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1.



Introduction



Policymakers who want to change tax rates on capital income and wages must consider the effects that this will have on overall revenues. Traditional approaches to estimating the revenue effects of tax rate changes focused on static behavioral responses – essentially the short-run response of labor and capital income to a change in the tax rate.1 Appealing to low labor supply elasticities, Fullerton (1982) argues that lower labor income tax rates are unlikely to generate higher tax revenue.2 In spite of skepticism about the short-run revenue enhancing effects of tax cuts in the 1980s, recent studies have considered the possibility that the long-run effect of a tax cut is to expand the government’s tax revenue. As Mankiw and Weinzierl (2006) point out in the context of the Ramsey model, the accumulation of capital means that a lower tax rate on capital will ultimately increase the tax base, making a reduction in the tax rate at least partially self-financing. Auerbach (1996) gives a general presentation of issues related to dynamic scoring. See also Auerbach and Kotlikoff (1987) who study a wide range of issues related to dynamic aspects of fiscal policy. This paper presents new results on the short-run and long-run effects of taxes in an endogenous growth model. The model is a version of Romer (1990), with growth driven by the production of new designs for intermediate capital goods.3 The long-run growth rate and level of economic activity are determined in part by the deliberate actions of entrepreneurs and engineers who develop new products and techniques. The extent of innovation is driven by the returns to innovation, which are influenced by the supply of capital and labor. Therefore, taxes on these factors may have additional effects on economic activity through this innovation channel. The model is designed to be consistent with long-run balanced growth in output per worker in the presence of a growing population. Government policies, such as the tax rate on capital income, do not affect the economy’s growth rate, but do affect the level of output and tax revenue. While this may be consistent with appropriately parametrized AK models, as in Stokey and Rebelo (1995), it is also consistent with the model I present in which tax rates do not affect the steady-state growth rate of the economy, but may 1



This issue gained prominence in the early 1980s when some claimed that the United States had tax rates so high that lower tax rates would increase tax revenue. This hypothetical situation was known as being on the wrong side of the Laffer Curve. 2 Malcomson (1986) studies the same question and emphasizes the relevance of general equilibrium effects. 3 Peretto (2011) analyzes more specific changes in tax policy in a quality ladder model without physical capital. Peretto’s results suggest the lower tax rates enacted in the Job Growth and Taxpayer Relief Reconciliation Act 2003 substantially reduce the economy’s steady-state growth rate and cause massive reductions in welfare due to changes in the composition of research and development activity.
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affect the steady-state level of activity. I focus on the issue of how a tax rate reduction affects government revenue. In the model, the taxation of returns to accumulated factors does not distinguish between physical capital and knowledge. I assume the government can distinguish between two types of income, labor income and financial income. The government can tax these two income types at different rates without any risk that income will be reclassified in order to pay the lower tax rate. I calibrate and simulate the model, I explore the effects of lowering the financial income tax rate from 25% to 20%, which causes government revenue overall to decline by around 1% of GDP immediately. In the short run, lower tax rates for financial income reduce government revenue. The reduction in revenue is almost all mechanical (Saez et al., 2012) since behavioral responses are very weak at short horizons. In the long run the tax cut is 49% self-financing, since the reduction in government revenue in the long run is about half the short-run response. The dynamic response of revenues mostly comes from taxation of higher wages, which in turn are stimulated in part by capital accumulation and in part by innovation-driven productivity gains. However, the dynamics of the model are so sluggish as to call into question whether the long-run effects could be either relevant for political decisions or detected empirically. There is a longstanding empirical literature studying various effects of fiscal policy on economic activity. Since the Great Recession there has been a renewed interest in countercyclical fiscal policy.4 The literature on countercyclical policy tends to focus on changes in taxes or government spending that are transitory. Typically, these transitory changes in taxes or spending have transitory effects on the level of output (Blanchard and Perotti, 2002; Mertens and Ravn, 2013). In a linear time series model this implies that permanent changes in taxes or spending would have a permanent effect on the level of GDP, but only transitory effects on the growth rate of output, as in my theoretical model.5 A different strand of the literature considers how the size of government affects macroeconomic activity.6 This literature focuses more on long-term effects of fiscal policy. It presents evidence regarding the consequences of changing different components of the government budget – productive and unproductive spending, distortionary and non-distortionary taxation. It also pays attention to the government budget constraint: if the government cuts taxes, what else is changed to ensure the government satisfies 4



See Auerbach and Gorodnichenko (2012) and other papers in the same issue of the American Economic Journal: Economic Policy, Barro and Redlick (2011), Romer and Romer (2010), and Ramey (2011), for example. 5 In other models, permanent and transitory fiscal shocks can have very different effects. In an analysis that focuses on business cycle mechanisms, Coenen et al. (2012) show that while temporary fiscal expansions might increase output, permanent fiscal expansions in the same environment can decrease output. 6 See Bergh and Henrekson (2011) and Gemmell and Au (2013) for two surveys.
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its budget constraint? Contemporary evidence tends to utilize panel data techniques applied to subnational units (for example, Reed, 2008), high-income countries (for example, Angelopoulos et al., 2007), or broader groups of countries (for example, Lee and Gordon, 2005). While many such studies claim that permanent increases in taxes or in productive government spending, for example, lead to permanently higher growth rates, there are several difficulties with such interpretations. First, it is common for regression equations to have the growth rate of income as the outcome and the lagged level of income as an explanatory variable, usually with a negative coefficient. Therefore, a change in the size of government that increases the growth rate initially will also eventually increase the level of income, which in turn drags down the growth rate. A more careful interpretation of these regressions implies short-run growth effects of fiscal policy, but long-run level effects only. Second, foresight may be important. Mertens and Ravn (2012) argue that tax cuts announced in advance cause output to contract before implementation. The contemporaneous correlation between tax changes and output changes may then overstate the effect of the tax change on the path of the economy. Third, tax and spending changes considered in these studies may be temporary.7 The response of the economy to temporary changes in tax policy may be very different from the response to more persistent policy changes. Fourth, reverse causality remains a possible driver of the relationship between growth and the size of government. Citizens might demand a larger government at higher levels of income, and growth might also be slower among high income countries due to convergence tendencies. This would mean larger governments are associated with slower growth rates, even though the larger government does not cause the growth rate to be slower. To get a sense of magnitudes, consider as an example Gemmell et al. (2011), who study a panel of annual data from Organization for Economic Cooperation and Development (OECD) countries from 1970 to 2004. They focus on a pooled mean group estimator (Pesaran et al., 1999) that simultaneously estimates long-run effects of fiscal policy on growth together with short-run effects, where the short-run dynamics are allowed to vary across countries. In these estimates a reduction in distortionary taxes (such as corporate income taxes) of one percent of GDP, financed by a reduction in unproductive expenditures, reduces the long-run growth rate of an OECD economy by around 0.14 percentage points per year. In addition, Gemmell et al. find that these effects happen rel7



