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This study develops the real options model to explore how asymmetric information at the time of liqui- 

dation ex-post affects a firm’s financing (capital structure) and investment decisions ex-ante. Accordingly, 

it is found that asymmetric information at the time of liquidation delays investment and reduces the 

amount of debt issuance. When the degree of asymmetric information is high, the firm cannot take a 

mixed financing consisting of risky debt and equity. The firm with collateral takes a mixed financing 

consisting of risk-free debt and equity, whose debt issuance amount equals the collateral value, whereas 

the firm without collateral takes all-equity financing. This result contrasts with that under symmetric in- 

formation, where the firm always issues a mix of risky debt and equity. Moreover, when the degree of 

asymmetric information is substantial, an increase in cash inflow volatility decreases debt issuance. This 

result also contrasts with that under symmetric information, where an increase in volatility increases 

debt issuance. 
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. Introduction 

The term “irreversibility” is among the most important key- 

ords in the real options approach to investment. Suppose a firm 

nstalls capital goods (production facilities, like a plant or similar 

uilding). If the firm cannot resell the installed capital goods at 

ny price when operations cease, the investment is completely ir- 

eversible; if the firm can resell it at a discounted price, the invest- 

ent is partially irreversible. Arrow (1968) argues that all invest- 

ents are at least partially irreversible because “... from a realistic 

oint of view, there will be many situations in which the sale of 

apital goods cannot be accomplished at the same price as their 

urchases.” Shleifer and Vishny (1992) , Dixit and Pindyck (1994) , 

nd Abel et al. (1996) posit that “facility specificity” and “asym- 

etric information (lemon effect)” cause the partial irreversibility 

f investment. 1 Chirinko and Schaller (2009) estimate the “irre- 

ersible premium” as a cost of asset illiquidity that is economically 

nd statistically significant. Based on such findings and discussions, 
∗ Corresponding author. 

E-mail address: tshibata@tmu.ac.jp (T. Shibata) . 
1 Facility specificity incurs more costs by changing an industry-specific facility to 

 general one. In addition, asymmetric information discounts the repricing of the 

nstalled capital goods. 
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he investment is regarded to be partially irreversible because of 

acility specificity and asymmetric information. 

In the past three decades, some studies of real options 

ave examined the effects of partial irreversibility of invest- 

ent that stem from facility specificity. Such studies include 

bel and Eberly (1994) , Abel and Eberly (1996) , Abel et al. (1996) ,

artman and Hendrickson (2002) , and Shibata and Nishi- 

ara (2018) . Further, others examine the effects of asymmetric in- 

ormation. They include Grenadier and Wang (2005) , Shibata and 

ishihara (2010) , Grenadier and Malenko (2011) , Morellec and 

churhoff (2011) , and Koskinen and Maeland (2016) . These stud- 

es assume that the source of asymmetric information is the firm’s 

ash flow or investment cost. That is, the effects of partial irre- 

ersibility of investment arising from (or with) asymmetric infor- 

ation have not been examined. Thus, the literature analyzes the 

artial irreversibility of investment and asymmetric information in 

solation in the real options model. 

In this study, we explore how the partial irreversibility of in- 

estment arising from (or with) asymmetric information affects 

orporate financing and investment decisions. Accordingly, we de- 

elop the following hypotheses. The first hypothesis is that the 

hareholders delegate the corporate operation to the managers, 

aking advantage of managers’ expertise, as in most modern cor- 

orations. The second hypothesis is that the investment is partially 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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rreversible. That is, it is divided into reversible and irreversible in- 

estments. The amount of reversible investment becomes a pos- 

tive residual value at liquidation (ceasing operations). The third 

ypothesis is that the (realized) residual value at liquidation is pri- 

ately observed by managers, not shareholders (and creditors if the 

rm issues debt). 2 That is, managers have an informational ad- 

antage over shareholders, thus inducing a manager–shareholder 

onflict. Hence, uninformed shareholders should induce informed 

anagers to reveal the realized residual value (i.e., a screening 

ame). Otherwise, shareholders will suffer some losses. 3 Thus, 

hareholders make an optimal contract with managers to reveal 

anagers’ private information. Such a contract, though unable to 

emove distortion completely, enables shareholders to minimize 

symmetric information distortion. Notably, renegotiation is not al- 

owed after making a contract. While commitment induces inef- 

ciency ex-post, it increases the option values of the project ex- 

nte. This notion is identical to that in the screening game of 

renadier and Wang (2005) , Shibata and Nishihara (2010) , and 

oskinen and Maeland (2016) . Therefore, this study employs the 

creening game equilibrium to examine how asymmetric informa- 

ion at the time of liquidation affects corporate financing and in- 

estment decisions. 

This study differs from the noted studies in the existing liter- 

ture in three ways: First, Grenadier and Wang (2005) , Grenadier 

nd Malenko (2011) , and Koskinen and Maeland (2016) assume an 

ll-equity-financed firm. They show that asymmetric information 

istorts the firm’s investment decision. However, they fail to con- 

ider the effects of asymmetric information on the firm’s financ- 

ng (capital structure) strategies. Therefore, an investigation of how 

symmetric information affects financing strategies is warranted. 

Second, Shibata and Nishihara (2010) assume that investment 

s completely irreversible and the source of asymmetric informa- 

ion is the investment cost, given that the firm can issue a mix 

f equity and debt. They show that asymmetric information at the 

ime of investment (initiating operations) distorts the firm’s financ- 

ng and investment decisions but does not affect the leverage and 

redit spreads. 4 The invariant effects of asymmetric information on 

he leverage and credit spreads do not match the empirical re- 

ults of Fama and French (2005) . Thus, it is worthwhile to consider 

hether asymmetric information at the time of liquidation affects 

he leverage and credit spreads. 

Third, Morellec and Schurhoff (2011) allow a firm to issue debt 

r equity, limiting the firm to one type of financing instrument. 5 

hey examine shareholder–creditor conflict over issuing debt or 

he conflict between an (existing) shareholder and a new share- 

older over issuing equity, where the firm attempts to exercise 

he growth option. In this situation, (existing) shareholders are in- 

ormed agents, whereas creditors or new shareholders are unin- 

ormed agents. The informed shareholders signal their private in- 

ormation to the uninformed creditors (or new shareholders) to 

inimize a loss of asymmetric information (i.e., a signaling game). 

his study clarifies the difference and similarity of the economic 

echanism between the signaling game of a shareholder–creditor 

onflict and the screening game of a manager–investor conflict. 

The analyses highlight two novel results. First, asymmetric in- 

ormation at the time of liquidation (ceasing operations) delays in- 

estment and reduces the optimal amount of debt issuance. The 

elayed investment is identical to that in the screening games 

f Grenadier and Wang (2005) , Shibata and Nishihara (2010) , 

nd Koskinen and Maeland (2016) but different from the signal- 
2 In practice, it is reasonable in that managers and shareholders, at least, observe 

he realized value with time delays. 
3 Otherwise, the creditor cannot permit the firm to issue debt. 
4 See Appendix C for details. 
5 They note that a mix of debt and equity would be a significant extension. 
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h
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2 
ng games of Grenadier and Malenko (2011) and Morellec and 

churhoff (2011) , where asymmetric information speeds up invest- 

ent. Despite different results, the mechanism is identical across 

he noted five studies, in that investment triggers between good 

nd bad types are enlarged under asymmetric information, as in 

ection 4.1 . The reduced debt issuance given asymmetric informa- 

ion at liquidation is a novel result. It differs from those of the ex- 

sting (real options) studies of Morellec and Schurhoff (2011) and 

hibata and Nishihara (2010) . This outcome can be attributed to 

he following reasons: Morellec and Schurhoff (2011) assume that 

he amount of debt issuance is fixed, while Shibata and Nishi- 

ara (2010) show that asymmetric information increases the opti- 

al amount of debt issuance because they assume that the source 

f asymmetric information exists at the time of investment (initiat- 

ng operations). Additionally, in this study, asymmetric information 

educes the credit spread and leverage, which contrasts the find- 

ngs of Shibata and Nishihara (2010) . Thus, this study finds that 

symmetric information at the time of liquidation has a different 

ffect on debt issuance. The difference stems from whether the 

istortion of asymmetric information affects the firm’s bankruptcy 

trategies, as in Section 3.2 . Moreover, asymmetric information at 

he time of liquidation reduces the credit spread and leverage, 

hich contrasts with the invariant result of Shibata and Nishi- 

ara (2010) . 

The second novel result regards the effects of cash inflow 

olatility. When the degree of asymmetric information is small, 

n increase in volatility increases the optimal amount of debt is- 

uance, which is identical to the case under the symmetric infor- 

ation of Leland (1994) and Sundaresan and Wang (2007) . How- 

ver, when the degree of asymmetric information is significant, 

n increase in volatility decreases the optimal amount of debt is- 

uance. Thus, asymmetric information may change the effect of 

olatility on debt issuance. Following this novel finding, the credit 

pread has an inverse U-shaped relationship with the volatility, as 

he degree of asymmetric information is significant. The nonmono- 

onic relationship stems from risk-free debt issuance with increas- 

ng volatility. 6 

The remainder of the paper is organized as follows. 

ection 2 describes the study model and formulates the financing 

nd investment decision problem of a firm. Section 3 provides the 

olution to the problem and analyzes its properties. Section 4 dis- 

usses the economic implications of the model under asymmetric 

nformation. Section 5 concludes the paper. Three appendices 

urnish the technical developments. Appendix A details the deriva- 

ion of the value functions after the firm initiates operations. 

ppendix B provides proof of the four lemmas and two proposi- 

ions in the study. Appendix C demonstrates the properties of the 

olution for related studies, differentiating this study. 

. Model 

This section describes the model in three steps. First, we de- 

cribe the model’s setup. Second, we provide the value functions 

fter the firm initiates operations (investment), given the financing 

nd investment strategies. Finally, we formulate the financing and 

nvestment decisions problem under asymmetric information. 

