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Abstract We model a Neo-Keynesian economy with Epstein-Zin preferences, financial frictions and multi-period nominal defaultable debt. We calibrate the model to the post-war U.S. economy and solve it using higher-order perturbation methods. We show that credit frictions can significantly increase the size and volatility of the nominal and real Treasury term premium through the interaction of preferences sensitive to long-run risk, and amplification of the economy’s response to TFP shocks. We also find that introducing multi-period defaultable debt contracts instead of one-period debt in DSGE models helps fit the cyclical properties of macroeconomic variables, credit variables such as corporate credit spreads and leverage ratios together with the main features of the default-free term structure of interest rates.
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Introduction



Yields on nominal bonds with a long maturity are typically higher than short term interest rates. The term spread between a 10-year nominal bond and its 3-month counterpart traded on the U.S. Treasury market is around 150 basis points on average and exhibits a significant time-variation of 160 basis points in a quarterly sample from 1973 to 2012. The empirical finance literature documents the existence of a sizable and volatile nominal term premium, defined as the excess yield that investors require to hold a long-term nominal bond instead of a series of shorter-term nominal bonds up to the same maturity. The term premium contributes to shape the dynamics of the yield spread. A large literature on asset pricing has focused on building models that help explain the dynamics of default-free interest rates and estimate to what extent their movements can be ascribed to the evolution of term premia. Reduced form econometric models, for example, explain the cross-section and time series variation of nominal and real yield curve data by means of a combination of latent factors, and/or observed economic factors. Moreover, endowment economy models have been proposed to study term structure implications in micro-founded environments, with somewhat mixed success in fitting data.1 It has proven even harder to build general equilibrium models with a non-trivial role for a monetary authority that can fit both yield dynamics and macroeconomic data. Nonetheless, this kind of exercise is critical to understand the structural interpretations of the term premium and how and why the risk compensation embedded in long-term yields varies over time in response to fundamental shocks that hit the economy. Yield curve data, together with structural estimates of the term premium, can potentially reveal market expectations of the evolution of prices and macro aggregates, as well as on the future path of short-term rates. These are all key ingredients in the conduct of monetary policy. We present a model that can reproduce the dynamics of the default-free term structure of interest rates observed in the U.S. data. We build a Neo-Keynesian dynamic stochastic general equilibrium (DSGE) model that features non-trivial inflation dynamics and a realistic role for monetary policy in setting short-term nominal interest rates. Our model is constructed in the spirit of Smets and Wouters (2003) and Christiano, Eichenbaum, and Evans (2005), and includes sticky prices, sticky wages, adjustment costs in the accumulation of capital and variable capital utilization. One main difference of our set-up is that households are endowed with Epstein-Zin preferences (Kreps and Porteus (1978), Epstein and Zin (1989)) which exhibit a separation between the intertemporal elasticity of substitution and the coefficient of relative risk aversion. These preferences are known to help generate sizable risk premia broadly across financial markets, including default-free term premia. Piazzesi and Schneider (2007), for example, document that in an endowment economy with 1



We describe these models in more detail in the literature review in the next section.



2 Epstein-Zin preferences the negative correlation between news about future consumption growth and inflation commands a positive premium of plausible magnitude in long-term nominal bonds returns. Most importantly, our model includes financial frictions that can significantly increase the size and volatility of the nominal and real Treasury term premium through the interaction of preferences sensitive to long-run risk, and amplification of the economy’s response to TFP shocks. In our model, the process of capital accumulation must occur through entrepreneurs who optimally issue nominal multi-period defaultable debt to purchase capital. The entrepreneurs are hit by idiosyncratic shocks. In response to such shocks they can optimally choose whether to default on their debt. An entrepreneur who defaults is liquidated and loses the firm value in its entirety. Higher leverage makes costly defaults more likely. On the other hand, higher leverage comes with an incentive in the form of tax deductions on debt payments. The costly leverage decision that accompanies capital accumulation constitutes the key financial friction in our model. We find that introducing multi-period debt contracts instead of one-period debt in DSGE models helps fit the cyclical properties of macroeconomic variables, credit variables together with the main features of the term structure. We also observe a positive, albeit small, average credit risk premium for our baseline model with multi-period debt, which is qualitatively consistent with the literature on the U.S. corporate bond market. In our model, default is countercyclical and positively correlated with inflation, so that bond investors require additional compensation for the purchase of corporate bonds. On the other hand, there is virtually no credit risk premium for the one-period specification. We calibrate the model to U.S. macroeconomic data, fitting standard variables of interest in the business cycle literature, as well as Treasury yields and corporate bond market variables. We solve the model using higher-order perturbation methods up to third order which allows us to observe non-zero and time-varying risk premia. Under our calibration, we find the model fit to be good in terms of cyclical properties of macro variables. The model also performs well in replicating the level and volatility of nominal Treasury yields as well as credit market variables such as corporate credit spreads and leverage ratios. In addition, the model generates a sizable average level for the 10-year nominal term premium that is quantitatively consistent with estimates from the term structure models with multiple latent factors used more widely in the empirical finance literature. We find that incorporating credit frictions into the model increases the volatility of the term premium as well. Interestingly, the real term structure of interest rates exhibits, on average, a moderate upward slope, as observed in the TIPS data. This is in contrast to research on equilibrium term structure models which typically finds a counterfactual downward sloping average real yield curve. A paper closely related to our work is Rudebusch and Swanson (2012). They construct a similar DSGE model with Epstein-Zin preferences and generate nominal default-free term structure dynamics roughly consistent with the data. However, one of their assumptions is that the capital stock in the



3 economy grows at a constant rate, making the model unable to fit the highly procyclical investment growth data. Our analysis suggests that generating a sizable term premia in a model with constant capital accumulation may come at the expense of unrealistic investment and business cycle dynamics. It is thus useful to explore alternative channels which may help understand the large and volatile term premia widely documented in the empirical finance literature. We confirm that sticky wages can reduce the extent of self-insurance through the labor margin and increase risk premia, but can generate implausible labor market dynamics. Our work highlights that credit frictions help match the salient features of the term structure. As an additional benefit of modeling credit markets, we can also study the joint dynamics of the default-free term structure with credit spreads and credit risk premia, as well as other observable credit variables. The paper is structured so to offer a full characterization of the model in section 2. Section 4.2 follows with a description of the calibration strategy for the model parameters. Section 5 discusses the model fit of the data for macro, term structure and credit market variables, describes the impulse responses to TFP and monetary policy shocks and highlights the importance of the introduction of multi-period bonds in the model in matching credit market variables. Section 6 concludes.



Literature Review There is a large body of work on modeling the term structure of default-free interest rates. A vast literature explores the relation between nominal interest rates and the macroeconomy. Early works directly relate current bond yields to past yields and macroeconomic variables using a vector autoregression approach (e.g., Estrella and Mishkin (1997), Evans and Marshall (1998) and Evans and Marshall (2007)). This literature has successfully established an empirical linkage between shocks to macroeconomic variables and changes in yields. More recently, a strand of studies have explored similar questions using macro-finance models with no-arbitrage restrictions (e.g., Ang and Piazzesi (2003), Ang, Piazzesi, and Wei (2006), Diebold, Rudebusch, and Boragan Aruoba (2006), Duffee (2006), H¨ordahl, Tristani, and Vestin (2006), M¨onch (2008), Diebold and Rudebusch (2005), Piazzesi (2005), Rudebusch and Wu (2008)). Our paper builds more directly on the ‘consumption-based’ models of the term structure, seen as early as in the work of Campbell (1986), Backus, Gregory, and Zin (1989) and Den Haan (1995), and more recently in Wachter (2006), and Buraschi and Jiltsov (2007). These papers are based on endowment economies or simple production economies with a representative agent that has power or habit formation preferences. Alternatively, Piazzesi and Schneider (2007) and Bansal and Shaliastovich (2012) study equilibrium term structure models based on endowment economies with Epstein-Zin



