen and Fisher (1999) for the
UK or Bardsen et al. (1998) for Norway and the UK. However, while these mainly use a
theoretical model of wage bargaining, the theoretical model which will be implemented in the
econometric framework here is the New Keynesian model in section 2.

The system outlined in (25) can be solved such that we get a restricted VAR(1) model.
Going the opposite way, an estimated unrestricted VAR may be restricted in order to obtain
the VAR(1) representation of the solution of the log-linearized model.

The same observable variables as in the estimation of the New Keynesian model by max-
imum likelihood are used, but logarithms of the variables are used rather than the approxi-
mated growth rates. Additionally, the nominal wage is used as the observable variable instead
of the real wage since we may impose a relationship between the price level and the nominal
wage which describes the real wage implied by the theoretical model. This implies that we
have observable variables for the nominal wage, w;, the price level, p;, the real oil price, v,
productivity, a; and the unemployment rate, u; as outlined in section 3.1. Using the log of
the four former series and the level of the unemployment rate is in line with the theoretical
variables in the steady state relations shown in (11) and (16).

The system expressed as a VAR model with k lags may be written as

Zy =12y 4+ Mg Zy g + PDy + &4 (26)
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If all of the five variables in (25) are observable, the log-linearized NK model may be solved
in order to yield a purely backward-looking solution such as the VAR in (26), though with
only one lag and various cross-equation restrictions based on non-linear relations between the
parameters. Hence, it is possible to compare an estimated VAR with the solution of the
log-linearized forward-looking model (using calibrated or estimated structural parameters) in
(25). The dynamic properties of the NK model may therefore be compared with those of the
estimated VAR in order to investigate the differences between the data and the theoretical
model.

Alternatively, (26) may be reformulated to a vector equilibrium correction model, such as

AZy =T\AZy1+ + T 1AZy sy + o Zio1 + ®Dy + 0 + it + &4, (27)
Where Zt = [wtypt7ut7at7vt]/7 B/ = [ﬁ?ﬁ@aﬁl]? Zt—l - [Zt—1717t]/7 &t ~ IN(O,Q) fOI' t =
1,...,T and Z_4, Zy is given. Dy is a vector of dummy variables and - is a constant.

First, an unrestricted VAR model is estimated, where the number of lags are chosen to be
as few as is possible while still having a well specified model. Additionally, dummy variables
pertaining to periods with extraordinary events not explained by the model may need to be
added to account for residual outliers from the normal distribution such that we get a well
specified model. These quarters are 1982Q4, 1983Q1 (where the dummy is set to +1 in the
former and -1 in the latter), 1986Q1, 1990Q3, 2000Q1, 2008Q4 and 2009Q1. The peak of
unemployment in 1982Q4 and the rapid decline the following period after the recession of 1981-
82 may be the institutional event behind the first two dummy variables. The VAR model also
indicates this, since the dummy variable is only significant for the unemployment equation.
The increase in oil production in Saudi Arabia in late 1985 caused a drop in the crude oil
price, which is indicated by the 1986Q1 dummy. This dummy is only significant in the oil
price equation. The Iraqi invasion of Kuwait in august 1990 caused a lot of uncertainty in
the oil market, and the oil price peaked in this period. The dummy for 1990Q3 is significant
for the oil price, so the oil price peak may be a reasonable explanation for this dummy
variable. The recession in 1990 caused by the savings and loans crisis, caused a rapid increase
in unemployment. This may also be an explanation behind the dummy for 1990Q3, since it
is also significant for the unemployment equation. The dummy for 2000Q1 is significant in
the wage equation, and controls for the large increase in wages in this period which may be
due to the inclusion of employee stock options in the wage compensation variable in the late
1990s (Mehran and Tracy, 2001). In the quarters 2008Q4 and 2009Q1, dummies are added
to take account for the financial crisis starting in this period. The residual analysis is shown
in table 2, indicating that for a significance level at 3.5%, the model is well specified.