Gemmell et al. (2011) show their fiscal variables to be stationary, so that increases in spending or taxes tend to be reversed subsequently. By contrast, Mertens and Ravn (2013) show that in the United States personal income tax rates have been drifting up over time while corporate income tax rates have been drifting down. Interestingly, Mertens and Ravn find that tax changes have relatively large effects on output in the short run, which might be due to using tax changes that are more persistent.
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atively quickly.8 For horizons up to five to ten years, they estimate that such a change in fiscal policy affects the level of GDP similar to the findings in Romer and Romer (2010) and a little larger than the calibrated model of Turnovsky and Chatterjee (2002). For longer horizons, their estimates imply larger effects on the level of GDP, since they find that the long-run growth rate is permanently affected. Gemmell and Au (2013) show that among other recent studies, many estimate larger effects of tax changes. For example, Lee and Gordon (2005) find that a five percentage point cut in the corporate income tax rate would raise annual growth rates by between one-half and one percentage points. Kneller et al. (1999) find that a one percent of GDP reduction in distortionary taxes would increase the growth rate by nearly half a percentage point. As noted earlier, the presence of lagged GDP as an explanatory variable in these models makes these interpretations problematic. An alternative interpretation is that the tax change has a transitory, though potentially long-lasting, effect on the growth rate of the economy. Arnold (2008) finds that cutting corporate income taxes by one percent of GDP would eventually raise the level of economic activity by two percentage points in one specification – similar to the magnitude of the outcome in my model – and around one percentage point in another. Overall, the literature on the effects of fiscal policy on growth and income has made progress, but still faces some difficulties, especially in estimating long-run effects. For this reason, the output of formal models is a useful complement. The related literature on public finance in growth models is vast, and covers a variety of research questions in a range of different models. Along with the present paper, many others study the dynamic revenue effects of changes in tax rates. Other papers examine how tax rates affect the economy’s growth rate, or the welfare of citizens in the economy. These questions are all clearly related, since a change in tax rates can affect the government’s revenue, the economy’s growth rate, and the welfare of economic agents. Many growth models have been deployed to address these public finance questions. Broadly speaking, we might classify them based on whether the key mechanisms in the model are factor accumulation or innovation. Models emphasizing factor accumulation include the Ramsey model (Mankiw and Weinzierl, 2006), AK models in which the marginal product of capital is bounded away from zero (for example, Ireland (1994)), and Lucas (1988)-style models with human capital accumulation as the driver of growth (for example, Pecorino (1995)).9 In general, AK models tend to predict large effects of 8



Note that relatively swift effects on the growth rate are consistent with gradual effects on the level of GDP. 9 For further examples, consider the AK models in Jones et al. (1993), Agell and Persson (2001), Bruce and Turnovsky (1999), and Stokey and Rebelo (1995). See also the survey in Jones and Manuelli (2005) and
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tax changes on economic growth. For example, Ireland (1994) suggests that tax cuts that cause large deficits in the short term should not be a major concern since the long run because a higher rate of growth will greatly expand the tax base and hence government revenue. Jones et al. (1993) present similar findings initially, but modify their model to allow for the likely growth of government purchases along with higher revenue.10 The AK model can be justified by taking a particularly broad view of capital that includes not just physical capital but also human capital. One objection to this is that the nature of physical capital is very different from the nature of human capital. Hendricks (1999) emphasizes this point in arguing that tax policy is not as powerful an influence on human capital accumulation as it is on accumulation of physical capital, since physical capital cannot be decumulated nor can it be sold or bequeathed. (See also Hendricks (2004), which highlights the role of finite lifetimes in the accumulation of human capital.) A further objection to the AK and human capital-based models is that technological progress is essentially exogenous, rather than being the outcome of intentionally innovative activity. In this paper, I apply an innovation-based growth model that features expanding varieties of products in the tradition of Romer (1990).11 Romer (1990), along with other first-generation endogenous growth models contains a strong scale effect in the steadystate growth rate of the economy is higher when the initial scale of the economy (perhaps measured by population) is larger. As a consequence of strong scale effects, early endogenous growth models predict that various policy variables would affect the economy’s long-run growth rate. However, Easterly and Rebelo (1993), Jones (1995b) and Mendoza et al. (1997) point out that growth rates have continued at relatively stable levels even while the supposed policy determinants of growth rates have changed substantially. In response to this finding, Jones (1995a), Kortum (1997) and Segerstrom (1998) develop models in which the economy grows endogenously through innovation, but in which there is no strong scale effect. These empirical findings and semi-endogenous growth models spurred the development of Schumpeterian endogenous growth models in Young (1998), Peretto (1998), its interpretation of factor accumulation as incorporating innovation. For models with human capital as a driver of growth, see De Hek (2006); Hendricks (1999); Kim (1998); Milesi-Ferretti and Roubini (1998a,b); Novales and Ruiz (2002); Pecorino (1995). 10 See also King and Rebelo (1990) for an AK model in which taxes have particularly large effects. 11 See Gancia and Zilibotti (2005) and Jones (2005) for two surveys of this approach to modeling growth. Research by Melitz (2003) and Hsieh and Klenow (2009), though essentially static frameworks, embody a similar mechanism in which the number of varieties in an industry is endogenously determined by entrepreneurs who have to pay an initial entry cost (which could be in part the cost of developing a new product). Zeng and Zhang (2007) apply an expanding-varieties model to study the optimal design of research and development subsidies.
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Dinopoulos and Thompson (1998) and Howitt (1999) that are consistent with steady growth even in the presence of a rising share of workers doing research and development. In these models there is no strong scale effect, but policy changes can affect the economy’s steady-state growth rate.12 The key mechanism is two dimensions of R&D – quality improvement and the invention of new products. While quality improvement causes the economy to grow, as in Aghion and Howitt (1992), endogenous product proliferation dilutes R&D effort aimed at quality improvement, removing the scale effect. Jones (1999) claims that the removal of the scale effect depends on a knife-edge condition regarding the elasticity of variety with respect to population being satisfied. Laincz and Peretto (2006) respond that the knife-edge condition is justified since it is the “result of an economic mechanism” (p. 272.), though Li (2000) argues that the economic mechanism in question relies on restrictive assumptions about the nature of spillovers from past discoveries in the R&D process. At an empirical level there is debate about how well innovation-based growth models characterize the data. Jones (2002) argues that R&D is an important contributor to productivity growth over the second half of the twentieth century in the context of a semiendogenous growth model.13 Using a longer span of data than Jones, Ha and Howitt (2007) present a series of estimates of parameters in the research and development production function and argue that trends in productivity growth and R&D investments are inconsistent with semi-endogenous theories but are consistent with second-generation, fully endogenous Schumpeterian growth models.14 The primary evidence against the semi-endogenous growth models is that TFP growth and R&D activity are not cointegrated. The defining property of the semi-endogenous growth model is actually an elasticity in the idea production function, so Ha and Howitt’s test is a test of a joint hypothesis, that this elasticity is less than one together with other determinants of productivity growth being stationary. Difficulties in measuring both R&D inputs and total factor productivity, along with business cycle fluctuations, changing patterns of foreign R&D, and lagged effects from past discoveries on current research output, or general purpose technologies (Jovanovic and Rousseau, 2005), among other factors, are all reasons that might mean productivity growth does not share a common stochastic trend with research inputs, confounding Ha and Howitt’s test. Moreover, while interpreting their findings as evidence against semi-endogenous growth models, Ha and Howitt (2007) note that “nei12



See Peretto (2003), Peretto (2011) and Zeng and Zhang (2002) for studies that explore the effects of fiscal policy in such models. These papers find that taxes that distort the labor-leisure margin do not affect growth, but that taxes that apply to corporate income do affect growth. 13 Though see Comin (2004) for a dissenting view. 14 Note that the important distinction is not about Schumpeterian against non-Schumpeterian visions of growth, since Segerstrom (1998) is a Schumpeterian semi-endogenous growth model.
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ther theory does much better than a linear-time trend in explaining the time series of productivity” (p. 764.) Related results are presented in Laincz and Peretto (2006) and Madsen (2008).15 In summary, the literature studying long-run consequences of tax policy has used a variety of growth models, including models close to the expanding varieties semiendogenous model in this paper. Each model has its own strengths and weaknesses, and its own mechanisms that determine how fiscal policy influences the economy. The analysis in this paper represents a contribution to the literature, and clearly must be considered alongside other studies. Section 2 presents the model with taxes on financial income and discusses the steady-state and transition dynamics in this model. Section 3 presents comparative dynamic responses of tax revenue to tax rates. Section 4 concludes.



