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Abstract News shocks about future increases in Total Factor Productivity (TFP) lead to a large and persistent drop in in‡ation and the Federal Funds rate while driving up the slope of the term structure of interest rates (Kurmann and Otrok, 2012). In this paper, we …rst show that a benchmark medium-scale DSGE model with nominal rigidities parameterized to standard values is unable to replicate these dynamics. We then estimate the model with a limited-information procedure that is designed to match as closely as possible the impulse responses of key macroeconomic aggregates, in‡ation and the term structure to TFP news shocks. This empirical approach, coupled with a sequence of model variations, delivers a set of lessons on reconciling the benchmark model with the empirical news impulse responses. The main lesson is that while the model can be modi…ed to improve the …t along the TFP news dimension, these modi…cations come at the cost of severely deteriorating the model’s response to other prominent shocks, such as a monetary policy shock. We thank seminar participants at the 2011 SED conference, Ente Einaudi Institute, the University of Ottawa, the Federal Reserve Bank of Kansas City, Michigan State University, the University of Adelaide, HEC Montreal, the University of Berne, the University of Konstanz, the 2012 Midwest Macro conference, the Sverige Riksbank, the 2012 Dynare conference, and Temple University for helpful comments. The ideas in this paper do not re‡ect the views of the Federal Reserve Board or the Federal Reserve Bank of St Louis. Contact information: [email protected] and [email protected].
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Introduction



The macroeconomic literature has witnessed a resurgence of the idea that news about future changes in fundamentals are an important driver of economic ‡uctuations. Originally proposed by Pigou (1927), the idea has found prominent empirical support from papers by Beaudry and Portier (2006), Beaudry and Lucke (2010) and Barsky and Sims (2011) who show that anticipations of future increases in Total Factor Productivity (TFP) –TFP news for short –account for a substantial portion of unpredictable movements in real macroeconomic aggregates. Kurmann and Otrok (2012) further document that the same TFP news are also a major driver of the term structure of interest rates. Speci…cally, a positive TFP news shock triggers a sharp and persistent drop in in‡ation and short-term interest rates that leads to a concomitant steepening of the yield curve. In this paper, we investigate to what extent New Keynesian Dynamic Stochastic General Equilibrium (DSGE) models can generate the joint dynamics of key macroeconomic aggregates and term structure variables to TFP news shocks. This exercise is important for both positive and normative reasons. First, TFP news shocks are shown to account for about 50% of unpredictable movements in the Federal Funds rate. Evaluating New Keynesian DSGE models, which have become the workhorse framework for monetary policy analysis, along the TFP news dimension should therefore be of prime interest. Second, TFP news shocks are found to generate a sharp and persistent drop in the Federal Funds rate that exceeds the observed drop in in‡ation. Monetary policy therefore responds aggressively by lowering the real short rate, suggesting that nominal frictions and monetary policy play an important role for the propagation of TFP news shocks. Indeed, Christiano, Ilut, Motto and Rostagno (2008, 2010) make the theoretical point that it is hard to generate a drop in real interest rates in response to TFP news shocks in a purely real business cycle model. Hence, in a New Keynesian context, standard monetary policy rules that prescribe a drop in the real rate following a TFP news shock are likely to induce ine¢ cient booms in real activity. This conclusion about the pitfalls of standard monetary policy rules hinges crucially on the ability of New Keynesian DSGE models to generate macroeconomic dynamics in line with the empirical evidence on TFP news shocks. Our paper addresses this question in an explicit quantitative framework. Figure 1 provides a preliminary look at the ability of a benchmark New Keynesian DSGE model to …t the empirical evidence on TFP news shocks. The solid black lines and grey con…dence intervals display the impulse responses estimated on post-war U.S. data to a one-time positive TFP news shock as implied by the VAR identi…cation procedure of Barsky and Sims
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(2011) and Kurmann and Otrok (2012).1 The dotted red lines show the theoretical impulse responses of the New Keynesian DSGE model by Smets and Wouters (2007) calibrated to the median values of their full-information Bayesian estimation on post-war U.S. data and with the TFP process adapted so that it matches the VAR impulse response of TFP to a news shock as closely as possible.
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Figure 1: Impulse responses to a TFP news shock from empirical VAR (solid black lines and grey 68% con…dence intervals) and the theoretical model calibrated to the Smets-Wouters (2007) estimates (dotted red lines).



The …gure makes clear that the model, parameterized to values estimated by Smets and Wouters (2007), fails dramatically at replicating the empirical results from the VAR. In particular, in the data, a positive news shock generates a gradual increase in TFP; a temporary downturn in economic activity followed by a permanent increase; and a sharp prolonged 1