4 preferences. Research on the term structure implications of DSGE models have started to pick up only recently and is still relatively limited, with examples including Gallmeyer, Hollifield, Palomino, and Zin (2007), H¨ordahl, Tristani, and Vestin (2008), Rudebusch and Swanson (2008), Bekaert, Cho, and Moreno (2010), Van Binsbergen, Fernandez-Villaverde, Koijen, and Rubio-Ramirez (2010), Dew-Becker (2012), Kung (2012) and Rudebusch and Swanson (2012). Compared to these works, the most important contribution of this paper is to study the role of credit frictions on the dynamics of the term structure of default-free interest rates in a neo-Keynesian general equilibrium setting. Our work is also closely related to a new literature that attempts to explain credit market variables such as corporate credit spreads and default probabilities jointly with business cycle dynamics, in general equilibrium. Such papers include Chen, Collin-Dufresne, and Goldstein (2009), Chen (2010), Gilchrist, Sim, and Zakrajsek (2010), Miao and Wang (2010), Gomes and Schmidt (2010), Bhamra, Fisher, and Kuehn (2011) and Gourio (2011). In contrast to our research, none of these papers are monetary DSGE models with price and wage rigidities. The core form of credit frictions where entrepreneurs issue defaultable multi-period contracts is similar to Miao and Wang (2010). However, their model is a real business cycle model and this difference enables us to model yields of nominal debt contracts as well as the nominal term structure of interest rates and study their interaction with the macroeconomy. This paper is related to the literature that explores the relations between financial frictions and macroeconomic dynamics and the ability of financial market frictions to amplify aggregate fluctuations. In this tradition Kiyotaki and Moore (1997) first analyzed the macroeconomic implications of the interaction of agency costs in credit contracts and endogenous fluctuations in the value of collateralizable assets, followed by Carlstrom and Fuerst (1997) and Bernanke, Gertler, and Gilchrist (1999) who first introduced similar frictions in dynamic general equilibrium models. A line of recent research has also incorporated similar financial frictions into medium-scale neo-Keynesian DSGE models and focused on the macro effects of shocks that hit the financial sector (see for example Jermann and Quadrini (2012), Christiano, Motto, and Rostagno (2011) or Ajello (2013)). Our model instead extends the study of the amplification effect of credit market frictions to the pricing of the default-free yield curve in a DSGE setting where households have Epstein-Zin preferences.
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2



The Model



In this section we describe a Neo-Keynesian DSGE model in the spirit of Smets and Wouters (2003) and Christiano, Eichenbaum, and Evans (2005), in which households are endowed with Epstein-Zin preferences (Kreps and Porteus (1978), Epstein and Zin (1989)) and entrepreneurs issue corporate bonds to finance their capital accumulation activity.



2.1



Households



Household i maximizes recursive utility: Vi,t



1   1−α  1−α L1+χ Ct1−ϕ (1−ϕ) i,t = − Zt χ0 + β Et Vi,t+1 1−ϕ 1+χ



where Ct is consumption, Li,t is the amount of hours worked.2 Preferences parameters pin down the intertemporal elasticity of substitution (1/ϕ), the Frisch elasticity of labor supply (1/χ) and govern the steady state labor supply (χ0 ), as well as the degree of relative risk aversion of the household (α).3 Under the assumption of complete markets, consumption is not indexed by i. Households can trade state-contingent securities that equalize asset holdings and consumption decisions and provide insurance against asymmetries that can arise, in this particular case, from the sticky wage-setting mechanism (see section 2.6). Consequently, the household’s budget constraint is: Pt Ct + Et [Mt+1 Wi,t+1 ] = Wi,t Li,t + Wi,t + Πt + Tt where Pt is the price level of real aggregate consumption, Ct , while Wi,t is the household-specific nominal wage that remunerates hours, Li,t . The household also purchases a portfolio of assets at nominal market value Et [Mt+1 Wi,t+1 ], where Wi,t+1 is the pay-off delivered at a generic time t+1. The portfolio Wi,t+1 contains equity and debt claims issued by entrepreneurs, as well as state-contingent securities and equity claims on final- and intermediate-good firms, traded in the model economy. Similarly, due to complete markets, we can include any asset in the portfolio Wi,t+1 and we will 2



Note that we assume that the labor disutility shares the growth trend of the economy, Zt , to simplify the scaling of the value function Vi,t , when solving for a stationary equilibrium 3 Since the effective risk aversion of the household should take account endogenous labor supply decisions, we follow Swanson (2012) and calculate the household consumption-based coefficient of relative risk aversion (CRRA) in the model as: ψ α  + CRRA = χ+ψ 1+ ψ (1+χ)(1−ψ) χ



6 in fact price zero-net-supply government bonds of different maturities, using the unique real and R nominal stochastic discount factors, Mt+1 and Mt+1 :



R Mt+1 =β



  C



t+1



Ct







−ϕ



Mt+1



−α   Vt+s   1  1−α  1−α Et Vt+s 



R Mt+1 = πt+1



where πt+1 = Pt+1 /Pt is the inflation rate.



2.2



Final Goods Producers



We assume that perfectly competitive firms combine differentiated inputs Yt (i) to produce a final consumption good Yt , according to the Dixit-Stiglitz technology: Yt =



Z



1



Yt (i)



1 1+θp



0



1+θp di



where θp is the constant elasticity of substitution across inputs. Final good producers maximize profits under perfect competition. As a result, the price of the final consumption good, Pt , is then equal to a CES aggregator of the prices of intermediate inputs, Pt (i): Pt =



Z



1



Pt (i)



0



1 θp



 θp di



and the demand for input Yt (i) is: Yt (i) =



2.3







Pt (i) Pt



p − 1+θ θ p



(1)



Intermediate Goods Producers



Intermediate good firms are monopolists in the production of goods Yt (i) and are endowed with a Cobb-Douglas production function: ¯ t (i)η (Zt Lt (i))1−η Yt (i) = At K ¯ t (i) and Lt (i)). Aggregate productivity with constant return to scales in capital and labor inputs, K can be decomposed into a trend, Zt , with a constant growth rate γ, and a stationary component, At , that follows a process: log(At ) = ρA log(At−1 ) + εA t



7 with εA t ∼ N (0, σA ). As in Calvo (1983), in every period t only a fraction (1 − ξp ) of intermediate producers can reoptimize prices, Pt (i). Under this assumption, a re-optimizing firm with marginal cost, MCt , chooses its price Pt (i) in period t by maximizing: (∞ " ! #) s X Y max Et ξps Mt+s Pt (i) (πt+k−1 ) − MCt+s Yt+s (i) Pt (i)



s=0



k=1



subject to the input demand function in 1 and to cost-minimization. Firms that do not re-optimize index their prices to weighted average of past and steady-state inflation: Pt (i) = Pt−1 (i)(πt−1 ).



2.4



Entrepreneurs



We assume the economy is also populated by a continuum of ‘entrepreneurs’ indexed by j ∈ [0, 1], each of whom owns physical capital, and earns profits by renting it out to the intermediate goods producers. Entrepreneurs purchase capital from the capital goods producers by issuing nominal corporate bonds to the representative household. Per unit of bond issued, entrepreneurs are obliged to pay a unit of nominal cash flow at maturity. The entrepreneurs are identical ex-ante, until an idiosyncratic productivity shock affects each of their profits. On the wake of this shock, an entrepreneur optimally chooses whether to default on their debt, in which case the entrepreneur is liquidated and the equity holders lose the firm value in its entirety. On the other hand, bonds allows for tax deductions on debt payments, which creates an incentive for entrepreneurs to lever up their debt positions. This costly leverage decision that accompanies capital accumulation constitutes the key financial friction in our model. We formulate the entrepreneur’s problem following a specification similar to Miao and Wang (2010) (henceforth, MW), but modify it in several directions. In particular, we: (1) assume that debt is denominated in nominal terms, (2) allow the entrepreneur to choose the level of capital utilization, and (3) model the idiosyncratic productivity shocks differently. The introduction of nominal debt is more realistic and potentially has important implications to our study since inflation dynamics is a critical component of term structure dynamics. Moreover, this seem to be a more sensible framework when considering the interaction between variables related to the credit market and monetary policy. Meanwhile, the choice of capital utilization allows additional flexibility for the model to fit the data. As discussed in detail below, multiplicative shocks to capital that has a distribution with positive support will guarantee the profit function to stay non-negative. j j ¯ t−1 An entrepreneur j enters period t with capital stock K and Bt−1 units of nominal debt outstanding. The capital stock is hit by an exogenous idiosyncratic productivity shock ztj , which we



8 assume is i.i.d. across entrepreneurs. As is common in the literature, we assume the shock has a lognormal distribution with a mean of 1, and a standard deviation of σz . The entrepreneur rents j ¯j K out effective capital inputs uj∗ t zt Kt−1 at a one-period rate of return rt paying a utilization cost of j ¯j a(uj∗ . This net profit is taxed at a tax rate of τ . t )zt K t−1



Each entrepreneur issues a single type of corporate bond, which has a random maturity structure. The bond matures every period with an exogenous probability of λ, in which case it pays one unit of cash flow in nominal terms unless the entrepreneur decides to default on its debt. If it does not mature, the bond simply pays a nominal coupon c. We denote the nominal price of the bond at time t as qt$ . Despite its stylized formulation, this can be considered to be a parsimonious way of capturing bonds with maturities beyond one-period, since the average duration of a corporate bond will be 1/λ. We assume that debt payment is tax deductible. Entrepreneurial real profit is, then, πtprof it,j