2.



The Romer Model with Income Taxes



2.1.



The Economic Environment and Agents



The economic environment features three production sectors. Final goods (Y ) are produced using durable intermediate goods ({xi }A i=0 ) and labor (LY ). The intermediate goods (x) are produced using final output (in the form of capital, K) and designs (A). These designs come from the research and development sector, which uses labor (LA ) and previously developed designs (A) in production, though existing designs used in the R&D sector are not compensated in the decentralized allocation considered here. The production of new designs used for making intermediate goods proceeds according to A˙ t = νAφt LλAt ,



φ < 1, λ > 0, A0 > 0, ν > 0



(1)



The intermediate goods sector uses capital together with designs to produce differentiated intermediate inputs. One unit of capital produces one unit of the intermediate good, which can be converted back in to capital at any time. Each intermediate goods producer owns the design used in production. The measure of designs is At . Total production of intermediate goods is determined by the size of the capital stock: Z



At



xit di = Kt 0



Final output, which can be consumed or transformed into capital, is produced with 15



While Ha and Howitt (2007) argue that one kind of R&D-based growth model is reasonable in light of the evidence.
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intermediate inputs and labor Z Yt = 0



At



α/θ xθit di LY1−α t



(2)



The decentralized equilibrium in this economy features agents solving the following problems. Household Problem. The household problem is to choose time paths of ct (consumption per person) and vt (financial assets per person) that maximize Z 0



∞



1−1/σ



e−(ρ−n)t



ct −1 dt 1 − 1/σ



taking the full time series of prices and taxes {wt , rt , τv , τw , trt }∞ t=0 as given, and subject to the following dynamic budget constraint and No Ponzi Game condition v˙ t = ((1 − τv )rt − n)vt + (1 − τw )wt − ct + trt , lim vt e−



v0 > 0



Rt



0 ((1−τv )rs −n)ds



t→∞



≥0



where v is assets per person, c is consumption per person, w is the wage rate, r is the pre-tax return on assets, ρ discounts future utility, n is the growth rate of population, τw is the labor income tax rate, and τv is the tax rate for asset income.16 As a simplification, households in this model supply labor inelastically. A more general specification would allow for workers to vary their hours. Adopting the King et al. (1988) specification for preferences over consumption and leisure, Mankiw and Weinzierl (2006) consider how elastic labor supply matters for the effect of changes in tax rates in a neoclassical setting. They find that it has a small effect on the dynamic revenue effects of a change in the financial income tax rate, though it is more important for the long-run effects of a change in the labor income tax rate. If the model in this paper is expanded to include elastic labor supply, a similar result is likely. Preferences that are consistent with no trend in hours worked per person as the economy grows will matter for the transition dynamics rather than the size of the longrun response. In the results I present below, wages barely move at first when the tax rate on financial income changes. By itself, this suggests there would be limited response of labor supply, and so short-run effects would be minor. However, consumption tends to fall on impact of the tax change, and this would tend to be associated with an increase 16



I abstract from a menu of taxes that includes taxes on consumption. Without a labor-leisure choice or home production, consumption taxes do not distort allocations.
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in labor supply. The expansion of labor supply would speed up the transition as there could be a faster pace of innovation and capital accumulation. Since endogenous labor supply effects can occur immediately when the change in taxes takes place, this extension of the model could also create a difference between static-scoring that does not account for any behavioral responses and the short-run effects on revenue of the policy. Future work could study the quantitative significance of these effects. The solution to the household problem delivers the consumption Euler equation. Given consumption, the household budget constraint determines the evolution of assets, v. The terminal conditions are conditions on v0 and the transversality condition. Final Goods Problem. The final goods sector is perfectly competitive. At each point in time, firms demand labor and intermediate goods, taking wages and intermediate goods prices as given, to maximize Z 0



At



xθit di



α/θ



L1−α Yt



Z − wt LY t −



At



pit xit di 0



which gives rise to labor demand and demand for intermediates x(pit ). Intermediate Goods Problem. A measure A of patent-holding firms, indexed by i, in the intermediate goods sector produce intermediate goods using capital. Each unit of the intermediate good produced requires one unit of rented capital, so the constant marginal cost of production is the rental price of capital plus depreciation, r + δ. At each point in time these firms set a price pit to generate maximum profits, where the flow of profits is given by πit = x(pit )(pit − rt − δ) Research and Development Problem. Firms in the R&D sector produce new designs that intermediate goods firms use to produce new intermediate inputs. There is free entry in this sector, but there are externalities. Firms perceive a constant returns to scale production function, ignoring diminishing returns to labor at the aggregate level in this sector. Increases in activity (LA ) generate congestion effects, lowering the marginal product of labor in R&D. Firms sell their patented designs for price PAt , which is taken as given. They demand labor, paid at the economy-wide wage rate wt , maximizing profits PAt ν¯t LAt − wt LAt where worker productivity in the innovative sector ν¯ = νAφ Lλ−1 is taken as given. A In this model, innovation introduces a new intermediate good. However, no intermediates are ever destroyed in the manner of Schumpeterian models that follow in the
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tradition of Aghion and Howitt (1992). However, the effects of innovation need not be entirely benign for incumbents. To the extent that new goods are substitutes for existing products, innovation can lower the value of a patent on an existing idea. In that sense, the model has the potential to feature a form of creative destruction that is milder than the destruction in a Schumpeterian setting. Government Budget. The government simply collects taxes and returns them to households lump sum. In per capita terms, the government budget constraint is: trt = τv rt vt + τw wt The government uses two tax instruments: a linear tax on labor income and a linear tax on non-labor income which is derived from two forms of assets, physical capital and intellectual capital. In practice, it may be hard to separate corporate income into a contribution from physical capital and a contribution from intellectual property, and the model’s tax code is consistent with this notion. In this model there is neither government consumption nor public goods provision. (See Barro (1990); Jones et al. (1993); Ferede (2008) and others for models where the government can provide productive public goods.) Households are Ricardian, so the timing of tax rebates is irrelevant to the households’ decisions. Assuming the government rebates all revenues immediately means that we do not have to keep track of the government’s asset position.



2.2.