Table 2: Residual analysis for the VAR(2) with dummy variables

Multivariate tests (p-values in brackets)

Residual autocorrelation F(125,319) = [10.%?9§
Test for normality x2(10) = 18.257
[0.051]

Test for ARCH F(160,366) = 1.076

[0.285)

4The analytical solution of the model outlined in section 2 is not presented here since a unique solution to
the system was not found.
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Table 3: Determination of lag length

Model T p log-likelihood SC HQ AIC

VAR(3) 115 110 OLS 2155.7995 -32.954 -34.513 -35.579
VAR(2) 115 85 OLS 2132.4207 -33.578 -34.784 -35.607

Tests of lag reduction:
VAR(3) — VAR(2): F(25,332) = 1.5366 [0.0507]

The lag length was set to k = 2 as indicated by various information criteria and an F test
of reducing the lag length from k£ = 3 to k = 2, as shown in table 3.

The steady state relationships for wages and prices in the New Keynesian model indicates
that we should expect at least two cointegrating vectors in the estimated VAR and a therefore
rank of 7 = 2 or more.

Table 4: Eigenvalues of the model and the trace test of the cointegration rank.

eigenvalue log-likelihood rank | Hy:r < Trace test [Prob]
2085.643 0 0 93.556  [0.000]**
0.259 2102.858 1 1 59.125 [0.003]**
0.222 2117.301 2 2 30.239  [0.044]*
0.161 2127.397 3 3 10.047  [0.282]
0.081 2132.234 4 4 0.37355 [0.541]
0.003 2132.421 5

Using a 4.4% level of significance or higher, a rank of » = 3 seems plausible, according to
the trace test shown in table 4. The small eigenvalue for a rank of r = 3 also suggests this.

Testing for weak exogeneity given a rank of r = 3 suggests that productivity and the real
oil price are (jointly) weakly exogenous.® The oil price and productivity should be assumed
weakly exogenous according to the theoretical model in section 2, since they are modeled as
AR(1) processes. Restricting the model to have weakly exogenous productivity and oil price
could therefore be assumed prior to estimating the model by using a partial VAR instead of
a standard VAR model.

A partial VAR, as introduced by Johansen (1992), which assumes weak exogeneity of oil
price and productivity may be used to analyze the theoretical model. We may use the partial
VAR(2) model in equilibrium correction form,

AZZy = af' Zy—y +T1AZ_y + @Dy + o + 1t + ey, (28)

where ZZ; = [wy, ps, us) and Z;_; is as defined above, such that productivity and the oil price
is assumed weakly exogenous.

When estimating the partial VAR model, many of the dummy variables pertaining to
institutional events are superfluous and the number of dummy variables needed in order to
have a well specified model is reduced to three; 1983Q1, 2000Q1 and 2009Q1. The excluded

®Restricting the o matrix to have weak exogenity for productivity and the real oil price suggests that the
hypothesis cannot be rejected at a 2.5% level of significance (test value of x*(6) = 14.471).
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dummy variables represented institutional events explaining events influencing the oil price,
such that they are not needed in the partial VAR for wage, prices and unemployment.

Testing the rank in the partial VAR model indicates full rank, i.e. » = 3 when comparing
the trace test statistics in table 5 with the critical values in table 3 in Harbo et al. (1998)
(the critical value when testing Hp : r < 2 at a 5% significance level is 15.1, so we see that
Hj is rejected, indicating a rank of r = 3).

Table 5: Determining the rank in the partial VAR

HO:rank < Trace test

0 171.80
1 87.320
2 36.650

This implies that we should have three cointegrating relationships. Based on the theoret-
ical model, the first two would be the long-run wage and the long-run price equation. The
third cointegrating relationship may be a relationship for unemployment, and this may be
that unemployment is stationary such that there is a steady state of unemployment.

Imposing restrictions according to the steady state relations, i.e. the price equation in
(11) and the wage equation in (16) (except for imposing productivity being fully restricted in
wages), and stationarity of unemployment, yields the results in table 6.