= (1 − τ )







rtK uj∗ t



−



 j j ¯ a(uj∗ t ) zt Kt−1



+τ λ 1−



qt$







j  Bt−1 + (1 − λ)c Pt



where the first term on the right hand side is the after-tax revenue of renting capital net capital utilization costs, while the second term is the debt-tax shield. uj∗ t is the ‘optimal’ level of capital utilization given a convex utilization cost function a(ut ), which we assume has the simple quadratic form: a(ut ) ≡ bu







v  1 u vu u2t + (1 − vu )ut + −1 2 2







where bu > 0, vu ∈ (0, 1). Note that a(1) = 0 at the steady state u = 1. In addition to the rental profit and debt-tax shield, the equity value of the entrepreneur also consists of cash flows generated from net bond issuance and capital purchases as well as his continuation value. Note, since the entrepreneur will be better off by defaulting on its debt if his value is zero, his value function is truncated below zero. Thus, the (cum-dividend) equity value function of entrepreneur j at time t, after the realization of the idiosyncratic shock ztj is: ) ( j     ˜ ¯ j (1 − δ) + Jt K ¯j ,B ˜j ¯j ,B ˜ j , ztj = max 0, πtprof it,j − (λ + (1 − λ)c) Bt−1 + Qt ztj K Vt K t−1 t−1 t−1 t−1 t−1 exp(πt ) (2) j Bt−1 j 4 ˜ where we have defined a new state variable B ≡ . The second item in the max operator is t−1



Pt−1



the value of the entrepreneur if he does not choose to default, which consists of four terms. The first term includes the rental profit and debt-tax shield, the second term is the sum of the principal payment for maturing debt and coupon payment for existing debt. The third term is the value of 4



j



B ˜t . Hence, the real market value of outstanding debt at the end of time t is qt$ Ptt = qt$ B



9 capital stock carried over from the previous period that gets depreciated at the rate δ after being rented out. The final term Jt is defined as: ˜j ˜tj − (1 − λ) Bt−1 B exp(πt )



  j j ¯ t−1 ˜t−1 = max Jt K ,B qt$ j j ˜ ,K ¯ B t t



!



  R ¯ ¯ tj + Et Mt+1 ¯ tj , B ˜tj − Qt K Vt+1 K



(3)



The first term is the real value of net additional bond issuance at time t. The second term is the valueof newly purchased  final term is the entrepreneur’s continuation value  R capital, and the j j j j j ˜ ¯ ¯ ˜ ¯ where Vt Kt−1 , Bt−1 ≡ Vt Kt−1 , Bt−1 , zt dΦ(ztj ) is the expected value of equity at t before the



realization of idiosyncratic shocks. The entrepreneur maximizes his value by optimally choosing the ¯ tj ), the amount of bond issuance necessary to finance it (B ˜tj ), and amount of capital to purchase (K whether not to default on existing debt.5 The form of the value function in (2) implies that depending on the size of the idiosyncratic shock, the profits and wealth of an entrepreneur may not be sufficient to cover existing debt payment, thereby choosing to default. This default decision is characterized by an endogenous threshold value of the idiosyncratic shock ztj = zt∗ , where the entrepreneur decides to default if ztj < zt∗ and continue operating if ztj ≥ zt∗ . From (2), zt∗ is naturally defined as the value of ztj which is an implicit solution to: πtprof it,j − (λ + (1 − λ)c)



  ˜j B t−1 ¯ j (1 − δ) + Jt K ¯j ,B ˜j + Qt zt∗ K t−1 t−1 t−1 = 0 exp(πt )



(4)



As shown in MW, the default threshold is not entrepreneur specific, and hence the superscript j is dropped. When an entrepreneur decides on its leverage decision, he takes into account the fact that the bond issued will be priced according to the following Euler equation of the representative household:



n qt$ Btj R = Et Mt+1 (1 − 1z j 


"



# j  B t $ λ + (1 − λ)(c + qt+1 ) Pt+1 io h j prof it,j ¯ tj (1 − δ) + ξJt+1 K (5) + Qt+1 ξzt+1 + 1z j 


t+1



We assume that if an entrepreneur defaults, he is liquidated, and the bond holders collect all rental profits. Also, a fraction ξ ∈ [0, 1] of existing capital and debt is reorganized to form a new entrepreneur, the equity value of which the bond holders receive. The combined cash-flow to the bond holders partially make up for the debt obligation they were originally entitled to. The Euler equation is the usual present value formula applied to corporate bonds, where the left hand side is the real value of debt entrepreneur j has issued, while the right hand side is the expected payoff in 5



Also, recall the entrepreneur has a capital utilization choice to make.



10 the non-default and default states discounted according to the (real) stochastic discount factor. The capital stock lost during the restructuring process is a social loss of resources. Note 1z j



∗ t+1 


is an



indicator function that equals 1 if the entrepreneur defaults and 0 otherwise. In terms of solving the entrepreneur’s problem, the fact that the model is homogeneous of degree one allows us to reduce the endogenous state space to a single dimension, which greatly  simplifiesthe ˜j B t ¯j ,B ˜j solution method. We define a new state variable ωt ≡ j , and using the relation Jt K = t−1



¯ K t



t−1



¯ j ≡ Jt (ωt−1 ) K ¯ j , we can normalize the Bellman equation (3) by K ¯ j as follows: Jt (1, ωt−1 ) K t−1 t−1 t−1



Jt (ωt−1 ) = max ˜t ωt , K



qt$



  ωt−1 ˜ ˜t ωt Kt − (1 − λ) − Qt K exp(πt ) + ((1 −



K τ )(rt+1 u∗t+1



−



a(u∗t ))



+ (1 − δ)Qt+1 )Et Mt+1



Z



∞



∗ zt+1



˜t ≡ where we define K



¯j K t j ¯ Kt−1



 ∗ z − zt+1 φ(z)dz (6)



  ¯j ,B ˜j : and have substituted in the following expression for V¯t K t−1 t−1



  Z   j j j j ¯ t−1 ˜t−1 ¯ ¯ ˜ ,B , ztj dΦ(ztj ) Vt Kt−1 , Bt−1 ≡ Vt K = ((1 −



K τ )(rt+1 u∗t+1



−



a(u∗t ))



+ (1 − δ)Qt+1 )Et Mt+1



Z



∞ ∗ zt+1



 ∗ z − zt+1 φ(z)dz



Note Φ(z) and φ(z) are the lognormal cumulative density function and the probability density function of z, respectively. The entrepreneur’s decision problem at t boils down to solving (6) by optimally ˜ t subject to constraints (4) and (5) that can be normalized accordingly. The first choosing ωt and K constraint that defines the default threshold zt∗ is:



  K ∗ ((1 − τ )(rt+1 u∗t+1 − a(u∗t )) + (1 − δ)Qt+1 )zt+1 + τ λ 1 − qt$ + (1 − λ)c



ωt + Jt+1 exp(πt+1 )



= (λ + (1 − λ)c)



ωt exp(πt+1 )



The second constraint is the normalized household Euler equation with respect to corporate bonds:



qt$ ωt   



 $  ωt ∗ (1 − λ) (1 − Φ zt+1 )qt+1 + λ + (1 − λ)c exp(π t+1 )  Rz ∗ K = Et Mt+1 φ(z)dz +((1 − τ )(rt+1 u∗t+1 − a(u∗t )) + (1 − δ)Qt+1 ) 0 ∗ z − zt+1   R  z ∗ ∗ ∗ ∗ ∗ −(1 − ξ)(Jt+1 (ωt ) Φ(zt+1 ) + (1 − δ)Qt+1 ( 0 z − zt+1 φ(z)dz + zt+1 Φ(zt+1 ))) 



    



11 Note all entrepreneur specific variables are removed as a result of this scaling. It is straightforward to derive the equilibrium first order conditions from the normalized Bellman equation of the entrepreneur.