Definition of Equilibrium



The decentralized equilibrium in this Romer economy with taxes is a time path for quantities At t {ct , LY t , LAt , Lt , At , Kt , Yt , vt , {πit }A ¯t , trt }∞ t=0 i=0 , {xit }i=0 , ν



and prices ∞ t {PAt , {pit }A i=0 , wt , rt }t=0



such that for all t: 1. {ct , vt }∞ t=0 solves the household problem t 2. {xit }A i=0 and LY t solve the final goods firm problem



At t 3. {pit }A i=0 and {πit }i=0 solve the intermediate goods firm problem



 4. LAt solves the research and development firm problem, LAt =



PAt νAφ t wt



1/(1−λ)
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5. Yt =



R



At 0



α/θ L1−α xθit di Yt



6. At evolves according to equation (1) 7. Kt satisfies



R At 0



xit di = Kt



8. ν¯t satisfies the ideas production function: ν¯t = νAφt Lλ−1 At 9. Asset arbitrage implies the rate of return on physical capital must equal the rate of return to owning a patent: rt =



πit PAt



+



P˙At PAt



10. The asset market clears: vt Lt = Kt + PAt At 11. The labor market clears: LY t + LAt = Lt 12. Population growth follows Lt = L0 ent 13. trt satisfies the government budget constraint: trt = τv rt vt + τw wt



2.3.



Balanced Growth Path



This section discusses both static and dynamic aspects of the economy’s balanced growth path. Consider first static aspects of the equilibrium allocation. Each intermediate goods producer faces the same problem, so they will produce the same quantity xit and sell it for the same price pit . The flow of profit πit for each patent holder will be the same and all patents will trade at the same price PA . Since the entire capital stock is divided among the intermediate goods producers, we find that xit = xt =



Kt At



and the price charged is a markup over marginal cost 1 pit = pt = (rt + δ) θ so that the profit for each firm is πit = πt =



1−θ Kt Yt (rt + δ) = α(1 − θ) . θ At At



The share of final output Y paid out as pure profits is



πt At Yt



= α(1 − θ). If profits actually



represent 3% of final output (Basu and Fernald, 1997) and α is one-third, then the appro-
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priate value for θ would be about 0.9. Furthermore, the net markup set by intermediate goods producers is (1 − θ)/θ. In order to match markups of 10%, θ should be around 0.9. As in Jones (1995a), using gz for the growth rate of variable z, the steady-state growth rate of A is given by gA =



λn . 1−φ



Since output is equal to α 1−θ θ



Yt = At



Ktα L1−α Yt



the growth rate of output in steady state is given by gY = gK



α 1−θ gA = =n+ 1−α θ



 1+



α 1−θ λ 1−α θ 1−φ



 n



so that the growth rate of output and capital in steady state depends only on structural parameters, not on investment rates or tax rates.17 From the capital accumulation equation (K˙ t = Yt − Ct − δKt ) we know that consumption grows at the same rate as output and capital in steady state. Therefore, the consumption Euler equation determines the steady-state interest rate (r∗ ): from the household problem, the growth rate of consumption is c˙t /ct



=



σ((1 − τv )rt − ρ)



→ gY − n ⇒r



∗



=



α 1−θ gA 1−α θ σ



+ρ



1 − τv



(3)



Financial income taxes do not affect the long-run growth rate of consumption. Higher tax rates raise the steady-state return to assets the household owns. The fraction of labor allocated to the research and development sector is consistent with integrated labor markets. The wage paid to researchers is equal to the wage received by laborers producing final output. Therefore, PAt



Yt A˙ t = (1 − α) LAt LY t



17 Tax rates do not affect long-run growth rates in the semi-endogenous growth model, though they would in a first generation endogenous growth model, because of diminishing social returns to prior discoveries (captured by φ < 1 in the R&D production function). Analogously, an increase in the investment rate has no effect on long-run growth in the Solow Model, but it does in the AK model where there are no diminishing returns to capital. Changes in tax rates can affect the level of productivity in a semi-endogenous growth model, just as changes in investment rates affect the level of output per capita in the Solow Model. See Jones (1999) and Jones (2005) for more on scale effects in growth models.
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which implies that PAt A˙ t sAt = . 1 − sAt (1 − α)Yt



(4)



∗ = On the balanced growth path, asset arbitrage requires PAt



gY − gA . Consequently



πt∗ r∗ −gPA ,



where gPA = gπ =



s∗A α(1 − θ)gA = ≡ ψ∗. 1 − s∗A (1 − α)(r∗ − (gY − gA )) The steady-state share of labor allocated to research and development is s∗A =



ψ∗ α(1 − θ)gA = . ∗ ∗ 1+ψ (1 − α)(r − (gY − gA )) + α(1 − θ)gA



(5)



Of the terms in this equation, only the steady-state interest rate depends on the financial income tax rate. Intuitively, since higher interest rates reduce the present value of future profits resulting from innovation, they reduce the price of a patented idea. Lower prices for patents discourage the research and development required to develop new ideas. Alternatively, higher tax rates cause less capital to be accumulated, raising its marginal product and therefore the interest rate. It follows that the share of labor working in R&D is lower when the tax rate τv is higher. As a result, τv affects the stock of knowledge. The production function for new designs shows that on the balanced growth path νLλt s∗λ A = gA 



A∗t



1  1−φ



.



Higher financial income taxes raise the interest rate and lower the fraction of workers producing new ideas. Therefore the balanced growth path stock of knowledge is lower when tax rates are higher. Along a balanced growth path, capital and output are equal to 



K Y



∗ = Yt∗



Kt∗



=



αθ +δ



r∗



∗ α 1−θ At 1−α θ



 = =



K Y



∗







K Y



∗



α 1−α



K Y



∗



1 1−α



(1 − s∗A )Lt



Yt∗



∗ α 1−θ At 1−α θ







(1 − s∗A )Lt .
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An increase in the financial income tax rate lowers A and K/Y but increases the fraction of workers producing physical output, so there are competing effects of τv on output. If their effect through labor market channels is strong enough, higher financial income taxes could actually increase the size of the stock of physical capital, though this requires implausible parameter values. The stock of assets includes both physical capital and patented ideas. The total value of these assets on the balanced growth path is ∗ Vt∗ = Kt∗ + PAt A∗t   αθ α(1 − θ) = Yt∗ + r∗ + δ r∗ − gPA



so that the share of assets in the form of physical capital (versus patented ideas) depends on the steady state interest rate, which in turn depends on the tax rate on capital income.18 Tax revenue for the government is τv r∗ V ∗ + τw w∗ L. Since there are two taxes, there are two tax bases. The financial income tax base is r∗ V ∗ while the labor income tax base is w∗ L. The Laffer conjecture is that a reduction in the tax rate will cause the tax base to increase so much that the product of the two (revenue) increases. Here we have two tax bases. The analysis reveals that the financial income tax base does rise in response to a lower tax rate, but not enough to generate revenue gains. Having a lower financial income tax rate raises the labor income tax base too, but this effect is too small to generate an overall increase in revenue at lower financial income tax rates.



2.4.