.1. Model setup 

Consider a firm with an option to install a production facil- 

ty and initiate operations (e.g., sell the commodity produced). 
6 This study’s results differ from those of prior studies like Shibata and Nishi- 

ara (2010) , where the credit spread always increases with the volatility, even in a 

ufficiently significant degree of asymmetric information. 
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X

t

hroughout the analysis, we assume capital markets are friction- 

ess, with a constant risk-free interest rate r > 0 , and all agents are

isk-neutral and aim to maximize their expected payoff. 

When the firm initiates operations, it incurs a one-time fixed 

ost, I > 0 , to install the production facility. Thereafter, the firm re-

eives an instantaneous cash inflow X(t) , which follows the geo- 

etric Brownian motion given by 

 X (t) = μX (t)d t + σX (t)d z(t) , X (0) > 0 , (1) 

here μ and σ are constants, and z(t) denotes the Brownian mo- 

ion defined by a risk-neutral probability space (�, F , Q ) . 7 For con-

ergence, we assume r > μ. 8 In this study, the firm issues a mix of

ebt and equity in initiating operations. This notion of mixed fi- 

ancing is identical to that in Sundaresan and Wang (2007) and 

hibata and Nishihara (2010) . 9 Importantly, debt benefits from the 

ax shield in that the firm faces a constant tax rate τ > 0 on in-

ome after servicing the interest payment on the debt. For an- 

lytical convenience, this study limits the condition to perpetual 

ebt (i.e., maturity is infinite). We denote an instantaneous coupon 

ayment of the debt by c ≥ 0 . This assumption, as in Black and

ox (1976) and Leland (1994) , simplifies the analysis without sub- 

tantially altering the key economic insights. Thus, if the firm is- 

ues a mix of debt and equity, its instantaneous cash flow is 

1 − τ )(X(t) − c) . 

We assume the firm has the option to cease operations and sell 

he production facility at the resale price of kI at any time t af- 

er initiating operations. Here, k ∈ [0 , 1] indicates the proportion of 

nvestment reversibility. This assumption means the investment is 

artially reversible. That is, at the time of ceasing operations, kI

an be converted to cash, whereas (1 − k ) I cannot. Economically, 

I and (1 − k ) I are regarded as tangible (liquid) and intangible 

nonliquid) assets, respectively. Moreover, we assume the propor- 

ion k takes one of two possible values: k H or k L , where 1 ≥ k H ≥
 L ≥ 0 . Here, k H represents a “high proportion” of the reversible 

sset and k L represents a “low proportion.” The probabilities of 

rawing k = k H and k = k L are exogenous, and P (k H ) = q ∈ (0 , 1)

nd P (k L ) = 1 − q . Following Leland (1994) and Lambrecht and My-

rs (2008) , we assume the firm incurs a bankruptcy cost αkI at liq- 

idation, where α ∈ (0 , 1) . Thus, in this study, the liquidation value

s defined as (1 − α) kI ≥ 0 , regarded as the collateral value for a

evered firm. 10 

In this study, there are two kinds of debt: risky and risk-free 

ebt. The face value of perpetual debt is c j /r, where c j := c(k j ) for

 = k j ( j ∈ { H, L } ). If the face value of the debt c j /r is larger than

he liquidation value (1 − α) k j I, that is, 

 j > θ j1 := r(1 − α) k j I, (2) 

hen the debt is risky. Otherwise, the debt is risk-free, where its 

ace value is guaranteed at liquidation. The notion is identical to 

hat of Lambrecht and Myers (2008) . 

We denote the values of the debt, equity, and total firm 

s D jm 

(X(t) , c j ) , E jm 

(X(t) , c j ) , and V jm 

(X(t) , c j ) := D jm 

(X(t) , c j ) +
 jm 

(X(t) , c j ) , for k = k j ( j ∈ { H, L } ). Here, the subscript “m ” is de-
7 This assumption is identical to that in Goldstein et al. (2001) and 

undaresan and Wang (2007) . 
8 The assumption r > μ ensures that the value of the firm is finite. See Dixit and 

indyck (1994) and Hugonnier et al. (2015) for details. 
9 Morellec and Schurhoff (2011) restrict attention to the situation in which firms 

ssue only one type of financing instrument. They note that a mix of debt and eq- 

ity is a significant extension. The authors thank the anonymous reviewer for the 

iscussion on this point. 
10 In this study, the liquidation value does not depend on the value of X(t) , which 

s identical to that in Mella-Barral and Perraudin (1997) and Shibata and Nishi- 

ara (2018) . 

o

(

X

d

b

d

o

V

3 
ned as 

 := 

{ 

0 , c j = 0 , 

1 , c j ∈ (0 , θ j1 ] , 
2 , c j > θ j1 . 

(3) 

he subscripts “0,” “1,” and “2” denote “all-equity financing,”

mixed financing consisting of risk-free debt and equity,” and 

mixed financing consisting of risky debt and equity,” respectively. 

urther, we denote the time of initiating operations (investment, 

ndicated by superscript “i”), default (indicated by superscript “d”), 

nd ceasing operations (shutdown or liquidation, indicated by su- 

erscript “s”) as T i 
j 
, T d 

j 
, and T s 

jm 

, respectively. Mathematically, these 

imes are defined as 

 

i 
j 

:= inf 
{

t ≥ 0 

∣∣X ( t ) ≥ x i 
j 

}
, 

 

d 
j 

:= inf 
{

t ≥ T i 
j 

∣∣X ( t ) ≤ x d 
j 

}
, 

 

s 
jm 

:= inf 
{

t ≥ T i 
j 

∣∣X ( t ) ≤ x s 
jm 

}
, m ∈ { 0 , 1 } 

 

s 
j2 

:= inf 
{

t ≥ T d 
j 

∣∣X ( t ) ≤ min 

{
x s 

j2 
, x d 

j 

}}
, 

espectively, where x i 
j 
≥ 0 , x d 

j 
≥ 0 , and x s 

jm 

≥ 0 denote the associ- 

ted investment, default, and liquidation triggers, respectively. In 

his model, default represents operating concern bankruptcy. At 

he time of default, the right of management ownership is trans- 

erred from equity–holders to debt–holders, implying that the eq- 

ity value is zero, and managers and equity–holders leave the 

rm. Moreover, default can occur only when the firm issues risky 

ebt. By contrast, liquidation represents ceasing operations. Liqui- 

ation can occur in all three types of financing. The meaning of 

in { x s 
j2 

, x d 
j 
} in T s 

j2 
is that the firm issuing risky debt is never liq-

idated before default, though it may be liquidated concurrently 

ith default. 11 

.2. Value functions after investment 

This subsection provides the value functions after the firm ini- 

iates operations. Value functions are derived for three different 

ypes of financing strategies ( m ∈ { 0 , 1 , 2 } ). In the derivations of

alue functions, we use the following parameters: 

:= 

1 
2 

− μ
σ 2 + 

{ (
μ
σ 2 

)2 + 

2 r 
σ 2 

} 1 / 2 
> 1 , 

:= 

1 
2 

− μ
σ 2 −

{ (
μ
σ 2 

)2 + 

2 r 
σ 2 

} 1 / 2 
< 0 , 

 := 

1 −τ
r−μ > 0 , 

 := 

γ
γ −1 

> 0 , 

:= 

v 
ε 

r 
1 −τ > 0 , 

 := 

(
1 − γ

{
1 + α 1 −τ

τ

})−1 /γ ≥ 1 , 

 := 

(
1 + 

τ
h ( 1 −τ ) 

)−1 ≤ 1 . 

.2.1. Value functions for m ∈ { 0 , 1 } 
In this subsection, we derive the value functions for m ∈ { 0 , 1 } . 
Given k = k j ( j ∈ { H, L } ), once the cash inflow X(t) , starting at

(0) = x , increases and arrives at x i 
j 

from the below, we assume 

hat the firm issues a mix of risk-free debt and equity and initiates 

perations. Thereafter, the firm obtains an instantaneous cash flow 

1 − τ )(X(t) − c j ) as long as X(t) keeps a high level. However, if 

(t) decreases and arrives at x s 
j1 

from the above, the firm is liqui- 

ated. Note that there is no default under risk-free debt financing 

ecause the liquidation value is larger than the face value of the 

ebt. The value of the total firm after initiating operations and the 

ptimal liquidation trigger, V j1 (X(t) , c j ) and x s 
j1 
(c j ) , are given as 

 j1 (X(t) , c j ) = v X(t) + 

τ c j 

r 
+ 

{
(1 − α) k j I − v x s j (c j ) −

τ c j 

r 

}( X(t) 

x s 
j 
(c j ) 

)
γ , (4) 
11 Subsection 2.2.2. explains min { x s 
j2 

, x d 2 } of T s 
j2 

in-depth. 
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Fig. 1. Simultaneous and sequential bankruptcy strategies. Suppose that the firm issues a mix of risky debt and equity when it initiates operations. In Panel (a) of x s ≥ x d , 

the firm takes default and liquidation simultaneously at x d . In Panel (b) of x d > x s , the firm employs default and liquidation sequentially at x d and x s , respectively. 
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s 
j1 (c j ) = 

ε 

v 
{
(1 − α) k j I −

τ c j 

r 

}
≥ 0 , (5) 

espectively. See Appendix A for derivations of (4) and (5) . We 

ummarize the properties of V j1 and x s 
j1 

in the following lemma. 

ee Appendix B for the proof. 

emma 1. Suppose that the firm issues a mix of risk-free debt and 

quity ( m = 1 ), for k = k j ( j ∈ { H, L } ). The total firm value, V j1 (x, c j ) ,

s a positively linear function of c j . The optimal liquidation trigger, 

 

s 
j1 
(c j ) , is a negatively linear function of c j . 