Table 6: Estimated long run structure of restricted partial VAR for the three o and 3 vec-
tors. Standard errors in parentheses below estimated coefficients. Test of over-identifying
restrictions: x?(4) = 10.84 (p-value 0.029).

B1 B2 B3

w 1.00 —1.00 0.00
P —1.00 1.00 0.00
u 3.128 0.00 1.00
a —0.827 1.00 0.00
v 0.00 —0.053 0.00
Qg (%) (%)

w; —0.136 —0.072 0.252
(0.038) (0.028) (0.098)

ps  —0.015 —0.047  0.049
(0.016) (0.012) (0.042)

uy  0.0064 —0.021 —0.057
(0.014) (0.010) (0.035)

The three cointegration relations in the restricted partial VAR are shown in figure 2,
where the first vector represents the long-run wage equation, the second the price equation
and the third the unemployment rate. These seems to be stationary, indicating that they
may represent the long-run equilibrium relationships of the data.

The restriction of productivity being fully reflected in wages (a unity coefficient for pro-
ductivity in (16)) is strongly rejected, so this parameter is set to vary freely. As shown in
table 6, it is estimated to be —0.827 which indicates that 82.7% of changes in productivity
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Figure 2: Cointegration relations, with restrictions on all vectors.

are reflected in wages (in contrast to the theoretical model in section 2 which suggests that
100% of changes in productivity should be reflected in wages). The theoretical NK model
could be modified to incorporate this e.g. by including a proportional distortionary coefficient
in the production function. Furthermore, the estimated long-run parameter for unemploy-
ment indicates that an increase in unemployment by one percentage point decreases wages
by 3.18%.% The long-run elasticity of the real oil price of 0.053 indicates that increases in
the real oil price has a small positive effect on the price level. This interpretation assumes
that approximating real oil price growth by the first difference of the log of the real oil price
holds. Hence, we should be careful in intepreting the estimated value of this coefficient since
the growth of the real oil price has been quite large (regarding both positive and negative
growth) for the sample period.

The long-run elasticity of the unemployment rate estimated in Bardsen et al. (2007) for
Australia, Bardsen and Fisher (1999) for the UK or Bardsen et al. (1998) for Norway is
0.1, 0.065 and 0.08, respectively. These estimates indicates the percentage decrease in wages
when unemployment increases by 1%. E.g. for Australia, this indicates that if unemployment
increase from 5% to 6% (a 20% increase), wages decrease by 2%. This indicates that the
effect of unemployment on wages is larger in the US than in Australia, the UK and Norway,
where the log of unemployment is used in the estimation. However, the unemployment rate
is used here rather than the log of the unemployment rate such that non-linear effects of the
unemployment rate on wages is not caputred to the same degree as in the case of Australia,
the UK and Norway. However, estimations using the log of the unemployment rate in the
model in this paper (not shown here) also indicate a small effect of unemployment on wages
in the case of the US.

5The percentage change in the dependent variable following a one percentage point increase in the inde-
pendent variable is measured as 100 - (exp (8;) — 1) if the dependent variable is in logs and the independent
variable is in levels.
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The small estimated values in the alpha matrix are in line with the rigidities implied by
the theoretical model, such as real wage rigidities introduced in (14), price rigidities modeled
by Calvo pricing and labor market frictions modeled by hiring costs and job separation. Ad-
ditionally, wages adjust faster to disequilibrium than prices and unemployment, according to
the estimated alpha coefficients, indicating that wages are not as rigid as prices and unem-
ployment. The more rapid adjustment of wages to disequilibrium may be anticipated in the
US, since the labor market in the US is considered to be quite fluid.