Transition Dynamics



This section discusses transition dynamics for a log-linearized version of the economy. This forms the basis for the comparative dynamics exercises in section 3. I log-linearize



 ∗  Y∗ If δ = 0 and α = θ, then Vt∗ = α rt∗ rr∗−αn . In that case the asset structure of the economy depends −n on the growth rate of population and on the steady-state interest rate, which may respond to τv . Assuming there is no population growth, the share of assets that are physical capital is α, independent of τv . More generally, the effect of population growth on the composition of assets depends on other parameters in the model. If α = θ, then higher n causes the growth rate of the price of an idea to be higher. This lowers the current price of a new idea and means more of the stock of assets will be physical capital. If α < θ < 1 and λ > 1 − φ, entirely plausible values, it is possible for this effect to be reversed. For some such combinations of parameters higher population growth lowers the growth rate of the price of an idea, increasing its current price and the extent of investment in R&D. 18
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the model as follows. Define the vector γ as   γ1t    γ2t  γt =    γ3t   γ4t











  log(Ct /Kt )       log(Y¯t /Kt )   ≡     log(sAt )     log(A¯˙t /At )



          



where Y¯ is the maximum output that could be obtained at a point in time, based on setting sA equal to zero, and A¯˙ is the maximum rate of change of A that is possible at a point in time, based on setting sA equal to one.19 Therefore, α 1−θ θ



Yt = At



Ktα L1−α (1 − sAt )1−α = Y¯t (1 − sAt )1−α t



and A˙ t = νAφt Lλt sλAt = A¯˙t sλAt The limiting values of these variables are determined as follows. Equation (5) determines the steady-state value γ3∗ . Then γ4∗ is equal to log(gA (s∗A )−λ ). The steady-state interest rate in equation (3) determines the steady-state capital output ratio, which com˙ bined with s∗ determines γ ∗ . Finally, C/K = Y /K − K/K − δ which determines γ ∗ . A



2



1



It is convenient to work with these four variables since they are each constant on a balanced growth path. Two correspond to the state variables in the model (γ4 relates to the stock of knowledge, γ2 to the capital stock), and do not jump. By contrast, the other two correspond to control variables (γ1 to the physical capital investment rate, and γ3 to the intensity of research and development efforts) and can jump. The dynamics of the four variables are determined by two initial conditions (K0 and A0 ) and two endpoint conditions (the limiting behavior of C and sA ).



19



Arnold (2006) analyzes the dynamics of this model with λ = 1. He reduces the model to a similar set of variables as I do here. The main differences are that one of his variables corresponds roughly to PA rather than sA and the variable that represents the output-capital ratio in his paper uses actual output rather than maximum output. I prefer to use maximum output so that this variable is a genuine state variable and is unable to jump. With my set-up there are two obvious state variables and two control variables that correspond to the two key allocation decisions in the model: to consume or invest, and to produce final output or to produce ideas. See also Schmidt (2003) for another discussion of transition dynamics in the Romer model.
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The rate of change of γ is given by       γ˙t =     



C˙t Ct



−



Y¯˙t Y¯t



−







K˙ t Kt K˙ t Kt



sAt ˙ sAt ˙



˙



Lt t λL − (1 − φ) A At t



         



Equations for three elements of this vector are straightforward. The growth rate of consumption is given by the household’s Euler equation. The growth rate of the capital stock comes from the capital accumulation equation. The growth rate of the maximum growth rate of A is determined by the growth rate of A and of population. The growth rate of sAt is more complicated, and is based on the dynamics of the labor market equilibrium condition in equation (4). This equation implies that the rate of change of sA is influenced by the rate of change of PA , A, K, and L. If the price of patented ideas is rising over time then, all else equal, the fraction of labor allocated to R&D will also be rising. For all the calibrations I apply, the log-linearized system of equations is characterized by two negative and two positive eigenvalues. This is consistent with there being two state variables (K and A) and two jump variables (C and sA ). Arnold (2006) shows that a slightly simpler version of this model without taxes necessarily has two negative and two positive eigenvalues.



2.5.



Calibration



Table 1 lists the values chosen for the main calibration. In calibrating the model, I set α to 1/3, corresponding to the approximate capital share in income. The depreciation rate is set to 0.05. The parameter θ is set to 0.9 in the baseline calibration, which implies an elasticity of substitution between varieties of intermediates equal to ten. Broda and Weinstein (2006) estimate elasticities of substitution among thousands of categories of imported goods to be over ten on average. They estimate a median elasticity of substitution that is much lower, around three. My baseline calibration is consistent with their average, while in discussing the sensitivity of results to variation in θ I look at lower values that are more consistent with the median elasticities. In the utility function, I assume a discount rate of 0.04, which delivers a steady-state rate of return on assets close to 6% in the baseline. As an alternative, I consider a lower discount rate of 0.02. I assume an intertemporal elasticity of substitution of one-half.
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Attanasio et al. (2002) suggest that σ is around one for stock holders and closer to 0.1 for non-stock holders. I have chosen an intermediate value, and explore the sensitivity of my results to this choice.20 For parameters in the research and development production function there is less empirical guidance. I set ν = 1 as a normalization. The values of λ and φ are chosen to be consistent with the claim in Jones (2002) that



α 1−θ λ 1−α θ 1−φ



≈ 0.2. This value is chosen



to make observed productivity growth consistent with the observed increase in inputs to research and development. Jones suggests that the evidence is consistent with this expression being as high as one-third, or as low as 0.05. Of course, this one expression cannot pin down two parameters. The chosen parameter values are one calibration that is admissible, while the robustness section explores the sensitivity of my results to variations in how this condition is met. Higher values of φ in particular have important implications for the economy’s response to tax rate changes.



3.



Comparative Dynamics: Response to τv Changes



This section discusses the response of the economy in general and tax revenues in particular when there is a change in the financial income tax rate. It shows the long-run response of tax revenues to tax rates as well as transition paths for a range of variables when there is a change in τv . As a benchmark consider the Ramsey model. The short-run elasticity of tax revenue with respect to the capital income tax rate is equal to one in the Ramsey model (Mankiw and Weinzierl, 2006) since there is no behavioral response at all in the short run. The marginal product of capital, which determines the real interest rate, is pinned down by the capital stock, and the capital stock cannot jump. In the Romer model, the marginal product of capital depends on the allocation of labor between the two sectors. And even if the real interest rate were not to jump in the R&D model, if the price of a patented idea jumps, then the stock of assets whose income streams are taxed also jumps so that the elasticity of tax revenue with respect to changes in the tax rate need not be one. For some parametrizations, tax revenue jumps less than the percentage of the change in the tax rate, while in other parametrizations it jumps more. In spite of these possibilities, for my calibrations, the elasticity of financial income 20



Using information from labor supply, Chetty (2012) argues for an intertemporal elasticity of substitution around one-half. Rogerson and Wallenius (2013) present 0.75 as a lower bound on the intertemporal elasticity of substitution based on retirement behavior, while Chetty (2006) suggests an upper bound of two for the coefficient of relative risk aversion, implying a lower bound of one-half for the intertemporal elasticity of substitution in a setting with time-separable utility.
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Table 1: Calibrated Values of Model Parameters Parameter



Value



Comment



α



1/3



Elasticity of Y w.r.t. K



θ



0.9



Related to Elasticity of Substitution between Varieties of Capital



δ



0.05



Depreciation rate for physical capital



ν



1



λ



0.8



Elasticity of A˙ w.r.t. LA



φ



0.8



Elasticity of A˙ w.r.t. A



ρ



0.04



Discount rate



σ



0.5



Intertemporal elasticity of substitution



n



0.01



Population growth rate



τw



0.25



Labor income tax rate



Productivity in R&D
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tax revenue with respect to τv is approximately one in the short run.