Details of the VAR identi…cation procedure and the model are provided in Sections 2 and 3, respectively. Section 2 also discusses the alternative VAR identi…cation procedures of Beaudry and Portier (2006) and Beaudry and Lucke (2010) and why we decided to prefer the identi…cation procedure of Barsky and Sims (2011) and Kurmann and Otrok (2012).
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drop in in‡ation. Monetary policy reacts to the shock with a drop in the Federal funds rate that exceeds the drop in in‡ation; and the yield curve steepens as shown by the jump in the long-short spread. By contrast, in the model, output and investment do not move on impact and the subsequent increase is well below the empirical counterpart. Furthermore, in‡ation, the Federal Funds rate and the term structure barely react to the TFP news shock; and move, in fact, slightly in the opposite direction of the data. This preliminary look is admittedly unfair to the model since Smets and Wouters’(2007) estimation is not conditioned on TFP news shocks and does not try to …t the term structure. Nonetheless, Figure 1 is instructive of just how far one needs to move to reconcile the model with the data. We also emphasize that the results from Figure 1 are not particular to the Smets-Wouters model. As will become clear, di¤erent commonly encountered variations of the model would imply very similar impulse responses as long as the calibration is kept consistent with the existing literature. The lessons we derive from our analysis therefore apply not only to the Smets-Wouters model but to an entire class of medium-size New Keynesian DSGE models currently used for policy analysis. From this preliminary result, the paper proceeds as follows. First, we ask whether there exists a parameterization for which the Smets-Wouters model or variations thereof are able to replicate the empirical impulse responses of macroeconomic aggregates and term structure variables to a TFP news shock. If the answer to this question is positive, then a second question is whether that parameterization is also able to replicate the empirical evidence with respect to other prominent shocks such as a monetary policy shock. To address the …rst question, we adopt a limited-information estimation procedure to search for the combination of parameters that matches the VAR impulse responses of the di¤erent macroeconomic aggregates and term structure variables as closely possible. We choose this procedure over full-information likelihood-based methods because we want to give the model the best possible chance of replicating the empirical evidence. Then, we restrict di¤erent parameters to empirically plausible values and introduce a sequence of structural modi…cations in an attempt to help the model …t the VAR impulse responses. The analysis delivers …ve important lessons. Lesson 1 is that the failure of the New Keynesian DSGE models to generate interest rate dynamics in line with the empirical evidence is not due to their description of monetary policy. More speci…cally, we show that a range of interest rate rules prescribing an aggressive systematic reaction to in‡ation are consistent with the observed response of the Federal Funds rate to a TFP news shock. We view this as a positive result because interest rate rules featuring an aggressive in‡ation response are a mainstay of modern monetary policy
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making and enjoy broad empirical support. Lesson 2 is that while an unrestricted estimation of the model yields a reasonable …t, several of the estimated structural parameters take on extreme values that lie well outside the range of values typically reported in the literature. Most notably, the unrestricted estimation implies an extreme degree of nominal wage rigidity, a complete absence of investment adjustment cost and highly ‡exible capital utilization. When we restrict the parameter governing nominal wage rigidity to values consistent with available microeconomic evidence, we …nd that the ability of the model to simultaneously generate a boom in real activity and a drop in in‡ation deteriorates substantially. The result draws the spotlight on the determinants of real marginal cost, the dynamics of which are key for the model to generate a drop in in‡ation in response to a TFP news shock. Lesson 3 is that the introduction of wage bill …nancing as in Christiano, Eichenbaum and Evans (2005); and preferences with limited wealth e¤ect on labor supply as proposed by Jaimovich and Rebelo (2009) and generalized by Schmidt-Grohe and Uribe (2012) improves the performance of the model. Both additions help limit the upward pressure on marginal cost and therefore in‡ation and the Federal Funds rate following a TFP news shock, which in turn allows the model to generate a more ampli…ed response of real aggregates. The result is particularly interesting because Jaimovich and Rebelo (2009) and Schmidt-Grohe and Uribe (2012) introduce their preferences with limited wealth e¤ect in real business cycle models to generate comovement in real aggregates on impact of the TFP news shock –a feature that is contradicted by our VAR evidence –whereas we show that in a New Keynesian context, these same preferences have important e¤ects on the real side of the economy through their impact on price setting and monetary policy. Lesson 4 is that the while the model augmented with wage bill …nancing and preferences with limited wealth e¤ect is capable of …tting the VAR evidence on TFP news shocks reasonably well, the same model fails to …t the empirical evidence on monetary policy shocks –a dimension on which the model has historically been deemed to be a success (e.g. Christiano, Eichenbaum and Evans, 2005). As we show, the very features that help the model match the responses to a TFP news shock – aggressive systematic monetary policy and absence of investment adjustment cost –are the opposite of the features that help in matching the responses to a monetary policy shock. The absence of investment adjustment cost is also problematic for other reasons. First, it stands in sharp contrast with Smets and Wouters (2007) who …nd that investment adjustment cost are essential to …t unconditional U.S. postwar data. Second, the absence of investment adjustment cost implies that the value of the …rm and therefore stock prices in the model are constant (e.g. Christiano, Illut, Motto and



4



Rostagno, 2008). This contradicts a robust …nding of the VAR evidence, which is that TFP news are preceded by persistent stock market booms. Lesson 5, …nally, consists of an exploratory study of the sources of movements in term premia. As in Smets and Wouters (2007) and much of the business cycle literature, our model analysis is set in a loglinearized context with homoscedastic innovations. Term premia are therefore by de…nition constant and long-term bond yields satisfy the Expectations Hypothesis. By contrast, our VAR evidence indicates that TFP news lead to a temporary increase in term premia, which account for one third to one half of the observed impact response of the term structure slope (the rest being accounted for by the expected path of future short rates; i.e. the Expectations Hypothesis). To introduce endogenous movements in term premia, we follow Ang and Piazzesi (2003) and many others in the …nance literature and specify an a¢ ne no-arbitrage condition that generates time-varying risk as a linear function of state variables. Long-term bond yields can then be derived recursively as a function of expected future short yields and time variation in term premia. In order to maintain parsimony, we restrict time variations in risk to depend on two key variables: expected in‡ation and expected consumption growth. Both of these variables have been shown in the …nance literature to be important factors for the term structure. In contrast to that literature, however, the evolution of the two variables and thus risk is fully dictated by the solution to the linearized DSGE model. We …nd that these two state variables are su¢ cient for modelling movements in term premia, which suggests that consumption-based asset pricing models are at least in principle capable of generating the term premia dynamics with respect to TFP news shocks implied by our VAR evidence. The rest of the paper is organized as follows. Section 2 reviews the VAR identi…cation procedure for identifying TFP news shocks. Section 3 presents the DSGE model and the limited-information estimation procedure. Section 4 provides details on the …ve lessons implied by our quantitative analysis. Section 5 concludes.
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VAR identi…cation of TFP news shocks



In this section, we …rst describe the VAR identi…cation of TFP news shocks of Barsky and Sims (2011) and Kurmann and Otrok (2012). Then we discuss the data used for the estimation and report results.
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2.1



Identifying TFP news shocks



Beaudry and Portier’s (2006) original idea is that TFP is the sum of two orthogonal exogenous components, one capturing the slow di¤usion of new technologies and the other capturing contemporaneous shocks to productivity. This idea receives empirical support from a host of microeconomic evidence (e.g. Rotemberg, 2003 and references therein) and is formalized by Beaudry and Portier (2006) as log T F Pt = d(L)"news + v(L)"current , t t



(1)



are uncorrelated innovations; and d(L) and v(L) are lag polynoand "current where "news t t mials governing the e¤ects of the two innovations on TFP. The only theoretical restriction imposed on these lag polynomials is d(0) = 0. This restriction together with the exogeneity as a as a traditional contemporaneous shock and "news assumption on TFP de…nes "current t t news current is revealed in t but is revealed and a¤ects TFP in t, "t news shock; i.e. while "t a¤ects TFP only in t + 1 or later.2 , we adopt the identi…cation procedure of Barsky and To identify the news shock "news t Sims (2011) and Kurmann and Otrok (2012). In this procedure, TFP is placed in a VAR with a selection of other macroeconomic variables. The exogeneity assumption of TFP together with d(0) = 0 implies that, if TFP is ordered …rst without loss of generality, the is identi…ed as the shock associated with the …rst column contemporaneous TFP shock "current t of the matrix A~ obtained from a Cholesky decomposition of the VAR residuals.3 According to (1), the news shock "news then corresponds to the innovation that explains all remaining t variation in TFP conditional on being orthogonal to "current . This ’statistical identi…cation’ t is a restricted version of Uhlig’s (2003) original idea of …nding the exogenous shock(s) that explain most of the ‡uctuations of a given variable; e.g. output. It is implemented by extracting the shock that maximizes the amount of the forecast error variance (FEV) of TFP over a given forecast horizon k to k, with the additional side constraint that none of 2