2.5



Capital Producers



At the beginning of each period, capital producers buy the aggregate stock of old depreciated capital ¯ d from the entire population of entrepreneurs, where K ¯ d denotes the aggregate stock of capital (1−δ)K t t R j ¯ t−1 ≡ Kt−1 dj is the at t after the idiosyncratic shocks have hit and defaults have occurred. Note K



aggregate capital stock at t before default. The capital producers buy an amount It of final goods, ¯ t . Their profit maximization combine them with the old capital stock, and build new capital stock, K problem is: max Et It



∞ X s=0



  R ¯ t+s − (1 − δ)K ¯d Mt+s Qt+s K t+s−1 − Pt+s It+s



subject to the physical capital accumulation technology:    I t ¯t = 1 − S ¯d K It + (1 − δ)K t−1 It−1



where δ is the depreciation rate, and the function S captures the presence of adjustment costs in the accumulation of capital. The steady-state properties of the function S are standard: S(γ) = 0, ′



′′



S (γ) = 0 and S (γ) > 0, and characterize adjustment costs that are zero at the steady state growth rate of investment, while positive and convex at any other



2.6



It . It−1



Employment Agencies



Employment agencies hire differentiated labor inputs, Li,t from households at monopolistic wages ˜ i,t and transform them into homogenous hours worked by means of the CES technology: W Lt =



Z



1



Li,t



0



1 1+θw



1+θw di



so that the demand of any differentiated labor input, Li,t , is: Li,t =







Wi,t Wt



− 1+θ w θ w



Lt



(7)



Household i is the monopolistic supplier or labor inputs of kind Li,t . As in Erceg, Henderson, and Levin (2000), in every period t a fraction of households, ξw , cannot reset their wages and instead index them to past inflation, πt−1 , and trend productivity growth, γ, according to the rule: Wi,t = (πt−1 γ) Wi,t−1



12 ˜ i,t by maximizing the differThe remaining fraction (1−ξw ) can re-optimize monopolistic wages W ˜ i,t Qs (πt+k γ)Li,t+s , ence between the real consumption value of its indexed wage bill in every period t+s, W k=1



and the disutility induced by labor supply, Li,t+s : Et



(



∞ X



R ξws Mt+s



s=0



"



s 1+χ ˜ i,t Y W 1−ϕ Li,t+s (πt+k−1 γ)Li,t+s − χ0 Zt+s Pt 1+χ k=1



#)



subject to labor demand from employment agencies, (7).



Consequently, the aggregate wage is a CES aggregator of optimal wages and past indexed wages:  θw 1 1 θw Wt = (1 − ξw ) Wi,t + ξw [(πt−1 γ) Wi,t−1 ] θw



2.7



Government



¯ t−1 . In each period The fiscal authority raises taxes on effective capital returns, τ (rtK u∗t − a(u∗t ))K t, the government can issue zero-coupon bonds of different maturity n = (1, 2...N), expressed in (n)



quarters, at value Bt



(n)



that pay back a yield it



at date t + n.



Since the government can adjust lump-sum transfers, Tt , fiscal policy is fully Ricardian and the fiscal authority runs a balanced budget: X (n) (n) X (n) ¯ t−1 + Gt + it Bt−n + Tt = τ (rtK u∗t − a(u∗t ))K Bt n



n



(n)



where government bonds are in zero-net supply, Bt



= 0 for every t and n, and government spending,



Gt , follows a stationary process: log Gt = (1 − ρg ) log Gss + ρg log Gt−1 + εgt with εgt ∼ N (0, σg ).



2.8



Monetary Authority (n=1)



The monetary authority sets the nominal one-period default-free rate, it = it



, following a Taylor-



type rule as in Rudebusch and Swanson (2012): it = ρi it−1 + (1 − ρi )(rss + πt + gy (Y˜t − Y˜ss ) + gπ (πt − πt∗ )) + εmp t The central bank sets the one-period nominal interest rate by responding to deviations of realized GDP, Y˜t , from its steady state value and inflation πt from an inflation target π ∗ . The interest rate t



rule is subject to a monetary policy shocks we also assume that the inflation target



πt∗



εmp t



∼ N (0, σmp ) As in Rudebusch and Swanson (2012)



is time-varying and follows the stationary AR(1) process:



∗ ∗ + θπ∗ (πt − πt∗ ) + εtπ + ρπ∗ πt−1 πt∗ = (1 − ρπ∗ )πss



∗



13 where the target reverts to the non-stochastic steady-state level of inflation, πs s, and responds to ∗



deviations of current inflation from the target (πt − πt∗ ) and to i.i.d. shocks επt ∼ N (0, σπ∗ ).



2.9



Aggregation and Market Clearing



We derive the aggregate resource constraint from adding together the households, entrepreneurs and government’s budget constraints with the zero profit condition of final good producers, capital producers and employment agencies: ¯ t−1 = Yt Ct + It + Gt + a(ut )K We also define GDP, Y˜t , as: Ct + It + Gt = Y˜t , ¯ d and the assumption that idiosyncratic shocks are i.i.d across enFollowing the definition of K t ¯ d , the aggregate stock of capital at t after the trepreneurs, the following relation holds between K t ¯ t−1 , the aggregate stock of capital at idiosyncratic shocks have hit and defaults have occurred, and K t before default: ¯ d = [Φ (z ∗ ) + (1 − Φ (z ∗ ))ξ] K ¯ t−1 . K t t t ¯ d, K ¯ t and K ˜ t satisfies the following equation: In addition, K t



¯t = K ˜ tK ¯ d. K t



3 3.1



Asset Pricing Term Structure of Default-free Interest Rates



The key contribution of this paper is to study the dynamics of the term structure of ‘default-free’ interest rates under our model economy. The equilibrium price of a n period zero-coupon nominal (n)



bond that pays one dollar at maturity Pt



can be derived recursively using the nominal stochastic



discount factor from the DSGE model: (n)



Pt (0)



where Pt



(n−1)



= Et [Mt+1 Pt+1 ].



= 1 for ∀t. The continuously compounded yield to maturity of this bond follows directly



from its price:



14 1 (n) = − ln Pt n Following the large existing literature on the term structure of interest rates, we further define (n)



it



the term premium of this bond as the difference between the yield and its ‘risk-neutral’ counterpart (n)Q



it



: (n)



ntpt



(n)



(n)Q



≡ it − it



=



1 (n)Q (n) (ln Pt − ln Pt ) n (n)Q



where the risk-neutral price of a n period zero-coupon nominal bond Pt



can be derived similarly



as: (n)Q



Pt (0)Q



where again, Pt



(n−1)Q



= exp(−it )Et [Pt+1



].



= 1 ∀t. Note the yield to maturity and the term premium of a n period zero-



coupon real bond can be derived analogously, by simply replacing the nominal stochastic discount factor and the nominal one-period interest rate used for discounting the risk-neutral prices with their real counterparts. We will study the term structure dynamics of both the nominal and real term structure in the following sections.



3.2



Credit Spreads



We define the time t credit spread cst as: λ cst ≡ iC t − it



where iC t denotes the (nominal) credit yield defined as: " # $ λ + (1 − λ)(c + q ) t+1 iC t ≡ ln Et qt$ and iλt denotes the (nominal) default-free yield with the corresponding maturity, similarly defined as: # " f,n λ + (1 − λ)q t+1 iλt ≡ ln Et f,n qt We define the (nominal) price of a default-free discount bond that matures with a probability of λ as qtf,n . We can express this price recursively as: h  i f,n qtf,n = Et Mt+1 e−πt+1 λ + (1 − λ)qt+1



This particular definition closely follows MW, which is similar to the concept used in related



work, such as Gomes and Schmidt (2010). Note that we end up having two notions of yields for the



15 long term default-free bond. The definition used to calculate the default-free term structure results is more consistent with that of the data, but we use the latter concept of long term default-free yields when we construct the credit spread since this concept is consistent with our definition of credit yields. However, it turns out that using either definition will not produce materially different results. We can further decompose the credit spread into the compensation for expected default and the credit risk premium. To compute the expectation component, we first define the (nominal) risk-neutral credit yield iC,Q as: t iC,Q ≡ ln Et t



"



$,Q λ + (1 − λ)(c + qt+1 )



qt$,Q



#



where qt$,Q is the (nominal) price of a defaultable bond that matures with a probability of λ evaluated under the default-free discount rate. qt$,Q is defined recursively as:



" #   Bj n qt$,Q Btj $,Q t = exp(−rt )Et (1 − 1z j 


t+1



We next define the (nominal) risk-neutral long-term yield iλ,Q as: t iλ,Q ≡ ln Et t



"



λ+



f,n,,Q (1 − λ)qt+1 qtf,n,Q



#



where qtf,n,Q is the (nominal) price of a default-free discount bond that matures with a probability of λ evaluated under the default-free discount rate. qtf,n,Q is defined recursively as: qtf,n,Q



i  h f,n,,Q −πt+1 λ + (1 − λ)qt+1 = exp(−rt )Et e



Note the definitions for qt$,Q and qtf,n,,Q are analogous to the definitions of the risk-neutral long-term yield in the previous subsection. Finally, we define the credit risk premium crpt as: crpt ≡ cst −







iC,Q t



−



iλ,Q t







where the term in the bracket that is subtracted from the credit spread equals the compensation for expected default.
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3.3



Solution



In the model presented, output, consumption, investment, capital, real wages and nominal debt fluctuate around a deterministic trend, since the technology factor Zt grows at a positive constant rate γ. In order to solve the model, we first rewrite it in terms of stationary variables, by rescaling all trending variables by the level of technology Zt . Once we have a stationary model, we can solve for its non-stochastic steady state and compute higher-order perturbations of the equilibrium conditions around it. Finally we solve the system of non-linear perturbed equilibrium conditions and obtain its state-space representation.6 The interaction of Epstein-Zin preferences for early resolution of uncertainty with aggregate risk can potentially generate sizable compensation for holding financial assets with different maturities and risk-profile (government bonds, corporate bonds and equity, in this model). The mean and standard deviation of these risk premia is equal to zero in a log-linearized version of the model solution where certainty equivalence is at play. We hence revert to second-order perturbations to measure the average premia and third-order perturbations to obtain a measure of their second moments.