In Lemma 1 , the firm chooses c j = θ j1 to maximize V j1 if it is

llowed to issue a risk-free debt ( c j ∈ (0 , θ j1 ] ). 

Then, we assume that the firm employs all-equity financ- 

ng ( m = 0 ) when it initiates operations. Substituting c j = 0 into

4) and (5) yields 

 j0 (X (t)) = V j1 (X (t) , 0) , x s j0 = x s j1 (0) , (6) 

espectively. Here, V j0 and x s 
j0 

indicate the value of the equity and 

he liquidation trigger under all-equity financing. 

.2.2. Value functions for m = 2 

In this subsection, we derive the value functions for m = 2 . 

Given k = k j ( j ∈ { H, L } ), we assume that the firm issues a mix

f risky debt and equity ( m = 2 ). After the firm initiates opera-

ions, it obtains an instantaneous cash flow, (1 − τ )(X(t) − c j ) , as 

ong as X(t) maintains a high level. However, if X(t) decreases 

nd reaches a low level, it is challenging to pay the coupon c j >

 , implying that the firm must consider the default (operating 

oncern bankruptcy). Following Black and Cox (1976) and Leland 

1994) , the equity-holders decide the default trigger x d 
j 

to maxi- 

ize the equity value (before default). Following the absolute pri- 

rity rule, once the firm defaults, the right of corporate ownership 

s transferred from the equity-holders to the debt-holders. The new 

quity-holders determine the liquidation trigger x s 
j2 

to maximize 

he equity value after default. 

According to the magnitude of x d 
j 

and x s 
j2 

, the following 

wo scenarios emerge. Figure 1 (a) depicts the scenario of x d 
j 

= 

in { x d 
j 
, x s 

j2 
} . Recall that the firm is never liquidated before it de-

aults because the debt-holders cannot obtain the right of corpo- 

ate ownership unless the equity-holders leave at default. Once 

(t) reaches x d 
j 

from the above, the firm defaults and is liqui- 

ated simultaneously. Figure 1 (b) depicts the scenario of x s 
j2 

= 

in { x d 
j 
, x s 

j2 
} . Once X(t) reaches x d 

j 
from the above, the firm de-

aults, and the new equity holders continue operations. Thereafter, 

f X(t) decreases and reaches x s 
j2 

from the above, the firm ceases 
4 
he operation at x d 
j 
. The light blue shaded region indicates the pe- 

iod of operations by the new equity-holders. Thus, the firm em- 

loys the sequential default-liquidation bankruptcy at x d 
j 

and x s 
j2 

, 

espectively. 

Given k = k j ( j ∈ { H, L } ), the value of the total firm after initiat-

ng operations and before default, V j2 (X(t) , c j ) , is given by 

 j2 (X(t) , c j ) = v X(t) + 

τ c j 

r 
+ 

{
W j (x d (c j )) −

τ c j 

r 
− v x d (c j ) 

}( X(t) 

x d (c j ) 

)
γ , (7) 

here the equity value after default W j (X(t)) , optimal default trig- 

er x d (c j ) , and optimal liquidation trigger x s 
j2 

are 

 j (X(t)) = (1 − α) 
{
v X(t) + 

(
k j I − v min { x d (c j ) , x 

s 
j2 } 
)( X(t) 

min { x d (c j ) , x 
s 
j2 
} 
)
γ
}
, (8) 

 

d (c j ) = 

ε 

v 
1 − τ

r 
c j , (9) 

 

s 
j2 = 

ε 

v 
k j I. (10) 

ee Appendix A for derivations of (7) –(10) . In (8) , the firm in-

urs a bankruptcy cost after default, consistent with Black and 

ox (1976) and Leland (1994) . In their models, given that the liqui- 

ation value is assumed to be zero ( k j = 0 and x s 
j2 

= 0 ), the resid-

al value at default is (1 − α) v x d (c j ) . That is, this study’s model

onverges to that of Black and Cox (1976) . In (9) , x d (c j ) does not

nvolve k j . In (10) , x s 
j2 

differs from x s 
j1 
(c j ) . From (9) and (10) , we

ave x d (c j ) > x s 
j2 

if 

 j > θ j2 := 

r 

1 − τ
k j I. (11) 

hat is, if c j ∈ (θ j1 , θ j2 ] , the firm takes a simultaneous bankruptcy 

trategy. If c j > θ j2 , the firm takes a sequential bankruptcy strat- 

gy. As c j /r (debt issuance) is smaller (larger), the firm is more 

ikely to employ simultaneous (sequential) bankruptcy. The simul- 

aneous and sequential default-liquidation strategies can be re- 

arded as Chapters 7 and 11 of U.S. bankruptcy codes, respec- 

ively. The result that the firms with significant debt employ a se- 

uential bankruptcy strategy accords with the empirical finding of 

ris et al. (2006) . We summarize the properties of V j2 and x d in

he following lemma. See Appendix B for the proof. 

emma 2. Suppose that the firm issues a mix of risky debt and equity 

 m = 2 ), for k = k j ( j ∈ { H, L } ). The total firm value, V j2 (X(t) , c j ) , is a

oncave function of c j . The optimal default trigger, x d (c j ) , is a linear

unction of c j . 

In Lemma 2 , there exists an optimal coupon that uniquely max- 

mizes V j2 , because of its concavity. Moreover, x d (c j ) is a linear

unction of c j , identical to that in Black and Cox (1976) . 
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.2.3. Properties of total firm value 

This subsection shows the properties of the total firm value for 

 = k j ( j ∈ { H, L } ). We obtain the following lemma. See Appendix B

or the proof. 

emma 3. The total firm value and trigger are continuous at c j = θ j1 ,

or k = k j ( j ∈ { H, L } ), that is, 

 j1 (X (t) , θ j1 ) = lim 

c j ↓ θ j1 

V j2 (X (t) , c j ) , x s j1 (θ j1 ) = lim 

c j ↓ θ j1 

x d (c j ) . (12) 

urther, we have 

∂V j1 

∂c j 
(X (t) , θ j1 ) = 

∂V j2 

∂c j 
(X (t) , c j ) 

∣∣
c j ↓ θ j1 

> 0 , 

hich implies V j2 (x, c j ) is an increasing function of c j for the regions

round θ j1 . 

Lemma 3 implies that there exists a coupon payment c j to max- 

mize the total firm value such that c j > θ j1 . 

.3. Asymmetric information problem 

In this subsection, we consider the contract under manager- 

hareholder conflict due to asymmetric information. 

Consider that the shareholders (equity-holders) delegate the 

orporate decision to managers, taking advantage of their unique 

xpertise. We assume that only the managers privately observe 

hether the realized value of k is k H or k L , whereas the sharehold-

rs and creditors (debt-holders) cannot. 12 Thus, the managers have 

n informational advantage over the shareholders and creditors. In 

his situation, shareholders induce the managers to reveal the re- 

lized value. Otherwise, investors suffer some losses. Suppose, for 

nstance, the managers observe k = k H as the realized value. Once 

(t) declines to x d (c) in operations, the firm would default, and 

he managers would be fired. Thus, the managers have an incen- 

ive to report a false value k = k L intentionally and divert the dif-

erence kI to themselves where k := k H − k L ≥ 0 , whereas the 

hareholders suffer the loss of kI. Hence, the shareholders should 

nduce the managers to reveal their private information. Moreover, 

he creditors would refuse the financing to the firm unless the 

anagers’ private information was clarified. 

In this study, the shareholders make a contract with the man- 

gers at time zero. The components of the contract are 

 x i ( ̃ k j ) , c( ̃ k j ) , w ( ̃ k j ) } , 
hich may be contingent on a reported value ˜ k j ( j ∈ { H, L } ). Here,

he idea of introducing only the positive incentive w ( ̃ k ) is identical 

o that of Grenadier and Wang (2005) . 13 The mechanism of intro- 

ucing only positive incentive simplifies the analysis substantially 

ithout altering the key economic insights. Given that the revela- 

ion principle ensures that the shareholders induce the managers 

o clarify a true value k j as private information, we make no dis- 

inction between k j and 

˜ k j . Hence, we can drop the suffix tilde on 

he reported 

˜ k j and simply write the contract as { x i 
j 
, c j , w j } . 

Given k = k j ( j ∈ { H, L } ), the option value of the project is given

y 14 

sup 

 

i 
j 
,c j ,w j 

( x 

x i 
j 

)
β
(
E jm 

(x i j , c j ) −
{

I − D jm 

(x i j , c j ) 
}

− w j 

)
, (13) 
12 This assumption follows Shleifer and Vishny (1992) and Abel et al. (1996) . In 

hleifer and Vishny (1992) , given that most assets are specialized, they are sold at 

rices below the values in best use when liquidated (via asymmetric information). 

bel et al. (1996) argue that an underpriced liquidation value can be attributed to 

emon effects. 
13 See Shibata and Nishihara (2010) for a discussion of negative incentives (e.g., a 

enalty). 
14 See the Appendix for the derivation. 

p

L

t

O

5 
here X(0) = x > 0 . See Appendix A for the derivation of (13) .

ere, the total firm value is defined by V jm 

:= E jm 

+ D jm 

. The

ubscript “m ” is then decided per the magnitude of c j ≥ 0 ( m ∈
 0 , 1 , 2 } ). 

