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Introduction



This paper explores a model of business cycles in which product creation and …rm dynamics generate soi-disant sunspot equilibria which ultimately drive movements in the economy’s real output. It builds on a growing body of empirical work that suggests that a large portion of …rms are multi-product producers. Bernard, Redding and Schott (2010), for example, report that close to half of U.S. manufacturing …rms produce in multiple 5-digit SIC industries. The importance of this …nding becomes apparent once noticing that these …rms account for about 90 percent of total sales. Broda and Weinstein (2010) arrive at similar conclusions. In particular, they document that over 90 percent of product creation and destruction occurs within …rms (i.e. as …rms adjust their product scopes). This alludes that the contribution to aggregate output from product scope variations is at least as important as that from net business formation. The current paper picks up on these empirical observations by laying out an arti…cial economy that generates procyclical product creation within …rms, while also giving rise to endogenous business cycles. Speci…cally, we investigate the roles of net product creation and net business formation in a general equilibrium economy with oligopolistic intermediate goods …rms. Endogenous net product creation (in particular via changes in …rms’product scopes) creates sunspot equilibria at very realistic parametric situations, which are not attainable when …rms only produce a single product. We then estimate the indeterminate model and show that a combination of both belief shocks (i.e. sunspots) and fundamental shocks generates arti…cial business cycles that resemble empirically observed ‡uctuations. Our …ndings suggest
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that a substantial fraction of U.S. output ‡uctuations are related to sunspot events. Indeterminacy arises in the economy because net business formation and …rms’product scope choices a¤ect labor demand; phrased alternatively, net product creation gives rise to an endogenously shifting e¢ ciency wedge. Furthermore, the oligopolistic market structure leads to countercyclical markups that act as an additional shifter of production possibilities –as a consequence, the wage-hours locus becomes upwardly sloping. Intuitively, sunspots come into e¤ect as follows. Assume that people feel more optimistic about the future path of income: a wealth e¤ect that causes a rise in the demands for consumption and leisure. Labor supply shifts inwards along an upwardly sloping wage-hours locus, thereby raising employment and output, and subsequently allowing the initial beliefs about higher incomes to become self-ful…lling.1 Our arti…cial economy parallels Feenstra and Ma (2009) and Minniti and Turino (2013) who introduce multi-product …rms into general equilibrium. While also studying business cycles, however, Minniti and Turino (2013) consider fundamental disturbances only.2 Relating to endogenous ‡uctuations, Jaimovich (2007) demonstrates how procyclical net business formation can lead to indeterminacy via the generation of countercyclical markups. Pavlov and Weder (2012) investigate the role of variety e¤ects in generating sunspot equilibria. Both of these papers feature mono-product …rms and hence do not consider …rms’ product scope choices. Furthermore, while most of the indeterminacy literature simulates calibrated models by sunspot shocks only, 1



See Benhabib and Farmer (1994). Moreover, we separate the elasticity of substitution parameters from the variety e¤ects (a.k.a. taste for variety or increasing returns to specialization) in the production of …nal goods, which makes the theoretical mechanisms in our paper far more transparent. 2
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we use Bayesian methods to estimate several small-scale versions of the indeterminate model with both sunspots and fundamental disturbances to preferences and technology.3 By and large, we follow estimation approaches put forward by Farmer, Khramov, and Nicolò (2015) and Lubik and Schorfheide (2004).4 The remainder of this paper evolves as follows. Section 2 lays out the model. Section 3 analyzes the local dynamics. Variable capital utilization is added to the economy in Section 4. The indeterminate model is estimated and simulated in Section 5. We o¤er some interpretation of the results in Section 6. Section 7 concludes.
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Model



The economy consists of intermediate good …rms who are able to choose how many products to produce. These goods are di¤erentiated and hence bring about market power for these oligopolistic …rms. The commodities are bought by competitive …rms that weld them together into the …nal good that can be consumed or, by adding it to the capital stock, invested. People own the two factors of production and rent out their respective services on competitive markets.



2.1



Final goods



Final output, Yt , is produced under perfect competition using the range of intermediate inputs supplied by Mt multi-product …rms indexed i. Each …rm 3



Our paper also shares some aspects with Angeletos, Collard and Dellas (2015). While Angeletos et al. do not consider multiple equilibria economies, they characterize the business cycle as largely driven by con…dence shocks. 4 See Farmer and Guo (1995) for an early attempt to estimate a sunspot model.
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supplies Nt (i) varieties of goods. Accordingly, the …nal good is constructed via two nested CES aggregators. The …rst encompasses the varieties from an individual …rm i that, when put together, compose Yt (i) = Nt (i)1+



1 Nt (i)



Z



Nt (i)



yt (i; j)



1



dj



0



!



1



> 1: (1)



> 0,



Here, yt (i; j) is the amount of the unique intermediate good j produced by …rm i. Parameters



and



stand for the intra-…rm variety e¤ect and the



elasticity of substitution between goods, respectively. The …rm-composite goods are then stacked together to yield the …nal output Yt =



Mt1+!



1 Mt



Z



Mt



Yt (i)



1



1



di



!



0,



>1



(2)



0



where ! is the inter-…rm variety e¤ect and



is the elasticity of substitution



between the …rms’composite goods. Variety e¤ects are separated from the elasticity of substitution as there is no a priori reason for a strong link between them.5 Moreover, the separation allows us to clearly distinguish the variety e¤ect and its impacts from that of imperfect competition. As we will see later, the intra-…rm variety e¤ect is crucial for …rms to produce more than a single product. Feenstra and Ma (2009) develop a related framework in which they assume



= . However, Broda and Weinstein’s (2010)



work suggests that these parameters are not equal, accordingly we will also calibrate the model following their …ndings. The pro…t maximization problem yields yt (i; j) = 5



Pt (i) Pt



pt (i; j) Pt (i)



Benassy (1996).
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!(



Mt



1) 1



Nt (i)



(



1) 1



Yt



(3)



where Pt (i) = Nt (i)



Z



1 1



Nt (i)



pt (i; j)1 dj



0



!11



(4)



is the price index for …rm i’s goods and the aggregate price index satis…es 1



Pt = M t



1



!