3.1.



Long-run Response of Tax Revenue



When thinking about the long-run response of tax revenues to changes in the financial income tax rate, it matters whether we consider the effect on financial income tax revenues or overall tax revenues. Since changes in τv affect incentives to innovate, they have long-run effects on labor productivity and wages. So a tax cut for financial income can eventually stimulate revenue from the labor income tax. Consider the effect on revenue from the financial income tax. In the long run, a small number of key parameters affect the response of tax revenue to the tax rate on financial income. First, θ, which governs the substitutability in production of different kinds of capital goods, has a particularly important role. For low values of θ, low tax rates can generate high tax revenues, so that a Laffer curve effect is salient. Evidence on the share of income received as pure profits (returns to patents) and on markups indicate high values of θ. With higher values of θ (for example, θ = 0.98 so that markups are around 2%), tax revenues are maximized at tax rates close to 65%.21 Figure 1a shows the log of steady-state financial income tax revenue as a function of the tax rate for three different values of θ.22 For high values of θ the long-run elasticity of output with respect to A is low. Therefore, lower tax rates, while they increase the stock of knowledge and hence output, do not raise government revenue except when starting from extremely high tax rates. For lower values of θ (such as 0.5, which would imply markups of 100% and pure profit shares of 16%), tax revenue peaks as a function of the tax rate at relatively moderate tax rates. Such low values of θ imply that a larger share of income is accrued as pure profits than findings of Basu and Fernald (1997), who suggest 3% as an upper bound on pure profit shares. Since higher financial income taxes reduce the extent of innovation and capital accumulation, they lower worker productivity, wages, and labor income tax revenue. So even if higher financial income tax rates increase financial income tax receipts, they might lower overall tax revenue through the effect on labor markets. In Figure 1, this is indicated by the fact that the peaks of the Laffer curves that measure revenue only from the financial income tax (Figure 1a) are at higher tax rates than the peaks of the Laffer curves that use total government revenue (Figure 1b). For the central calibration, with 21



In the Ramsey model, tax revenues are maximized when τv = (1 − α)(1 − τw ) where α is the elasticity of ouptut with respect to capital and τw is the tax rate on labor income. That value is 50% in my calibration. 22 These are for a particular point in time. On the balanced growth path tax revenue grows at the same rate regardless of the tax rate, so choosing a different point in time would shift the curves in this graph up or down by some constant amount.
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Figure 1: Tax Revenue as a Function of τv (b) Total Tax Revenue.
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Notes: log of financial income tax revenue (first panel, τv rV ) and total tax revenue (second panel, τv rV + τw wL) along balanced growth path as a function of τv . Parameter values in Table 1.



θ = 0.9, tax revenue from the financial income tax alone peaks with τv = 0.74, though total revenue is maximized with τv = 0.54. Figure 2 shows how steady-state tax revenue responds to the tax rate for different values of φ and λ. The central calibration sets λ = 0.8 which implies that a doubling of the number of workers in R&D leads R&D output to increase by about 75%, so that there are significant stepping-on-toes problems. At other extremes shown, congestion problems are severe when λ = 0.5 and minor when λ = 0.9. For values of φ displayed, the central calibration has φ = 0.8 so that a doubling of the existing stock of knowledge causes the flow of innovation output to be about 75% greater at present, holding constant the number of workers in the sector. These spillovers from past discoveries could be stronger (φ = 0.9) or weaker (φ = 0.5). The combination of φ and λ in the central calibration are consistent with the Jones (2002) interpretation of historical patterns of economic growth. Variation in φ and λ do have some effect on the shape of the tax revenue-tax rate curve. However, for each case graphed, the revenue-maximizing tax rate is between 45% and 61%. If φ is increased further, to 0.975, the Laffer curve peaks at τv = 0.25 implying that small reductions in the tax rate from that point would not result in long-run revenue losses.
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Figure 2: Steady-State Total Tax Revenue as a Function of τv (b) For values of λ
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Notes: total tax revenues, in logs, at a point in time along the balanced-growth path; any other time on the balanced-growth path shifts these lines up or down in parallel.



3.2.



Dynamic Response of Tax Revenue



This section illustrates several points about the response of the economy to a reduction in financial income tax rates from 25% to 20% while labor income taxes are maintained at 25%.23 The economy starts on its balanced growth path, then faces a new, permanently lower tax rate. The dynamic response of the economy is computed using the log-linearized version of the model. Figures 3a and 3b show the responses of the two key allocation choices in the economy, (log) consumption and the allocation of labor between the two sectors. Initially consumption drops 4%, in current consumption is a response to the suddenly higher after-tax returns available. After nine periods consumption rises to be above the previous balanced growth path, eventually converging to the new steady-state with consumption 1.8% higher than it would have been without the tax reform. As with all other variables in this model, the convergence of consumption does not occur at a constant rate. Since there are two state variables, there are two eigenvalues that govern the speed of convergence to the steady state. Initially, consumption con23



OECD (2011) reports a corporate income tax rate of 39.2% for the United States (see Table II.1). Exemptions mean that firms typically do not pay a marginal tax rate of 39.2% to the U.S. government. The response of the economy to a cut in the financial income tax rate from 40% is qualitatively similar to the case shown here.
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verges swiftly, with half the gap to the new balanced growth path closed in about five years. Each subsequent five year period sees the gap between actual and steady-state consumption close by a smaller and smaller percentage. Following the initially rapid convergence of consumption, there is a long period of very gradual convergence to the new balanced growth path. Turnovsky and Chatterjee (2002) find similarly slow transitions in a model growth is driven by both public and private capital accumulation.24 Initially the share working in R&D jumps up toward the new steady state. For several subsequent periods sA diverges, moving away from the new steady-state value. Eventually this divergence stops and the share of workers employed in R&D converges to the new steady state. Mechanically, the non-monotonic convergence is due to the dynamics of the system being governed by two eigenvalues. For sA the signs of the coefficients on the corresponding eigenvectors are opposite, hence the initial drift away from the steady state before convergence. In economic terms, the dynamics of the labor share are determined by the relative values of the marginal product of labor in final output and in R&D. At first, when the financial income tax falls, the value of producing new designs increases, so there is a jump in sA toward the R&D sector. After this jump, there is an expansion of A, which increases the incentives to invest in physical capital, which in turn increases the marginal product of labor in final output. Therefore labor migrates back toward the final output sector. The incentives to invest in K slow quickly, but the ongoing accumulation of A gradually increases the perceived marginal product of labor in the R&D sector, drawing workers back toward that sector. Figure 4 shows the price of patented inventions increasing from its initial balanced growth path, even while the new steady-state path is lower than the original path. This graph suggests how difficult it could be to infer the effects of a policy change from the data. The asset price jumps up slightly and then falls over time, showing the same nonmonotonic convergence as sA . In the long run, asset prices are around 10% lower than they otherwise would be due to the policy change. However, after twenty years asset prices are more than 1% above the original balanced growth path. The glacial speed of convergence makes it hard to estimate the effects of tax policy in an economy described 24



The early empirical literature on rates of convergence came to a consensus that half-lives for deviations from steady-state were around 35 years (with about two percent of the distance to the steady state eliminated each year). This slow convergence was viewed as puzzling for the neoclassical growth model, in which plausible calibrations suggest faster convergence. Caselli et al. (1996) challenged the slow convergence view, and argued that convergence speeds were actually much quicker, with half lives of around seven years. Bond et al. (2001) argued that the old consensus view of slow convergence reemerges with a better implementation of Caselli et al.’s methods. See Durlauf et al. (2005) for a review. In my results, the economy goes through short periods of rapid convergence at a rate similar to what Caselli et al. (1996) estimate, followed by long periods of slow convergence, below even the two percent per year benchmark.
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Figure 3: Response of Allocations to a Lower Tax Rate (a) Consumption.