The estimated long-run relationships are then imposed on the model as equilibrium ex-
pressions in an equilibrium correction model (EqCM). They may be expressed as

ciwg—1 = wy—1 — [pr—1 + 0.83a;-1 — 3.13u—1] + constant
Cipr—1 = pr—1 — [wi—1 — ar—1 + 0.053v4_1] + constant (29)

Clur—_1 = Up—1 + constant

These cointegrating relationships are then used as long-run values for the system {Auwy,
Apy, Aug} which is estimated conditional on {ciwi_1, cipi—1, us—1, Awp—1, Api—1, Auy_1,
Aay—1,Avi_1}, where the oil price is excluded from the wage and unemployment equation
and unemployment is excluded from the price equation, in order to identify the estimated
parameters. Additionally, only the long-run relation pertaining to the dependent variable in
each equation is kept. The results from the estimation is given as

Awy = — 0.5 Awyy + 3.7 Ap, — 0.63 Ap,_; — 5.6 Auy + 4.5 Aupy
(0.46) (3.3) (1.1) (5.5) (4.3)
+ 0.65 Aa; + 0.26 Aa;—1 + 0.024 D2000Q1 + 0.016 D2009Q1
(0.45) (0.27) (0.017) (0.037)
— 0.033 D1983Q1 — 042 - 0.11 C’L'wt,1
(0.038) (0.33) (0.087)
Ap: = 0.024 Aw; + 0.056 Aws—qy + 0.21 Ap,_; — 0.18 Aa; — 0.036 Aar_;
(0.1) (0.038) (0.096) (0.043) (0.041)
+ 0.0019 Avy + 0.00023 Avi_q1 + 0.00044 Dogopg1 + 0.0024 Dagoeq1
(0.0014) (0.0014) (0.0038) (0.0032)
— 0.0036 D1983Q1 + 0.22 — 0.046 cip,_,
(0.0025) (0.05) (0.011)
(30)
Au, = —0029 Aw; — 0.063 Aw,_1 + 045 Ap, — 0.069 Ap, | + 0.76 Auy_y
(0.12) (0.046) (0.24) (0.12) (0.066)
+ 0.031 Aat + 0.0083 Aat—l + 0.00053 D2000Q1 + 0.0057 D2009Q1
(0.066) (0.044) (0.004) (0.0033)
— 0.0065 D1gg3g1 + 0.00099 — 0.039 u¢_1,
(0.0025) (0.0015) (0.014)

where standard errors of the coefficients are in parenthesis below the estimated parameter
values.

In order to provide a simpler and more robust model, the insignificant parameters in the
three equations may be removed. Additionally, the variables in the steady state solutions

17



should be dated at their longest lag, see e.g. Bardsen (1992), Bardsen and Fisher (1999) or
Bardsen et al. (2005). This is done in order to be able to facilitate the interpretation of the
short-run parameters. It also provides the possibility of reducing the model further since this
often enables removing additional insignificant dynamic terms. The equilibrium correction
relations will then be defined as

ecwy = wy—1 — [pr—1 + 0.83a;-1 — 3.13u;_2] + constant
ecpy = pr—2 — [wi—1 — ar—1 + 0.053v4_1] + constant (31)

ecuy = uy—9 + constant,

since the longest lag of unemployment in the wage equation and the unemployment equation
and of price in the price equation is t — 2 after removing insignificant parameters. This gives

Awt = — 3.93 Aut + 3.09 Aut_l + 0.0264 D2000Q1 — 0.0259 D1983Q1
(1.24) (0.998) (0.00531) (0.0145)
— 0.287 — 0.0817 ecwy
(0.0841) (0.0232)
Ap: = — 0.183 Aa; — 0.0623 Aat—1 + 0.00446 Avy + 0.271 — 0.0571 ecp;
(0.033) (0.034) (0.00165) (0.0374) (0.00808)
(32)
Auy = 0.757 Auz_1 — 0.0658 Aay; — 0.0334 Aa;—1 + 0.00533 Dagogq1
(0.0611) (0.0196) (0.0157) (0.00151)
— 0.00712 Dqgg3g1 + 0.00263 — 0.0349 uy_o.
(0.00205) (0.000671) (0.00993)