Z



1



Mt



1



1



Pt (i)



di



:



(5)



0



In words, the demand for each variety depends negatively on its price, positively on the aggregate price index Pt , and positively (negatively) on the …rm price index Pt (i) if



2.2



>



( < ).



Intermediate good …rms



Each intermediate …rm chooses how many di¤erent products it brings to the market and at what price it sells them. These tasks are solved in two stages. In the …rst, product scopes are decided. During the second stage, …rms set their pricing rules by acting as Bertrand competitors in the product market.6 Each period, the number of active …rms is determined by a zero pro…t condition. Intermediate goods are produced using capital, kt (i; j), and labor, ht (i; j), that are supplied on perfectly competitive factor markets. The production technology consists of a constant returns Cobb-Douglas part and involves two …xed costs. The variety-level …xed cost, , applies once a variety is added to the production line. It restricts the amount of varieties a …rm will produce and at the same time implies that it is only pro…table to produce multiple products if the intra-…rm variety e¤ect is operating. The …rm-level …xed cost, f, 6



provides economies of scope. It determines the number of active …rms This is a subgame perfect Nash equilibrium concept.
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via a zero-pro…t condition. Hence, a …rm’s output is given by Z Nt (i) Z Nt (i) kt (i; j) ht (i; j)1 dj > 0, yt (i; j)dj = f



f



0



0



Each …rm sets prices to maximizes pro…ts Z Nt (i) pt (i; j)yt (i; j) wt ht (i; j) t (i) =



rt kt (i; j)dj



> 0: (6)



(7)



0



where wt and rt are the labor and capital rental rates. Following Yang and Heijdra (1993), intermediate good …rms are large enough to take the aggregate price index into consideration when making their pricing decision.7 Appendix A.2 shows that a …rm charges the same price, pt (i), for all of its varieties. Then, the optimal markup, t (i)



=



t (i)



[1 [1



= pt (i)=mct ; becomes t (i)]



t (i)]



1



where mct is the marginal cost of producing an additional variety, and



t (i)



is …rm i’s market share: t (i)



Pt (i)Yt (i) Nt (i) = R Mt Pt Yt Nt (i) 0



(1 (1



)



pt (i)1 )p



1 t (i)



di



which increases in the number of goods Nt (i). This highlights the importance of the intra-…rm variety e¤ect, . Without it, the market share would not depend on the product scope. Pro…ts would be decreasing in Nt (i) because of the variety-level …xed cost



and hence, …rms would only produce a single



product. Firms determine their optimal number of products by maximizing pro…ts with respect to Nt (i) by taking into account the e¤ect on its own and other 7



Our modelling decision in favor of the oligopolistic market structure was driven by the fact that, at least in the present framework, under monopolistic competition the product scope would have been constant (see Appendix A.4).
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…rms’pricing decisions (see Appendix A.3). The …rst-order condition is Pt Yt



pt (i) mct pt (i)



2



@ t (i) + Yt t (i) @Nt (i)



pt (i) mct pt (i)



@Pt = mct @Nt (i)



(8)



which can be understood as follows. The …rst term on the left-hand side corresponds to the presence of the intra-…rm variety e¤ect: introducing a new product increases the …rm’s market share and its pro…ts. The second term stands for the impact of product scope on the aggregate price index. Speci…cally, a higher product scope reduces the aggregate price index, @Pt =@Nt (i) < 0, which from (3) leads to a lower demand for …rm i’s products. The right-hand side of (8) represents the cost of producing one additional variety.



2.3



Symmetric equilibrium



In the symmetric equilibrium, each …rm produces the same number of varieties, Nt (i) = Nt , charges the same price, pt (i) = pt , and has the same market share



t (i)



= 1=Mt . Let us designate the …nal good to be the nu-



meraire, Pt = 1, and therefore from (4) and (5), the price of a variety is determined by the two variety e¤ects: pt = Nt Mt! : Using the above, (1) and (2), output per variety is Yt : p t Nt M t



(9)



(Mt 1) : (Mt 1) Mt



(10)



yt = The markup simpli…es to t



=



8



Since new entrants reduce …rms’market shares, the markup is countercyclical. Furthermore, an increase in the …rm’s product scope raises its own price and reduces the prices of other …rms: to lower price competition, …rms under-expand their product scopes in comparison to the case of monopolistic competition where such strategic linkages are absent. The extent of this under-expansion can be seen by substituting @ t (i)=@Nt (i) and @Pt =@Nt (i) into (8) and rearranging: yt (



t



1) (



1)



(Mt 1)( + (1 )Mt ) 2 (Mt 1) + Mt (1 )



1 Mt (



1)



= :



The term in the square brackets is less than one and is increasing in Mt : the strategic e¤ect of the product scope decision becomes less important as the number of …rms increases and this gives an incentive to introduce new varieties. When Mt becomes very large this term approaches unity and the markup converges to its monopolistic competition level of =(



1).