At a given point in time, TFP can therefore move for three possible reasons. First, a contemporaneous shock hits. Second, past news shocks realize. Third, past changes in productivity innovations propagate forward to a¤ect current TFP. In a univariate context, it would be impossible to separately identify the two shocks. In a VAR context, however, identi…cation is possible through the presence of forward-looking variables such as the slope of the term structure that react immediately to TFP news. 3 To see this, let the VAR be described by Yt = C(L)ut , where ut denotes the vector of estimation residuals ~"t be the mapping between VAR predicion errors and with variance-covariance matrix . Then, let ut = A~ structural shocks ~"t implied by the Cholesky decomposition A~A~0 = . Since A~ is lower-triangular, the only shock that can have an immediate e¤ect on the …rst variable in the VAR (i.e. TFP) is the …rst element of ~"t . See Kurmann and Otrok (2012) for details.
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the FEV of TFP at forecast horizon k = 0 is explained.4 The crucial assumptions for this identi…cation procedure of TFP news to be valid are that TFP is exogenous and is well-described by a moving average representation in two orthogonal innovations as described in (1). The assumption that TFP is exogenous is a basic tenent of business cycle modeling. The assumption that two orthogonal innovations account for most variations in TFP may seem more arbitrary but is consistent with the general model criteria of parsimony – indeed, TFP in most modern business cycle models, including the Smets-Wouters model, is assumed to be driven by one contemporaneous shock only. Also notice that it is generally not possible to simultaneously satisfy that two orthogonal shocks drive 100% of variations in TFP. We check in our data below, however, that the combination of one contemporaneous shock and one news shock as identi…ed by our procedure explains the vast majority of all TFP movements. The identi…cation approach has several desirable features. First, the approach allows but does not require that either the contemporaneous TFP shock or the TFP news shock or both have a permanent impact on TFP (i.e. v(1) = 1 and/or d(1) = 1 in the above notation). Second, the approach does not make any restriction about common trends in the di¤erent VAR variables. Third, because it is a partial identi…cation method that only makes assumptions about TFP, the approach can be applied to VARs in many variables without imposing additional and potentially invalid assumptions about other shocks. It is also instructive to compare the identi…cation procedure to the ones proposed by Beaudry and Portier (2006) and Beaudry and Lucke (2010). In both cases, TFP news shocks are identi…ed by the restriction that d(0) = 0 (as in our procedure) and a set of auxiliary short- and long-run restrictions that fully identify all structural shocks of the VAR. This approach has important drawbacks. First, TFP news shocks according to this full-identi…cation procedure are entirely conditional on auxiliary assumptions about other shocks that are unrelated to TFP. Second, long-run restrictions often su¤er from important small-sample biases and robustness issues with respect to common trend assumptions.5 Third, as more variFormally, if A~ is the Cholesky decomposition from the previous footnote, the procedure identi…es the ~ news where qnews is the column vector of an orthonormal matrix T F P news shock as the column vector Aq Q that solves 2 3 k k X X1 ~ 0 A~0 Cl0 5 eT F P qnews = arg max e0T F P 4 Cl Aqq 4



q



s:t:



e0T F P q



=



k=k l=0



0



0 and q q = 1



where eT F P is a selection vector; and Cl are the vector moving average matrices of the VAR lag polyonomial C(L). See the appendix of Kurmann and Otrok (2012) for details. 5 See for example Fisher’s (2010) comment on Beaudry and Lucke (2010). Also see Kurmann and Mertens
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ables are added to the system, the number of additional auxiliary restrictions necessary for identi…cation increases disproportionally, thereby compounding the above problems. For all these reasons, we prefer the partial identi…cation procedure of Barsky and Sims (2011) and Kurmann and Otrok (2012).



2.2



Data



As in Kurmann and Otrok (2012), we specify a VAR that combines key macroeconomic aggregates with term structure variables. For the macroeconomic data we use a measure of TFP, output, investment, consumption and in‡ation. To this set of variables, we add the S&P 500 composite index de‡ated by the consumer price index. The measure of TFP is a quarterly version of the series constructed by Basu, Fernald and Kimball (2006). This series exploits …rst-order conditions from a …rm optimization problem to correct for unobserved factor utilization and is thus preferable to a simple Solow residual measure of TFP.6 The macro aggregates are all logged and in real chain-weighted terms. For in‡ation, we use the growth rate of the GDP de‡ator. We checked for robustness of results with alternatives measures of consumption and in‡ation and generally found very similar results.7 For the term structure data we use two time series. The …rst is the Federal Funds rate. The second is the term spread which is measured as the di¤erence between the 60-month Fama-Bliss unsmoothed zero-coupon yield from the CRSP government bonds …les and the Federal Funds rate. We choose the 60-month yield as our long rate because it is available back to 1959:2, whereas longer-term yields such as the 120-month yield become available only in the early 1970s. We use the Federal Funds rate as the short term rate because the DSGE model examined below does not di¤erentiate between the monetary policy rate and the short-end of the Treasury yield curve (e.g. a 3-month bill rate).8 To check for robustness, (2013) who show that depending on common trend assumptions imposed, Beaudry and Portier’s (2006) restrictions either imply a fundamental identi…cation problem or generate results that are di¢ cult to interpret as news about future productivity. 6 Basu, Fernald and Kimball (2006) also make use of industry level data to correct for di¤erences in returns to scale. Since this industry level data is available only on an annual basis, our quarterly TFP measure does not include this returns to scale correction. See Barsky and Sims (2011) for details. 7 Speci…cally, we alternatively measured consumption as the sum of non-durables and service expenditures; and in‡ation as the growth rate of personal consumption expenditures less food and energy or the growth rate of the consumer price index less food and energy. We strip out the food and energy components because they are highly volatile, transitory components to which monetary policy typically does not respond systematically (as described by the interest-rate rule of the DSGE model). 8 This approximation seems reasonable since in practice, the Federal Funds rate and short-end bill rates move very closely together. More precisely, the correlation coe¢ cient of the Federal Funds rate and the 3-month bill rate over the 1959:2-2005:2 period is 0.984. The Federal Funds rate is slightly more volatile and has a higher mean than the 3-month bill rate. For our VAR and DSGE exercises, these di¤erences are not
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we ran our simulations with alternative measures of the slope and the short rate and found all of the main results to be unchanged. All of the macroeconomic series are obtained in quarterly frequency from the FRED II database of the St. Louis Fed. The term structure and stock market data are available in daily and monthly frequency. We convert them to quarterly frequency by computing arithmetic averages over the appropriate time intervals. In‡ation and term structure data are reported in annualized percent. All remaining variables are reported in natural logs; and the real aggregates are population adjusted. The sample period is 1959:2-2007:3. The VAR is estimated in levels with 4 lags of each variable, an intercept term, but no time trend. To improve precision, we impose a Minnesota prior (see Hamilton 1994, page 360) on the estimation and compute error bands by drawing from the posterior. None of the results change, however, if we estimate the VAR with OLS instead and compute error bands by bootstrapping from the estimated VAR.