Under asymmetric information, the firm’s optimization problem 

s formulated as 

 

∗∗(x ) := max 
x i 

j 
,c j ,w j 

∑ 

j∈{ H,L } 
P (k j ) 

( x 

x i 
j 

)
β
{

V jm 

(x i j , c j ) − I − w j 

}
, (14) 

ubject to 

x 

x i 
H 

)
βw H ≥

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

( x 

x i 
L 

)
β
{

w L + 

( x i L 
, x s 

L 
(c L ) 

)
γ kI 

}
, c L ≤ θL 1 , ( x 

x i 
L 

)
β
{

w L + 

( x i L 
x d (c L ) 

)
γ kI 

}
, c L > θL 1 , 

(15) 

x 

x i 
L 

)
βw L ≥

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

( x 

x i 
H 

)
β
{

w H −
( x i H 

x s 
H 
(c H ) 

)
γ kI 

}
, c H ≤ θH1 , ( x 

x i 
H 

)
β
{

w H −
( x i H 

x d (c H ) 

)
γ kI 

}
, c H > θH1 , 

(16) 

(x ) := 

∑ 

j∈{ H,L } 
P (k j ) 

( x 

x i 
j 

)
βw j ≥ 0 , (17) 

 j ≥ 0 , (18) 

here the superscript “∗∗” represents the optimum under asym- 

etric information . 

The objective function (14) is the option value of the project. 

onstraints (15) and (16) are incentive-compatible constraints for 

anagers in k = k H and k = k L , respectively. Consider, for example, 

onstraint (15) , which ensures that managers who observe k = k H 
ave no incentive to intentionally report the false value k = k L . This

an be attributed to the following reason: The value for managers 

ho observe k = k H is given by the left-hand side of (15) if they re-

ort the true value k = k H ; however, it is given by the right-hand

ide of (15) if they report the false value k = k L . Thus, if Constraint

15) is satisfied, managers who observe k = k H have no incentive 

o report the false value k = k L intentionally. Constraint (16) fol- 

ows similarly. Constraint (17) is a participation constraint, in that 

he managers’ option value M(x ) is larger than zero. Constraints 

18) are limited-liability constraints. Their basis is identical to that 

f Grenadier and Wang (2005) and Shibata and Nishihara (2010) . 

. Model solutions 

In this section, we derive the solution to the asymmetric infor- 

ation problem. Just before its derivation, we briefly begin with 

eviewing the symmetric information problem as a benchmark. 

.1. Symmetric information 

We assume all agents (managers, shareholders, and creditors) 

bserve the realized value of k . This problem is identical to when 

here is no delegation to managers. Thus, we have w 

∗
H 

= w 

∗
L 

= 

 . We use the superscript “∗” to represent the optimum under 

ymmetric information . 15 We obtain the following lemma. See Ap- 

endix B for the proof. 

emma 4. Under symmetric (full) information, the option value of 

he project is 

 

∗(x ) := q 
( x 

x i ∗
H 

)
β
{

V H2 (x i ∗H , c 
∗
H ) − I 

}
+ (1 − q ) 

( x 

x i ∗
L 

)
β
{

V L 2 (x i ∗L , c 
∗
L ) − I 

}
. (19) 
15 Note that M 

∗(x ) = 0 under symmetric information. 
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Baseline parameter values. 
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16 The next section explains the mechanism in-depth, in that the firm is induced 

to issue risk-free debt. 
here c ∗H > θH1 and c ∗L > θL 1 ; that is, the firms in H and L issue a mix

f risky debt and equity ( m = 2 ). 

Here, if c ∗
j 
∈ (θ j1 , θ j2 ] for k = k j ( j ∈ { H, L } ), we obtain x i ∗

j 
and

 

∗
j 

by solving f j1 (x i 
j 
, c j ) = 0 and f j2 (x i 

j 
, c j ) = 0 , where f j1 and f j2 

re given in (B.11) . If c ∗
j 
> θ j2 , we obtain x i ∗

j 
by solving f j5 (x i 

j 
) = 0 ,

here f j5 is given in (B.14) . Thus, we obtain c ∗
j 
= (η/h ) x i ∗

j 
. 

.2. Asymmetric information 

This subsection derives the solution under asymmetric informa- 

ion. 

We show that only two of the five constraints (15) –(18) are 

inding at the equilibrium, in three steps. First, Constraint (17) is 

atisfied automatically because Constraint (18) imply Constraint 

17) . Second, managers who observe k = k L have no incentive to 

retend they observe k = k H ; thus, Constraint (16) is satisfied 

utomatically, and we obtain w L = 0 . Finally, suppose Constraint 

15) holds as a strict inequality, then a decrease in w H increases 

he option value of the objective function, which is a contradiction. 

hus, Constraint (15) is binding, which leads to w H > 0 . 

Following the above three steps, only Constraints (15) and 

18) are binding at the equilibrium; that is, 

 H = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

(x i H 
x i 

L 

)
β
( x i L 

x s 
L 
(c L ) 

)
γ kI, c L ≤ θL 1 , (x i H 

x i 
L 

)
β
( x i L 

x d (c L ) 

)
γ kI, c L > θL 1 , 

(20) 

 L = 0 . (21) 

ere, k ≥ 0 indicates the degree of asymmetric information be- 

ause an increase in k ≥ 0 increases the managers’ option value. 

We simplify the optimization problem by substituting (20) and 

21) into (14) . We then obtain the following proposition, using 

emmas 1 –3 (see Appendix B for the proof). 

roposition 1. Under asymmetric information, we obtain the option 

alue of the project as 

 

∗∗( x ) : = q 

(
x 

x i ∗
H 

)β{
V H2 

(
x i ∗H , c 

∗
H 

)
− I 
}

+ ( 1 − q ) 

(
x 

x i ∗∗
L 

)β{
V Lm 

(
x i ∗∗

L , c ∗∗
L 

)
− I − a m 

(
x i ∗∗

L , c ∗∗
L 

)}
, (22) 

here the distortion of asymmetric information, a m 

(x i 
L 
, c L ) ≥ 0 , is 

 1 (x i L , c L ) := 

( x i L 
x s 

L 
(c L ) 

)
γ q 

1 − q 
kI, 

 2 (x i L , c L ) := 

( x i L 
x d (c L ) 

)
γ q 

1 − q 
kI, 

(23) 

nd a 0 (x i L ) = a 1 (x i L , 0) . We obtain O 

∗∗(x ) ≤ O 

∗(x ) . Interestingly, we

o not always obtain c ∗∗
L 

> θL 1 , whereas we obtain c ∗∗
H 

= c ∗
H 

> θH1 ;

hat is, the firm in L cannot always employ mixed financing con- 

isting of risky debt and equity, whereas the firm in H does employ 

ixed financing consisting of risky debt and equity ( m = 2 ). Partic-

larly, when the distortion of asymmetric information a m 

(x i 
L 
, c L ) is 

reat, the firm in L with collateral k L > 0 takes mixed financing of

isk-free debt and equity ( m = 1 ) whereas the firm in L without col-

ateral k L = 0 does take all-equity financing ( m = 0 ). The solution of

 

i ∗∗
L 

and c ∗∗
L 

is given in Appendix B. 

Proposition 1 has three important properties. First, the distor- 

ion of asymmetric information, a m 

(x i 
L 
, c L ) ≥ 0 , reduces the op-

ion value of the project. Second, the distortion a m 

(x i 
L 
, c L ) is in

 = k L , not k = k H . That is, it is less costly to distort (x i ∗∗, c ∗∗) from

L L 

6 
x i ∗L , c 
∗
L ) than to distort (x i ∗∗

H , c ∗∗
H ) from (x i ∗H , c 

∗
H ) . This result is iden-

ical to those in Grenadier and Wang (2005) and Shibata and Nishi- 

ara (2010) . Third, when the distortion a m 

(x i 
L 
, c L ) is significant,

he firm in L cannot issue a mix of risky debt and equity. 16 Note

hat an increased distortion of asymmetric information a m 

(x i 
L 
, c L ) 

s caused by an increased degree of asymmetric information k . 

We derive the properties of the asymmetric information solu- 

ion. In order to so, the option value in L , O 

∗∗
L (x ) , is given as 

 

∗∗
L (x ) := max 

x i 
L 
,c L 

( x 

x i 
L 

)
β{ V Lm 

(x i L , c L ) − I − a m 

(x i L , c L ) } . (24) 

irst, we assume m = 2 . An increase in k increases x i ∗∗
L and de-

reases c ∗∗
L . The reason is as follows. Here, to maximize O 

∗∗
L (x ) , the

rm in L minimizes a 2 (x i L , c L ) , which is equivalent to minimizing

ts component, (x i L /x d (c L )) 
γ , where γ < 0 . In order to do so, the

rm in L increases x i 
L 

and decreases x d (c L ) = c L /η. Next, we assume

 = 1 . An increase in k has an ambiguous effect on x i ∗∗
L 

and c ∗∗
L 

.

e summarize the properties of x i ∗∗
L and c ∗∗

L in the next proposi- 

ion. See Appendix B for the proof. 

roposition 2. Suppose asymmetric information. When the firm in L 

ssues a mix of risky debt and equity, x i ∗∗
L increases with k (degree 

f asymmetric information), whereas c ∗∗
L 

decreases with k . When the 

rm in L issues a mix of risk-free debt and equity, x i ∗∗
L 

is not mono-

onic with k , whereas c ∗∗
L 

does not depend on k , but on k L . 

From Proposition 2 , an increased degree of asymmetric in- 

ormation reduces debt issuance ( c ∗∗
L 

/r). The result implies that 

symmetric information may not translate into a pecking-order 

ypothesis. Empirically, Shyan-Sunder and Myers (1999) and 

harath et al. (2009) conclude that the pecking order is a 

ood descriptor of board financing patterns, unlike Frank and 

oyal (2003) and Fama and French (2005) . Thus, there is no con- 

ensus on the divergence of conclusions. This study’s result does 

ot match the pecking order hypothesis, similar to Morellec and 

churhoff (2011) . 

The next section discusses the economic mechanism of the 

quilibrium under asymmetric information. 