Additionally, some constraints may be added on the parameters in order to further simplify
the model. These are exclusion of the 1983Q1 dummy in the wage equation and restrictions on
the parameters for the two lags of productivity in the price equation and in the unemployment
equation. The coefficient on period ¢ productivity is restricted to be twice the size of that on
period t — 1, such that we have 28;Aa; + BiAas—1 = BiAa + B;A%a;. This implies that price
growth (Ap;) and change in unemployment (Auwu;) are affected by the productivity growth as
well as the speed of productivity growth. These restrictions are added, and the estimated
model now becomes

Awg = — 2897 Auy + 2.203 Auz—1 + 0.0260 Doppogr — 0.266 — 0.07597 ecwy
(0.839) (0.655) (0.00523) (0.0755) (0.0208)
Apy = —0.1704 Aa; — 0.08518 Aa;—1 + 0.00480 Av; + 0.2654 — 0.0559 ecp,
0) (0.014) (0.0016) (0.037) (0.00801) (33)
Au; = 0.7373 Aug—1 — 0.07748 Aa; — 0.03874 Aa;—; + 0.006451 D091
(0.0616) (0) (0.00944) (0.00158)
— 0.003757 Digg3g1 + 0.002897 — 0.03827 us_o
(0.00136) (0.000678) (0.0103)

This model cannot be rejected wen tested against the dynamic unrestricted model in (30) at a
1.4% significance level (x?(27) = 45.52) and at a 13.6% significance level when tested against
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the dynamic model with correctly dated error correction terms shown in (32) (x%(3) = 5.54).
Model reduction test are summarized in table 7. The model is also well specified as shown
by the residual analysis in table 8, and explains the data quite well as indicated by the fit of
the model in figure 3.

Table 7: Model reduction tests

Model log-likelihood ‘ Test 2(d.f) d.f  p-value

M1: Full dyn. model 1561.77

M2: Identified model, (30) 1553.41 LR(M2|M1) 1673 6  0.010

M3: Reduced model, (32)  1541.79 LR(M3|M?2) 39.97 24  0.022
LR(M3|M2) 2324 18  0.182

M4: Final model, (33) 1539.01 LR(M4|M1) 4552 27  0.014
LR(MA|M2) 2879 21 0.119
LR(MAIM3) 554 3 0.136

Table 8: Residual analysis for final restricted dynamic model.

Multivariate tests (p-values in brackets)

Residual autocorrelation F(45,277) = [134]
0.08
Test for normality 2(6) = [70()]
0.32
Test for ARCH F(120,521) = [128]
0.04

Aus and Auy_1 enters the wage equation with opposite signs. The coefficients on these
are almost identical (taking into account the size of their standard errors) with opposite signs
which would indicate that the speed of change of unemployment affects wage growth rather
than the change in the unemployment rate’, as e.g. in Bardsen et al. (2007). Adding this
restriction can be rejected at a 0.5% significance level, so it does not seem plausible to add
this restriction. However, the data for the unemployment rate here is in rates rather than in
logs, so the speed of change in unemployment could matter for wage growth, but it may be
conditional on the level of the unemployment rate such that both need to be included in the
equation. Thus, we may consider the case where we have Awu; and A%u; as variables in the
wage equation. Since the estimated value for the coefficient for Awu; is —2.897 and for Auy_q
is +2.203, this could be interpreted as Aw; = —0.694Au; — 2.203A%u;_1, such that both
the change and the speed of change of unemployment matters for wage growth, capturing
a non-linear effect of unemployment on wages in the short run. These estimated parameter
values would imply that the negative effect of unemployment on wage growth is smaller in
the short run than in the long run, indicating labor market frictions.

The final model shows that wages and prices have no short run effects on each other.
This may be a sign of rigidities, in line with the theoretical model which suggests real wage
rigidities and price rigidities. This also implies that there is no short-run homogeneity between

T-Aug + Aug_y = —(ur — up—1) + (ug—1 —ug—2) = Ay
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Figure 3: Actual and fitted values for the three equations.

wages and prices or vice versa in the short run, which also may indicate rigidities of wages
and prices.