2.3



Results



The black solid lines in Figure 1 show the impulse responses to a TFP news shock, which are essentially the same as those reported in Kurmann and Otrok (2012).9 By de…nition, TFP does not react on impact of the shock. Thereafter, TFP increases gradually to its new permanent steady state. Output, consumption and investment also increase gradually to a new permanent level. On impact of the shock, consumption increases signi…cantly whereas output and investment decline …rst. The real stock market index increases on impact and remains signi…cantly higher for about four years before slowly returning back to its initial value. Finally, both in‡ation and the Federal Funds rate drop markedly on impact and remain persistently below their initial value for 15 to 20 quarters. Finally, the long rate declines only slightly. Our VAR framework allows us to decompose the reaction of the long rate into changes in expectations about future short rates (i.e. the Expectations Hypothesis) and term premia variations. Specially, the yield on a T -period zero-coupon bond rtT (in our case the 60-month yield) can be expressed as T 1 1X T E[Rt+i =It ] + tpt , (2) Rt = T i=0 where the E[Rt+i =It ] denote expectations of future short rates as implied by the VAR based on information It ; and tpt denotes term premia. This type of decomposition has been used important. 9 The di¤erence is that our data set is longer, the IRF are indistinguishable though.
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widely in the term structure literature. Notable examples are Cambpell and Shiller (1991) or more recently Diebold, Rudebusch and Aruoba (2006) and Evans and Marshall (2007). Figure 2 shows the decomposition of the slope and long rate response to a TFP news shock, which replicate the impulse responses of the bottom two panels of Figure 1, into an Expectations Hypothesis part and a term premia part.
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Figure 2: Decomposition of spread and long-rate response to TFP news shock (blue solid lines) into Expectations Hypothesis part (green solid lines) and term premium part (dashed red lines).



Term premia react positively and signi…cantly (not shown here) to TFP news shocks, con…rming the rejection of the Expectations Hypothesis in the data (e.g. Campbell and Shiller, 1991). However, these variations make up less than half of the total response of the long rate and the spread. This result is consistent with earlier …ndings in the literature that the Expectations Hypothesis accounts for a large part of term structure dynamics (e.g. Campbell and Shiller, 1987). Time-variations in term premia remain of course important to analyze and we do so towards the end of the paper.
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3



A New Keynesian DSGE model with TFP news shocks



This section describes the benchmark model and the estimation approach that we will use in the next section to evaluate how well New Keynesian DSGE models account for macroand term structure dynamics in response to TFP news shocks. As in the existing literature, the model is linearized around the appropriately normalized steady states. This facilitates the task of solving and estimating the model despite its relative complexity. However, as discussed in the introduction, linearization coupled with the assumption of homoscedastic innovations implies constant term premia. Later on, we will therefore combine the linearized DSGE model with an a¢ ne formulation of the pricing kernel that allows for time-varying risk. Under no arbitrage, long bond yields can then be derived recursively as a combination of expected future short rates and time-variation in term premia.



3.1



Model



The model is essentially the one described in Smets and Wouters (2007) and contains the following real and nominal frictions: (i) infrequent nominal price and wage setting that allows for indexation to lagged in‡ation; (ii) habit persistence in consumption; (iii) investment adjustment costs; (iv) variable capital utilization; and (v) …xed costs of production. Details about these frictions and the derivation of the model are available in Smets and Wouters (2007) and an extensive appendix. The only major di¤erence with respect to the Smets and Wouters’(2007) speci…cation is that TFP has a stochastic trend driven by news shocks; i.e. consistent with the VAR identi…cation of TFP news shocks, we let the demeaned log of TFP be the sum of two components10 (3)



log T F Pt = vt + dt ;



where vt denotes a persistent but transitory component that is driven by contemporaneous innovations to TFP vt = v vt 1 + v "current (4) t and dt denotes the stochastic trend part that is driven by news dt = (1



d)



d+



10



d



dt



1



+



news d "t 1 .



(5)



Other small di¤erences compared to Smets and Wouters (2007) are that consumption and leisure enter utility additively; consumption habit is internal instead of external; and the cost of variable capital utilization is modeled through depreciation rate (as in King and Rebelo, 2000). None of these di¤erences matter for any of the results.
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Both (4) and (5) are special cases of the more general speci…cation in (1) and are chosen because they match the evolution of TFP to the contemporaneous shock and the news shock estimated in the VAR very closely. In particular, the VAR evidence in Barsky and Sims (2011) and Kurmann and Otrok (2012) indicates that contemporaneous TFP shocks have a persistent but transitory e¤ect only; and that news about future TFP begin to di¤use already one quarter after the shock hits.11 For monetary policy, we use the same general interest rate rule as in Smets and Wouters (2007); i.e. R Rt = Rt 1 + (1 )[ (6) t + ygap ygap;t ] + ygap ygap;t + et ; where Rt denotes the Federal Funds rate, Et t+1 expected in‡ation; ygap;t the output gap and ygap;t the growth rate of the output gap (all in log deviations from their respective steady states); and eR t an exogenous monetary policy shock. The output gap is de…ned as the di¤erence between actual output and potential output if there were no nominal price and wage rigidities. To check for robustness, we replace this interest-rate rule with several alternatives, as will be discussed below.



3.2



Estimation



The estimation of the model in the next section proceeds as follows. The parameters of the model are partitioned into two groups. The …rst group consists of parameters that is calibrated to match long-run moments of the data and point estimates from Smets and Wouters (2007).12 The second group of parameters is estimated to match the IRFs of the di¤erent variables in the VAR to a TFP news shock. Table 1 presents the set of calibrated parameters. Where applicable, values are reported for quarterly frequency. 11



Notice that the speci…cation of the contemporaneous TFP component vt does not matter for the impulse responses to a news shock. We specify this component here for completeness only and because it is important for Monte-Carlo simulation exercises we conduct to assess the …t of our VAR identi…cation procedure. 12 Robustness checks indicate that reasonable deviations from these parameter values do not change any of the conclusions.
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Table 1: Calibrated parameters Parameter



Description



Calibration



Elasticity of production to labor Discount factor Depreciation rate p



curvature of Kimball aggregator in goods market



p



Gross markup in goods market



w



Curvature of Kimball aggregator in labor market



w



Gross markup in labor market Frisch elasticity of labor supply Risk aversion



0:75 0:997 0:025 10 1:1 10 1:5 1:92 1



The …rst four parameters imply a labor share of 0.675 in line with Gollin (2002); an average annualized quarterly real interest rate of 2:34% as measured in our data; an annual depreciation rate of 10 percent; and an average markup for …nal goods producers of 10% as reported by Basu and Fernald (1997). The curvature parameters on the Kimball aggregators and the gross markups in the goods and labor market as well as the elasticity of labor supply are set as in Smets and Wouters (2007).13 Finally, the degree of risk aversion is set to 1 which, for the King-Plosser-Rebelo type preferences employed by Smets and Wouters (2007), implies separability between consumption and leisure utility in preferences. We make this separability assumption for tractability reasons. However, none of the results reported below would change for larger degrees of risk aversion as estimated by Smets and Wouters (2007). Finally, the growth rate of output y and TFP d (not reported in Table 1) are set to match the average growth rate of real GDP per capita and TFP in the data (1.86% and 1.29% annually for the 1959-2007 sample). The second group of parameters are estimated by minimizing a weighted distance between the model-implied IRFs to a news shock and the empirical counterparts from the VAR. Denote by ^ a vector of empirical IRFs to a news shock over obtained from a VAR. Likewise, denote by ( ) the same vector of IRFs implied by the model, where contains all the structural parameters of the model. The estimator for the second group of parameters 2 13