Intuitively, as the number of …rms grows, the impact on the market share of adding an additional variety becomes smaller, which has then a less impact on the price of the variety. Further rearrangement yields the product scope Nt =



Yt pt



( (1



1)(Mt 1) 1 + 2 Mt ) + Mt ( 1) Mt [Mt (1



)+ ]



:



Using (6), (9) and the zero pro…t condition determines Mt as Mt =



(



t



1)Kt Ht1 t (Nt + f )



(11)



where Kt = Mt Nt kt and Ht = Mt Nt kt . To obtain aggregate output, we substitute (6) in (9), and use (11) to simplify: Yt =



pt



Kt Ht1



t



9



(12)



where pt =



t



is an endogenous e¢ ciency wedge. Finally, the equilibrium real



wage and rental rate are given by wt = (1



2.4



)



Yt Ht



and



rt =



Yt : Kt



People



There is a nonatomic measure-one space of agents. The individuals’preferences depend on consumption and leisure and are represented by a utility function of the form U=



Z



1



e



t



u(Ct ; Ht )dt



> 0:



0



Here,



denotes the subjective rate of time preference and period utility



is separable in consumption, Ct , and hours worked, Ht . It takes on the functional form u(Ct ; Ht ) = ln Ct where



Ht1+ 1+



> 0,



0



is the inverse of the Frisch labor supply elasticity (logarithmic utility



is the only additive-separable form consistent with balanced growth). The agents own the capital stock and sell labor as well as capital services. Any generated pro…ts,



t,



‡ow back to them. Let Xt denote investment, then the



period budget is constrained by wt Ht + rt Kt +



t



Xt + Ct



where investment is added to the capital stock such that: K_ t = Xt



Kt



0



10



< 1:



Time derivatives are denoted by dots and



stands for the constant rate of



physical depreciation of the capital stock. The solution to the maximization problem entails Ht =



wt Ct



(13)



and Ct = rt Ct



(14)



:



Equation (13) describes the agents’leisure-consumption trade-o¤, while (14) is the intertemporal Euler equation. In addition the transversality condition must hold.
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Dynamics



This section analyzes the local dynamic properties of various versions of the arti…cial economy. To do so, we log-linearize the equilibrium conditions and arrange the dynamical system to K_ t =Kt =J C_ t =Ct



^t K : C^t



Hatted variables denote percent deviations from their steady-state values and J is the 2



2 Jacobian matrix of partial derivatives. Note that Ct is



a non-predetermined variable and that Kt is predetermined. Indeterminacy means that the number of stable eigenvalues of J exceeds the number of predetermined variables. In the present model, for indeterminacy both roots of J must be negative. For numerical explorations, we calibrate standard parameters at a quarterly frequency as



= 0:3,



= 0:01,



= 0:025 and



= 0 which is set in line with most studies of indeterminacy to make a comparison straightforward. 11



3.1



Mono-product model



To better illustrate the contribution of the …rms’product scope decisions on indeterminacy, we …rst consider the case of mono-product …rms. Figure 1 presents the stability zones, assuming that the variety e¤ect depends on the elasticity of substitution between intermediate goods: ! = 1=( …gure indicates that we prohibit situations where



< =(



1). The



1) to rule out



M < 0. As can be seen, the minimum steady state markup allowing for indeterminacy is 1=(



) = 1:429, which implies a variety e¤ect at



= 1=(1



1) = 0:429. This exactly corresponds to the result reported in Pavlov



and Weder (2012) for a mono-product model with monopolistic competition. Why is this the case? Note that from (10), the steady state number of …rms is : ( 1) 1), the number of …rms approaches in…nity: the



M =1+ Now, as



approaches =(



markup and local dynamics converge to the case of monopolistic competition. This implies via (10) that the minimum



needed for generating indetermi-



nacy is not lower under oligopolistic competition. On the other hand, Figure 1 also shows that the required variety e¤ect drops considerably with higher values of . This is because greater substitutability between di¤erentiated goods (and hence a lower variety e¤ect) and/or a higher steady state markup imply a lower number of …rms and a more elastic markup over the business cycle. Therefore, the dashed stability line in the …gure is upwardly sloping because the lower variety e¤ect (via higher ) needs to be o¤set by a higher markup elasticity (via higher



). Yet, the line eventually becomes down-



wardly sloping because the gain from the higher markup elasticity starts to dominate the in‡uence of the lower variety e¤ect on the endogenous e¢ ciency 12
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Figure 1: Mono-product model.



wedge as goods become closer substitutes.



3.2



Multi-product model



Figure 2 presents the numerical indeterminacy region for the multi-product model with ! =



= 1=(



1) to make comparisons with Figure



1) = 1=(



1 straightforward.8 Once again, the model converges to the one with monopolistic competition along the



1) line. This is because the equality



= =(



implies that both the markups and the product scopes are constant over the business cycle (see Appendix A.4). Under oligopolistic competition, however, the entry of new competitors reduces existing …rms’market shares and encourages them to expand their product scopes. This additional channel of product creation reduces the minimum steady state markup, for example, for 8



We report numerical results since analytical expressions became too incommodious.
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Figure 2: Multi-product model,



elasticities of substitution at



=



1.55



1.6



1.65



= :



= 14, a markup of



= 1:3 is enough for



indeterminacy.9 At this point, the variety e¤ect is only ! =



= 0:077 com-



pared to the required size of 0:429 under monopolistic competition. Phrased alternatively, the complementarity feature of oligopolistic markets and endogenous product choice makes sunspot equilibria much easier to obtain.10
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Capital utilization



The last section has demonstrated that when …rms are able to choose their product scopes the possibility of sunspot equilibria increases. Next, it is shown that the levels of market power can be reduced even further by aug9



It can be shown that for very high values of , the markup required for indeterminacy is as low as 1:05, albeit this appears in only a small parametric region. 10 Figure A1 shows that the removal of the inter-…rm variety e¤ect retains the plausibility of indeterminacy in the multi-product model.
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menting the multi-product model by variable capital utilization. Each intermediate good …rm i now operates the production technology Z Nt (i) Z Nt (i) dj yt (i; j)dj = Ut kt (i; j) ht (i; j)1 0



f



0



where Ut stands for the utilization rate of capital set by its owners. Capital accumulation follows K_ t = Xt



t Kt



= Xt



1 % U Kt % t



% > 1:



In the symmetric equilibrium, the aggregate production function is Yt =



pt



(Ut Kt ) Ht1



t



and the optimal rate of capital utilization entails rt = Ut% 1 : The calibration remains as in the previous section and % = ( + )= = 1:4 follows from steady state …rst-order conditions.11 Then, Figure 3 demonstrates how the introduction of variable capital utilization signi…cantly reduces the level of market power and the elasticities of substitution that are required for indeterminacy. In particular, the minimum steady state markup falls below 1.1. This occurs because, like lower markups and higher product variety, higher utilization increases the demand for labor. Figure 4 allows



6= . Estimates of the level of markups in the U.S. in



value added data range from 1.2 to 1.4 and so our choice of



= 1:3 lies in



the middle of these numbers (see Jaimovich, 2007). Again, the …gure’s line indicated by 11



= =(



1) guarantees a strictly positive number of …rms, M .