The low values for the estimated parameters of the speed of adjustment indicates rigidities
is in line with the estimates in the o matrix in the EqQCM. The speed of adjustment is lowest
for unemployment and highest for wages, which also was indicated by the o matrix as shown
in table 6. The high value of the autocorrelation parameter for unemployment change (0.74)
also indicates that the speed of adjustment to disequilibrium for unemployment is low.

In the short run, the effect of oil price changes is smaller than in the long run (0.005 and
0.053, respectively). Since an increase in the oil price affects the cost for the firms, it takes
time before firms change their prices and in effect influences the general price level. The
difference between the short run and the long run parameter for the oil price as seen here
should therefore be expected.

3.4 Impulse response functions

Impulse response functions (IRFs) for the calibrated® NK model and the estimated dynamic
model (the final restricted dynamic model shown in (33)) are compared in figures 4 and
5. The variables being affected are log deviations from steady state in the NK model and
log differences (approximating growth rates) in the EqCM. All of the shocks are transitory
such that the error correction terms (i.e. the estimated long-run relations) are assumed not
to be affected by the shocks. Additionally, the growth rates are assumed to equal zero in
the long run according to the IRFs, which is not the case for the non-stationary variables

8The parameters estimated by maximum likelihood estimation in section 3.2 are now calibrated. The
parameters are calibrated to § = 0.12, B = 0.12, v = 0.5, ¢ = 5, ¢, = 0.8 and p, = 0.9, following the
calibration in Blanchard and Gali (2010). Additionally, the persistence of the oil price shock is set to p, = 0.5,
and 6 = 0.4.
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Figure 4: Impulse response functions for the estimated dynamic model (solid lines) and the
calibrated NK model (dashed lines) following a positive productivity shock.
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Figure 5: Impulse response functions for the estimated dynamic model (solid lines) and the
calibrated NK model (dashed lines) following a positive oil price shock.
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in the EQCM where the long-run relationship indicates the long-run growth of the variable.
Hence, we should view the path which each variable returns to as the return to the long-
run equilibrium. Furthermore, the effect on wages concerns nominal wages in the dynamic
model and real wages in the NK model. The shocks are scaled such that the initial effect in
the estimated dynamic model and the NK model are of equal size for each impulse response
function in order to make the comparisons of the impulse response functions more transparent.
Additionally, AR(1) processes are added for the productivity and oil price shocks in the EqCM
in order to have the same dynamics for the shocks as in the NK model. In the dynamic model,
a transitory oil price shock will only affect inflation in the short run since inflation in that
case does not affect wages or unemployment as seen in (33). We are therefore only able to
compare the effect of an oil price shock on inflation in this case.

As seen by the IRFs in figure 4, the response to a productivity shock seems to be quite
similar for the nominal wage in the estimated model and the real wage in the NK model. The
response of inflation to an oil price shock as shown in figure 5 also seems to be similar for
the two models, since there is a direct effect on inflation from a change in the oil price. This
shows that the theoretical assumption of oil prices being a part of the markup for the final
goods firms, as defined in (9), is in line with what is shown by the data. A positive oil price
shock will increase the markup, which will lead to a higher price of final goods. Inflation is
therefore directly affected by the oil price such as shown by the data in the EqQCM.

A positive productivity shock has a similar negative initial effect on inflation and unem-
ployment as seen in the second and third panel of figure 4. However, the negative inflation
and unemployment growth then increase and thereafter return back to equilibrium in the
EqCM, while they return quickly back to equilibrium in the NK model and then become
slightly positive before coming back to equilibrium again. This suggests that there are some
differences between the NK model and the dynamic properties of the data.

