Department of Economics

and

Institute for Policy Analysis

University of Toronto

150 St. George Street

Toronto, Ontario M5S 3G7

Canada

WORKING PAPER

NUMBER UT-ECIPA-FAIG-96-01

Irreversible Investment, Financing Choice

and Asymmetric Corporate Taxes

by

Miquel Faig

Pauline Shum

Copyright 1996 by Miquel Faig and Pauline Shum

Department of Economics

University of Toronto

ISSN 0829-4909

Authors’ e-mail: faig@epas.utoronto.ca and pshum@yorku.ca

On-line version: http://www.epas.utoronto.ca:8080/ecipa/wpa.html

May 1996

Irreversible Investment, Financing Choice and Asymmetric Corporate Taxes

by

Miquel Faig

*

and Pauline M. Shum

**

Abstract

This paper provides a discrete-time framework for analyzing a firm’s investment and

financial choices under uncertainty. The investment decision is incremental and subject to a

parameterized degree of irreversibility. Corporate taxes are asymmetric, but we allow imperfect

carry-forward or carry-back of losses. Personal taxes are also levied. The paper focusses on the

impact of various tax rules and corporate borrowing constraints on the firm’s choices particularly

the desired capital stock. The paper also highlights the effects of depreciation, interest rates, and

personal taxes. Numerical simulations complement the analytical results to illustrate when taxes

and borrowing constraints matter the most.

Send editorial correspondence to: Miquel Faig, 150 St. George Street, Toronto, Canada, M5S

3G7. Phone: (416) 978.0308. Fax: (416) 978.5519. E-mail: faig@epas.utoronto.ca.

*

Department of Economics and Institute for Policy Analysis, University of Toronto.

**

Department of Economics, Atkinson College, York University. We thank comments from

seminar participants at the University of Toronto and York University.

JEL classification codes: E2, G3, H2.

Key words: Irreversible investment, corporate finance, asymmetric taxation.

I. Introduction

Following the 1986 Tax Reform Act in the United States, the tax system in most

developed countries is either being challenged or undergoing reform. In this revisionist

movement, the taxation of corporate income has attracted disparate proposals. On the one hand,

populist groups demand that profitable corporations pay a larger share. On the other hand,

economists advocate a fully integrated corporate and personal income tax system. The argument

for integration is grounded on the efficiency gains from taxing all capital income at the same

rate.

In the public finance literature, the classic Samuelson (1964) result is that a corporate tax

system with full loss offset and full deductibility of economic depreciation is neutral. Of course,

it is now well-known that this neutrality result breaks down with an asymmetric corporate tax

(i.e., when there is limited loss offset) and uncertainty. However, the size of the distortion on

investment is not clear. Based on the assumption that investment is fully flexible, economists

have long argued that the tax treatment of corporate income can have large effects on firms’

investment behavior. However, there is very little empirical evidence to support this claim (see

Chirinko (1993)).

1

This has led some researchers to abandon the traditional approach to

modelling investment in favor of a framework that allows investment to be "irreversible".

2

Dual to the controversy over the effect of corporate taxation on investment is the

controversy over the interaction between the firm’s financial and investment decisions. In a

Modigliani-Miller world, the two are independent. This independence also breaks down with an

asymmetric corporate tax and uncertainty (DeAngelo and Masulis (1980)), since both financial

and investment decisions affect the firm’s marginal tax rate. The extent of the interaction has not been widely examined. In a recent study, Mauer and Triantis (1994) conclude from their

numerical stimulations that the effects of alternative financing rules on investment are negligible.

However, the generality of their result has not been tested.

The purpose of this paper is to study the two related issues discussed above: 1) the effects

of an asymmetric corporate tax system on investment, and 2) the interaction between financial

and investment decisions. To make the investment decision more interesting and realistic, we

employ a modern model of irreversible investment.

An asymmetric corporate tax system is one in which the government does not treat the

firm’s profits and losses equally. When taxable income is positive, taxes are payable immediately.

When taxable income is negative however, the firm is not entitled to a tax refund at the corporate

tax rate. Rather, the government allows the loss to be "carried back" to offset previously taxed

income or "carried forward" to offset future income, both with some constraints.

3

While previous

theoretical studies model only on the loss carry-forward provision (Mayer (1986), Fane (1987),

Keen and Schiantarelli (1991), Shum (1994)), we model both the loss carry-forward and carry-

back provisions.

Irreversibility is an important consideration in the modern theory of investment. For

example, it may alter tax incentives, or it may make investment especially sensitive to different

forms of risk, such as uncertainty over future product prices. Related to this paper, Mackie-Mason

(1990) and McKenzie (1994) also investigate the implications of corporate taxes for irreversible

investment, but our focus is quite different from theirs. In Mackie-Mason (1990), the investment

decision is for a single "on-off" project. In our model, the investment decision is incremental.

That is, the firm continues to decide whether or not to add to its capital stock period after period.

In McKenzie (1994), a full loss offset tax system is assumed. In our model, the corporate tax is

asymmetric and losses can be carried forward or carried back, though imperfectly. Further,

neither of these papers consider a joint financing decision as we do.

Most previous studies of corporate taxation treat investment and financing decisions

separately. Three exceptions are Mayer (1986), Dammon and Senbet (1988) and Mauer and

Triantis (1994). In these papers, the firm optimizes its financing and investment choices at the

same time. Both Mayer (1986) and Dammon and Senbet (1988) assume that investment is

completely and costlessly reversible. Using the U.K. imputation corporate tax framework with

loss carry-forward only, Mayer demonstrates that the firm’s optimal financial policy fluctuates

to absorb any shocks to its loss carry-forward, thereby leaving investment in the following period

independent of past losses. Dammon and Senbet extend DeAngelo and Masulis (1980) analysis

of the impact of an asymmetric corporate tax on the firm’s optimal debt policy to include an

endogenous investment decision. Finally, Mauer and Triantis (1994) analyze the interaction of

the firm’s investment and financing decisions in a continuous-time contingent claims framework.

In particular, they focus on the roles of production and financial flexibilities in these decisions.

Results from their numerical simulations demonstrate that higher production flexibility, as a result

of lower cost of shutting down and reopening the production facility, increases debt capacity.

Higher financial flexibility, as a result of lower recapitalization costs, also has similar effects.

Further, Mauer and Triantis find that production and financial flexibilities are essentially

substitutes, and the impact of debt financing on investment is economically insignificant.