See Wen (1998).
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Figure 3: Multi-product model with variable capital utilization,



= :



Sunspots now become a very realistic scenario in the multi-product economy. Broda and Weinstein’s (2010) estimation suggests that



= 7:5 and



= 11:5



are plausible values for the two elasticities of substitution. Clearly, Figure 4 shows that this



combination entails indeterminacy.



Sunspots also arise easily for markups below 1:3. Given the above combination of be



and



values, for a positive M the steady state markup must



= 1:154 = 7:5=(7:5



1) or higher. Yet, even at that value, the economy



remains in a sunspot equilibrium.12 We conclude that sunspot equilibria are well in line with what could be considered an empirically reasonable calibration. To further gain understanding about the e¤ect of sunspots, the impulse 12



the



Changing the steady state markup leaves the sunspots zone basically unchanged while = =( 1) line shifts up or down. See Figure A2.
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Figure 4: Multi-product model with variable capital utilization,



= 1:3:



responses of various variables are plotted in Figure 5 –on impact, the sunspot shock moves output one percent above its steady state. The calibration of this discrete-time version of the economy involves = 1:3; a discount factor at



(1 + )



stein’s (2010) suggestion that



= 7:5 and



1



= 0:3,



= 0:025,



= 0,



= 0:99 and Broda and Wein= 11:5. The impulse response



functions reveal that both net product creation and net business formation positively comove with output, with the former being more volatile than the latter. It can also be seen that output per variety is countercyclical. This is due to the cannibalization e¤ect: an introduction of a new variety reduces the demand for existing varieties. The markup ‡uctuates countercyclically. These combined e¤ects lead to an upwardly sloped wage-hours locus which gives way to the self-ful…lling beliefs mechanism outlined earlier.
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Figure 5: Impulse responses to a sunspot shock (percent deviations from the steady state).
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Estimation and simulations



We have shown that intra-…rm product creation can generate indeterminacy under very plausible parameter constellations. Although this can be considered as progress, it would be rendered void if the model is unable to replicate the basic business cycle facts. This is done next by using U.S. quarterly data to estimate the indeterminate model and then comparing simulation results with a set of moments that characterize U.S. aggregate ‡uctuations (see Appendix A.5 for the data sources). The arti…cial economy is a small-scale version of chapter 4’s model which allows for sunspots as well as fundamental disturbances.
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5.1



The model



The model employed here is a discrete time economy with capital utilization –parametric sunspot zones are roughly identical to the continuous time variant of the arti…cial economy. We furthermore add fundamental aggregate supply and demand shocks to the economy. The …rst source of fundamental uncertainty, labor augmenting technological progress, At , a¤ects all …rms equally and implies that aggregate output is given by a version of (12): Yt =



pt



(Ut Kt ) (At Ht )1



:



t



Technological progress is non-stationary and follows the process ln At = ln At



1



+ ln gt



where ln gt = (1



A ) ln g



+



A



ln gt



1



+ "A t



0



A



< 1:



Here ln g is the average growth rate and "A t is an i.i.d. disturbance with variance



2 13 A:



The second fundamental disturbance is a preference shock to



the agent’s utility of consumption –a stand-in for aggregate demand shocks. Period utility now takes the form u(Ct ; Ht ) = ln(Ct where a positive shock to



t



t)



Ht1+ 1+



increases the marginal utility of consumption



that leads to an urge to consume as in Baxter and King (1992) or Weder 13



Since At displays a stochastic trend, the model is then detrended. For example, detrended output is given by Y~t = Yt =At and Y^t = ln Y~t ln Y~ ; where Y~ is the steady state value.
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(2006).14 It follows the process ln



t



=



ln 2



with the shock variance



t 1



+ "t



0






: This shock drives the economy’s labor wedge, i.e.



the gap between the marginal rate of consumption-leisure substitution and the marginal product of labor. Hence, our estimation will allow a much wider interpretation than mere shocks to preferences – a more agnostic reading would include, for example, changes to monetary policy or labor market frictions (as in Shimer, 2009). Lastly, a note regarding the introduction of sunspots into this economy. Under indeterminacy, the economy’s response to shocks is not uniquely determined and sunspots may propagate fundamental disturbances (see Lubik and Schorfheide, 2003 and 2004). We follow Farmer, Khramov, and Nicolò (2015) in dealing with such loose expectation errors. Speci…cally, we reclassify the expectation error to output,



Y t ,



as a new exogenous shock:15



Y^t = Et 1 Y^t +



Y t :



Understanding that fundamental shocks have an e¤ect on output on impact, we go a step further by breaking down the expectation error into fundamental and non-fundamental components: Y t



where the parameters



A



=



and



A A "t



+



"t + "st



determine the e¤ect of technology and pref-



erences shocks on output and "st is an i.i.d. sunspot shock that is independent of fundamentals with variance



2 16 s.