The initial effect of the productivity shock on inflation and unemployment goes in the
same direction for the EqCM and the NK model. This implies that the differences in the
dynamics of the NK model and the EQCM explains the differences in the IRFs. Firtstly, since
there is a larger degree of persistence for the technology shock in the data than in the NK
model, the rigidities seems to be stronger than explained by the theory. This may therefore be
related to Calvo pricing as introduced through the New Keynesian Phillips curve, real wage
rigidities as included in the partial adjustment model in (14) or labor market frictions as
included by hiring costs and job separation in (6) and (7). The implementation of rigidities
in the theoretical model does not correspond to the rigidities found by the persistence of
shocks in the data, because of the magnitude or the structure of the theoretically modeled
rigidities.

For a fluid labor market such as in the US, the persistence of shocks should be quite low
(Blanchard and Gali, 2010). This seems to be the opposite of what is found in the data here,
since there is a large persistence of shocks. Real wage rigidities, measured by the parameter
v in (14) is set to v = 0.5 in the calibrated model, following the calibration in Blanchard and
Gali (2010). This parameter measures to what extent the real wage depends on the real wage
in the previous period relative to the marginal rate of substitution, i.e. factors that suggest a
change in wages such as e.g. increased unemployment. Since the wage rigidities were found
to be large in the estimated alpha matrix as shown in table 6 (although not as large as for
prices and unemployment), the calibrated value of 0.5 may be too low in order to account for
the strong degree of rigidities as shown in the IRFs for the EQCM. The estimated parameters
for the equilibrium correction relations in the EQCM in (33) show that the least significant
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Figure 6: Impulse response functions for the estimated dynamic model (solid lines) and the
calibrated NK model (dashed lines) following a positive productivity shock. The parameter
for real wage rigidities is calibrated to v = 0.9 in the NK model.

error correction term is the term for the wage equation indicating that there is a large degree
of wage rigidities.

By calibrating the parameter measuring real wage rigidities to v = 0.9 in order to increase
the degree of real wage rigidities in the NK model, we get the IRFs for the productivity shock
in figure 6. The dynamic response of the real wage in the NK model is now much higher than
the response of the nominal wage in the EqQCM as seen in the first panel of figure 6. This
is reasonable since decreased inflation following a productivity shock should lead to a larger
positive effect on the real wage than the isolated effect on the nominal wage. Furthermore,
we see that the response of unemployment and inflation to the productivity shock are now
returning more slowly back to equilibrium after the negative initial effect, compared to the
case where we used a smaller calibrated value for the real wage rigidities. This implies that
the real wage rigidities should be larger than what was assumed in the initial calibrated NK
model in order for the model to replicate the results found in the data. It also highlights the
need of including wage rigidities such as modeled in (14) into NK models in order to match
what is observed in the data.

However, the persistence of the productivity shock on unemployment and inflation is still
not as large in the NK model as it is in the IRF's from the EQCM. The hump-shaped IRFs in the
EqCM are not replicated by the NK model and may be the explanation of this larger degree of
persistence of the productivity shock. By using a hybrid New Keynesian Phillips curve (i.e. a
forward-looking and a backward-looking inflation term in the NKPC due to partial indexation
as in Galf et al. (2001)) rather than the basic version used in (13), a hump-shaped response
of inflation to a productivity shock may be modeled. The standard New Keynesian Phillips
curve used in the NK model in (12) indicates that prices change as a result of some firms
resetting their prices while other firms are not able to and have to keep the price they also
used the previous period. The hybrid New Keynesian Phillips curve is developed by modeling
that the firms who are not able to reset their price in the period change their price according
to some indexation rule depending on past aggregate prices. This enables a Phillips curve
where inflation depends on both future expected inflation and previous inflation. The system
will then depend on past prices, allowing the hump-shaped response of variables to shocks
because of an amplification of shocks the first few periods after the shock. This is because
firms that set prices based on previous prices react to the shock and set prices according to it
after some periods rather than to react immediately. Since some firms may react slowly and
gradually to shocks, this is more reasonable than assuming that firms either optimize fully or
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Figure 7: Impulse response functions for the estimated dynamic model (solid lines) and the
calibrated NK model (dashed lines) following a positive productivity shock. A hybrid New
Keynesian Phillips curve is used, and the parameter for real wage rigidities is calibrated to
v = 0.9 in the NK model.

not at all in a given period. The parameter for the forward-looking term is calibrated to 0.6
and the backward-looking term to 0.4. This yields the IRFs following the productivity shock
as shown in figure 7 (where the parameter for the real wage rigidity is still set to v = 0.9).