4

This paper is organized as follows. In section II, we explain the general framework and

derive the first-order financing and investment conditions. In section III, we discuss analytical results for the simple case in which there is no loss carry-forward or carry-back. In section IV,

we extend some of our theoretical findings from section III to the general case with loss carry-

forward and carry-back. We also complement these findings with numerical simulations aimed

at identifying when corporate taxation matters and when the effects of financial constraints on

investment are sizable. Moreover, since some of the comparative static results are ambiguous

(due to opposing effects that arise from investment irreversibility), numerical simulations allow

us to determine at what parameter values the sign changes. A summary section concludes the

paper.

II. The model

Instead of using a continuous-time contingent claims model as in most of the studies

mentioned in the introduction, we employ a discrete-time Markovian framework to model the

firm’s problem. The latter is a more intuitive framework for modelling the annual corporate tax,

as well as the dynamic provisions of loss carry-back and carry-forward. It also enables us to use

a new methodology to analyze irreversible investment and to obtain new analytical results.

We assume that capital takes one period to build. At the beginning of each period, the

firm must make its investment and financing decisions before the price of its product is realized

(at the end of the period). The objective of the firm is to maximize:

5

where

(1) V max

{k,b}

E{i t kr(1 t_b) bV }

V =value of the firm (after distributing past profits and before knowing the price of the

product).

V^/ =value of the firm in the next period.

k =capital stock, k˛K =+. b =debt (one-period bonds). i = revenue from production net of capital consumption cost. t = total corporate and personal tax liabilities. r =risk-free rate of interest, r > 0. tb=personaltaxrateoninterestincome, t

b‡ 0. b =discount factor, b˛ (0,1).

The term kr(1 - t

b)in(1)representstheinterestcostofcapitalnetofpersonaltaxes,wherethe unitpriceofcapitalisnormalizedtoone.Theinterestrateondebtistherisk-freeratebecause thereisnoriskofbankruptcy. 6 Therearetwoconstraintsinthefirm’soptimizationproblem:

where^{(2)} k‡x0,and_{(3)} b£k.

x0=thestockofcapitalthatsurvivesfromthelastperiod.Specially, x 0is a positive fraction

� (the survival rate) of the last period’s capital stock.7

The first constraint (2) captures the fact that once a capital investment is made, it is irreversible.

The second constraint (3) restricts the firm’s borrowing to no more than the value of its capital.

We do not impose a lower bound for debt. A negative b simply means that the firm invests in

bonds rather than issuing them.

The price of the firm’s product, p,isacontinuousrandomvariablewhichfollowsa

MarkovprocessandtakesonvalueswithinaboundedintervalP=[p, p]�+.Ifthepricein

thelastperiodisp

0,thedistributionofpisdeterminedbythetransitionfunctionQ(p 0,dp).Qhas

theFellerproperty(i.e.,ifvisboundedandcontinuousinP,then�v(p)Q(p

0,dp)isboundedand

continuousforallp

0˛P)andismonotone(i.e.,ifvisnon-decreasinginP,then�v(p)Q(p

0,dp) isnon-decreasingforallp

0˛P).Thismonotonicpropertyimpliesthatthestochasticprocessof pispersistent:theprobabilityofahighpincreaseswithp 0. Thefirm’srevenuenetofcapitalconsumptioncostsis: where^{(4)}

i F(k,p) dk F =revenue function. d =capital consumption rate.

The function F:KxP fi

is continuously differentiable, bounded, and concave with respect to

k. As functions of p, both F(k,

) and ¶kF(k,) are increasing. For all p ˛ P, lim kfi0¶kF(k,p) = ¥, and $k˛ K such that ¶kF(k,p) £ d for all k ‡k. In general, we do not assume that F(0,p)

= 0 to allow for fixed production costs that are already committed and/or revenues from other

investments that are independent of k.

In models with perfectly flexible investment, depreciation plays only one role - it affects

the opportunity cost of capital. When investment is irreversible however, depreciation has an

additional effect: a larger depreciation rate relaxes the irreversibility constraint (2), as the firm

inherits less capital from the previous period. To distinguish between these two effects, we study

the impact of depreciation on the opportunity cost of capital through the capital consumption rate

d in (4), and the impact ofdepreciation on the irreversibility constraintthrough the survival rate � in (2). In the comparative statics section, we assume that d and � are independent parameters in order to analyze the two effects separately. Also, having individual parameters allows for capital consumption costs, such as maintenance costs, which are not negatively related to the survival rate. 8 To focus on the main issues, we adopt the usual assumption that at the end of each period, the firm distributes all of its earnings to shareholders as dividends. Miller (1977), DeAngeloandMasulis(1980)andDammonandSenbet(1988)assumethatthepersonaltaxrate on equity is zero. In our model, we assume that t cis the composite tax rate on both corporate

income and dividends.

The total corporate and personal tax liability of the firm, t, is:

where (5) t t_brbt_cS(c) tcS(y0)

c =i - rb + y_0, taxable income. y0^{= cumulated profits/losses carried over from the previous period.} t_c=composite tax rate on corporate income and dividends.

S = truncation function for values lower than zero; that is, S maps a positive number onto

itself and a non-positive number onto zero.

The personal tax liability on interest income is t

brb. The corporate tax liability is t cS(c) - tcS(y0).

To see this, let us consider all of the possible values of y

0and c. First, if y 0is negative, it

represents a cumulated loss which is a tax shield to the firm. In this case, corporate taxes are t cc if c ‡ 0, and zero otherwise. Second, if y_0is positive, it represents a cumulated profit, and the

firm is able to carry back any losses that it may incur in the current period. In this case, the firm

gets a refund equals to t cy0ifcurrentlossesexceed y

0^{(so that} c^{< 0), it gets a refund equals to -} t_c(i - rb) if current losses do not exceed y 0^{(so that} c ‡^{0), and it pays taxes equal to} tc(^i -^{rb}) if the firm earns a profit.

Since carry-forward and carry-back do not accrue any interest and have a time limit, cumulated profits and losses depreciate as time passes. For simplicity, we assume a constant discountfactor r forbothprofitsandlosses.Hence,thecumulatedprofitfromthecurrentperiod to be carried over to the next period is y = rc.

The value of the firm, V, is a function of the three state variables x

0, y0and p_0. V includes thevalueofthefirm’scommitmenttoaminimumcapitalstockof x 0in the following period due

to the irreversibility constraint (which alone would be non-positive) and the value of cumulated

profits or losses y0(which alonewould be non-negative).If the firm ownsthe capital ituses, its

market value at the beginning of theperiod is x 0^+ V^{. The value function in the next period,} V^/, is endogenous to the model. If the investment horizon is finite, V

/_{can be easily obtained by}

solving the problem backward from the last period to the first. If the horizon is infinite however,

V^/must beobtained using limiting arguments(or numerical calculations),as is done inthe next section. In any case, for a given V

/_{, the firm’s financial and capital decisions can be}

characterized using standard calculus. (The differentiability and other properties of V

/ are established in section III).