4



Data and Calibration



This section discusses the data series that we target in choosing the model parameters and the resulting calibration of the model.



4.1



Data



We choose the model parameters so that the ergodic moments of the perturbed model solution can match relevant moments of selected macroeconomic and financial variables. In particular we target second moments (standard deviations, autocorrelations and selected cross-correlations) of GDP growth, consumption growth, investment growth, hours worked, real wage growth, inflation and the nominal default-free rate, obtained from Haver and reported in Table 2. In addition we target average and standard deviations of nominal Treasury yields at different maturities, obtained from the Board of Governors H.15 release and reported in table in Table 3. From the same source, we report yields for Treasury Inflation Protected Securities (TIPS) as a proxy for real rates. We calibrate the parameters that govern the leverage decision of entrepreneurs so to match the properties of selected financial variables. We target corporate bond yield spreads against Treasuries at different maturities (obtained from the Bank of America Merrill Lynch U.S. Bond Yields database), as well as the average share of long-term debt over total assets (from the Flow of Funds data), and the 4-year 6



Details of this procedure will be provided in an online appendix.



17 future cumulative default rate for Baa-rated bonds (from Moody’s 2005 annual report, as in Chen, Collin-Dufresne, and Goldstein (2009)), reported in Table 4. All data moments, when not differently specified, are computed for quarterly data during the sample period 1973:Q1 - 2012:Q1. The model fit is discussed at length in Section 5.



4.2



Calibration



Table 1 contains a summary of calibrated parameters. Steady State Values We set the annual growth rate of total factor productivity at γ = 2%, to match the average growth rate of quarterly consumption growth. We also match the ergodic mean of model inflation with the observed average annual inflation rate of 2.5% by setting its non-stochastic steady state value πss = 5%. We calibrate government spending as a percentage of GDP to match its historical average in the data,



Gss Yss



= 17%.



Preference Parameters We set preference parameters in line with Rudebusch and Swanson (2012) ‘best-fit’ calibration, as it has proven to offer a reasonably good fit to both macro moments and yield curve moments in a DSGE model that shares many features with ours. We therefore choose the discount rate β = .99 to target an average real default-free interest rate of around 3%.7 We set the Frisch elasticity equal to 0.20. This relatively low value limits the extent to which labor supply responds to changes in real wage. This prevents the household from extensively using the labor margin to smooth out their consumption profile. We adjust the scaling parameter χ0 so to match a steady-state labor supply equal to 13 . Finally, in line with Rudebusch and Swanson (2012), we set the coefficient of relative risk aversion (CRRA) to 100. The main difference between our calibration and Rudebusch and Swanson (2012) lies in the value of the intertemporal elasticity of substitution (IES) parameter. We set the IES equal to 0.4 instead of 0.11, to match the volatility of consumption growth observed in the the data.8 7



The value of the real rate targeted by Rudebusch and Swanson (2012) is 4%. Justiniano and Primiceri (2010) report an empirical estimate of ex-ante real rates of around 2.4%. 8 The IES governs the elasticity of consumption to expected changes in real interest rates. Some studies advocate for a stronger response of consumption to real interest rate changes, and hence a higher IES (Weil (1989), Bansal and Yaron (2005)). The value we adopt is closer to the empirical analysis of Hall (1988) that estimates consumption to be resilient e to expected variations in the real rate, and consequently argues in favor of small IES values (0.2, or negative). Our results are robust to lower IES values.



18 Technology parameters We assume that the capital stock depreciates at a rate δ = 0.02. We set the output elasticity to labor inputs η equal to 23 . The curvature parameter of the investment technology, S ′′ , is equal to 2.7, in line with empirical estimates (Justiniano, Primiceri, and Tambalotti (2010b)). We calibrate the curvature parameter for capital utilization, vu , to 0.1. This value implies a rather high elasticity of capital utilization and helps produce meaningful impulse responses to risk shocks, where an increase in the dispersion of revenues across entrepreneurs (unexpected shock to the variance of the idiosyncratic shocks zi ) generates countercyclical movements in corporate defaults and credit spreads, allowing direct comparison with the literature (Christiano, Motto, and Rostagno (2011)). We choose the price mark-up, θp = .20, and the Calvo parameter for intermediate producers, ξp = .78, in line with Rudebusch and Swanson (2012). We pick the wage mark-up θw = .05 and the Calvo probability, ξw = .81, from estimates for the U.S. economy in Christiano, Motto, and Rostagno (2011). Taylor Rule As discussed in section 2.8, we adopt the functional form of the Taylor rule proposed by Rudebusch and Swanson (2012). Parameters are calibrated for the model to match the relative volatilities of the nominal default-free rate, inflation and output growth observed in the data. The autoregressive component for the nominal interest rate is set to ρi = .75, while gπ is equal to .9 (implying a response coefficient to deviations of the inflation rate from its target equal to 1.9). The response coefficient to deviations of output from its steady state level is set to gy = .2. Credit friction parameters The parameters that govern financial frictions are calibrated to match the model-implied ergodic first and second moments of selected financial variables with those observed in the data. We calibrate the parameters that govern the features of the credit contract so to match the average BBB - Treasury credit spreads for two-year bonds, the average share of long-term debt over total assets (henceforth called leverage ratio) from the Flow of Funds tables, all reported in Table 4. The structure of the entrepreneur’s balance sheet in our model is determined by a trade-off between costs and benefits of issuing corporate debt with respect to equity financing. Issuing debt can lead to costly defaults for entrepreneurs as well as for bond holders. Investors ask for a credit spread over the yield of a non-defaultable (government) bond, as a compensation for potentials future default losses on their bond purchases. Debt, however, also generates benefits for entrepreneurs in the form of a tax shield on interest payments. We set the corporate tax rate τ equal to 15% to obtain an average leverage ratio equal to 18%, in comparison with the 16% observed in the data. We also



19 pick the standard deviation of the log-normal distribution of the idiosyncratic shocks ztj as σz = 0.60 and the recovery rate following entrepreneurs’ defaults to be ξ = 0.70 to match the average and standard deviation of corporate bond spreads. The importance of modeling long-term debt instead of relying on one-period contracts as in the current DSGE literature will be discussed in section 5.2. Chen, Xu, and Yang (2012) report that the median maturity of corporate bonds is 4.7 years. At the moment, we possess preliminary results for a calibration that allows for an average maturity of corporate bonds of 5 years with empirically plausible corporate spreads. This calibration, unfortunately generates higher leverage ratios and default probabilities than the data suggests. We then choose to report the results we obtain by setting λ = 1/8, so that the average duration of corporate debt in the model is 2 years. This choice allows us to match the leverage ratios, as well as the corporate bond spread in the data. We are working to obtain a better fit for the model with longer debt maturities. It is in the meantime important to notice that in the experiments conducted so far the choice of corporate bond maturity does not alter the significant amplification of term premia generated by the presence of credit frictions in the model. Stochastic Processes The natural logarithm of Total Factor Productivity (TFP) is assumed to follow an AR(1) process around a constant growth trend. The autoregressive coefficient is set to ρa = 0.97, while the standard deviation of the i.i.d. shocks is calibrated to .5% (σa = 0.005). The log of government spending also follows an AR(1) process with ρg = .95 and σg = .004, while the Taylor rule is subject to i.i.d. shocks with a standard deviation of 30 basis points (σmp = .003), as in Rudebusch and Swanson (2012). Finally, we follow Rudebusch and Swanson (2012) in choosing the function form and parameter values for the process that governs the evolution of the central bank’s inflation target, π ∗ . The target follows a very persistent AR(1) process, with an autoregressive coefficient ρπ∗ set to .995. We assume the target to be resilient to temporary deviations of realized inflation, by picking a low value for θπ∗ = 0.01. The target is also subject to i.i.d. shocks with a standard deviation of 5 basis points (σπ∗ = 0.0005).