Notice that by the zero pure pro…t condition imposed in Smets and Wouters (2007), the …xed cost on production is pinned down by the average markup in the goods market. This assumption of zero pure pro…ts is consistent with Basu and Fernald (1994) or Rotemberg and Woodford (1995).
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is



h ^2 = arg min ^ 2



i0 ( )



1



h



^



i ( ) ,



where is a diagonal matrix with the sample variances of ^ along the diagonal. This limitedinformation approach is the same than the one implemented by Christiano, Eichenbaum and Evans (2005) for a monetary policy shock. Here, we adapt it for our purposes by …rst estimating the parameters governing the response of TFP to an exogenous news shock and then, in a second step, by estimating the remaining structural model parameters such as to match the IRFs of other variables in the VAR. We adopt this two step approach because we want to evaluate the ability of our model to generate realistic term structure and macroeconomic dynamics to a news shock given an appropriate evolution of observed TFP to a news shock. In the baseline, the estimation criteria contains empirical IRFs to a TFP news shock over a 40-quarter horizon for 8 di¤erent variables: TFP, consumption, output, investment, in‡ation, the Federal Funds rate, and the Expectations Hypothesis part of the term spread and the long bond yield. Later on, when we also estimate the risk factors, we add the IRFs of the observed spread and long bond yield.14



4



Five Lessons



We start our empirical evaluation by returning to the results reported in Figure 1 of the introduction. This is the baseline DSGE model described above using Smets and Wouters’ (2007) estimates along with the news component of TFP in (5) estimated to …t the IRF of TFP to the news shock as closely as possible. The …rst column of Table 2 reproduces these parameter values for reference. The estimates of the parameters in (5) are x = 0:837 and x = 0:0006 (not shown in Table 2 for space reasons). As is apparent from the top left panel in Figure 1, the IRF of TFP implied by these values matches the empirical IRF from the VAR very closely. As the other panels show of Figure 1 show, the model fed with this evolution of TFP completely fails to generate the responses of real and nominal variables. Based on this negative result, we now study variations of the model to learn more about what features of the model are behind the failure to generate IRFs consistent with the VAR evidence. This yields …ve lessons, both positive and negative. 14



Notice that the stock market variable is excluded from the estimation objective even though it is part of the VAR. This does not change any of the conclusions. We will discuss the implications of the model for the stock market further below, however.
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4.1



Lesson 1: Failure is not due to monetary policy rule



A …rst question is whether the type of interest rate rule in (6) is compatible with the VAR responses of the Federal Funds rate, in‡ation and the output gap to a TFP news shock. Since potential output, which together with actual output de…nes the output gap, is not directly observable, we need to construct it from data in the VAR. We do this by de…ning the log of potential output as ytp = ytp



1



+ (1



)trendt ,



(7)



where trendt is proportional to the VAR response of TFP, with the factor of proportionality de…ned as the ratio of the long-run response of output to TFP. This implies that monetary policy recognizes that the news shock shifts productivity to which potential output reacts sluggishly, as implied by . The speci…cation of potential output in (7) is admittedly ad-hoc and may not necessarily correspond to the de…nition of potential output in the DSGE model (i.e. equilibrium output in the absence of nominal rigidities). We …nd, however, that the output gap implied by our preferred estimation of the model looks very similar to the output gap estimated using the above de…nition. Given this formulation of the output gap, we start by parameterizing the interest rate rule in (6) with the median estimates from Smets and Wouters (2007); i.e. Rt = 0:81Rt



1



+ 0:19[2:03Et



t+1



+ 0:08ygap;t ] + 0:22 ygap;t ]



(8)



and set the persistence parameter of potential output in (7) to = 0:41, the point estimate we …nd below when minimizing the distance between the VAR impulse response of the Federal Funds rate and the one implied by the interest rate rule. The blue dotted line in
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Figure 3 displays the implied response of the Federal Funds rate.
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Figure 3: Impulse response of the Federal Funds rate to a TFP news shock according to the VAR (black solid line and 68% con…dence interval); the Smets-Wouters interest rate rule calibrated to their estimates (blue dotted line); the Smets-Wouters interest rate rule estimated to …t the Federal Funds rate response in the VAR (red solid line); and the alternative interest rate rule in in‡ation and output growth (green dashed line).



Except for the …rst period, this line closely …ts the VAR response of the Federal Funds rate (black solid line and grey 68% con…dence intervals). Next, we jointly estimate the parameters of the interest rate rule and the persistence parameter of potential output to …t the VAR response of the Federal Funds rate as closely as possible. We obtain Rt = 0:83Rt
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+ 0:17[2:03Et



t+1



16



+ 0:64ygap;t ] + 2:52 ygap;t ]



(9)



with = 0:41. In this estimation, we …xed to the median estimate of 2:03 in Smets and Wouters (2007) because for su¢ ciently large values of , di¤erent combinations of f , , ygap , ygap g turned out to provide a very similar …t as the one given by the reported estimates. This weak identi…cation issue also arises in the full model estimation below and should, in fact, be considered a positive result. It implies that (6) …ts well for an di¤erent combinations of monetary policy parameters. Part of the explanation for the lack of identi…cation is the fact that the output response to the shock is close to zero on impact –so a wide range of response parameters can be consistent with this. The red solid line in Figure 3 shows the Federal funds rate response implied by (9). The estimated interest rate rule does an excellent job tracking the empirical impulse response of the Federal Funds rate. Finally, to examine robustness, we consider a number of alternative interest rate rules. As an example, consider a rule of the form Rt = 0:5Rt



1



+ (1



0:5)[2Et



t+1



+ 1 yt ];



(10)



i.e. a rule with more moderate persistence and a response to output growth yt instead of the output gap. As the green dashed line in Figure 3 shows, the Federal Funds rate implied by this rule also …ts the VAR response reasonably well. Based on these results, the …rst lesson is that the VAR response of the Federal Funds rate to a TFP news shock is reasonably well approximated by an interest rate rule that responds aggressively to in‡ation as prescribed by Taylor (1993). The failure of the Smets-Wouters model to generate the dynamics to a TFP news shock found in the data is therefore not due to the formulation of monetary policy behavior through an interest rate rule that lowers the real short rate in response to a drop in in‡ation.