14



Galí and Rabanal (2004), for example, claim that well over half of U.S. output ‡uctuations are driven by such preference shocks. 15 Our results are robust to the choice of expectation error. See Section 5.3. 16 We implement the software package Dynare to estimate our models. See
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5.2



Estimation



The model is estimated via Bayesian methods using the quarterly real per capita growth rates of output, consumption, investment and the logarithm of per capita hours worked from 1948:I-2007:IV as observables.17 We truncate the series right before the Great Recession to take out possible e¤ects arising from …nancial markets. While our results stay robust when including post2007 data, our decision is driven by the very small scale of our arti…cial economy, in particular by the exclusion of …nancial frictions in its setup. The measurement equation is 2 3 2 ln Yt ln Yt 1 6 ln Ct ln Ct 1 7 6 6 7 6 4 ln Xt ln Xt 1 5 = 6 4 ln Ht ln H



thus Y^t C^t ^t X



Y^t 1 + g^t C^t 1 + g^t ^ t 1 + g^t X ^t H



3



2



3 2 m:e: ln g "t 7 6 7 6 7 6 ln g 7 6 0 + 7+4 ln g 5 4 0 5 0 0



3 7 7 5



is a measurement error restricted to account for not more than where "m:e: t ten percent of output growth and ln H is the logarithm of the average hours worked over the sample period. The parameters that are calibrated remain the same as in the previous sections:



= 0:3,



= 0:025,



= 0,



= 0:99,



= 7:5, and



= 11:5.



Furthermore, the quarterly growth rate of per capita real GDP implies that the growth rate of labor augmenting technological progress is ln g = 0:005. These parametrizations are standard in the sunspot literature and the ones for



and



follow Broda and Weinstein’s (2010) estimation. Given this as-



sumption, the markup is bounded by 1.154 at the lower end and the economy www.dynare.org. As in Farmer, Khramov, and Nicolò (2015) we introduce a new variY able s^t 1 = Y^t t ; which allows the Blanchard-Kahn conditions to be satis…ed under indeterminacy. 17 Clearly, we would have liked to include data on the number of …rms and the product scope. However, no (long) time series are available for these variables.
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is always indeterminate.18 The remaining parameters are estimated using the stochastic arti…cial economy in log-linear form. These parameters are the steady state markup, , the parameters that portray the stochastic processes, i.e. ,



A,



and a measurement error



m:e:



A,



,



s,



A,



. We follow Christiano, Trabandt,



and Walentin (2011) by using endogenous priors to prevent overly high estimated model variances. Table 1 presents the initial prior and posterior distributions for the estimated parameters. We assume a gamma distribution for



with a lower limit of 1.154 to keep the steady state number of



…rms strictly positive, i.e. M > 0. The mean is centered around the middle of value-added markup estimates for the U.S. (see Jaimovich, 2007). A wide uniform distribution is employed for the expectation error parameters and



A



. The other parameters follow quite standard calibrations, hence, we



refrain from expounding on these. We use the Metropolis-Hastings algorithm to obtain 500,000 draws from the posterior mean for each of the …ve chains, discard half of the draws, and adjust the scale in the jumping distribution to achieve a 25-30 percent acceptance rate for each chain. As can be deducted from the table, all estimated parameters are relatively precise as revealed by the percentiles. The estimated markup is well inside the empirically plausible range. High persistence is found for preference shocks while the persistence of the shock to the growth rate of technology is close to zero. The signs of



A



and



are as expected since detrended output



also falls (rises) in response to permanent technology (demand) shocks in the 18



We considered estimating a determinate version of the model as well. While this is straightforward, we decided against it since with Broda and Weinstein’s parameters the arti…cial economy is always indeterminate and changing various aspects of the model calibration would make a comparison less valuable.
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determinate version of this economy as well as in a plain-vanilla RBC design of the model.19 Table 1 Prior and posterior distributions for model parameters Prior Posterior Name Range Density Mean Std. Dev. Mean 90% Interval [1.154,+1] Gamma 1.3 0.05 1.335 [1.322,1.348] [0,1) Beta 0.5 0.2 0.023 [0.011,0.034] A [0,1) Beta 0.5 0.2 0.983 [0.978,0.987] + R Inverse Gamma 0.1 Inf 0.637 [0.606,0.668] s + R Inverse Gamma 0.1 Inf 0.711 [0.682,0.740] A R+ Inverse Gamma 0.1 Inf 0.468 [0.452,0.485] m:e: [0; 0:34] Uniform 0.175 0.101 0.340 [0.339,0.340] [-3,3] Uniform 0 1.732 -0.367 [-0.453,-0.280] A [-3,3] Uniform 0 1.732 1.059 [0.943,1.180] Inf implies two degrees of freedom for the inverse gamma distribution. Standard deviations are in percent terms.



Table 2 reveals that the model …ts the data well. The table presents the second moments of the U.S. data and of the estimated arti…cial economy. The model slightly overpredicts the variance of the growth rates but does a better job at matching the variances of the band-pass …ltered series.20 The relative volatilities as well as the co-movements of the main macroeconomic variables line up with data. Furthermore, as can be seen by the autocorrelation functions (ACF), the rich internal propagation mechanism of the indeterminate model produces persistence in the growth rates without having to rely on various real frictions used in the literature. 19



While detrended output falls in response to permanent technology shocks, Figure A3 demonstrates that output per capita rises above its trend. 20 We applied a …xed-length symmetric (Baxter-King) …lter with cycle periods ranging from 6 to 32 quarters and 12 leads/lags.
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Table 2 Business cycle dynamics Data Model x (x; ln(Y =Y )) ACF (x; ln(Y x t t 1 x t =Yt 1 )) ln(Yt =Yt 1 ) 0.98 1 0.35 1.03 1 ln(Ct =Ct 1 ) 0.54 0.48 0.12 0.80 0.77 ln(Xt =Xt 1 ) 2.34 0.66 0.49 3.03 0.81 ln(Ht =H) 3.96 0.05 0.97 5.53 0.14 (x; Y ) (x; Y ) Yt 1.57 1 0.91 1.30 1 Ct 0.79 0.79 0.93 0.72 0.71 Xt 4.18 0.83 0.92 4.30 0.92 Ht 1.77 0.88 0.92 1.03 0.98 Business cycle statistics are calculated at the posterior mean. x denotes the



ACF 0.21 0.03 0.32 0.99 0.94 0.91 0.95 0.94 standard



deviation of variable x, (x; Y ) is the correlation of variable x and output, and ACF is the …rst order autocorrelation coe¢ cient. The last four rows are from band-pass …ltered series.