The first-order condition for the optimal financing of a given k is:

where^{(6)} tb£tcPr(c‡0) b r E {¶_yV} withequalityifb <k.

Pr(c ‡ 0) =probability that c‡0,thatis,probabilitythatthefirmcanuseallofitsinterest

taxshieldinthecurrentperiod.

TheL.H.S.of(6)isthemarginalcostofanadditionaldollarofdebtinteresttobondholderswho

havetopay$t

bforeachextradollarofinterestincome.TheR.H.S.of(6)isthebenefitofan additionaldollarofdebtinteresttothefirmfromtaxsheltering.Thismarginalbenefitisthe expectedsavingsoncorporatetaxesminus(plus)theexpecteddiscountedvalueofanadditional dollarofcumulatedprofits(losses)carriedovertothenextperiod.Ifthemarginaltaxcostand benefitofdebtareequal,thechoiceof b isinterior.Ifthemarginalcostislowerthanthe marginalbenefit,thefirmfinancesallofitscapitalinvestmentwithdebt. Theoptimalconditionforcapitalinvestmentis:

where^{(7)}

E{R¶kF}£(r d)E{R} b�E{¶xV}, withequalityifk>x0.

R =1 - t_cL(c‡ 0) + brE¶_xV^/(marginalretentionrateoroneminusthemarginaleffectivetax

rate); and

L =indicatorfunctionforpositivevalues;thatis,itmapspositivenumbersontoone,and non-positivenumbersontozero. TheL.H.S.of(7)istheexpectedafter-taxmarginalrevenueofcapital.Notethatbecauseof capital irreversibility and the provisions of loss carry-forward and carry-back, the firm’s investmentdecisionisadynamicproblem.TheR.H.S.of(7)istheexpectedmarginalcostof capital,whichincludestheexpectedafter-taxinterestandcapitalconsumptioncostsofcapital, minustheexpectedmarginalvalueofcapitalinthenextperiod.Thelasttermarisesfromthe irreversibilityconstraint,andwillbediscussedinmoredetailinthenextsection.Iftheexpected

after-tax marginal revenue is lower than the expected marginal cost at x 0,thefirmwillnotinvest

becausekisconstrainedtobegreaterthanorequaltox 0. III.Optimalpolicieswithoutlosscarry-forwardandcarry-back

Thefirst-orderconditions(6)and(7)determinethefirm’soptimaldebt,

b̂,andcapital, k̂,respectively.However,inordertodescribe b̂andk̂precisely,wemustfirstcharacterizethe

valuefunctioninthenextperiod,V

/.Thetaskofthissectionistosimultaneouslycharacterize V/andtheoptimalpolicies

b̂andk̂foraninfinitehorizon.Asafirstpass,weassumenoloss

carry-forwardandcarry-backprovisionsinthissection.Thisimpliesthaty

0isnolongerastate variableinthevaluefunction.Wealsoassumeinthissectionthatthediscountfactor,b,isan independentparameter.Wedosotodistinguishthedirecteffectsthatt bandrhaveon b̂andk̂

fromtheindirecteffectsthattheyhavethroughb.

LetTbetheoperatorthatmapsnextperiod’svaluefunction,V

/,ontothisperiod’svalue function, V,asimpliedbythemaximizationproblem(1).Standardresultsfromstochastic dynamicprogramming(seeStokey,Lucas,andPrescott(1989)sections9.1and9.2,pp.241-270) are:_{PROPOSITION 1:} T_{is a contraction mapping in the space of continuous and bounded}

functionswiththesupnorm,sothismappinghasauniquefixedpointV

*whichisthevalue functionofthefirmwithaninfinitehorizon.Forall p

0˛ P, V^*(, p0) is continuously

differentiable, bounded, non-increasing, and concave in K.And,forall x

0˛K, V^*(x0, ) is

increasing in p.

Using the structure of the model, we can characterize the value function V

*more

precisely, especially its first derivative with respect to x 0. This derivative is particularly

important for the firm’s investment decision since it affectsk̂.Beforewebegin,let

kbethe

capitalstockwhichsatisfies¶

kF(k,p) = d, where d is the capital consumption rate introduced in

(4). Also, letbe the set of real functions which in the domain [0,k]x[p,p], satisfies the

propertiesofV

*inproposition1,andthattheirfirstderivativeswithrespecttokarebounded aboveby0andbelowbyJ=-(r+d)/�(1- b).Therestofthissectionisorganizedasfollows. First,wecharacterizethefirm’sfinancingandinvestmentdecisionswiththeconjectureV

/˛ . Second,weprovethatthefirm’svaluefunctionV

*˛ .Third,weanalyzehow¶ xV*isaffected by p0andbyvariousmodelparameters.

We begin with the firm’s optimal financing decision for a given k. The first-order condition(6)withoutlosscarry-forwardandcarry-backis: (8) Pr(c‡0)‡tb_{tc}, withequalityif̂b<k;

where c = F(k,p)- dk - r b̂. To understand the implications of this condition, let p

*betheprice levelthatsatisfies: (9) Pr(p‡p)^{tb}_{tc};

(p^*depends on p

0). Condition (8) implies that ifb̂is interior (less than k), then Pr(c ‡ 0) = tb/tc.

Hence, since c is an increasing function of the continuous random variable p, if

b̂is interior, then

c = 0 when p = p^*. In an interior debtsolution, the firm’s economic profitevaluated at p

*_, F_(k_,p*)

- dk - rk,islessthan c (because b̂< k),andsoitisnegative.Conversely,(8)and(9)implythat ifthefinancingdecisionisatthecornerwhere b̂= k,thenthesetofpricesthatyields c ‡ 0 containstheinterval[p

*,p].Hence,when b̂= k,F(k,p*)- dk- rk‡ 0.Therefore,theoptimaldebt

choice is interior if and only if F(k,p

*)- dk - rk < 0.

The above analysis is illustrated in graph 1 (p. 31). Note that the economic profit curve,

F(k,p^*)- dk - rk, is concave with respect to k and has an interior maximum. Consequently, the

subset of K for which the financing decision is constrained at

b̂= k is either a bounded interval

orempty(iftheentire functionliesbelowzero).Intuitively,

b̂isatthecorner where b̂= kinthe

intervalofkwherethefirmismostprofitable,andseekstoshelteritsincomewithasmuchdebt

as possible. On the other hand, if the firm’s income is low enough to exhaust the tax benefit of

debt, it will choose an interior

b̂, which implies Pr(c ‡ 0) = t b/tcfrom (8). In this case, b̂= [F(k,p^*)- dk] / r, since c evaluated at p = p

*equalstozero.Asillustratedingraph1,the profitableregionof k thatisassociatedwithacornerdebtsolutionisinthemiddlesection.