4.2



Lesson 2: Reasonable degrees of wage rigidity deteriorate …t



We now move to the estimation of the other parameters. The …rst estimation is an unconstrained estimation where, conditional on the …xed parameters 1 and the estimated process for TFP, we let the parameters in 2 take on any value within the theoretically admissible bounds to …t the VAR responses of the 7 remaining variables as closely as possible. The second estimation is a constrained one where we restrict one of the parameters in 2 to an economically realistic value. Figure 4 plots the model IRFs implied by the unconstrained estimation and compares them to the IRFs from the VAR (with the grey-shaded areas demarking the 16%-84% error
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bands of the VAR responses).
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Figure 4: Impulse responses to a TFP news shock from empirical VAR (black solid lines and grey 68% con…dence intervals) and from unconstrained estimation of Smets-Wouters model (dotted red lines).



Overall, the unrestricted estimation model does well in matching the responses of the di¤erent macro variables. The model generates the initial jump in consumption and the subsequent gradual increase to the new balanced growth level. For output and investment, the model generates the initial drop in both variables followed by a sharp increase after a couple of quarters to the new balanced growth level. Likewise, the model generates the overall shape of the in‡ation response even though on impact of the news shock, the model implies a drop in the Federal funds rate that is smaller than in the VAR. As a result, the response of the 18



spread and the long rate as implied by the Expectations Hypothesis is too small on impact.15 The estimated parameters that generate the IRFs in Figure 4 are reported in the second column of Table 2, labeled ’unconstrained estimates’. The estimates p = 0:20 and ! p = 0 indicate that the data favors a purely forward-looking New Keynesian Phillips curve (NKPC) with little price rigidity (i.e. a coe¢ cient of p = 0:20 implies an average price duration of only 1.25 quarters).16 By contrast, the data requires an extreme degree of nominal wage rigidity with an estimated frequency of wage reoptimization of 1 w = 0 per quarter and a degree of indexation for non-reoptimized wages to past in‡ation of ! w = 0:63; i.e. nominal wages are never reoptimized! The main force behind these estimates is the sharp drop of in‡ation on impact of the news shock, which the model can generate only if in‡ation is a mainly forward-looking process (i.e. ! p is small). Marginal cost, in turn, depends positively on wages and negatively on TFP. After a news shock, the negative income e¤ect on labor supply from consumption smoothing puts upward pressure on wages and thus on marginal cost. In subsequent periods, as the expected increase in TFP realizes, marginal cost falls. The drop in in‡ation on impact and the gradual response thereafter occurs only if there is a lot of wage rigidity (i.e. w and ! w large) so that the initial increase in marginal cost is relatively modest and its negative reaction after the TFP shock realizes is large. The estimation also has strong implications for investment adjustment cost and variable capital utilization. The investment adjustment cost parameter is estimated at its lower bound of S 00 = 0 (i.e. adjustment costs are zero in the vicinity of the steady state). This estimate is driven by the initial drop of investment and the need to have little demand pressure on marginal cost on impact of the shock. If investment adjustment costs were large, then there would be a strong incentive to smooth investment, which in turn would put upward pressure on demand and in‡ation. The parameter governing the variability of capital utilization u is estimated close to its lower bound of 0, which implies that capital utilization is roughly proportional to the rental rate of capital.17 As Dotsey and King (2006) show, variable capital utilization reduces the sensitivity of marginal cost. Hence, the smaller the cost of utilization, the less pressure production exerts on marginal cost. This helps the model reconcile the 15



Of course, the model would by de…nition miss the considerably larger increase in the observed spread, respectively the much smaller drop in the observed long rate, because the linearized DSGE model without the addition of time-varying risk implies constant term premia. 16 Note that the in‡ation indexation parameter ! p is estimated at its lower bound. Since it would not be meaningful to report a standard error at this boundary, we …x the parameter when computing standard errors for the other estimates. We adopt the same approach for any other parameter that is estimated at its respective lower or upper bound. 17 For u = 0, depreciation increases linearly with utilization. In the absence of investment adjustment cost (i.e. S 00 = 0), u = 0 is inconsistent with the stationarity assumption for interest rates. See the appendix for details. We therefore impose a lower bound of u = 0:001 on the estimation.
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large expansion of production with the persistent drop in in‡ation in the wake of the news shock. For monetary policy, …nally, the estimation implies zero interest rate smoothing = 0:0; a strong response to output gap growth ygap = 1:68; and no response to the level of the output gap ygap = 0. These estimates of monetary policy are conditional on an in‡ation response set equal to Smets and Wouters’(2007) estimate of = 2:03 since, as mentioned above, weak identi…cation of the di¤erent monetary policy parameters would push both and ygap higher without perceptible improvement in …t. The estimates required for the model to …t the VAR evidence are very di¤erent from reported in Smets and Wouters (2007) based on a full-information Bayesian estimation. While there is no clear evidence for realistic values of the investment adjustment cost or variable capital utilization, aside from the fact that they are typically found to be important, we can con…dently argue that the degree of wage rigidity w = 1 exceeds any reasonable value (the literature typically reports values around w = 0:75, which implies an average duration of wage contracts of 4 quarters). We therefore restrict this parameter to a more reasonable value of w = 0:73, which corresponds to the median estimate reported in Smets and Wouters (2007).18 The other parameters of the model are reestimated and are reported in the third column of Table 2, labeled ’constrained estimates’. The NKPC is still estimated to be completely forward-looking (i.e. ! p = 0) and the degree of wage indexation to past in‡ation goes to its upper bound of ! w = 1. Also, the model still favors highly variable capital utilization and no adjustment cost to investment. The intuition for these estimates is as above: for in‡ation to fall on impact of the shock, the present value of current and future real marginal cost needs to fall. For this to happen, real marginal cost needs to be insensitive to demand pressures and demand pressures need to be small. For the interest rate rule, there are relatively important changes, indicating that there is an important interplay between price and wage rigidity and monetary policy. In particular, the rule now exhibits interest rate smoothing (i.e. = 0:90) and monetary policy now reacts importantly to the level of output gap but less on output gap growth.19 18



Results are robust to higher but still reasonable values of w . In this estimation, the issue of weak identi…cation mentioned above also manifests itself on ygap , which is pushed towards unreasonably large values without perceptible improvement in …t. We therefore …x ygap = 2:99. None of the results change when we …x ygap to other values above 3. 19
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Figure 5 plots the IRFs for these constrained estimates.
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Figure 5: Impulse responses to a TFP news shock from empirical VAR (black solid lines and grey 68% con…dence intervals) and from constrained estimation of Smets-Wouters model (dotted red lines).