. Model implications 

This section derives a numerical solution to the asymmetric 

nformation problem and discusses the implications of the study 

odel. In the numerical calculation, we set the baseline parame- 

er values in Table 1 . Section 4.1 examines the firm’s delayed in- 

estment under asymmetric information. Section 4.2 considers the 

echanism in which the firm is likely to be induced to issue a 

ix of risk-free debt and equity when the degree of asymmetric 

nformation is large. Section 4.3 investigates the firm’s financing 

capital structure) decisions under asymmetric information. Partic- 

larly, as the degree of asymmetric information is large, the firm 

ith collateral (positive liquidation value) issues a mix of risk-free 

ebt and equity, whereas the firm without collateral issues only 

quity. Section 4.4 considers how asymmetric information affects 

efault and liquidation strategies. Section 4.5 examines the effects 
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Fig. 2. Option values and investment triggers. This figure depicts the option values 

and investment triggers. We see O ∗∗
L (x ) < O ∗L (x ) and x i ∗∗

L > x i ∗L . We assume k = 0 . 5 in 

addition to the baseline parameter values. 
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17 As in (B.18) , a 2 (x i ∗∗
L , c L ) is an increasing function of c L , whereas V L 2 (x i ∗∗

L , c L ) 

is a concave function of c L . When c L increases from θL 1 for a significantly large 

k , an increase in a 2 (x i L , c L ) dominates an increase in V L 2 (x i L , c L ) . Thus, V L 2 (x i L , c L ) −
a 2 (x i L , c L ) decreases with c L , implying that O ∗∗

L 2 decreases with c L . 
18 The firm in H always issues a mix of risky debt and equity even under asym- 

metric information. 
n credit spreads and leverage. Section 4.6 investigates the con- 

icts between the managers and the investors. Section 4.7 consid- 

rs the social loss from asymmetric information. Section 4.8 exam- 

nes the effects of the volatility. 

.1. Delayed investment under asymmetric information 

This subsection considers how asymmetric information affects 

he interaction between the option values and investment triggers. 

Figure 2 depicts O L (option value) and x i 
L 

(investment trigger). 

e assume k L = 0 . 5 in addition to the baseline parameter values.

ere, O 

∗∗
L (x ) is defined as (24) and O 

∗
L (x ) := (x/x i ∗L ) 

β{ V L 2 (x i ∗L , c 
∗
L ) −

} . We see that O 

∗∗
L 

(x ) < O 

∗
L 
(x ) , and x i ∗∗

L 
> x i ∗

L 
, implying that asym-

etric information decreases the option value and increases in- 

estment trigger (delays investment). 

Importantly, while Morellec and Schurhoff (2011) show that 

symmetric information speeds up investment, this study’s anal- 

sis demonstrates that asymmetric information delays investment. 

he difference in these investment strategies is not surprising. In 

he screening game for the shareholder–creditor (or shareholder–

ew shareholder) conflict of Morellec and Schurhoff (2011) , the 

rm in L (the bad type) aims to mimic the firm in H (the 

ood type) to extract more informational rent. The equilibrium 

s achieved by making mimicking more costly for the firm in L 

y speeding up investment for the firm in H and rendering in- 

estment for the firm in L unchanged. Thus, the distance of the 

nvestment triggers for the firms in H and L is enlarged under 

symmetric information. In the screening game for the manager- 

hareholder conflict, the firm in H aims to mimic the firm in L 

o extract more informational rent. The equilibrium is achieved by 

aking mimicking more costly for the firm in H by delaying in- 

estment for the firm in L and rendering investment for the firm in 

unchanged. Thus, at the equilibrium, the distance of the invest- 

ent triggers under asymmetric information, x i ∗∗
L − x i ∗H , is larger 

han under symmetric information, x i ∗L − x i ∗H . Hence, the mechanism 

y which asymmetric information induces the enlarged distance of 

he investment triggers between the firms in H and L is identical 

o that in Morellec and Schurhoff (2011) . 

.2. Mechanism of issuing risk-free debt 

This subsection clarifies the mechanism in which a firm with 

ollateral ( k > 0 ) issues a mix of risk-free debt and equity whereas
L 

7 
he firm without collateral ( k L = 0 ) issues only equity when the 

egree of asymmetric information is significant. 

Figure 3 (a)–(c) depict O L (option value) with c L , according 

o k ∈ { 0 . 2 , 0 . 7 , 1 } (we assume k L ∈ { 0 . 8 , 0 . 3 , 0 } and k H = 1 ). In

ig. 3 (a), we assume k = 0 . 2 , implying a small degree of asym-

etric information. The optimal coupon is c ∗∗
L 

= 5 . 7 > θL 1 = 2 . 88 .

hus, the firm in L issues a mix of risky debt and equity even

nder asymmetric information. However, in Fig. 3 (b), we assume 

k = 0 . 7 under k L = 0 . 3 , implying a significant degree of asymmet-

ic information and a positive-liquidation value, which enables the 

rm in L to provide the amount of money as collateral to the cred- 

tor at the time of liquidation. The optimal coupon is c ∗∗
L 

= θL 1 = 

 . 08 > 0 , which implies that the firm in L issues a mix of risk-free

ebt and equity. In Fig. 3 (c), we assume k = 1 under k L = 0 , im-

lying a significant degree of asymmetric information and a zero- 

iquidation value, which do not enable the firm in L to provide 

ny money at the time of the liquidation. The optimal coupon is 

 

∗∗
L = θL 1 = 0 ; thus, the firm in L does not issue debt. The follow-

ng corollary summarizes these results. 

orollary 1. Suppose the degree of asymmetric information is signif- 

cant. The firm in L with collateral issues a mix of risk-free debt and 

quity, whose debt issuance amount equals the collateral value. How- 

ver, the firm in L without collateral issues only equity. 

We now explain the mechanism by which the firm in L with 

ollateral is induced to issue a mix of risk-free debt and equity 

hen the degree of asymmetric information is significant. Suppose, 

s a benchmark, the symmetric information case. Figure 3 (d) pro- 

ides the close-up of O 

∗
L in Fig. 3 (b). Here, O 

∗
L 1 ( O 

∗
L 2 ) is an increasing

concave) function of c L ≤ 1 . 08 ( c L > 1 . 08 ) with ∂ O 

∗
L 1 

/∂ c L | c L =1 . 08 =
 O 

∗
L 2 

/∂ c L | c L ↓ 1 . 08 > 0 . Thus, the optimal coupon to maximize O 

∗
L 

is

 

∗
L = 8 . 1 > θL 1 = 1 . 08 , implying that the firm in L issues a mix of

isky debt and equity. Suppose the asymmetric information case. 

igure 3 (e) depicts the close-up of O 

∗∗
L 

in Fig. 3 (b). Then, O 

∗∗
L 1 

is

n increasing function of c L ≤ 1 . 08 . Interestingly, however, O 

∗∗
L 2 is a

ecreasing function of c L > 1 . 08 because the degree of asymmetric 

nformation is significant. 17 Hence, the optimal coupon to maxi- 

ize O 

∗∗
L is c ∗∗

L = θL 1 = 1 . 08 , implying that the firm in L issues a

ix of risk-free debt and equity. Moreover, if the firm in L does not

ave collateral ( k L = 0 ), we have θL 1 = 0 , implying that the firm in

 without collateral is induced to issue equity only. 

.3. Capital and debt structure 

In this subsection, for asymmetric information, the study con- 

iders the financing strategies of the firm in L , depending on the 

agnitudes of the parameters k H and k L . Here, there are three dif- 

erent financing strategies: a mix of risky debt and equity, a mix of 

isk-free debt and equity, and all-equity. 

Figure 4 depicts the regions where one of the three types of 

trategies is preferred in the space ( k H , k L ). The line from (k H , k L ) =
0 , 0) to (k H , k L ) = (1 , 1) indicates the boundary of k H = k L . Given

he assumption that k H ≥ k L , we consider only the lower-right tri- 

ngular region to the boundary of k H = k L . Under the symmet- 

ic information benchmark, firms in H and L issue a mix of risky 

ebt and equity for the entire lower-right triangular region. See 

emma 4 for details. 

Under asymmetric information, we consider the preference of 

apital and debt structure for the firm in L . 18 The firm in L issues
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Fig. 3. Values with c L . In Panels (a)–(c), (k H , k L ) are assumedly (1,0.8), (1,0.3), and (1,0), respectively. Panels (d) and (e) depict the close-ups of O ∗L and O ∗∗
L in Panel (b). The 

other parameters are the baseline parameter values. 

Fig. 4. Capital structures under asymmetric information. This figure depicts the fi- 

nancing strategy for the firm in L in space ( k H , k L ). The other parameters are the 

baseline values. 
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4

f  

a  

i

o L  
 mix of risky debt and equity, a mix of risk-free debt and eq- 

ity, and all-equity financing at Points A, B, and C, respectively. 

ee Fig. 3 (a)–(c). The line from (k H , k L ) = (0 . 49 , 0) to (k H , k L ) =
1 , 0 . 35) indicates the boundary of O 

∗∗
L 1 = O 

∗∗
L 2 . The upper-left re-

ion to the boundary of O 

∗∗
L 1 

= O 

∗∗
L 2 

is the region of mixed financ-

ng consisting of risky debt and equity, even under asymmetric 

nformation, because k ≥ 0 in this region is not significant. The 

ower-right region to the boundary of O 

∗∗ = O 

∗∗ , other than the 

L 1 L 2 

8 
ine from (k H , k L ) = (0 . 49 , 0) to (k H , k L ) = (1 , 0) , is the region of

ixed financing consisting of risk-free debt and equity. The line 

rom (k H , k L ) = (0 . 49 , 0) to (k H , k L ) = (1 , 0) is the region of all-

quity financing. 