The relative contribution of each of the three shocks to output, consumption, investment and hours worked is displayed via a variance decomposition (Table 3). When considering growth rates, the decomposition suggests that output ‡uctuations are caused by an about equal split between the three disturbances. Investment appears to be mainly driven by sunspots and movements in consumption are largely caused by demand and technology shocks. Over half of the ‡uctuations of hours around its steady state can be explained by demand shocks. The overall importance of sunspots remains largely unchanged after the series are band-pass …ltered. However, the role of technology shocks slightly diminishes as demand shocks now explain most of consumption ‡uctuations.
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"st "A t "t



ln(Yt =Yt 43.55 25.75 30.70



1)



Table 3 Unconditional variance decomposition (in percent) ln(Ct =Ct 1 ) ln(Xt =Xt 1 ) ln(Ht =H) Yt Ct 2.66 75.03 21.40 45.33 6.39 47.78 11.35 21.96 20.65 11.93 49.56 13.62 56.64 34.02 81.68



Xt 60.23 20.48 19.28



Variance decompositions are performed at the posterior mean. The last four columns are calculated from band-pass …ltered series.



5.3



Robustness to the choice of expectation error



To demonstrate the robustness of the above insights, we next put forward two alternative models. Model 2 picks the forecast error on consumption (instead of output) as the exogenous sunspot shock,



C t .



As before, it is split



into fundamental and non-fundamental components. In Model 3 we follow the approach of Farmer, Khramov, and Nicolò (2015). Here, the sunspot shock is simply the forecast error, i.e.



Y t



= "st ; with variance



2



: Intuitively,



since output is forward looking, this expectation error should be correlated with fundamental shocks. Yet, it is also a sunspot shock as it can cause movements in economic activity without any shifts to fundamentals. Assuming a uniform distribution, we thus estimate the correlations between



Y t



and the



fundamental shocks, "A t and "t . The priors for the other parameters are kept the same as in the baseline model. As can be seen in Tables 4 and 5, and this echoes the …ndings of Farmer, Khramov, and Nicolò (2015), our estimation results are robust to the choice and formation of the expectation error. The posterior distributions are almost identical and while data slightly favours the third speci…cation over the baseline model and Model 2, the closeness of the log-data densities and posterior probabilities con…rms that the goodness
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Ht 47.93 14.95 37.12



of …t between the three models is very close.21 Table 4 Posterior distributions for alternative models Model 2: C Model 3: Yt = "st t Name Mean 90% Interval Mean 90% Interval 1.336 [1.324,1.349] 1.335 [1.323,1.348] 0.023 [0.011,0.035] 0.023 [0.011,0.035] A 0.983 [0.978,0.987] 0.983 [0.978,0.987] 0.116 [0.106,0.126] s 0.712 [0.684,0.741] 0.712 [0.683,0.740] A 0.468 [0.451,0.485] 0.468 [0.451,0.485] m:e: 0.340 [0.339,0.340] 0.340 [0.339,0.340] -0.230 [-0.248,-0.211] A 1.191 [1.171,1.212] 0.848 [0.814,0.883] -0.311 [-0.385,-0.233] A; 0.579 [0.525,0.633] ; Prior distributions are identical to those from Table 1. Correlations



A;



and



;



follow



a uniform distribution in the range [-1,1].



Table 5 Model Comparison Model 1: Yt Model 2: C Model 3: Yt = "st t Prior Model Probability 0.333 0.333 0.333 Log-data density 2565.826 2565.546 2566.079 Posterior Model Probability 0.329 0.248 0.423 Posterior probabilities have been calculated based on the output of the Metropolis-Hastings algorithm (log marginal densities based on the modi…ed harmonic mean).
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Interpretation of results



The previous section points to sunspots as a signi…cant source of the postwar U.S. business cycle. We now provide a further description of their role and 21



Second moments are virtually identical to Table 2 and are not presented to conserve space.
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predictive power. First, we ask if the estimated shocks are meaningfully labelled. We do this by cross-checking the resemblance to equivalent series that were computed with orthogonal information sets.



6.1



Are estimated shocks meaningfully labelled?



To begin with, we compare the estimated sunspots to a commonly used measure of people’s con…dence. While acknowledging that consumer con…dence is likely driven by a combination of fundamental and non-fundamental shocks, we take a certain similarity of the two as an indicator that the estimated sunspots are meaningfully labelled. Figure 6 plots the University of Michigan’s Consumer Con…dence index vis à vis sunspot con…dence.22 The overall pattern of the two series correlates. Both indicators of expectations typically drop during recessions. Next, we cross-check the model’s total factor productivity implied by the estimated shocks and variables.23 In particular, we consider Fernald’s (2014) total factor productivity series for the U.S. as the benchmark, where he implements adjustments for variations in factor utilization (labor e¤ort and the workweek of capital). The results are reassuring: the series share similarities as evinced by a positive correlation and a very similar amplitude. However, the two series are not identical and this result was expected for two main reasons. Firstly, we do not use total factor productivity as an observable in the estimation process, and, secondly, Fernald does not adjust for changes in market power and implied relative prices; two mechanisms, in 22 These and the following series have been constructed using the band-pass …lter to capture business cycle variations. Sunspot con…dence refers to the estimated sunspot shocks of the baseline model from the previous section. 23 Growth of total factor productivity in our model is given by (1 )(^ gt + ln g) + (^ pt p^t 1 ) (^ t ^ t 1 ):
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Figure 6: Consumer con…dence index and sunspot shocks.