The model still generates an initial jump in consumption but can no longer match the subsequent increase to the new balanced growth level. The model also implies a marked drop in output and investment on impact of the shock; but does not generate nearly enough ampli…cation in these two variables thereafter. The model also generates in‡ation dynamics that are insu¢ cient on impact but are reasonably close to the VAR counterpart at longer horizons; while the Federal Funds rate exhibits a sizably smaller drop that is only about 21



a third of what we see in the VAR. As a result, the spread implied by the Expectations Hypothesis barely increases on impact of the news shock and remains well below the VAR response for several quarters. In sum, the model continues to display a reasonable …t with respect to in‡ation after a few periods and to a lesser extent the Federal Funds rate. This …t comes, however, at the expense of missing ampli…cation on the real side. Based on these results, Lesson 2 is that once we restrict the model to a realistic degree of wage rigidity, the model cannot match the quantitative responses of term structure variables to a news shock. Moreover, other parameters of the model remain very far from the estimates in Smets and Wouters (2007). If we constrain these parameters as well, the …t deteriorates further. In particular, investment adjustment cost, which Smets and Wouters (2007) highlight as one of the important ingredients for the …t of their model is driven to zero. This result turns out to be very robust, occurring across many con…gurations of the other parameters.



4.3



Lesson 3: Wage bill …nancing and preferences with no shortrun wealth e¤ect improve …t



We now seek to improve the …t by altering key features of the model while keeping the degree of wage rigidity …xed at w = 0:73. In particular, given the problem of the model to generate a drop in in‡ation and the Federal Funds rate on impact of the TFP news shock, we consider features that ‡atten the marginal cost curve and thus alleviate in‡ationary pressures. To see this, consider the New Keynesian Phillips curve (NKPC) which results from the loglinearized price setting block of the model and determines in‡ation. t
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This equation makes clear that forces driving up wages or the rental rate on capital increase marginal cost and drive up in‡ation. Matching the fall in in‡ation in the data will then require features that lower marginal cost or inhibit the rise in wages or rental rate on capital. Here, we focus on modi…cations that a¤ect the wage bill since this is the largest driver of
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real marginal cost. Our …rst model alteration is to add wage bill …nancing as in Christiano, Eichenbaum and Evans (2005). With this formulation …rms must borrow at the nominal short term rate to pay their wage bill. The nominal short rate Rt therefore enters the real marginal cost curve as follows: mct = (Rt + wt ) + (1 )(rtk ut ) tf pt The fact that the Federal Funds rate falls after the news shock then lowers marginal cost, helping to explain the fall in in‡ation. Our second modi…cation is to preferences. We adopt a version of the Jaimovich-Rebelo (2009) preferences which eliminated the wealth a¤ect on labor supply. This will help limit the upward pressure on wages after a news shock (which increases wealth). We use the formulation of these preferences adopted by Schmidt-Grohe and Uribe (2012) which adds internal habit persistence. The preferences are given by: u(Ct ; Nt ) =
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For = 1 preferences reduce to standard King-Plosser-Rebelo preferences in consumption and leisure with habit persistence. For ! 0, the in‡uence of short-term wealth e¤ects on labor supply shrinks. Note, however, that the in‡uence of short-term wealth e¤ects on labor supply tend to zero with ! 0 only if habit persistence is zero (b = 0). This turns out to be important for the results to come. The fourth column of Table 4, labelled constrained estimates with J-R preferences and working capital shows the estimates of the resulting model. As mentioned above, this estimation is conditioned on w = 0:73 as before. If w was left unrestricted, the estimation would push w to 1 as before. Note that as before, the model implies only a small degree of price rigidity but a moderate degree of indexation to past in‡ation. Furthermore, variable capital utilization is estimated to be almost linear in the rental rate of capital and investment adjustment cost is estimated to be zero. A new result is that habit persistence is now estimated to be 0. This is because to match the impulse response functions, the estimation limits upward pressure on wages to the greatest extent possible. It does so by reducing shortrun wealth e¤ect on labor supply to its minimum, which requires both ! 0 and b = 0.20 Finally, in terms of the monetary policy rule, the model now generates estimates that are 20



The parameter cannot fall to zero. Otherwise the stationarity assumptions of the model are violated. We therefore set a lower limit on of 0:01.
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reasonably close to the ones reported by Smets and Wouters (2007), with the exception that the rule responds more strongly to the output gap. Figure 6 shows …t of the model with these estimates.
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Figure 6: Impulse responses to a TFP news shock from empirical VAR (black solid lines and grey 68% con…dence intervals) and from constrained estimation of Smets-Wouters model with wage bill …nancing and preferences with no short-term wealth e¤ect (dotted red lines).



The …t is not as good as if everything is left unrestricted, but still considerably better than the restricted estimate of Lesson 2. In particular, the model now generates a larger albeit still insu¢ cient degree of ampli…cation of real variables; and both in‡ation and the Fed Funds 24



rate fall in line with the VAR evidence. As a result, the model almost perfectly matches the response of the spread as implied by the Expectations Hypothesis. Based on these results, Lesson 3 is that the introduction of preferences with limited shortterm wealth e¤ect on labor supply and working capital considerably help improve the …t of the model. One may therefore be tempted to claim at least partial success. As a foreshadow to the next lesson, however, recall that these results have been obtained conditional on zero habit persistence and zero investment adjustment cost. Both of these frictions are important ingredients of medium-scale DSGE models to …t salient other business cycle facts; in particular the response of the model to monetary policy shocks; as documented by Christiano, Eichenbaum and Evans (2005).



4.4



Lesson 4: Failure to …t monetary policy shocks



We now examine to what extent the model with working capital and preferences with no short-run wealth e¤ect as estimated above is capable of generating the type of impulse responses that we observe in the data with respect to a monetary policy shock. Figure 7 shows the results and also displays the impulse responses to the same monetary policy of the original model calibrated to Smets and Wouters’(2007) median estimates. TFP
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Figure 7: Impulse responses to a monetary shock implied by Smets-Wouters model calibrated to Smets and Wouters’(2007) median estimates (black lines) and Smets-Wouters model augmented with wage bill …nancing and preferences without short run wealth e¤ect estimated to …t TFP news shock (red lines).
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As shown by the red solid lines, the model that …ts the TFP news shock relatively well implies impulse responses to a monetary policy shock that are very di¤erent from the empirical evidence shown for example in Christiano, Eichenbaum and Evans (2005). The real macro aggregates return to zero within basically four quarters and thus do not imply su¢ cient persistence. more damningly, the Federal Funds rate returns to positive theory already in the second quarter; i.e. the expansionary monetary policy last for only one quarter. This is because of the strong systematic response of monetary policy as implied by the estimated interest rate rule. In fact, had we not imposed in the model that interest rates are the only variables that can contemporaneously respond to the monetary policy shock (consistent with recursive identi…cation approach of Christiano, Eichenbaum and Evans, 2005), the Federal Funds rate would have increased already on impact, despite the expansionary shock. By contrast, the Smets-Wouters model calibrated to their median estimates generates impulse responses much more in line with the empirical evidence. There is no pronounced persistence in the di¤erent macro aggregates, with a peak in the hump-shaped impulse responses after 4 to 6 quarters. In turn, the Federal Funds rate and with it the yield curve responds in a more gradual fashion. Based on these results, Lesson 4 is that the model cannot simultaneously match the empirical dynamics with respect to a TFP news shock and a monetary policy shock.