Theoptimalfinancingpolicy, b̂,determinestheeffectivetaxratesthatthefirmfacesfor each realization of p. Therefore, the portion of profit the firm retains after tax, R (see the definitionbelowequation(7)),dependson k, p,andtheotherdeterminantsof b̂suchas p0. Note

that sinceb̂is independent of V

/,sois R. Toillustratetheoptimalinvestmentchoicegraphically,let f(k,p 0) be:

(10) f(k,p0)Eb�¶xV(�k,p) ¶kF(k,p) d r R(k,p,p0)

where the expectation is taken with respect to p conditional on p0.Using(10)andthefirst-order

condition (7), the optimal capital stock k̂is characterized by:

(11)

f(k̂,p_0) £0, withequalityifk̂> x_0

Condition (11) is illustrated in graph 2 (p. 32). As a function of k, f is continuous, 9 decreasing,10positive at a neighborhood of 0, and negative at

k. Therefore, there is a k

*for whichf(k

*,p0) = 0, where k^*is the desired capital stock. The optimal capital is k̂ = max{x0, k^*}.

Intuitively, the function f represents the expected net marginal value of capital for a given k. As long as f is positive, the firm gains by choosing a larger capital stock. If f isnegativehowever,

thefirmregretshavinginheritedsuchalargecapitalstockfromthepast.Sothefirmiseither constrainedinthecurrentperiodbytheinheritedcapitalstock,oritchoosesthecapitalstock k * at the point where f = 0. In our comparative static analysis, we will focus on k*,sinceonce k*

is determined,k̂is determined.

The Envelope Theorem together with the optimal capital choice implies:

(12) ¶xV(x0,p0) min{0,f(x0,p0)}

This equation is also illustrated in graph 2 (p. 32). If the inherited capital stock, x

0, is less than k*, the irreversibility constraint k_{‡ x}

0is not binding, and the marginal value of past capital

commitments is zero. Conversely, if x0exceeds k*, k̂= x0.Inthiscase,eachadditionalunitof

x0increases the inherited capital stock by �, and so the marginal value of past capital

commitment is ¶xV(x0,p0) = f(x0,p0).

We can see from (10) that the unconstrained capital stock k*falls short of the capital

stockwhichequatestheexpectedmarginalproductofcapitaltothecapitalconsumptionrateplus therealinterestrate(Jorgenson(1963))fortworeasons.First, b�E¶ xV^/£ 0.Becausecapitalis

irreversible, investment carries the extra cost of increasing future capital commitments. Hence,

a larger k reduces the firm’s value in the next period. Second, an asymmetric corporate tax

system taxes the firm more heavily during good times when both the marginal product of capital

and marginal taxes are high than it subsidizes the firm during bad times when both the marginal

product of capital and marginal taxes are low. In other words, ¶kF(k,p) - d - r and R(k,p,p0) are

negatively correlated. A negative covariance and R £ 1 imply that:

(13)

E[(¶_kF(k,p) dr)R(k,p,p0)]£E[¶_kF(k,p) dr].

Asshowningraph2,theirreversibilityofcapitalandtheasymmetryofthecorporatetaxsystem implythatf(k,p

0) £ E[¶kF(k,p) - d - r], and so k*falls short of the capital stock which equates

E[¶_kF(k,p) - d - r] to zero.

We turn now to establish that V*˛ :

PROPOSITION 2: If V

/˛ , then V ˛. Moreover, the sequence ¶ x(TnV/) converges

uniformly to ¶xV*. As a result, the firm’s value function V

*˛ .

Proof

Let S the set of feasible states: S = {(k,p) ˛ KxP

k £k}; to abbreviate an element of S will be denoted s. The proof has two parts:

1. If V^/˛ , then V ˛: Because of proposition 1, we must just prove the bounds on

¶xV(s) for all s ˛ S. The bound ¶xV(s) £ 0 follows directly from (12). Since ¶xV/‡ J by

assumption, and (¶kF - d - r)R ‡ (1 - b)�J by the definition of J together with 0 £ R £ 1 and ¶ kF ‡ 0,(12)alsoimpliestheotherbound: ¶ xV(s) ‡ b�J +(1-b)�J =�J ‡ J.Therefore, V ˛ . 2. The sequence ¶x(TnV /) converges uniformly to ¶xV*: This result follows from the

boundedness and convexity of the capital stocks in S,andtheconcavityandthedifferentiability

of V*and all the members in the sequence TnV/ asafunctionof k (Rockafellar1970,Theorem 25.7p.248) Theconvergenceresultinproposition2isnowusedtocharacterizehow¶

xV* andtheoptimal capitalchoicedependson p

0and the model parameters (b,�,r,d,tc,tb):

PROPOSITION 3: In the absence of an asymmetric corporate tax, the function

¶xV*(x0,p0;b,�,r,d)isnon-decreasingwithrespectto p 0and non-increasing with respect to b, �, r, and d. Moreover, the desired capital k* is increasing with p 0if Q is strictly

monotone, it is non-increasing with respect to b and �, and it is decreasing with respect to

r and d. Proof

LetV/belongtothesubsetof

whichsatisfiesthepropertythat ¶ xV/is non-decreasing

with respect to p. The monotonicity of the transition function Q (see p.6) implies that E(b�¶

xV^/

+ ¶kF - d - r)isnon-decreasingwithrespectto p 0^{. Thus, the Envelope Theorem (12) implies that} ¶xV is non-decreasing with respect of p

0. Recursively, the whole sequence ¶ x(T^nV^/) is nondecreasingwithrespectto p

0. Further, since ¶x(TnV/) converges uniformly to ¶ xV^*, ¶xV*is non-

decreasing with respect to p

0.Consequently,forafirmwithaninfinitehorizon,the f(k,p 0) line

in graph 2 shifts (weakly) up as p

0increases, and the optimal capital choice k

*_{either increases}

or remains constant.

Analogously, let V

/˛_{and} ¶_xV/ be non-increasing with respect to_b, �,_r and_d. The

expression E(b¶xV/+ ¶_kF - d - r) is non-increasing with respect to b, r, �, and d. Thus, the

Envelope Theorem (12) implies that ¶ x^V is non-increasing with respect of^b,^r, �, and^d.