addition to At ; that drive the e¢ ciency wedge in the theoretical economy. To visualize matters, we plot our estimated series versus Fernald’s at business cycle frequencies (Figure 7).24 As mentioned before, the model’s demand shock stands in for various fundamental disturbances, hence, we refrain from comparing it to a commonly used measure. However, as noted by Shimer (2009), for example, the labor wedge that this shock drives covaries with the business cycle. In fact, U.S. quarterly output growth and the series of estimated demand shocks have a contemporaneous correlation of 0:52 (versus the output-sunspot and outputsupply shock correlations of 0:49 and



0:31; respectively). This supports



Table 3’s upshot that the U.S. business cycle is largely driven by sunspot and demand shocks. This then leads us to the last question to be addressed: 24



Lastly, the (contemporaneous) correlation of estimated sunspots and supply shocks is essentially zero at 0:01.
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Figure 7: Fernald’s vs model’s total factor productivity.



can sunspot shocks alone replicate speci…c U.S. recessions?



6.2



The sunspot business cycle



Figure 8 shows the U.S. per capita GDP and the arti…cial equivalent when the model is counterfactually driven by sunspots only. The contemporaneous correlation of the two band-pass …ltered series is 0:66. While the sequence of sunspots generates growth slowdowns during most recession dates, there are a number of events which are revealing. Most importantly, the 1973-75 and the 1980-1982 recessions were signi…cantly deeper than what the sunspotsonly model predicts. However, we take this as an indication in favor of our model estimation: these recessions were likely caused by oil price shocks and the Federal Reserve’s tight monetary policy. In fact, our estimation yields sequences of negative fundamental shocks that stand in for these disturbances. During other recessions, the sunspots-driven output pattern resembles 29



Figure 8: U.S. GDP and sunspot driven output.



U.S. data quite closely. Figure 8 suggests that the following recessions stand out as candidates for slumps that were the outcome of pessimistic expectations: the early 1960s recession, the 1969-1970 slump, the 1990-91 recession which, of course, is in line with Blanchard’s (1993) interpretation and the 2001 recession. To sum up our …ndings, we take it that a sunspot-based approach to the U.S. business cycle can explain both a substantial portion as well as very speci…c episodes of the observed ‡uctuations of aggregate economic activity.
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Conclusion



Previous studies have shown that procyclical product creation via entry and exit of mono-product …rms can be an important source of sunspot equilibria. Yet, recent empirical evidence suggests that product creation occurs 30



largely within existing …rms. Motivated by these …ndings, the current paper investigates the role of intra-…rm product scope adjustments in a general equilibrium economy with oligopolistic producers. It shows that the multiproduct nature of …rms makes the economy signi…cantly more susceptible to sunspot equilibria. The estimated indeterminate model driven by both belief and fundamental disturbances generates arti…cial business cycles that resemble empirically observed ‡uctuations. Our study exposes sunspots as having caused a non-negligible portion of the U.S. business cycle. Having said that, we acknowledge that our estimated model is of smallscale. This gives the advantage of tractability speci…cally given that the paper establishes a novel mechanism to introduce indeterminacy. Yet, it comes with an obvious setback as a stripped-down model may overlook salient aspects of the macroeconomy like the impact of …scal and monetary policy, the e¤ects of possible market frictions and various rigidities. Such extensions are beyond the scope and goals of the current paper, but we plan to work out a medium-scale version of the indeterminacy model in the future.
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A A.1



Appendix Price elasticity of demand



This Appendix derives the demand elasticities of an intermediate good with respect to changes in its own price and the price of other goods produced by the same …rm. Taking logs of (3) we obtain ln yt (i; j) =



ln pt (i; j) +[ (
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1



pt (i; j) Pt (i)



Nt (i)



(



1) 1



:
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Then the price elasticity of demand is @ ln yt (i; k) = @ ln pt (i; j)
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Note that under monopolistic competition, …rms are too small to in‡uence the aggregate price index, Pt ; and hence the last term in (A.1) would be absent.



A.2



Markups



This Appendix derives the optimal markups of intermediate good …rms. Firm i maximizes pro…t (7) subject to the constraint (6): L =
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Optimality gives @L = yt (i; j) + @pt (i; j) @L = @ht (i; j)
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The Lagrange multiplier,
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is obtained by combining (A.3) and (A.4) and



amounts to the marginal cost, mct , of producing one more variety: mct
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Hence, the costs of production are Z Nt (i) Z wt ht (i; j) + rt kt (i; j)dj = mct 0
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Substituting (A.1) into (A.2) and some algebra yields Z Nt (i) yt (i; j) yt (i; k) yt (i; j) [pt (i; j) mct ] = [pt (i; k) pt (i; j) pt (i; j) 0 " 1 1 pt (i; j) Pt (i) !( Nt (i) ( 1) 1 + Mt Pt (i) Pt
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Substituting (3) for yt (i; j), the above equation simpli…es to Pt (i) Pt
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As the second part of this equation is the same for all j 2 [0; Nt (i)]; this implies that …rm i will charge the same price for all of its varieties. Hence, pt (i; j) = pt (i; k) = pt (i) and the equation simpli…es to pt (i) mct = pt (i)
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To solve for …rm i’s markup, …rst note from (4) that Pt (i) = Nt (i) pt (i): Then using this together with (1), (3) and (5), we can express …rm i’s market share,
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As long as



> 0; the price index Pt (i) is decreasing in Nt (i); and so increasing



the product scope increases the …rm’s market share. Finally, the markup, t (i)



pt (i)=mct , can be found by rearranging (A.6): t (i)
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Product scope



This Appendix derives the …rms’ optimal product scope. Substituting (3) into (A.5), then using (4) and (A.7), we rewrite pro…ts as t (i)



=



pt (i) mct pt (i)