4.5



Lesson 5: Risk factors linked to in‡ation and consumption growth generate sizable term premia variations



Finally, to assess the ability of the model to generate time-varying term premia, we add an a¢ ne asset pricing block to the model as proposed, for example, by Ang and Piazzesi (2003) and adapted as in Hordahl et al. (2007) to …t a DSGE model context. Then, we reestimate the thus augmented model with the observed impulse responses for the spread and the long-bond yield added to the estimation criteria. To start, notice that the Rational Expectations equilibrium of the linearized New Keynesian DSGE model can be expressed as linear state-space system Yt =
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where the ny 1 vector Yt contains the endogenous variables; the ns 1 vector St contains the states; and the nshock 1 vector "t contains the i.i.d. innovations to the exogenous shocks
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that we assume multivariate normal (0; I).21 The short rate (i.e. the Federal Funds rate in our model) is part of the macro system and therefore included in the linear state-space system; i.e. Rt =



0



+



0 1 St ,



where 0 and 01 contain the appropriate elements of yield on a T period discount bond is de…ned as RtT =
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respectively. The nominal



(14)



where PtT is the period-t price of the bond with Pt0 = 1. Under no arbitrage, this price satis…es T 1 $ (15) = PtT , Pt+1 Et Mt+1 $ where Mt+1 is the nominal pricing kernel. Following Ang and Piazzesi (2003) and many others in the latent factor no-arbitrage literature, we assume that the logarithm of this pricing kernel is described by
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where the nshock 1 vector t denotes the market price of risk associated with the di¤erent shocks in "t . Similar to Hordahl et al. (2007), these risk factor are assumed to follow an a¢ ne process in the states (17) t = 0 + 1 St ; with the kx 1 vector 0 de…ning average risk; and the nshock ns matrix 1 de…ning how risk varies depending on the state of the economy. Given (11)-(17), bond prices can be computed recursively as linear functions of St that can be decomposed into ‡uctuations due to expected future short rates (i.e. the Expectations Hypothesis) and time variations in term premia (see the appendix for details). As shown by Wu (1996) and Bekaert, Cho and Moreno (2010), the pricing kernel implied by linearized DSGE models with homoscedastic innovations represent a special case of the formulation in (16) with 0 a function of the di¤erent structural parameters of the DSGE model and 1 = 0. In other words, the linearized DSGE model implies that risk and therefore 21



There are nk < ns endogenous states (i.e. predetermined endogenous variables), which are ordered …rst in St . Hence, G is a ns nshock matrix with zeros in the upper nk nshock block and a matrix with the exogenous shocks’standard deviations in the appropriate places of the lower (ns nk ) nshock block.
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term premia are constant. To allow for time-variation in term-premia we let elements of 1 be non-zero. This potentially involves estimating the entire nshock ns matrix 1 , which is large for our DSGE model. To make the estimation manageable, we impose two restrictions. The …rst restriction is that we let risk vary only with respect to two macro variables: expected in‡ation Et t+1 and expected consumption growth Et ct+1 . This allows us to express risk associated with the news shock as news t



=



news 0



+



news Et t+1 1;
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news 1; cc Et



ct+1 ,



(18)



and news where news 1; 1; cc tell us how the price of risk with respect to the news shock reacts to changes in expected in‡ation and expected consumption growth, respectively. Both of these variables can be constructed as linear functions of the state vector St using the statespace solution of our DSGE model in (11)-(12). The second restriction follows naturally from our limited information estimator in that the only exogenous shock we consider is the news shock. As the appendix shows in detail, the two restrictions together imply that news 1; news and 1; cc are the only additional free parameters to estimate. This imposes considerable discipline on our estimation (by comparison Ang and Piazzesi, 2003 estimate a total of 13 di¤erent coe¢ cients in their formulation of t ). There are two important features of our modelling of risk. First, our formulation of time-varying risk can be motivated by the consumption-based asset pricing literature, which says that changes in the conditional covariances between in‡ation and consumption growth are an important driver of term premia variations (e.g. Piazzesi and Schneider, 2006). $ Generating su¢ ciently large time-variations in term premia by deriving Mt+1 explicitly from preferences in the context of a non-linear DSGE model has proven to be very challenging.22 Our formulation should therefore be considered as a basic test of whether variations in risk as a linear function of two macro variables are capable of generating quantitatively large term premia ‡uctuations. Second, the macro dynamics of our model as described by the statespace system in (11)-(12) are independent of time-variation in risk. Since risk depends on the macro states, however, the joint estimation of both macro and term structure dynamics imposes discipline on the parameters of the macro model. The last column of Table 2 reports the reestimated parameters and Figure 7 shows the 22



See Rudebusch and Swanson (2009, 2011) or Binsbergen et al. (2010) for recent attempts.
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Figure 7: Impulse responses to a TFP news shock from empirical VAR (black solid lines and grey 68% con…dence intervals) and from constrained estimation of Smets-Wouters model augmented with wage bill …nancing, preferences with no short-run wealth e¤ect, and time-varying risk (dotted red lines).



Lesson 5 coming out of this estimation is that risk factors linked to in‡ation and consumption growth are capable of generating sizable term premia variations in line with the observed VAR evidence. Since these risk factors have no structural interpretation, it is di¢ cult to make any further inference from the results. However, the …nding is interesting and seems consistent with the results in Piazzesi and Schneider (2006).23 23



Importantly, we …nd that the model does not automatically generate large term premia variations independent of the variables that a¤ect risk.
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5



Conclusion



In this paper, we apply the TFP news identi…cation procedure of Barsky and Sims (2011) and Kurmann and Otrok (2012) to a VAR in key macroeconomic aggregates and term structure variables of the U.S. economy. Consistent with Kurmann and Otrok (2012), we …nd that TFP news shocks are an important source of economic ‡uctuations at medium- and longhorizons and account for 50% or more of unpredictable movements in the Federal Funds rate and the term structure slope. As our analysis shows, this empirical evidence represents a major challenge for New Keynesian DSGE models. In particular, for the benchmark model of Smets and Wouters (2007) to …t the empirical evidence, investment adjustment costs need to be (near-) zero and monetary policy needs to respond very aggressively to in‡ation. This means that the model cannot simultaneously match evidence on both TFP news shocks and monetary policy shocks. We believe these results motivate the incorporation of new theories of how the slow dissemination of new technologies a¤ects investment and pricing. The results also illustrate that in order to build a successful DSGE model of the term structure, we …rst need to understand the response of in‡ation and monetary policy to TFP news shocks.
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