Recursively, the whole sequence ¶ x(TnV/) is non-increasing with respect to b, r, �, and d. Further,

since ¶x(TnV/) converges uniformly to ¶xV*, ¶xV*is non-increasing with respect to b, �, r, and

d. As a result, for a firm with an infinite horizon, as either b, �, r, or d increases, the f(k,p_0) line in graph 2 shifts (weakly) down, and the optimal capital choice k

*_{either falls or remains}

constant.

If Q is strictly monotone, E¶kF is increasing with p0. Now, the line f(k,p_0) shifts strictly up as p0increases and k^*increases. Similarly, the line f(k,p0) shifts strictly down as either r or

d increase, so k^*falls Ifthediscountfactor, b,andtherealinterestrate, r, were negatively related (for example,

b = [1 + r(1 - tb)]-1) instead of being independent, proposition 3 implies that r has an uncertain

effect on k*. On the one hand, a rise in r raises the opportunity cost of capital, which tends to

reduce the optimal capital stock. On the other hand, a rise in r reduces b, which tends to increase the optimal capital stock as the firm discounts more heavily the negative expected marginal value of capital in the next period (E¶ xV^/). In other words, a smaller discount factor reduces the negative impact of having to commit to a larger capital stock in the future. This ambiguous effect of the real interest rate on the optimal capital stock for marginal investment decisions parallels the ambiguous effect it has for the option to invest discussed in Dixit and Pindyck (1994).

In a similar vein, if the capital survival rate, �, and the capital consumption rate, d, were negatively related (for example, � = 1 - d) instead of being independent, proposition 3 implies that d has an ambiguous effect on k

*_{. On the one hand, a rise in} d_{increases the opportunity cost}

of capital, which tends to reduce k*. On the other hand, a rise in d reduces the survival rate of

capital, which tends to increase k

*_{as the irreversibility constraint (2) is relaxed.}

PROPOSITION 4: Suppose F(0,p) ‡ 0 for all p. The function ¶xV*(x0,p0;b,�,r,d,tb,tc) is non-

decreasing with respect to p0and t_b, and non-increasing with respect to b, �, r, and d. The

function ¶xV*(x_0,p0;b,r,�,d,t_b,tc) / (1-t_c) is non-increasing with respect to tc. Moreover, the

desired capital k*is increasing with p0if Q is strictly monotone, it is non-decreasing with

respect to tb, it is non-increasing with respect to b, �, and t

c^{, and it is decreasing with}

respect to r and d.

Proof

If F(0,p) ‡ 0 for all p, then the economic profit schedule F(k,p) - dk - rk in graph 1

crosses the vertical axis at or above the origin: The firm has no losses at low levels of capital. Consequently, R = 1 only if k is so large that ¶ kF - d - r < 0.

Since p*is defined to satisfy Pr(p‡p

*)= tb/tcandthetransitionfunction Q ismonotonic, p*_{is non-decreasing with respect to} p 0and tc, and non-increasing with t b. Therefore, with the help of graph 1, we can easily check that R is a non-increasing function of p, p 0^{and} tb, a nondecreasingfunctionof r and d,andanindependentfunctionof b,�,and ¶ x^V/^{. Moreover,} R^{/ (1 -} tc) is an non-decreasing function of t c. Define y(k,p0,p̂0) to be:

(14) y(k,p_0,p̂0) Eb�¶_xV(�k,p) ¶_kF(k,p) d rR(k,p,p̂0) p0

Let V/belong to the subset ofwhich satisfies the property that ¶xV/is non-decreasing with

respect to p. Since the step function R is non-increasing with respect to p and falls from 1 to 1-t c only if ¶kF - d - r < 0, the term inside the expectation in (14) is non-decreasing with respect to

p. Thus, the monotonicity of the transition function Q implies that y is non-decreasing with

respect to p0. Likewise, since R is non-increasing with respect to p̂0and falls from 1 to 1-tconly

if ¶kF - d - r < 0, the function y is also non-decreasing with respect to p̂0. Consequently, since f(k,p0) = y(k,p0,p0) and y is non-decreasing with respect to the second and third arguments, f

is non-decreasing with respect to p 0. Thus, the Envelope Theorem (12) implies that ¶ xV is nondecreasing with respect of p 0. Recursively, the whole sequence ¶x(TnV/) is non-decreasing with respect to p0. And since ¶x(TnV/) converges uniformly to ¶xV*, ¶xV*is non-decreasing with respect to p0. As a consequence, for an infinite horizon firm as p0increases the f(k,p0) line in

graph 2 will shift (weakly) up, and so k*will either increase or remain constant.

Let V/˛ and ¶xV/be non-increasing with respect to r. Since the step function R is non-

decreasing with respect to r and jumps from 1-tc to1onlyif ¶kF - d - r <0,theexpression

E[b�¶xV/+ (¶kF - d - r)R] is decreasing with respect to r. Thus, the Envelope Theorem (12)

implies that ¶xV is decreasing with respect of r. Recursively, the whole sequence ¶x(TnV/) is

decreasing with respect to r. Further, since ¶x(TnV/) converges uniformly to ¶xV*, ¶xV*is

non-increasing with respect to r. As a consequence, for a firm with an infinite horizon, as r rises

the f(k,p0)lineingraph2willshiftdown,andso k

*_{falls. The effects of} d_, t_b,and_tc_{as stated}

in the proposition follow from similar proofs. Finally, the proof for the effects of b and � on ¶xV

and k*is analogous to proposition 3 since these two parameters do not affect R If the discount factor, b, and the personal income tax rate, t

b, were positively related (for

example, b = [1 + r(1-tb)]-1)insteadofbeingindependent,proposition4impliesthat t

bhas an

uncertain effect on k*.Ontheonehand,arisein t

breduces the gap between the taxation of

corporate and personal capital, which tends to increase the optimal capital stock invested in the

corporate sector. On the other hand, a rise in tbincreases b.Thistendstoreducetheoptimal

capitalstockbecausethefirmwilldiscountlessheavilythenegativeexpectedmarginalvalueof

capital in the next period (E¶ xV/), i.e., the firm will put more weight on the negative impact of

having to commit to a larger capital stock in the future.