5



Results



This section reports the main results. We first describe the model fit in terms of selected moments of macro and financial data. We pay particular attention to the implications of the model for the Treasury yield curve and the nominal term premium for 10-year default-free bonds, as well as for the real term structure of interest rates. We find the fit to be good in terms of cyclical properties



20 of macro variables. The model also performs well in replicating the level and volatility of yields and some financial variables observed in the data. In addition, the model generates a sizable average level and significant time variation for the 10-year nominal term premium. The real term structure of interest rates exhibits, on average, a moderate upward slope, as observed in the TIPS data. We then study what frictions in the model generate the observed term premium. In particular we discuss the role of credit frictions, sticky wages and firm-specific capital in shaping the dynamic response of the model to economic shocks and in generating the dynamics of the term premium. We then discuss the empirical implications of introducing long-term debt contracts in the model in comparison with one-period contracts that are common in the DSGE literature (Carlstrom and Fuerst (1997), Bernanke, Gertler, and Gilchrist (1999), Christiano, Motto, and Rostagno (2011)). In particular we study the decomposition of credit spreads into expected default and risk premium components. We also compare variance decompositions for the credit spreads under the two different contracts. We conclude the section by describing the dynamic response to a shock to a monetary policy shock and to a shock to the monetary authority’s long-run inflation target, πt∗ .



5.1



Model Fit and Dynamic Properties



In this section we evaluate the model fit in terms of its ability to replicate dynamic properties of selected variables. We compute empirical moments for the data over a sample of quarterly observations from 1973:Q1 to 2012:Q2, when not differently specified. The sample size is constrained by the availability of credit spread data. We compare empirical moments with theoretical ergodic moments computed from a second-order perturbation of the model solution around its non-stochastic steady state.9 Table 2 reports second moments for macroeconomic variables of common interest in the empirical DSGE literature (see, among others, Smets and Wouters (2003), Christiano, Eichenbaum, and Evans (2005), Justiniano, Primiceri, and Tambalotti (2010a)). These include the quarterly growth rates of consumption, ∆c = 100 × (ln(Ct ) − ln(Ct−1 )), the growth rate of investment, GDP, hours worked, real wages, ∆i, ∆˜ y , ∆l, ∆w, as well as the quarterly rate of inflation, π. The model generates unconditional volatilities of the macro variables that are in line with the data. It closely fits the volatility of quarterly consumption growth and inflation, ∆c and πt , while in absence of exogenous shocks that hit the investment technology, the volatility of investment growth, 9



Since ergodic second moments of risk premium variables are zero at second-order, we report volatilities of the



term premiums and credit risk premium computed from a third-order perturbation of the model solution (Rudebusch and Swanson (2012)). We report second moments of risk premia computed from short-sample simulations of the third-order perturbation to the model solution. Details are available upon request and will be released in an online appendix



21 ∆i is smaller than the one observed in our data sample, and consequently so is the volatility of GDP growth, ∆˜ y . Despite calibrating wage and price rigidity parameters in our model to values that are in line with the empirical macro literature, the model generates smoother real wage growth than in the data and hence too volatile quarterly changes in hours worked, ∆l. Aggregate TFP shocks are the main drivers of economic fluctuations in this model. As a result, business cycles feature negative comovement between real variables and price dynamics. The unconditional cross-correlation between consumption grown and inflation in the data and in the model is around −0.24, as reported in the bottom panel of table 2. Negative aggregate supply shocks generate a decrease in consumption growth together with persistent increase in inflation. Household perceive higher inflation today as a signal that the central bank will intervene and increase short-term nominal interest rates. In an attempt to reign in inflation, tighter monetary policy is hence expected to keep consumption growth low in the future. Under this scenario long-term nominal bonds need to offer a premium over short term bonds to be held in equilibrium: the persistent nature of inflation in fact erodes the realized pay-offs of long-term nominal bonds exactly when consumption growth is expected to be low. This intuition is similar to that of Piazzesi and Schneider (2007), but while their model relies on an endowment economy, ours offer a structural interpretation of the mechanism. Our model simulations confirm the intuition. In table 3 we report the ergodic means and standard deviations of the 1-quarter and 10-year nominal and real rates, i(1) , i(40) , r (1) , r (40) , as well as the nominal and real 10-year term premia, ntp(40) and rtp(40) . The table also reports data counterparts for the same variables, when directly measurable, as well as estimates (in parentheses) of real rates and term premia obtained from the 3-factor affine term structure model of Kim and Wright (2005). We find that our model with credit frictions is able to generate a sizable term premium for 10-year nominal bonds of 188 basis points, comparable in size to the empirical estimate of 182 basis points from the term structure model, together with an upward-sloping average yield curve. The volatilities of nominal interest rates are in line with the data decreasing with the bond maturity, while we find the second moment of the nominal term premium to be lower than its estimated factor-model counterpart. Our model also has predictions for the real term structure of interest rates. In the right panel of table 3, we compare the first and second moments of the model implied 1-quarter and 10-year real rates with their data counterparts. Since the sample period of TIPS yields is fairly restricted (1999:Q1-2012:Q1), we report together estimates from a 3-factor real term structure model that covers a longer sample period (1990:Q1-2012:Q1). We find that the model implied average yields are higher than the data, but this is not necessarily surprising since our model includes a period with higher nominal interest rates in the 1970s to early 80s.10 Therefore, we shift our attention to the 10



Justiniano and Primiceri (2010) reports that their estimated real rates were also high during the period. As mentioned in the calibration section, they report an average ex-ante real rate of around 2.4%, which is not far off from



22 fact that the calibration delivers a moderate upward slope of the real term structure and a positive, yet small, real term premium of 26 basis points. Many equilibrium term structure models report a downward sloping real term structure, due to the (often self-imposed assumption of) positively autocorrelated consumption growth dynamics that make long-term default-free real bonds an effective risk hedging tool for future consumption uncertainty.11 However, in our model, consumption growth is endogenously determined and exhibits a more sophisticated pattern due to multiple predetermined variables and frictions in the economy. It turns out that the hump-shaped response of consumption allows for a positive near term autocorrelation of consumption growth that is consistent with the data reported in table 2, while the small negative autocorrelation in the longer-term leads to a modest upward slope of the average real yield curve. This is in line with the intuition of Wachter (2006) and H¨ordahl, Tristani, and Vestin (2008). Finally table 4 compares data and model moments for the financial variables: 4-year cumulative default rates (dp(16) )12 , corporate spreads (cs(8) ) and leverage ratio (lv). Our model fares relatively well in matching the size of corporate spreads for the 2-year BBB bond yield versus the 2-year Treasury yield in the data of around 200 basis points as well as its standard deviation of around 90 basis points. The model also captures the empirical magnitude of mean and standard deviation of leverage ratio. Consistently with the data, the credit variables from the model are countercyclical, suggesting that recessions in the model are times when corporate defaults increase, together with corporate spreads, while the market value of corporate assets drops enough to increase the leverage ratio. On the other hand, the model implied mean and standard deviation of default probabilities are around 8% and 3% respectively, which are much higher and more volatile compared to the data (mean of 1.6% and standard deviation of 1%). Although this is clearly an unsatisfactory feature of our model, a large body of literature also finds it hard to reconcile the large credit spreads and small default probabilities observed in the data. This is often referred to as the ‘credit spread puzzle’.13 . Potential solutions discussed in the literature such as the presence of heterogeneous firms with entry and exit decisions(Gomes and Schmidt (2010)) or countercyclical default boundaries (Chen, Collin-Dufresne, and Goldstein (2009)) typically abstract from endogenous labor decisions or inflation dynamics, and therefore it is not clear how they will survive in the type of DSGE models we study.



our 1 quarter average real rate. 11 See, for example, Bansal and Yaron (2005), or Piazzesi and Schneider (2007). 12 Following Miao and Wang (2010), the model counterpart is Φ(z ∗ ) × 1600. 13 See, for example, Huang and Huang (2002), Giesecke, Longstaff, Schaefer, and Strebulaev (2011) or Gilchrist, Sim, and Zakrajsek (2010)



23 5.1.1



The Role of Various Frictions



In this section, we discuss our results in more detail by analyzing the importance of various frictions embedded in the model to understand the features of the term structure. In table 5, we compare some relevant first and second order moments of both the macroeconomic and term structure variables in the data with four model specifications (1) Our model (AT), with credit frictions, sticky wages and flexible capital, (2) AT without credit frictions (Flex. K+Sw), (3) AT without credit frictions and sticky wages (Flex. K), and (4) AT without credit frictions and sticky wages, but with firm-specific fixed capital (Fix. K). All models share the same degree of price-stickiness and are calibrated using the same pertinent subset of parameters listed in table 1. Columns two and three show how credit frictions affect macroeconomic and term structure dynamics, by comparing our model, AT in column 2, with a DSGE model with sticky wages and capital accumulation but with no credit frictions in the spirit of Smets and Wouters (2003), in column 3. The presence of credit frictions amplifies the shocks to important parts of the macroeconomy, creating higher volatility for variables such as consumption and investment growth. This is also visible by comparing the impulse responses to a positive TFP shock across the two models. Figure 1 reports responses for levels of de-trended GDP, consumption, investment and inflation to a positive one standard deviation shock to TFP.14 On the wake of a positive TFP shock, both economies exhibit a supply-driven boom, where consumption, investment and GDP rise and inflation declines. More importantly, the impulse responses show that in the presence of credit frictions, an additional amplification of the shock arises as credit conditions ease. As shown in figure 2, a positive TFP shock increases revenues of entrepreneurs as well as the price of capital hence reducing default probabilities, leverage and corporate credit spreads.15 Table 5 also reports comparisons of term structure moments. The increased degree of risk of the economy with credit frictions generate precautionary saving motives which drive down the levels of both real and nominal yields. However as discussed in section 5.1, the amplification in the covariance between news about consumption growth and long-run inflation increases the mean of the nominal term premia by as much as 50% and the mean of the real term premium by 30%. Credit frictions have also an amplification effects on the volatility of the term premium. This is visible in figure 3 that reports impulse responses of the nominal and real term premia. For both models, term premia behave 14