(b) Labor Allocation.
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Notes: log of consumption (left panel, C) and the share of workers employed in R&D (right panel, sA ) in response to a date-0 reduction in τv from 25% to 20%. Parameter values in Table 1.



Figure 4: Response of the Price of a Patent to a Lower Tax Rate 0.1 Actual New Steady State Old Steady State
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Notes: log of the price of a patented idea (PA ) in response to a date-0 reduction in τv from 25% to 20%. Parameter values in Table 1.
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Figure 5: Dynamic Response of Tax Revenue to a Lower Tax Rate (a) Financial Income Tax Revenue.



(b) Total Income Tax Revenue (detrended).
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Notes: log of financial income tax revenue (first panel, τv rV ) and detrended total tax revenue (second panel, τv rV + τw wL) in response to a date-0 reduction in τv from 25% to 20%. Parameter values in Table 1.



by this model. Figure 5a shows that financial income tax revenue generated for the government falls initially, since the tax rate is reduced. It continues to grow more slowly than its steadystate growth rate, dipping below the new balanced growth path to which it eventually converges. Since the financial income tax base (rt Vt ) barely responds in the short run, the elasticity of financial income tax revenue with respect to the tax rate is approximately one. Moreover, the base moves very little even in the long run, with the expansion of assets being offset by the lower returns achieved by these assets. Accounting for dynamic general equilibrium effects in which the expanded innovation and capital accumulation increase wages shows that the overall tax revenue falls 4.4% when the tax rate is cut, but 2.2% in the long run. Of the initial drop in the flow of revenue, 49% is recovered in the long run primarily due to greater labor income tax revenue. While long-run general equilibrium considerations suggest that a substantial fraction of a financial income tax cut is self-financing, these effects emerge very slowly, so slowly that it is unlikely they could be detected in the data.
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3.3.



Sensitivity Analysis



Mankiw and Weinzierl (2006) report that in the Ramsey model, a simple analysis suggests that 50% of a financial income tax cut would be self-financing in the long run. Since productivity responds to taxes in the Romer model, one might think that the results here would indicate a larger fraction of a tax cut is self-financing. Instead the baseline result here is that about half of a financial income tax cut is self-financing. Why is this number so similar to Mankiw and Weinzierl’s? The coincidence is due to two differences in the model that offset each other: endogenous productivity and depreciation of capital. Starting from the baseline calibration, if we set λ = 0, the model becomes close to the Ramsey model in the sense that productivity does not respond to research effort25 , and the fraction of a tax cut that is self-financing is around 20%. From there, if we set δ = 0 as assumed in Mankiw and Weinzierl, the fraction of a financial income tax cut that is selffinancing is 47%, very close to Mankiw and Weinzierl’s result. Financial income tax cuts are more self-financing in the Romer model than the Ramsey model, but depreciation reduces the extent to which such tax cuts can be self-financing. The calibration of the elasticities in the R&D production function in the baseline generates a ratio of



λ 1−φ



= 4 to be consistent with the evidence in Jones (2002). But there



are many alternative calibrations that satisfy the same condition. Instead of λ = 0.8 and φ = 0.8 we could set λ = 1 and φ = 0.75, or λ = 0.2 and φ = 0.95. These alternatives do not change the economy’s long-run growth rate and amount to trading off the positive spillovers of benefits from past research for negative spillovers of congestion from other researchers. These alternative calibrations all generate very similar responses to a change in tax rates. A reduction of τv from 25% is fully self-financing if θ is 0.73, instead of the baseline value of 0.9, with other parameter values held at their baseline values. When θ is this low, the intermediate goods producers’ implied markups are 35% while the profit share in output is over 8%. Evidence in Basu and Fernald (1997) suggests that profit shares and markups are much smaller in practice, particularly when the focus is on lower levels of aggregation. Plausible variation in σ, the elasticity of intertemporal substitution, has very little effect on the long-run effects of a change in taxes. The central calibration sets σ = 0.5. An alternative calibration with σ = 1, similar to the Attanasio et al. (2002) finding for stock holders, finds that 48% of a cut in τv from 0.25 to 0.20 would be self-financing, while 25 A key difference with the Ramsey model in this case is that agents still perceive that research effort produces research output, so there will be variation in the fraction of labor working in each sector as tax rates change.
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σ = 0.1 implies that 52% of the tax cut would be self-financing in the long run. Reasonable changes to ρ have modest effects on the consequences of tax changes. Lower values of ρ damp the endogenous response of the tax base. For example, setting ρ = 0.02 instead of 0.04 reduces the long-run self-financing fraction of a tax cut from 49% to 43%.



4.



Conclusion



This paper has investigated the dynamic response of tax revenue to changes in the tax rate on asset income in a model of innovation-driven endogenous growth. The model modifies Romer (1990) and Jones (1995a) to incorporate a tax on financial income, which is income derived as returns to physical capital and intellectual property, and a tax on labor income. The model is log-linearized and the dynamic response of the economy to a tax cut is presented. In the baseline calibration of the model, 49% of a reduction in the financial income tax rate is self-financing in the long-run. However, the dynamic revenue gains emerge very gradually. Most of the long-run increase in tax revenue is because the capital accumulation and innovation boost wages, which are taxed, rather than causing an increase in revenues from the financial income tax. The model’s endogenous productivity delivers a substantial increase in the extent to which a tax cut is self-financing relative to the Ramsey model. In a version of the model with exogenous productivity growth, about 20% of a tax cut is self-financing, so most of the long-run response of tax revenues is due to endogenous productivity. If newly introduced varieties of products are much less substitutable than implied by the baseline calibration, or if the ideas production function features much stronger positive spillovers from past research, a tax cut can be fully self-financing in the model when starting from relevant tax rates. However, for most reasonable deviations from the base calibration, the self-financing fraction of a tax cut is close to one-half in the long run. The dynamic analysis reveals that the economy’s response to a change in the financial income tax rate is slow, occurs at variable speeds, and is potentially non-monotonic. The half-lives of some variables are on the order of decades, rather than years. For variables that converge more quickly at first, such as consumption, the later convergence slows significantly. This aspect of the model’s dynamics makes it plausible that the true effects of such a policy might never be uncovered empirically. The results in this paper are specific to this model. Other reasonable models may generate different predictions for the effects of changing fiscal policy, and future research
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might explore the same kinds of policy changes in other models. For example, the model presented here does not account for international knowledge spillovers. What are the effects for a single country raising or lowering financial income taxes taking other countries’ fiscal policy as given? Answering such questions requires a different model that explicitly captures the fact that only some R& D occurs domestically and carefully considers how foreign activity affects the domestic economy. Along these lines, Eaton and Kortum (1999) conclude that about 60% of productivity growth in the United States is due to domestic research and development, while for other countries foreign research is more important. To the extent that productivity improvements due to foreign R&D are like the Ramsey model’s manna from heaven, this suggests that the ultimate effect of tax rate changes on domestic tax revenue is likely to be between the Ramsey model and the closed-economy Romer model.
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Appendix: Log-Linearizing the Model



A1.