IV.Thegeneralcase

When losses can be carried back or forward, propositions 1 and 2 are generalized by:

PROPOSITION5:Let T betheoperatorthatmapsnextperiod’svaluefunction, V

/_{, onto}

this period’s value function V as implied by the maximization problem (1). T is a

contraction mapping in the space of continuous and bounded functions with the sup norm,

so this mapping has a unique fixed point V*whichisthevaluefunctionofthefirmwithan

infinitehorizon.Thefunction V

*_{can be decomposed as:}

(15)

V (x0,y0,p0) tcS(y0) tby0W(x0,y0,p0);

where,intherangeofadmissiblevaluesforitsarguments,thefunctionW

*iscontinuously differentiable, bounded, non-increasing and concave with respect to x 0and y0, and increasing with respect to p 0. Moreover, the first derivatives of W

*are bounded: -(r + d) / �(1 - b)£¶

xW*£0,and-(tc-tb) £¶yW*£0.Finally,forallWwhichsatisfiesthe propertiesstatedaboutW

*,thesequence[¶ xWn,¶yWn]whereWn(x0,y0,p0) = Tn[tcS(y0)-tby0 + W(x0,y0,p0)] converges uniformly to [¶ xW*,¶yW*].

Thecomplexityofthegeneralcaseinwhichlossescanbecarriedbackorforwardmakes the derivation of monotonicity results analogous to propositions 3 and 4 cumbersome, if not impossible.Tocomplementthetheoreticalfindings,weemploynumericalsimulationstoexamine the impact of several important factors on the firm’s optimal decisions. Also, since the effects

of depreciation and the interest rate are ambiguous (due to opposing effects that arise from

investment irreversibility), numerical simulations help us determine at what parameter values the

sign changes. In the following subsections, we focus on the impact of 1) investment

irreversibility, 2) the rate of depreciation, 3) the interest rate, 4) cumulated profits or losses, 5)

the carry-forward and carry-back provisions, 6) the personal tax rate, 7) constraints on debt

financing, and 8) the asymmetric corporate tax rate.

In the simulations, the revenue function is: i = pAk 1-a- dk - g; where A and a are

parametersoftheproductionfunction,andgisapre-committedfixedcost.Thestochasticprocess of p is the following martingale: given last period’s price p 0, the price in the current period, p, increasesto qp

0withprobability p 1, remains constant with probability p

2,orfallsto q

-1p0with probability p

3, where q > 1.

11Further, the probabilities are parameterized so that the expected value of p is p 0. In Table 1 (p. 31), we show the parameter values that are used in the simulations. Only a few of the values merit explanations. We pick A = 2.8 so that k

*= 100 if investment is completelyflexible and the taxsystem is neutral (corporateincome is taxed symmetrically and atthesamerate asothercapitalincome).Similarly, wepick g = 13, so that V(0,0,1) = 0 given

the values of the other parameters in the base scenario. Finally, to emphasize on the consequences of capital irreversibility, we pick the survival rate � to be 1 (so the 0.1 capital consumption rate must be understood as maintenance costs).

The desired capital stock k

*in the base scenario is 59. That is, the imposition of the irreversibility constraint and asymmetric taxation leads to a drop of 41 percent of the capital stock. This drop is mainly due to irreversibility, which, even with neutral taxation, reduces the

desired capital stock to 63.4. Still, asymmetric taxation has a non-trivial effect on investment.

When neutral taxation is replaced by the asymmetric system described in Table 1, the desired

capital stock drops by 4 percent (from 100 to 96) if investment is flexible, and it drops by 7

percent (from 63.4 to 59) if investment is irreversible.

Effects of investment irreversibility

[Graph 3, p. 33] The effect of irreversibility on the desired capital stock declines very fast as the survival rate departs from 1. Once the survival rate is below 0.9, most of the effects of the irreversibility constraint disappear. A survival rate of 0.9 gives to the firm enough flexibility to adjust most of its capital stock as product prices vary over time.

Effects of the depreciation rate

[Graph 4, p.34] The rate of depreciation affects the firm’s desired capital stock through the irreversibility constraint and the opportunity cost of capital. As discussed in the section III, the impact of depreciation through these two channels provide opposite investment incentives for the firm, so that the overall effect of depreciation on the desired capital stock is ambiguous. Graph 4 illustrates this ambiguity. In the simulations reported in graph 4, the survival rate is 1 minus the depreciation rate, while the capital consumption rate is a fixed 10 percent (due for example to maintenance costs) plus the depreciation rate. For high depreciation rates, the negative effect of depreciation through a higher cost of capital is dominant, so that a rise in the depreciation rate

reduces the desired capital stock. In contrast, for low depreciation rates, the positive effect of

depreciation through a lower survival of capital is dominant, so that a rise in the depreciation rate

actually raises the desired capital stock!

The firm’s optimal debt decreases with a higher rate of depreciation. This is a result of

the tax shield substitution effect (DeAngelo and Masulis (1980)) between debt interest and

depreciation allowances.

Effects of the interest rate

[Graph 5, p.35] Theeffectoftheinterestrateonthedesiredcapitalstockisalsoambiguous.Asdiscussed in the section III, interest rates affect investment in opposite directions through the discount factor and the opportunity cost of capital. Graph 5 illustrates this ambiguity. For high interest rates,thenegativeeffectofahigherinterestratethroughahighercostofcapitalisdominant,so thatariseintheinterestratereducesthedesiredcapitalstock.Incontrast,forlowinterestrates, thepositiveeffectofahigherinterestratethroughheavierdiscountingofpotentialfuturelosses duetoanexcessiveinheritedstockofcapitalisdominant.Soariseintheinterestrateactually increases the desired capital stock!

Thefirm’soptimaldebtdeclineswithahigherrateofinterestbecauseasmallerdebtlevel can generate the same amount of interest expense when the interest rate goes up.

Effects of cumulated profits or losses

[Graph 6, p.36]

When the firm has cumulated losses, it has an incentive to generate more income in order

to write off these losses. In this sense, the provision of loss carry-forward acts as an "automatic

stabilizer". It stimulates investment in capital when the firm has cumulated losses, presumably

during recessionary times. However, the size of these effects is rather small: 2 percent (from 59.6

to 58.4) when cumulated profits go up from -4 to 5. 12

The effect of cumulated profits on the financial structure of the firm is much stronger. Debtandcumulatedlossesaretaxshieldsubstitutes,sotheoptimaldebtincreaseswithcumulated profits until the constraint on debt is binding.

Effects of the loss carry-forward and carry-back provisions

[Graph 7, p.37] The ability of the firm to carry losses forward and back reduces the asymmetry of corporate taxation. As losses carried forward or back are discounted less heavily, that is, as the discount factor r increases, the desired capital stock rises. Graph 7 shows that this effect, while perceptible, is not very strong. As r increases from 0 to 1, k

*risesfrom58.1to60.4,amounting to only a 4 percent increment. 13 Asforthefirm’sfinancialdecision, r hasapositiveimpactondebtaslongasthischoice is interior. This positive impact is stronger when losses have been incurred in the past (not shown). The reason is that in this case the firm has little incentive to use debt unless the corporate tax system is relatively symmetric, so that its interest tax shield is less likely to be wasted.