We show the results for de-trended levels here since the quantitative results are more stark compared to growth rates. The impulse responses for growth rates (not shown) exhibit a qualitatively similar amplification. 15 The quantitatively significant amplification effect due to credit frictions is not an obvious one, in particular since corporate debt is issued in nominal terms. As noted in the literature (Christiano, Motto, and Rostagno (2011)), responses of macroeconomic variables to positive supply shocks can be dampened by the increase in the real burden of debt caused by the contemporaneous drop in inflation, the so-called ‘Fisher effect’. It turns out that for our calibration, this effect is not large enough to offset the amplification.



24 countercyclically over the business cycle, in line with the literature that documents countercyclical premia in Treasury markets, see for example Cochrane and Piazzesi (2005).16 Moreover, the responses of the default-free term premia are more pronounced in the presence of credit frictions. The fourth column removes sticky wages from the model without credit frictions. As wages are allowed to adjust flexibly following shocks to the economy, households can optimize their hours worked decision to smooth out their consumption stream. Using the labor margin to reduce consumption risk naturally reduces the precautionary saving motives of households, raises the level of interest rates and lowers the term premium of long-term bonds (see also Uhlig (2007) for a similar argument in a model environment with habits in consumption). Based on our experience with the model calibration so far, it is hard to find a specification that can generate sizable term premia with reasonable macroeconomic dynamics, without allowing for hours worked that are counterfactually too volatile and wage growth that is instead too smooth with respect to the data. Relying on even stickier wages would only exacerbate this problem. This argument calls for a thorough exploration of the role of other frictions than the wage-setting mechanism that could generate large risk premia in asset markets. Along these lines, our results show that credit frictions could be a promising candidate. The final column reports the results using a specification with no credit frictions, with flexible wages and where the (detrended) capital stock is fixed. The setup closely follows Rudebusch and Swanson (2012), which interprets the framework as a model with firm-specific capital. We consider their work to be a useful benchmark in the literature, since their model is successful in matching some basic features of macroeconomic and term structure dynamics. However, despite some empirical advantages to fit micro-evidence17 , assuming that the capital stock is fixed has the obvious counterfactual implication that the volatility of investment is zero. This also directly translates into a drop in the volatility of GDP growth. On the other hand, since the representative agent cannot insure against underlying economic shocks through investment activity, consumption and labor growth volatility must increase. In particular, the relatively sharp increase of consumption growth volatility, which implies a larger market price of risk, leads to a higher average term premium both in terms of nominal and real bonds. Interest rate volatility across the yield curve increases broadly as well. Overall, the comparison between the different models in table 5 suggests that a sizable term premia in a model with fixed capital may come at the expense of unrealistic investment dynamics. It is then useful to explore alternative channels which may help understand the large and volatile term premia widely documented in the empirical finance literature. We confirm that sticky wages 16



A large body of literature documents the presence of countercyclical risk premia in financial markets at large. For additional evidence see for example Gilchrist and Zakrajsek (2011) for the U.S. corporate bond market, and Campbell and Cochrane (1999) for the equity market. 17 For example, Altig et al. (2011) claim that their model with ‘firm-specific’ capital can account for inflation inertia in the data with a more realistic cross-sectional distribution of prices and output across firms.



25 can reduce the extent of self-insurance through the labor margin and increase risk premia, but can generate implausible labor market dynamics. Our work highlights that credit frictions help match the salient features of the term structure. As an additional benefit of modeling credit markets, we can also study the joint dynamics of the default-free term structure with credit spreads and credit risk premia, as well as other observable credit variables. A model estimation exercise could be eventually performed to evaluate the relative importance of nominal and credit frictions in matching macro and term structure data. 5.1.2



Impulse Responses to a Monetary Policy Shock



Figures 4 to 7 show the impulse responses of the model to a one-standard-deviation positive monetary policy shock. The shock increases the short-term nominal interest rate, i by 30 basis points. The interest rate then converges back to its steady state level in around 2 years. Tighter monetary policy translates into higher nominal interest rates at all maturities, i and i(40) , the impact being lower for yields of longer maturity. Real rates, r and r (40) , also rise, while the price of capital, Q, falls to maintain no-arbitrage on asset markets. As a result, consumption, investment and output drop while inflation falls, as in a typical demand shock. In credit markets, lower demand and weaker asset prices increases the leverage ratio, lv, the default rates, dp, and the corporate bond spread, cs. Figure 7 shows the impulse responses of nominal and real term premia. On the wake of a positive monetary policy shock, the nominal term premium decreases, consistently with Rudebusch and Swanson (2012), while the real term premium increases.
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The Importance of Modeling Multiple Period Debt



A unique feature of our framework is that we explicitly model multiple-period debt contracts. This is in contrast to a bulk of the literature which introduces financial frictions into an otherwise standard macroeconomic model. In these models, debt contracts generally mature after one period, which in a typical calibration, corresponds to a quarter or possibly a year. To understand the implications of modeling defaultable debt with longer maturities, we compare our benchmark calibration in section 4.2 with one in which debt contract issued by the entrepreneurs matures after one period (quarter). This is achieved by setting λ = 1 while holding other parameters fixed at the baseline value. Table 6 compares the credit variable moments for our baseline model with a 2-year credit contract (λ = 1/8) in the second column to a model with a 1-quarter contract (λ = 1) in the third column. The comparison shows that reducing the average maturities leads to an equilibrium credit spread and default probability that are much smaller both in terms of average and standard deviation. In the literature, it is somewhat conventional to rely on the one-period specification, and attempt to calibrate the model-implied credit spreads to data on credit spreads of longer maturities. However,



26 we find that in order to calibrate the model to fit the obeserved long-term credit spreads with a oneperiod debt model, the underlying economy must exhibit a higher degree of risk. For example, we can increase the variance of the idiosyncratic productivity shock to the entrepreneur to generate higher average credit spreads, but this kind of calibration comes at a cost of increase in default rates, as well as the volatility of real variables such as consumption growth. In this sense, allowing for mutltiple-period debt contracts is not only a more realistic representation of the aggregate credit market, but also improves the fit of the model. It is also interesting to note that considering multiple-period debt contracts has an important implication for the decomposition of credit spreads defined in section 3.2. In the last row of table 6 we report the average credit risk premium implied by the two specifications. We observe a positive, albeit small, average credit risk premium for our baseline model with multi-period debt, which is qualitatively consistent with the literature on the U.S. corporate bond market.18 In our model, default is countercyclical and positively correlated with inflation, so that bond investors require additional compensation for the purchase of corporate bonds. On the other hand, there is virtually no credit risk premium for the one-period specification.



6



Conclusions



We model a Neo-Keynesian economy with Epstein-Zin preferences, financial frictions and long-term nominal defaultable debt. We calibrate the model and solve it using higher-order perturbation methods. We show that credit frictions can significantly increase the size and volatility of the nominal and real Treasury term premium through the interaction of preferences sensitive to long-run risk, and amplification of the economy’s response to TFP shocks. We also find that introducing multiperiod debt contracts instead of one-period debt in DSGE models helps fit the cyclical properties of macroeconomic variables, credit variables together with the main features of the term structure.