Pt Yt t (i)
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f ]:



Firm i takes the number of …rms and their product scopes as given and maximizes its pro…ts with respect to Nt (i) by taking account the e¤ect of its product scope decision on its own and all other producers’pricing decisions. The …rst-order condition is @ t (i) = P t Yt @Nt (i)
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We now calculate @ t (i)=@Nt (i) and @Pt =@Nt (i) and then substitute in (A.9) to obtain …rm i’s product scope. Di¤erentiating (A.7) with respect to Nt (i) yields @ t (i) = ( @Nt (i)
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Note that the second term on the right hand side of (A.10) would not be present in the case of monopolistic competition. As we will see, @pt (i)=@Nt (i) and @Pt =@Nt (i) are positive and negative, respectively; implying that …rms
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contract their product scopes compared to the case of monopolistic competition. We rewrite the aggregate price index (5) as 1
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We now show that the …rst term in the square brackets is equal to zero. From (A.8) pt (k) = pt (k) mct Then
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pt (k) dk = Mt : pt (k) mct 0 Di¤erentiating with respect to Nt (i) gives Z Mt mct @pt (k) dk = 0 2 [pt (k) mct ] @Nt (i) 0 which under symmetry collapses to (Mt
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Replacing @pt (k)=@Nt (i) in (A.11) with
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1) and as-



suming symmetry, the …rst term in the square brackets drops out and some rearrangement yields @Pt t (i) = Pt : @Nt (i) Nt (i) An increase in the product scope therefore reduces the aggregate price index. Inserting this result in (A.10) gives @ t (i) = ( @Nt (i)
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The next step is to compute @pt (i)=@Nt (i): From (A.8) we obtain @pt (i) = @Nt (i) [1



mct @ t (i) : 2 + t (i)] @Nt (i)
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Here, @ t (i)=@Nt (i) > 0 and hence @pt (i)=@Nt (i) > 0: Inserting @ t (i)=@Nt (i) and @Pt =@Nt (i) into (A.9), assuming symmetry where t (i) =
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Monopolistic competition



This Appendix shows that under monopolistic competition, markups and the product scope are constant over the business cycle. Moreover, this implies that the local dynamics and conditions for indeterminacy are identical to the mono-product model described in Pavlov and Weder (2012). The procedure is similar to that used in the previous appendices. When …rms are too small to in‡uence the aggregate price index, Pt ; the price elasticity of demand becomes @ ln yt (i; k) = @ ln pt (i; j)



(



|{z}



)



absent for k6=j



pt (i; j) Pt (i)



1



Nt (i)



(



1) 1



Substituting it in (A.2) and some algebra gives a constant markup t (i)



=



pt (i) = mct
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1



:



:



In determining the product scope, di¤erentiating pro…t by Nt (i) leads to the …rst order condition @ t (i) Pt Yt @ t (i) = @Nt (i) @Nt (i)



mct = 0



where @ t (i) = ( @Nt (i)



1)



t (i)



Nt (i)



and hence Nt = Substituting Nt in …rm i’s pro…ts, Mt =



Pt Y t : pt Mt



t (i)



= 0; and solving for Mt gives 1



P t Yt pt f



1



:



Finally, combining the last two equations yields: Nt =



f



1



1 1



:



Since the markup and the product scope are constant over the business cycle, the linearized model is identical to the constant markup mono-product model presented in Pavlov and Weder (2012).



A.5



Data sources



This Appendix details the source and construction of the U.S. data used in Section 5. All data is quarterly and for the period 1948:I-2007:IV. 1. Gross Domestic Product. Seasonally adjusted at annual rates, billions of chained (2009) dollars. Source: Bureau of Economic Analysis, NIPA Table 1.1.6. 2. Gross Domestic Product. Seasonally adjusted at annual rates, billions of dollars. Source: Bureau of Economic Analysis, NIPA Table 1.1.5. 40



3. Personal Consumption Expenditures, Nondurable Goods. Seasonally adjusted at annual rates, billions of dollars. Source: Bureau of Economic Analysis, NIPA Table 1.1.5. 4. Personal Consumption Expenditures, Services. Seasonally adjusted at annual rates, billions of dollars. Source: Bureau of Economic Analysis, NIPA Table 1.1.5. 5. Gross Private Domestic Investment, Fixed Investment, Residential. Seasonally adjusted at annual rates, billions of dollars. Source: Bureau of Economic Analysis, NIPA Table 1.1.5. 6. Gross Private Domestic Investment, Fixed Investment, Nonresidential. Seasonally adjusted at annual rates, billions of dollars. Source: Bureau of Economic Analysis, NIPA Table 1.1.5. 7. Nonfarm Business Hours. Index 2009=100, seasonally adjusted. Source: Bureau of Labor Statistics, Series Id: PRS85006033. 8. Civilian Noninstitutional Population. 16 years and over, thousands. Source: Bureau of Labor Statistics, Series Id: LNU00000000Q. 9. GDP De‡ator = (2)=(1): 10. Real Per Capita Consumption, Ct = [(3) + (4)]=(9)=(8): 11. Real Per Capita Investment, Xt = [(5) + (6)]=(9)=(8): 12. Real Per Capita Output, Yt = (1)=(8): 13. Per Capita Hours Worked, Ht = (7)=(8): 14. Con…dence: Consumer Opinion Surveys, Composite Indicators, OECD Indicator for the United States, Series Id: CSCICP03USM665S. 15. Total Factor Productivity. "A Quarterly, Utilization-Adjusted Series on Total Factor Productivity", retrieved from http://www.frbsf.org/economicresearch/economists/john-fernald/.
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Figure A1: Multi and mono-product models with ! = 0:
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Figure A2: Multi-product model with variable capital utilization, output



= 1:154:
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Figure A3: Impulse responses to a permanent technology shock (solid line) and a preference shock (dashed line). Deviations are from the balanced growth path.
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