In summary, when the degree of asymmetric information is 

ignificant, the firm in L with collateral issues a mix of risk-free 

ebt and equity, whose debt issuance amount equals the collat- 

ral value. The mechanism is induced by reducing debt issuance 

ia increasing the degree of asymmetric information. To the best 

f our knowledge, prior relevant studies do not show such re- 

ults. For example, in Morellec and Schurhoff (2011) , the firm al- 

ows for debt or equity financing and issues a fixed amount of 

ebt, which is equal to the investment cost. Shibata and Nishi- 

ara (2010) do not consider a risk-free debt financing because the 

nvestment is completely irreversible (i.e., no collateral). Addition- 

lly, we derive the extreme result that the firm in L without col- 

ateral takes all-equity financing at the equilibrium. This theoretical 

esult accords with those of the theoretical studies by Stiglitz and 

eiss (1981) , DeMarzo and Duffie (1999) , Hennessy et al. (2010) , 

orellec and Schurhoff (2011) , and Piskorski and Wester- 

eld (2016) , where the H-type (L-type) firms issue debt 

equity). 

.4. Default and liquidation strategies 

In this subsection, we consider how asymmetric information af- 

ects default and liquidation triggers. In Fig. 5 , we assume k H = 1

nd k L ∈ [0 , 1] in addition to the base line parameters. Note that an

ncrease in k corresponds to a decrease in k L . When the degree 

f asymmetric information is significant ( k ∈ (0 , 0 . 35] ), it induces
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Fig. 5. Default and liquidation triggers. We assume k H = 1 in addition to the baseline parameter values. Panels (d) and (e) depict the default and liquidation triggers under 

symmetric and asymmetric information, respectively. Panel (f) depicts a close-up of triggers in Panel (e). 

t  

d  

i

m

d

s  
he firm in L to issue a mix of risk-free debt and equity. When the

egree of asymmetric information is small ( k ∈ (0 . 35 , 1] ), the firm

n L then issues a mix of risky debt and equity, even under asym- 
etric information. s

9 
Just before investigating x d ∗∗
L 

(default trigger) and x s 
Lm 

(liqui- 

ation trigger), we begin with reviewing the corresponding re- 

ults of O 

∗∗
L 

, x i ∗∗
L 

, and c ∗∗
L 

/r in Fig. 5 (a)–(c). These three recon-

iderations help us to understand x d ∗∗ and x s in more detail. 

L Lm 
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Fig. 6. Credit spreads and leverage. We assume k H = 1 in addition to the baseline parameter values. 
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irst, Fig. 5 (a) depicts O 

∗∗
L 

(option value in L ). We have O 

∗∗
L 

=
 

∗∗
L 0 for k L = 0 and O 

∗∗
L > O 

∗∗
L 0 for k L ∈ (0 , 1] , where O 

∗∗
L 0 indicates

he option value in L under all-equity financing. Thus, the firm 

n L issues debt as long as it possesses collateral ( k L > 0 ). As in

roposition 1 , O 

∗∗
L ≤ O 

∗
L , where asymmetric information reduces the 

alue. As in Proposition 2 , O 

∗∗
L 

= O 

∗∗
L 2 

decreases with k (a de-

rease in k L ≥ 0 . 35 ). Second, Fig. 5 (b) depicts x i ∗∗
L (investment trig-

er). Here, x i ∗∗
L 0 represents the trigger for the firm in L under all- 

quity financing. We see x i ∗∗
L 

= x i ∗∗
L 0 

for k L = 0 . As in Proposition 2 ,

 

i ∗∗
L 

≥ x i ∗
L 

, where asymmetric information delays investment. Addi- 

ionally, for k L ∈ (0 . 35 , 1] , x i ∗∗
L 

increases monotonically with k (a

ecrease in k L ). However, for k L ∈ (0 , 0 . 35] , x i ∗∗
L has an inverse U-

haped relationship with k . This result theoretically accords with 

artin (2009) , where the relationship between the amounts of in- 

estment and collateral need not be monotonic under adverse se- 

ection in a static approach. Third, Fig. 5 (c) depicts c ∗∗
L 

/r (debt is- 

uance). As in Proposition 2 , c ∗∗
L 

/r ≤ c ∗
L 
/r. Additionally, c ∗∗

L 
= θL 1 for

 L ∈ [0 , 0 . 35] , whereas we have c ∗L > θL for k L ∈ (0 . 35 , 1] . 

We consider the default and liquidation triggers. Figure 5 (d) 

hows the symmetric information bankruptcy triggers: x d ∗
L 

and x s 
L 2 

, 

s a benchmark. Recall that the firm in L defaults (liquidates) 

nce X(t) reaches x d 
L 

( x s 
L 2 

) from the above. We obtain x d ∗
L 

> x s 
L 2 

or k L ∈ [0 , 1] , implying that the firm in L always employs the

efault and liquidation sequentially at x d ∗
L 

and x s 
L 2 

, respectively. 

igure 5 (e) depicts the asymmetric information bankruptcy trig- 

ers: x d ∗∗
L 

= x d (c ∗∗
L 

) , x s 
L 1 

(θL 1 ) , and x s 
L 2 

. For k L = 0 , the firm in L is-

ues equity only. For k L ∈ (0 , 0 . 35] , the firm in L issues a mix of

isk-free debt and equity. Thus, for k L [0 , 0 . 35] , it exercises only

he liquidation at x s 
L 1 

because there is no default under all-equity 
10 
nd mix of risk-debt and equity financing. As in Lemma 3 , we see

 

s 
L 1 

= x d ∗∗
L 

at c L = 0 . 35 . For k L > 0 . 35 , the firm in L issues a mix of

isky debt and equity. Figure 5 (f) provides a close-up of x d ∗∗
L 

and 

 

s 
L 2 

for k L ∈ [0 . 75 , 1] in Fig. 5 (e). From two these figures, we obtain

in { x d ∗∗
L , x s L 2 } = 

{
x d ∗∗

L , k L ∈ (0 . 35 , 0 . 795] , 
x s L 2 , k L ∈ (0 . 795 , 1] . 

hus, for k L ∈ (0 . 35 , 0 . 795] , the firm in L exercises default and liq-

idation simultaneously at x d ∗∗
L 

. For k L ∈ (0 . 795 , 1] , the firm in L

xercises default and liquidation sequentially at x d ∗∗
L 

and x s 
L 2 

, re- 

pectively. Note that x d ∗
L 

= x d ∗∗
L 

for k L = k H = 1 because there does

ot exist asymmetric information. From Fig. 5 (d)–(f), consequently, 

or k L ∈ (0 . 35 , 0 . 795] , asymmetric information changes the default-

iquidation strategy from sequential to simultaneous. We summa- 

ize these results in the following observation. 

bservation 1. Suppose that the firm in L issues a mix of risky 

ebt and equity even under asymmetric information. An increased 

egree of asymmetric information induces the firm in L to employ 

 simultaneous rather than a sequential default-liquidation strategy 

ia a change in the capital structure to reduce debt issuance. 

Observation 1 implies that an increased degree of asymmetric 

nformation is more likely to induce the firm to file for Chapter 7 

iquidation than Chapter 11 reorganization because asymmetric in- 

ormation reduces the optimal amount of debt issuance. This result 

s consistent with the empirical finding of Bris et al. (2006) and the 

heoretical finding of Nishihara and Shibata (2017) . 
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Fig. 7. Managers’ and investors’ values. We assume k H = 1 in addition to the baseline parameter values. 

Fig. 8. Social losses. We assume k H = 0 in addition to the baseline parameter val- 

ues. 
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19 Under asymmetric information, we have V Lm (x i ∗∗
L , c ∗∗

L ) − a m (x i ∗∗
L , c ∗∗

L ) > V L (x i ∗, c ∗L ) 
as in Fig. 2 . 
.5. Credit spreads and leverage 

In this subsection, we consider how asymmetric informa- 

ion affects credit spread and leverage. For the firm in L un- 

er asymmetric information, the equity value is defined as 

 Lm 

(x i L , c L ) − a m 

(x i L , c L ) , whereas the debt value remains unchanged

s D Lm 

(x i L , c L ) . Here, the distortion, a m 

(x i L , c L ) ≥ 0 , is given in

23) and derived via the wage incentive to the managers from the 

nvestors. The total firm value is the sum of two values; that is, 

 Lm 

(x i L , c L ) − a m 

(x i L , c L ) . 

The credit spread (in basis points) is defined as 

s L := 

( c L 

D Lm 

(x i 
L 
, c L ) 

− r 
)

× 10 

4 , m ∈ { 1 , 2 } . 

e obtain cs L = 0 for m = 1 because of D L 1 = c L /r, but cs L > 0 for

 = 2 because of D L 2 < c L /r. Moreover, the leverage (percentage) is

efined as 

 L := 

D Lm 

(x i L , c L ) 

V Lm 

(x i 
L 
, c L ) − a m 

(x i 
L 
, c L ) 

× 10 

2 . 

Figure 6 (a) and (b) depict cs L (credit spread) and l L (leverage), 

espectively. We see cs ∗∗
L 

≤ cs ∗
L 

and l ∗∗
L 

≤ l ∗
L 

. Additionally, cs ∗∗
L 

and 

 

∗∗
L decrease monotonically with k (a decrease in k L ). The follow- 

ng observation summarizes these results. 

bservation 2. Suppose that the firm in L issues a mix of risky 

ebt and equity. Then, an increased degree of asymmetric infor- 

ation decreases the credit spread and leverage monotonically. 
11 
We explain the mechanism of the two results as follows. First, 

e show why asymmetric information reduces credit spreads. As 

n Figs. 5 (c) and 6 (c), asymmetric information reduces c L /r (face 

alue) and D L (debt value). Importantly, the decrease in c L /r is 

ore significant than in D L . Thus, asymmetric information reduces 

s L (credit spreads). Second, we state why asymmetric informa- 

ion reduces leverage. As in Fig. 6 (d), asymmetric information rises 

 L − a (equity value) to compensate for a decrease in D L . Further, as

n Fig. 6 (e), asymmetric information rises V L − a (total firm value) 

ecause the magnitude of increase in E L − a is more significant 

han the magnitude of decrease in D L . 
19 Thus, asymmetric infor- 

ation reduces l L (leverage). 