18



For discussion on such evidence, see for example, Chen, Collin-Dufresne, and Goldstein (2009), Gilchrist and Zakrajsek (2011), Gourio (2011) or Elton, Gruber, Agrawal, and Mann (2002).
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Figure 1: Impulse responses to a postive TFP shock (macro variables): The blue line shows impulse responses for model AT, while the red line shows response for the model without credit frictions.
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Figure 2: Impulse responses to a postive TFP shock (credit variables): The blue line shows impulse responses for model AT. The top-left panel shows the response of the default rate, the topright panel shows the response of credit spread, while the bottom-left panel shows the response of leverage. Finally the bottom-right panel shows the impulse response of the price of capital assets.
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Figure 3: Impulse responses to a postive TFP shock (nominal and real term premia): The blue line shows impulse responses for model AT, while the red line shows response for the model without credit frictions. The left panel shows responses of the nominal term premia and the right panel shows responses of the real term premia.
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Figure 4: IRs to a Monetary Policy Shock, interest rates: The top-left panel shows the response of the 1-quarter nominal interest rate, the top-right panel shows the response of the onequarter real interest rate, while the bottom-left and bottom-right panels shows the response of the 10-year nominal and real interest rates respectively.
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Figure 5: IRs to a Monetary Policy Shock, macro variables: The top-left panel shows the response of GDP, the top-right panel shows the response of consumption, while the bottom-left and bottom-right panels shows the response of investment and quarterly inflation respectively.
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Figure 6: IRs to a Monetary Policy Shock, credit variables: The top-left panel shows the response of the default rate, the top-right panel shows the response of credit spread, while the bottom-left panel shows the response of leverage. Finally the bottom-right panel shows the impulse response of the price of capital assets.
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Figure 7: IRs to a Monetary Policy Shock, credit variables: The left panel shows the response of the nominal term premium, the right panel shows the response of the real term premium.



38



Parameters



Description



Value



Parameters



Description



Value



γ πss



trend growth (annual) trend inflation (annual)



2% 5%



vu λ



curv. of cu cost 1/debt. mat (in quarters)



0.1 1/8



Gss Yss



s.s. govt spend. 1/EIS



0.17 1/0.4



ξ κ



asset recovery rate firm-level shock dist. - stdev



0.70 0.60



risk aversion



100



ρmp



Taylor rule persist.



0.75



χ0



time pref. labor scaling



0.99 4



gπ gy



Taylor inflation Taylor output



0.9 0.2



fr η



Frisch elast. CRS labor



0.20 2/3



ρa ρg



TFP shock persist. govt. shock persist.



0.97 0.95



θp ξp



demand elast. Calvo price



0.2 0.78



ρπ ∗ θπ ∗



lr π shock persist. lr π shock to dev πss



0.995 0.01



ιp θw



price index. demand elast.



0 0.05



σa σg



TFP shock stdev. govt. spend. shock stdev.



0.005 0.004



ξw S ′′



Calvo wage invest. adj.



0.81 2.7



σmp σπ∗



MP shock stdev. lr π stdev.



0.003 0.0005



τ



corp. tax



0.15



ϕ CRRA β˜



Table 1: Calibrated Model Parameters: This table contains the calibrated parameter values used to generate our results for the baseline specification.
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Moments



Data Model



Standard Deviations σ [∆c]



0.55



0.58



σ [∆i]



3.31



2.15



σ [∆˜ y]



0.85



0.72



σ [∆l]



0.32



0.61



σ [∆w]



0.63



0.25



σ [π]



0.63



0.74



ρ [∆c, ∆c−1 ]



0.43



0.07



ρ [∆i, ∆i−1 ]



0.42



0.84



ρ [∆˜ y , ∆˜ y−1 ]



0.35



0.51



ρ [∆l, ∆l−1 ]



0.53



0.78



ρ [∆w, ∆w−1 ]



0.06



0.12



ρ [π, π−1 ]



0.89



0.96



ρ [∆c, ∆˜ y]



0.63



0.84



ρ [∆i, ∆˜ y]



0.88



0.90



ρ [∆l, ∆˜ y]



0.75



0.69



ρ [∆w, ∆˜ y]



-0.04



0.86



ρ [π, ∆c]



-0.24



-0.23



ρ [π, ∆l]



-0.07



-0.25



Autocorrelations



Selected Cross-Correlations



Table 2: Macro Moments: This table contains summary statistics for macro variables. It reports mean and standard deviation of consumption, investment, GDP, hours worked and real wage growth, ∆c, ∆i, ∆˜ y , ∆l, ∆w and of the inflation rate, π. The table also reports the auto-correlations of these variables, as well as selected cross-correlations.
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Real Term Structure



Moments



Model



Moments



5.66



4.87



7.13



6.65



  µ r (1)   µ r (40)   µ rtp(40)   σ r (1)   σ r (40)   σ rtp(40)



Data



Estimates



TIPS



Model



[1990:Q1-2012:Q1] [1999:Q1-2012:Q1]   µ i(1)   µ in(40)   µ ntp(40)   σ i(1)   σ i(40)   σ ntp(40)



(1.82) 1.88 3.44



3.17



2.66



2.31



(1.40) 0.30



(0.58)



-



2.86



(1.94)



2.24



3.12



(0.71)



-



0.30



(1.37)



-



0.87



(0.89)



1.08



0.27



(0.56)



-



0.03



Table 3: Term Structure Moments: This table contains summary statistics for the nominal and real term structure of interest rates. It reports data and model-implied mean and standard deviation of short- and long-term nominal and real interest rates i(1) , i(40) and 4(1) , r (40) . The table also reports term structure model estimates of mean and standard deviation of nominal and real term premia (numbers in parentheses), ntp(40) and rtp(40) and compares them to predictions from our model.



Moments



Data



Model



(1973:Q1-2012:Q1) Means µ[dp16 ]



1.55*



7.94



µ[cs8 ]



2.08



2.15



µ[lv]



13.01



17.75



σ[dp16 ]



1.04*



3.18



σ[cs8 ]



1.14



0.89



σ[lv]



1.93



1.08



ρ [dp16 , ∆˜ y]



-0.33**



-0.08



ρ [cs8 , ∆˜ y]



-0.68



-0.19



ρ [lv, ∆˜ y]



-0.25



-0.14



Standard Deviations



Correlations



Table 4: Credit Variable Moments : This table contains summary statistics for the credit variables in the model. It reports data and model-implied mean, standard deviation and correlations with GDP growth, y˜, of default rates, dp16 , credit spreads, cs(8) and leverage ratio, lv. * Chen et al. (2009) (sample: 1970-2001), ** Gomes and Schmidt (2010) (sample: 1951-2009).



41



Moments



Data



AT



Flex.K + Sw



Flex. K



Fix. K



σ [∆c]



0.55



0.58



0.50



0.30



0.54



σ [∆l]



0.32



0.61



0.62



0.31



0.32



σ [∆i]



3.31



2.15



2.07



0.73



0



σ [∆˜ y]



0.85



0.72



0.69



0.31



0.31



σ [π]



0.62



0.74



0.76



0.59



0.62



5.62



4.87



6.94



7.97



6.66



7.10



6.65



8.08



8.41



7.32



(1.82)



1.89



1.25



0.48



0.73



0.58



2.86



3.33



3.68



3.41



(1.94)



3.12



3.52



3.80



3.62



(0.71)



0.26



0.20



0.12



0.22



3.36



3.17



3.22



2.36



2.79



2.59



2.31



2.32



2.00



2.31



(1.37)



0.30



0.18



0.04



0.08



(1.37)



0.87



0.87



0.59



0.81



(0.89)



0.27



0.24



0.12



0.43



(0.56)



0.03



0.01



0.00



0.02



Macro



Term Structure µ [i]   µ i(40)   µ ntp(40)



µ [r]   µ r (40)   µ rtp(40)



σ [i]   σ i(40)   σ ntp(40)   σ r (1)   σ r (40)   σ rtp(40)



*parenthesis indicates estimates



Table 5: Comparison across different model specifications: This table compares relevant first and second order moments of both the macroeconomic and term structure variables in the data with four model specifications (1) Our model (AT), with credit frictions, sticky wages and flexible capital, (2) AT without credit frictions (Flex. K+Sw), (3) AT without credit frictions and sticky wages (Flex. K), and (4) AT without credit frictions and sticky wages, but with firm-specific fixed capital (Fix. K).
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Moments



Data



Model



(1973:Q1-2012:Q1) λ =



1 8



λ=1



Means µ[dp16 ]



1.55*



7.94



2.46



µ[cs8 ]



2.08



2.15



0.25



µ[lv]



13.01



17.75



14.22



σ[dp16 ]



1.04*



3.18



1.87



σ[cs8 ]



1.14



0.89



0.20



σ[lv]



1.93



1.08



1.17



-



0.07



0.00



Standard Deviations



Credit Risk Premium cpr (8)



Table 6: Credit Variable Moments - Comparison of long and short maturities:This table contains summary statistics for the credit variables in the model. It reports data and model-implied mean, standard deviation of default rates, dp16 , credit spreads, cs(8) , leverage ratio, lv and credit risk premium, crp when debt maturity is set to 2 year, λ = 18 , and one quarter, λ = 1. *Chen et al. (2009) (sample: 1970-2001), **Gomes and Schmidt (2010) (sample: 1951-2009)
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