Effects of the personal income tax rate

[Graph 8, 38]

As discussed in the previous section, the tax rate on personal income t

bhas two contradictory effects on the desired capital stock, k

*_{. An increase in} t_breduces the relative tax rate on corporate income, t

c^- tb, encouraging investment in the corporate sector. At the same time, an increase in t

blowers the firm’s discount rate, thus making the future more important.

If capital is irreversible, the firm is more cautious in its investment as it discounts less heavily

the negative impact of committing to a larger capital stock in the future. Our simulation results

show that for the parameters considered, the overall impact of t

bon k*is negative. If tbrises

from 0 to 60 percent, k*falls from 64.8 to 53.7. Hence, the influence of the irreversibility

constraint outweighs the tax effects.

Thetaxonpersonalincomeistheonlydisadvantageofusingdebttofinancethefirm’s investment.Hence,anincreaseinthepersonalincometaxrate, t b, is expected to have a negative

impact onb̂. However, this impact might be offset by the fact that a higher t

bwill reduce the discount rate,thereby increasingthe present valueof theinterest tax shield.Graph 8illustrates that for our parameter values debt and the personal tax rate are negatively related. The discontinuous drop in debt at t

b= 0.48 is due to the discretization of the stochastic process of

the output price.

Effects of constraints on debt financing

In this subsection, we investigate the robustness of the Mauer and Triantis (1994) result

that the ability to issue debt has a negligible impact on investment in a multiperiod

framework. 14In our model, this ability is parameterized by M, the maximum amount of debt

that a firm can borrow as a fraction of its capital stock. (This type of constraints are popular covenants in bond contracts.) [Graph 9, 39] The willingness to borrow depends primarily on the profitability of the firm. Graph 9 illustrates how the effect of financial constraints varies for different levels of the fixed cost, g. Thesignificanceoftheborrowingconstraintsdecreasesasfixedcostsrise.Withlargefixedcosts, thedesired capital stock, k

*_{, becomes less responsive to changes in the debt constraint. In fact,}

when g = 25, k*is invariant with respect to the portion of investment which can be financed with

debt. The reason is that when fixed production costs are large, the firm will always opt for an

interior debt solution by holding bonds. Accordingly, the borrowing constraint becomes irrelevant.

In contrast, with small fixed costs the firm has more taxable income, and hence it places a greater

value on the interest tax shield. In this case, the borrowing constraint does matter for the desired

capital and the size of the effect is quite strong: For g = 0, as the maximum debt/capital ratio

rises from 0 to 1, k*increasesfrom44.4to66.4.Inconclusion,financialconstraintsdoexerta

significantimpactonthedesiredcapitalstockinsomeinstances,inourmodelthishappenswhen firms are highly profitable.

Effects of the asymmetric corporate tax rate

[Graph10,p.40] Asymmetriccorporatetaxationaffectsnegativelythedesiredcapitalstock, k

*_{. Graph 10}

illustrates how the desired capital stock is affected by variations in the corporate tax rate t

cand

the constraints on debt financing. Increases in the corporate tax rate have a weak effect on k *if

investment can be fully debt financed (if the maximum debt-to-capital ratio is one): as t crises

from 0.3 to 0.8, k*falls by 9 percent. In contrast, if restriction is placed on debt financing, the

effectof tcon k*becomesstrongeroverall.Intheextreme,ifthefirmisnotallowedtoissueany debt, k*falls by 31 percent as tcrises from 0.3 to 0.8. Curiously though, there are local nonmonotonic regions which can only be ruled out in the absence of the fixed cost.

V) Conclusion

Thispaperprovidesadiscrete-timeframeworkforanalysingirreversibleinvestmentunder uncertainty. The framework is flexible enough to incorporate a very general stochastic process for output prices, time to build, asymmetric corporate taxes, imperfect carry-back and carryforward of tax losses, and corporate financial constraints. The firm’s investment decision also differs from previous research on irreversible investment in that it is incremental.

In the paper, we highlight the counter-intuitive effects that arise when investment is irreversible. Assuming fairly "realistic" parameter values, we demonstrate in one example that thedesiredcapitalstockmayactuallyincreasewithahigherrealinterestrate.Inanother,which webelievehasneverbeenprovidedbefore,weshowthatalargerdepreciationratemayactually increase the desired capital stock.

Finally, the paper inquires when asymmetric corporate taxation and corporate financial constraintsmatter.Asitturnsout,thetwoissuesarecloselyrelated.Whenfinancialconstraints oncorporatedebtarelikelytobebindinginthenearfuture,thecorporatetaxratehasastrong impactonthedesiredcapitalstock.Vice-versa,whenfinancialconstraintsoncorporatedebtare

not likely to be binding, i.e. when the debt/equity choice is interior, the corporate tax rate has a

weak impact on the expected costs and benefits of capital, and so on the desired capital stock.

Finally, the tightening of the corporate financial constraints, for example by reducing the

maximum amount of debt that can be issued as a portion of the capital stock, has, by itself, a

strong impact on the desired capital stock when firms are profitable and/or corporate tax rates

are high.

Table 1

Parameter values for the numerical simulations

Parameter Base Value Values in experiments

Realinterestrate, r0.04 0.01 to 0.11 Survival rate of capital, �

1.00 0.8 to 1 Capital consumption rate, d

0.10 0.1to0.3 Parametersinrevenuefunction a (capitalelasticity)0.50 - A (normalization)2.80 - g (fixedcost/profitabilityof

13 0to25 firm’sotheractivities) Shocktooutputprice, q

1.10 1.00to1.20 Probabilityofnoshock, p

2 0.5 -

Initial output price, p_0 1 -

Personalincometaxrate, t b0.3 0 to 0.60

Combined corporate and personal 0.6 0.30 to 0.80

capital gains tax rate, tc

Percentageoflosscarriedback

0.6 0to1 orforward, r Maximumdebt(asafraction

1 0to1 ofcapital) Thediscountfactor, b

1/[1+ r(1- t b)] -

Initial cumulated profits/losses, y0 0 -4to5

References

Abel, Andrew B. and Janice C. Eberly, 1994, "A Unified Model of Investment under Uncertainty", American Economic Review, 84, 1369-1384.

Cummins, Jason G., Kevin A. Hassett and R. Glenn Hubbard, 1995, "Tax Reforms and Investment: A Cross-Country Comparison", NBER working paper #5232.