Rate of Change



From the household’s Euler Equation, we know that C˙ t = σ((1 − τv )rt − ρ) + n Ct where Yt −δ Kt Y¯t = αθ (1 − sAt )1−α − δ Kt = αθeγ2t (1 − eγ3t )1−α − δ



rt = αθ



The capital accumulation equation is standard and gives K˙ t Kt



Yt Ct − −δ Kt Kt = eγ2t (1 − eγ3t )1−α − eγ1t − δ. =



Therefore, γ˙1t = σ((1 − τv )(αθeγ2t (1 − eγ3t )1−α − δ) − ρ) + n − eγ2t (1 − eγ3t )1−α + eγ1t + δ The second element of γ changes according to the growth rates of Y¯ and K. Note that maximum output can be written as α



Y¯t = At1−α



1−θ θ







Kt Y¯t







α 1−α



Lt



so the growth rate of Y¯ is α 1 − θ A˙ t α + 1 − α θ At 1 − α



K˙ t Y¯˙t − Kt Y¯t



! +n
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This implies that γ˙2t =



α 1 − θ A˙ t α − 1 − α θ At 1 − α



K˙ t Y¯˙t − Kt Y¯t



! +n−



Ct Yt + +δ Kt Kt



α 1 − θ λγ3t +γ4t α e − γ˙2t + n − eγ2t (1 − eγ3t )1−α + eγ1t + δ 1−α θ 1−α 1 − θ λγ3t +γ4t = α e + (1 − α)(n − eγ2t (1 − eγ3t )1−α + eγ1t + δ) θ



=



The rate of change of γ4 is straightforward also. L˙ t A˙ t +λ At Lt λγ3t +γ4t = −(1 − φ)e + λn



γ˙4t = (φ − 1)



The rate of change of γ3t is equal to γ˙3t =



1 ((1 − τv )(αθeγ2t (1 − eγ3t )1−α − δ) − (1 − α − λ)n eγ3t 1 − λ + α 1−eγ3t −α(eγ2t (1 − eγ3t )1−α − eγ1t − δ) 1−θ α 1 − eγ3t +eλγ3t +γ4t (φ − α + (1 − θ) )) θ 1 − α eγ3t



A2.



Linearization



Linearize the transition equations above. Evaluate the Jacobian at the steady-state values.



∂ γ˙1t ∂γ1t ∂ γ˙1t ∂γ2t ∂ γ˙1t ∂γ3t ∂ γ˙1t ∂γ4t



= eγ1t = eγ2t (1 − eγ3t )1−α (αθσ(1 − τv ) − 1) = −(1 − α)eγ2t (1 − eγ3t )1−α (αθσ(1 − τv ) − 1) = 0



eγ3t 1 − eγ3t
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∂ γ˙2t ∂γ1t ∂ γ˙2t ∂γ2t ∂ γ˙2t ∂γ3t ∂ γ˙2t ∂γ4t



∂ γ˙3t ∂γ1t ∂ γ˙3t ∂γ2t ∂ γ˙3t ∂γ3t



∂ γ˙3t ∂γ4t



37



= (1 − α)eγ1t = −(1 − α)eγ2t (1 − eγ3t )1−α 1 − θ λγ3t +γ4t eγ3t e + (1 − α)2 eγ2t (1 − eγ3t )1−α θ 1 − eγ3t 1 − θ λγ3t +γ4t = α e θ = αλ



1 αeγ1t eγ3t 1 − λ + α 1−e γ3t 1 αeγ2t (1 − eγ3t )1−α ((1 − τv )θ − 1) = eγ3t 1 − λ + α 1−e γ3t γ3t 1 γ2t γ3t 1−α e ( α(1 − α)e (1 − e ) (1 − (1 − τv )θ) = γ 3t e 1 − eγ3t 1 − λ + α 1−e γ3t 1−θ α 1 − eγ3t α 1−θ +eλγ3t +γ4t λ(φ − α + (1 − θ) ) − eλγ3t +γ4t γ 3t θ 1−α e 1 − α eγ3t γ 3t α e 1 γ˙3t − eγ3t 1 − eγ3t 1 − eγ3t 1 − λ + α 1−e γ3t   1 1−θ α 1 − eγ3t λγ3t +γ4t = e φ−α + (1 − θ) eγ3t θ 1 − α eγ 3t 1 − λ + α 1−e γ3t =



∂ γ˙4t ∂γ1t ∂ γ˙4t ∂γ2t ∂ γ˙4t ∂γ3t ∂ γ˙4t ∂γ4t



= 0 = 0 = −(1 − φ)λeλγ3t +γ4t = −(1 − φ)eλγ3t +γ4t



We can write the linearized system as (γt −˙ γ ∗ ) ≈ Γ(γt − γ ∗ )



)
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r∗ +δ αθ



r∗ +δ αθ (αθσ(1



−g−δ − τv ) − 1)    ∗ +δ  (1 − α)( r∗ +δ − g − δ) −(1 − α) r αθ  αθ Γ=  ∗ +δ ∗ +δ  xα( r αθ − g − δ) xα r αθ ((1 − τv )θ − 1)   0 0



∗ − r θ+δ (1



−







λn αθσ(1−τv )−1 θ) 1−φ ρ+ g−n −(g−gA ) σ



0



+ (1 − α)(r∗ + δ))



λn α 1−θ θ 1−φ



λn 1−θ 1−φ θ (αλ



Γ3,3



Γ4,4



−λ2 n



−λn



where r∗ is the steady-state interest rate from equation (3), and g is the steady-state 2



1 λn α −1 (1−θ) 1−φ growth rate of output, capital and consumption; x = (1−λ+ 1−α (1−τv )r∗ −(g−gA ) ) ,



and Γ3,3 = x(α(r∗ + δ)



1 − (1 − τv )θ λ2 φn 1 − θ λn − + θ 1 − φ (1 − τv )r∗ − (g − gA ) 1 − φ



αλ2 n 1 − θ + λ((1 − τv )r∗ − (g − gA ))) 1−φ θ and



 Γ4,4 = x



A3.



 λ2 φn αλ2 n 1 − θ ∗ − + λ((1 − τv )r − (g − gA )) 1−φ 1−φ θ



Solutions of the Linearized System



The linearized system of equations is solved using the standard eigenvalue decomposition. Initial conditions for K and A generate the required boundary conditions to obtain the particular solution.
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Appendix: Longer Horizon Responses to a Tax Change



Figure B.1 confirms that sA eventually converges to the new steady-state value. The share of labor working in the R&D sector converges slowly and non-monotonically. When the tax rate falls, sA initially jumps up toward the new steady-state value. For several periods after than, as capital accumulates pushing up the marginal product of labor in final output, labor migrates back toward the final output sector. With the passage of time, the advance of the stock of designs increases (perceived) R&D productivity so that workers are drawn back toward the R&D sector. Figure B.1: Labor Allocation Response to a Lower Tax Rate 0.0236 Actual New Steady State Old Steady State
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