The result in observation 2 may not be counter-intuitive, be- 

ause this study’s results may not match the pecking order hy- 

othesis, where information asymmetry increases credit spreads 

nd leverages. For example, Bharath et al. (2009) show empiri- 

ally that credit spread increases with the degree of asymmetric 

nformation, on the condition that the debt capacity is not con- 

idered. However, as noted, there is no consensus on the pecking 

rder hypothesis. Leary and Roberts (2010) state that the diver- 

ence is driven primarily by the predictive ability of the capital 

tructure. They show that such predictive ability improves signif- 

cantly only when we allow firms’ debt capacity to vary. In this 

tudy, as in Proposition 2 , asymmetric information reduces debt 

ssuance, reducing credit spreads and leverage. Based on Leary and 

oberts (2010) , the result makes sense. Thus, we provide a testable 

ypothesis that asymmetric information reduces credit spreads and 

everage by decreasing debt issuance, whereas asymmetric infor- 

ation increases credit spreads and leverage by increasing debt is- 

uance. 

.6. Conflicts between well-informed managers and less-informed 

nvestors 

We now compare the option values of the managers (insiders) 

nd investors (outsiders). 

Figure 7 (a) shows M 

∗∗(x ) (managers’ option value). The man- 

gers’ option values have an inverse U-shaped relationship with 

k (a decrease in k L ). We have M 

∗∗(x ) = 0 for k L = 0 (given 

ero-liquidation value) and M 

∗∗(x ) = 0 for k L = 1 (given no infor-

ational rent). Importantly, M 

∗∗(x ) decreases with k for k L ∈ 

0 , 0 . 59] but increases with k for k L ∈ (0 . 59 , 1] . Here, two con-

icting effects drive the shape of the managers’ option value. First, 

n increase in k (a decrease in k L ) increases M 

∗∗(x ) (the “infor-

ational advantage effect”). Second, an increase in k decreases 

 

∗∗(x ) via a decrease in c ∗∗ (the “leverage effect”). Thus, when k 
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Fig. 9. Effects of volatility. We consider two cases—k = 0 . 8 and k = 0 . 2 —by assuming (k H , k L ) = (0 . 9 , 0 . 1) and (k H , k L ) = (0 . 3 , 0 . 1) . The other parameters are the baseline 

parameter values. The former and latter cases correspond to those for large and small degrees of asymmetric information, respectively. 
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s small ( k L ∈ (0 . 59 , 1] ), the informational advantage effect domi-

ates the leverage effect. Hence, M 

∗∗(x ) increases with k . How- 

ver, when k is significant ( k L ∈ [0 , 0 . 59] ), the leverage effect

ominates the informational advantage effect. Thus, M 

∗∗(x ) de- 

reases with k . Therefore, conflicting effects induce the inverse 

-shaped curve. 

Figure 7 (b) shows O 

∗∗(x ) (investors’ option value), where 

 

∗∗(x ) is defined by (22) . O 

∗∗ decreases with k (a decrease in

 L ) for k L ∈ (0 . 145 , 1] but increases with k for k L ∈ [0 , 0 . 145] . Pre-

isely, when the firm issues risky debt, O 

∗∗ decreases with k . 

owever, when the firm issues risk-free debt, O 

∗∗ has an inverse 

-shaped curve with k . 

From Fig. 7 (a) and (b), an increase in k (a decrease in k L )

ransfers the wealth from the investors to managers when the de- 

ree of asymmetric information is relatively small ( k L ∈ (0 . 59 , 1] ).

owever, an increase in k does not always transfer the wealth 

rom investors to managers when the degree of asymmetric in- 

ormation is relatively significant ( k L ∈ [0 , 0 . 59] ). Particularly, for

 L ∈ (0 . 14 , 0 . 59] , an increase in k reduces investors’ and man-

gers’ values. We summarize these results as follows. 

bservation 3. Suppose that the firm in L issues a mix of risky 

ebt and equity. An increased degree of asymmetric information 

ikely shifts the wealth from the less-informed investors to the 

ell-informed managers (“asset substitution”). However, suppose 

hat the firm in L issues a mix of risk-free debt and equity. An
12 
ncreased degree of asymmetric information does not always shift 

he wealth. 

It is common knowledge that asset substitution does not always 

ccur. An increase in k always reduces the total welfare as the 

um of the investors’ and managers’ values (i.e., the social loss in- 

reases), as in the next subsection. 

.7. Social losses of information asymmetry 

We examine the effects of asymmetric information regarding 

ocial loss; the social loss sl(x ) is defined as 

l(x ) := O 

∗(x ) − O 

∗∗(x ) − M 

∗∗(x ) ≥ 0 , 

here x ≤ x i ∗H . The notion of social loss here is identical to that of

renadier and Wang (2005) . 

Figure 8 depicts sl (social loss). We see sl increases with k (a 

ecrease in k L ). Moreover, when a firm is induced to employ all- 

quity financing or risk-free debt financing, social loss increases. 

e summarize these results as follows. 

bservation 4. An increased degree of asymmetric information in- 

reases social loss. In particularly, the social loss is more significant 

nder mixed financing of risk-free debt and equity (or all-equity fi- 

ancing) than under mixed financing of risky debt and equity. 
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The results in observation 4 highly relate to the firm’s bene- 

t from the tax shield. An increased degree of asymmetric infor- 

ation induces the firm to reduce the amount of debt issuance, 

hich induces a decrease in the firm’s benefit from the tax shield. 

hus, the more significant the degree of asymmetric information, 

he more significant the social loss. 

.8. Effects of volatility 

We examine the effects of σ (volatility). Here, σ changes from 

.15 to 0.3. We consider two cases—k = 0 . 8 and k = 0 . 2 —by as-

uming (k H , k L ) = (0 . 9 , 0 . 1) and (k H , k L ) = (0 . 3 , 0 . 1) in addition to

he baseline parameter values. The former and latter cases corre- 

pond to those for the large and small degrees of asymmetric in- 

ormation. 

Figure 9 (a) depicts c L /r (optimal amount of debt issuance). Un- 

er symmetric information benchmark, c ∗L /r increases with σ , as 

n Leland (1994) , Sundaresan and Wang (2007) , and Shibata and 

ishihara (2015) . Consider asymmetric information. When the de- 

ree of asymmetric information is small ( k = 0 . 2 ), the red dotted

ine, c ∗∗
L /r, increases with σ . This property is identical to that un- 

er symmetric information. Interestingly, however, when the de- 

ree of asymmetric information is significant ( k = 0 . 8 ), the red

olid line, c ∗∗
L /r, decreases with σ . This result accords with the 

heoretical findings of studies such as Myers (1984) , Myers and 

ajluf (1984) , and DeMarzo and Duffie (1999) 20 and the empiri- 

al findings of studies such as Fama and French (2005) . Moreover, 

he debt is risky for σ ∈ [0 . 15 , 0 . 269) , whereas it is risk-free for

∈ [0 . 269 , 0 . 3] . 

In summary, under asymmetric information, volatility effects 

nder k = 0 . 2 are different from those under k = 0 . 8 because of

wo conflicting effects: positive and negative effects. Under k = 

 . 2 , a positive effect dominates a negative effect, im plying that an

ncrease in σ increases debt issuance. However, under k = 0 . 8 , 

 negative effect dominates a positive effect, indicating that an 

ncrease in σ decreases debt issuance. The following observation 

ummarizes this result. 

bservation 5. The volatility effects under a significant degree of 

symmetric information differ from those under a small degree. 

hen the degree of asymmetric information is large (small), an 

ncrease in volatility decreases (increases) debt issuance. 

Figure 9 (b) shows cs L (credit spread). Under symmetric infor- 

ation, as a benchmark, cs ∗
L 

increases with σ . Consider asymmet- 

ic information cases. When the degree of asymmetric information 

s small ( k = 0 . 2 ), the red dotted line, cs ∗∗
L , increases with σ . This

roperty is identical to that under symmetric information. When 

he degree of asymmetric information is significant ( k = 0 . 8 ), the

ed solid line, cs ∗∗
L 

, has an inverse U-shaped relationship with σ . 

he nonmonotonic relationship is induced by changing the debt 

rom risky to risk-free with increasing σ . 

Figure 9 (c) depicts sl (social loss). When the degree of asym- 

etric information is small ( k = 0 . 2 ), the red dotted line in-

reases monotonically with σ . However, when the degree of asym- 

etric information is significant ( k = 0 . 8 ), the red solid line has

 �-shaped relationship with σ . The peak of the �-shaped curve 

s at the change of the debt from risky to risk-free. 

. Conclusion 

This study examines how asymmetric information about the 

iquidation value between well-informed managers and less- 
20 In DeMarzo and Duffie (1999) , the optimal face value of debt decreases with 

olatility. 

s

s

c

t

13 
nformed investors affects a firm’s financing (capital structure) and 

nvestment strategies. 

It yields two novel results. First, asymmetric information at 

he time of liquidation delays investment and reduces the opti- 

al amount of debt issuance. Second, when the degree of asym- 

etric information is significant, an increase in volatility decreases 

ebt issuance under asymmetric information, unlike symmetric 

nformation. 