Chirinko,RobertS.,1993,"BusinessFixedInvestmentSpending:ACriticalSurveyofModelling Strategies, Empirical Results and Policy Implications", Journal of Economic Literature,

31,1875-1911. Dammon,RobertM.andLemmaW.Senbet,1988,"TheEffectsofTaxesandDepreciationon CorporateInvestmentandFinancialLeverage", Journal of Finance,43,357-373. DeAngelo,HarryandRonaldW.Masulis,1980,"OptimalCapitalStructureunderCorporateand PersonalTaxation",JournalofFinancialEconomics,8,3-29. Devereux,MichaelP.,MichaelKeenandFabioSchiantarelli,1994,"CorporateTaxAsymmetries andInvestment:EvidencefromU.K.PanelData",JournalofPublicEconomics,V.53, 395-418. Dixit,AvinashK.andRobertS.Pindyck,1994,InvestmentunderUncertainty,Princeton,New Jersey:PrincetonUniversityPress. Fane,George,1987,"NeutralTaxationUnderUncertainty",JournalofPublicEconomics,33,95- 105. Green,RichardandEliTalmor,1985,"TheStructureandIncentiveEffectsofCorporateTax Liabilities",JournalofFinance, 1095-1114.

Jorgenson, Dale W., 1963, "Capital Theory and Investment Behaviour" American Economic

Review, 53, 247-259.

Keen, Michael and Fabio Schiantarelli, 1991, "Corporation Tax Asymmetries and Optimal Financial Policy", Oxford Economic Papers, 43, 280-291.

Mackie-Mason, Jeffrey, 1990, "Some Nonlinear Tax Effects on Asset Values and Investment Decisions under Uncertainty", JournalofPublicEconomics, 42, 301-327.

Mauer, David C. and Alexander J. Triantis, 1994, "Interactions of Corporate Financing and Investment Decisions: a Dynamic Framework", JournalofFinance, 1253-1277.

Mayer, Colin, 1986, "Corporate Tax, Finance, and the Cost of Capital", ReviewofEconomic

42 Studies,93-112.

McKenzie,KennethJ.,1994,"TheImplicationsofRiskandIrreversibilityfortheMeasurement ofMarginalEffectiveTaxRatesonCapital", Canadian Journal of Economics,27,604- 619. Miller,Merton,1977,"DebtandTaxes",JournalofFinance,32,261-275. Rockafellar,R.Tyrell,1970,ConvexAnalysis,Princeton,NewJersey:PrincetonUniversity Press. Samuelson,PaulA.,1964,"TaxDeductibilityofEconomicDepreciationtoInsureInvariant Valuation",JournalofPoliticalEconomy,72,604-606. Shum,Pauline,1994,"TaxAsymmetryandInvestmentHorizon",PublicFinance,49-3,427-439. Stokey,NancyL.,andRobertE.Lucas,Jr.withEdwardC.Prescott,1989,RecursiveMethods inEconomicDynamics.Cambridge,Massachusetts:HarvardUniversityPress).

NOTES

1.One exception is a recent study by Cummins, Hasset and Hubbard (1995), who employ major

tax reforms in the U.S. and several European countries as natural experiments.

2.There are several reasons why an investment may be irreversible. For example, if the capital

is firm or industry specific, it will have little productive value in other firms or other industries.

Even if the capital is not firm or industry specific, it is often partly irreversible because of the

"lemons" problem, or because of government regulations. See Dixit and Pindyck (1994). For a

unified framework that takes into account both irreversibility and adjusment costs, see Abel and

Eberly (1994).

3.Losses can be carried back, without interest, for three years in the U.S. and in Canada. Losses

can be carried forward, again without interest, for fifteen years in the U.S. and for seven years

in Canada. Most European countries have less generous provisions.

4.There are several important differences between Mauer and Triantis’ model and ours. First,

investment in their model involves a single project with fixed output, while investment in our

model is incremental. Second, they abstract from carry-back or carry-forward of losses, personal

taxes, and explicit financial constraints - provisions which we include. Third, they assume

sufficiently large bankruptcy costs such that their optimal debt solution is always interior. We

allow for the possibility of both interior and corner debt choices. Finally, their model is in

continuous time, while ours is in discrete time.

5.We assume that investors are risk-neutral. However, since the asymmetric tax system introduces

a concavity into the firm’s value function, investors behave as if they are risk-averse (Green and

Talmor (1985)).

6.To abstract from issues arising from bankruptcy and reorganization in a dynamic setting, we

assume that shareholders have unlimited liability. Shareholders in this case will also hold bonds

in their portfolios as an insurance.

7.In our model, we treat the degree of irreversibility, �, as an exogenous parameter, and analyze

the effects of different �’s on the firm’s optimal decisions. An interesting extension for future research would be to endogenize �.

8.A natural extension is to let firms choose the degree of maintenance assuming that in this way

they affect the survival rate. As expected, in an interior maintenance choice, firms reduce their

maintenance when they inherit too much capital.

9.R is a discontinuous function. However, since p is a continuous random variable and R is

continuous almost everywhere, f is a continuous function of k.

10.Since the value function, V, is concave, we only need to show that [¶ kF(k,p)-d- r]R(k,p,p 0), is non-increasing with respect to k. The latter follows from: (i) ¶ kF(k,p)-d- risdecreasingwith

respectto k because F isconcave;(ii) R(k,p,p

0) is a step function with values 1 and 1 - t C;and (iii)foragivenp,askincreases,R jumps from 1 to 1-t

C^{only when} ¶ kF(^k,^p) -^d -^r ispositive,

andjumpsfrom1-t

Cto1onlywhen¶ kF(k,p) - d - r isnon-positive.Graph1illustrates(iii)for p *. The same argument of p * appliestoall p <p

*.Ifp>p*, R is always equal to 1-t

Csince c >0forall k.

11.Actually,weassumethat p is a stochastic value within a small interval around qp

0,p0,orq- 1p0respectively. Otherwise, the Feller property of Q would fail and the firms objective function

will not be differentiable with respect to k and b. Also, p is bounded by two absorbing barriers,

so the overall number of p states if finite (20). 12.To get a grasp of the scale of this gap, consider that the vector of profits for the three immediate states in the base scenario is (-1.7, 0.25, 2.4). 13.Recent empirical evidence supports this result. Devereux, Keen and Schiantarelli (1994) use panel data from 597 firms in the U.K. to analyze whether or not tax asymmetries are important for understanding observed investment behavior. They conclude that they are not, in the sense that specifications that capture the full complexities of the corporate tax system perform virtually no better than models that ignore the asymmetries altogether. 14.Mauer and Triantis (1994) argue that in the traditional static model where the firm’s investment decision is "now or never", the value of the interest tax shield is exaggerated. In a multiperiod model, debt financing plays a smaller role because the firm gives up interest tax shields only in the period(s) it does not operate or invest.