After replacing the basic NKPC with the hybrid version, it is possible to obtain hump-
shaped responses of the IRFs. However, there is overshooting in the NK model, while it
is not found in the data. This overshooting response to the productivity shock may be
because of the interest rate rule included in the NK model which reacts to deviations from
steady state for unemployment and inflation (Friedman and Woodford, 2010, p.285-367). The
estimated parameters in the EqCM show the relation between the five observable variables in
the sample such that monetary policy conducted in the sample period is included implicitly
by the estimated model. Hence, this could indicate that the monetary policy in the NK model
through a Taylor rule as introduced in (22) is not equivalent to the monetary policy actually
conducted in the US for the sample in the estimated EQCM. Assuming that the central bank
follows an instrument rule such as the Taylor rule may be a too strong assumption since
central banks rather use a more complex decision making process that is hard to model.
Particularly, the interest rate may react more slowly than in the Taylor rule which assumes
an instant reaction to a change in inflation or the unemployment gap.

Additionally, we know that the solution of the log-linearized model has a VAR(1) repre-
sentation. Since the dynamic model following the EqCM consists of more lags, this may also
be a reason for why the EqCM captures more dynamics than the theoretical model. However,
we see that by making some adjustments to the NK model in section 2 such as increasing
the degree of real wage rigidities and using backward-looking price setting firms, the IRF's
of the theoretical model becomes more similar to what is found in the data. The results
therefore indicate that the relatively simple NK model outlined here with some additional
extensions may explain what is found in the data. A larger degree of rigidities is of particular
importance, which is shown after increasing the degree of real wage rigidities and using the
hybrid Phillips curve as shown by the IRF's in figure 7.
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4 Conclusion

By estimating an econometrical model for wages, prices and unemployment, it is possible to
investigate what is implied by the observed data for the economy. However, a theoretical
framework is needed in order to analyze the data, either in terms of a theoretical structural
model or by comparing the data to some stylized facts. The theory we are interested in may
be tested in the econometrical framework as over-identifying restrictions, provided that the
estimated model is well specified. Furthermore, the dynamic model which is estimated with
the restricted long run relations yields a backward-looking model which also typically is the
representation of a solution of a theoretical New Keynesian model. This also indicates that a
New Keynesian model may be estimated through an equilibrium correction framework.

The New Keynesian model used here as a theoretical background is tested in the estimated
econometric model, and most of the restrictions on the long-run structure of the data in
form of the steady states of the theoretical model are identified and cannot be rejected as
restrictions on the econometric model. This implies that the theoretical model seems to be a
good description of the data in the long run.

The estimates of both the long-run vectors and the dynamic model which shows the short-
run effects, indicate rigidities in prices, wages and unemployment. This is a clear indication
of rigidities being present in the data, which are important factors in New Keynesian models
such as rigid price setting, wage rigidities and labor market frictions.

When we look at the effects of simulated shocks to the economy, the estimated model
and the calibrated theoretical model seems to produce quite similar results, as indicated by
the impulse response functions. This suggests that the results from the calibrated theoretical
model are to a large extent found in the data, especially when we increase the degree of real
wage rigidities and include the hybrid New Keynesian Phillips curve in the theoretical model.

Combining a New Keynesian model with an econometric framework as done here is an
alternative to estimate the complete model using maximum likelihood or bayesian estimation
methods. The advantage of using the method outlined here is that properties of the theoretical
model may be tested, while maximum likelihood and bayesian estimation of the log-linearized
model assumes the theoretical model being the data generating process prior to estimation.
Hence, this method enables us to combine observed data with a New Keynesian model without
preferring one over the other.
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