The result of reduced debt issuance given asymmetric in- 

ormation has three economic implications. First, a decrease 

n debt issuance may induce a firm to issue a mix of risk- 

ree debt and equity. That is, the firm must prepare a per- 

ect guarantee for its debt’s face value when a degree of asym- 

etric information is significant, which is quite different from 

hat under symmetric information, where the firm always is- 

ues a mix of risky debt and equity. In other words, a firm 

ith (without) collateral issues a mix of risk-free debt and 

quity (only equity). Thus, this theoretical result provides a 

ew testable implication. Second, a decrease in debt issuance 

ay change the firm’s bankruptcy strategies because such a 

ecrease delays the default (operating concern bankruptcy) but 

oes not affect the liquidation bankruptcy (shutdown). For ex- 

mple, by delaying default given asymmetric information, a 

rm’s optimal bankruptcy strategies are changed from sequen- 

ial default-liquidation to simultaneous default-liquidation. In prac- 

ice, defaults and liquidations are regarded as Chapter 11 reor- 

anizations and Chapter 7 liquidations, respectively, of the U.S. 

ankruptcy code. Hence, as the degree of asymmetric informa- 

ion increases, a firm becomes more likely to file for Chapter 7 

ather than Chapter 11. This result is consistent with the em- 

irical finding of Bris et al. (2006) . Third, a decrease in debt 

ssuance decreases credit spread and leverage. The reason for 

he former is that the decrease in coupon payments domi- 

ates the decrease in the market value of the debt. The reason 

or the latter is that the decrease in the market value of the 

ebt dominates the decrease in the market value of the equity. 

hese results differ from those of Shibata and Nishihara (2010) , 

here leverage and credit spreads are invariant of asymmet- 

ic information. Asymmetric information at the time of liqui- 

ation affects the leverage and credit spreads, although asym- 

etric information at the time of investment does not affect 

hem. 
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ppendix A. Derivation of value functions 

Given x i 
j 

and c j for k = k j ( j ∈ { H, L } ), we derive the value func-

ions for m = 1 (mixed financing consisting of risk-free debt and 

quity) and m = 2 (mixed financing consisting of risky debt and 

quity). We then derive the option value of the project. 

alue functions for m = 1 

Suppose t > T i 
j 

and m = 1 . Under the assumption of perpetual

ebt, the face value of debt equals c j /r. When the debt is risk-free,

ts market value is given by D j1 (X(t) , c j ) = c j /r ≥ 0 , independent

f X(t) . The value of the equity, E j1 (X(t) , c j ) , is given by 

 j1 

(
X ( t ) , c j 

)
: = sup 

T s 
j1 ( ≥t ) 

E 

X ( t ) 

[
e rt 

(∫ T s 
j1 

t 

e −ru ( 1 − τ ) 
(
X ( u ) − c j 

)
d u 

+e −rT s 
j1 

{ 
( 1 − α) k j I −

c j 

r 

} )] 
, 

here E 

X(t) denotes the expectation operator, conditional on X(t) . 

ere, the first term represents the cumulative cash flow from t to 

 

s 
j1 

(the time of liquidation), and the second term represents the 

esidual value at T s 
j1 

. Using the standard arguments of Dixit and 

indyck (1994) , E j1 (X(t) , c j ) is given by 

 j1 (X(t) , c j ) = v X(t) − (1 − τ ) 
c j 

r 
+ 

{
(1 − α) k j I − v x s j1 (c j ) − τ

c j 

r 

}( X(t) 

x s 
j1 
(c j ) 

)
γ , 

(A.1) 

here the optimal liquidation trigger, x s 
j1 
(c j ) , is obtained by 

 

s 
j1 (c j ) := argmax 

y 

{
(1 − α) k j I − v y − τ

c j 

r 

}( X(t) 

y 

)
γ

= 

ε 

v 
{
(1 − α) k j I − τ

c j 

r 

}
≥ 0 . (A.2) 

hus, we obtain V j1 (X(t) , c j ) = D j1 (X(t) , c j ) + E j1 (X(t) , c j ) in (4) . 

alue functions for m = 2 

Suppose t > T i 
j 

and m = 2 . We derive the value functions by

orking backward in two steps. We first derive the value function 

fter default and then derive the value functions before default. 

hese values are similar to those in Shibata and Nishihara (2018) . 

Suppose that the firm defaults. The value of the equity after de- 

ault, W j (X(t)) , is defined as 

 j (X(t)) := sup 
T s 

j2 
(≥t) 

E 
X(t) 
[
e rt (1 − α) 

{ ∫ T s 
j2 

t 

e −ru (1 − τ ) X(u )d u + e −rT s 
j2 k j I 
}]

. 

ote that W j (X(t)) is the value of the original debt–holders the 

ight of corporate ownership is transferred to after default. Partic- 

larly, the first term represents the cumulative cash flow from t

any time after default) to T s 
j2 

(the time of liquidation), and the 

econd term represents the residual value at T s 
j2 

. As in the deriva- 

ion of (A.1) , W j (X(t)) is given by 

 j (X (t)) := 

⎧ ⎨ 

⎩ 

(1 − α) k j I, x d 
j 
≤ x s 

j2 
,

(1 − α) 
(
v X (t) + 

{
k j I − v x s j2 

}(X (t) 

x s 
j2 

)
γ
)
, x d 

j 
> x s 

j2 
.

c

14 
We then derive the value functions before default. The values 

f the debt and equity, D j2 (X(t) , c j ) and E j2 (X(t) , c j ) , are given by

 j2 (X (t) , c j ) := E 

X(t) 
[
e rt 
{ ∫ T d (c j ) 

t 

e −ru c j d u + e −rT d (c j ) W j (x d (c j )) 
}]

= 

c j 

r 
+ 

{
W j (x d (c j )) −

c j 

r 

}( X (t) 

x d (c j ) 

)
γ , (A.3) 

 j2 (X(t) , c j ) := sup 
T d 

j 
(≥t) 

E 
X(t) 
[ ∫ T d 

j 

t 

e −r(u −t) (1 − τ )(X(u ) − c j )d u 
]
, 

= v X(t) − (1 − τ ) 
c j 

r 
+ 

{
(1 − τ ) 

c j 

r 
− v x d (c j ) 

}( X(t) 

x d (c j ) 

)
γ , (A.4) 

espectively. The optimal default and liquidation triggers, x d (c j ) 

nd x s 
j2 

, are 

 

d (c j ) := argmax 
y 

{
v X(t) − (1 − τ ) 

c j 

r 
+ 

{
(1 − τ ) 

c j 

r 
− v y 

}( X(t) 

y 

)
γ
}

= 

ε 

v 
1 − τ

r 
c j = 

c j 

η
> 0 , (A.5) 

 

s 
j2 := argmax 

y 

{
v X (t) + 

{
k j I − v y 

}(X (t) 

y 

)
γ
}

= 

ε 

v 
k j I ≥ 0 . (A.6) 

hus, we obtain V j2 (X(t) , c j ) = D j2 (X(t) , c j ) + E j2 (X(t) , c j ) in (7) . 

ption value of the project 

Given x i 
j 

and c j for k = k j ( j ∈ { H, L } ), the option value of the

roject is given by 

sup 

 

i 
j 
,c j ,w j 

E 

x 
[
e −rT i 

j 

(
E jm 

(X (T i j ) , c j ) −
{

I − D jm 

(X (T i j ) , c j ) 
}

− w j 

)]
, 

(A.7) 

here x := X(0) > 0 . Using standard arguments, the discounted 

actor of (A.7) is rewritten as 

 

x [e −rT i 
j ] = 

( x 

x i 
j 

)
β . 

hus, we obtain the option value of the project for k = k j in (13) . 

ppendix B. Proofs of lemmas and propositions 

roof of Lemma 1 

Suppose x := X(t) > x s 
j1 
(c j ) > 0 and m = 1 . The total firm value,

 j1 (x, c j ) , is given as 

 j1 (x, c j ) = v x + τ
c j 

r 
+ 

{
(1 − α) k j I − v x s j1 (c j ) − τ

c j 

r 

}( x 

x s 
j1 
(c j ) 

)
γ , c j ≤ θ j1 . (B.1) 

ifferentiating V j1 (x, c j ) with respect to c j yields 

d V j1 

(
x, c j 
)

d c j 
= 

∂V j1 

(
x, c j 
)

∂c j 
+ 

∂V j1 

(
x, c j 
)

∂x s 
j1 

(
c j 
)︸ ︷︷ ︸ 

=0 

∂x s 
j1 

(
c j 
)

∂c j 

= 

τ

r 

{ 

1 −
( 

x 

x s 
j1 

(
c j 
)
) γ} 

≥ 0 , (B.2) 

here we use the envelope theorem, i.e., ∂ V j1 /∂ x 
s 
j1 

= ∂ E j1 /∂ x 
s 
j1 

=
 . The positive sign of (B.2) stems from γ < 0 . Thus, V j1 (x, c j ) in-

reases with c j . 
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roof of Lemma 2 

Suppose x := X(t) > max { x d (c j ) , x 
s 
j2 
} > 0 and m = 2 . Note that

e cannot use the envelope theorem because ∂ V j2 /∂ x 
d � = ∂ E j2 /∂ x 

d .

ubstituting x d (c j ) = c j /η into V j2 (x, c j ) yields 

 j2 (x, c j ) (B.3) 

= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

v x + τ
c j 

r 
+ (1 − α) k j I 

( ηx 

c j 

)
γ

︸ ︷︷ ︸ 
=:� j11 

− ε(1 − τ ) + τ
r 

c j 
( ηx 

c j 

)
γ

︸ ︷︷ ︸ 
=:� j21 

, c j ∈ (θ j1 , θ j2 ] , 

v x + τ
c j 

r 
+ 

(1 − α) k j I 

1 − γ

( x 

x s 
j2 

)
γ

︸ ︷︷ ︸ 
=:� j12 

− αε(1 − τ ) + τ
r 

c j 
( ηx 

c j 

)
γ

︸ ︷︷ ︸ 
=:� j22 

, c j > θ j2 . 

ifferentiating V j2 (x, c j ) with respect to c j , we have 

d V j2 (x, c j ) 

d c j 
= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

τ

r 

(
1 −
(ηx 

c j 

)
γ
{

1 + 

γ

τ
( 
θ j1 

c j 
− 1) ︸ ︷︷ ︸ 

< 0 

})
, c j ∈ (θ j1 , θ j2 ] , 

τ

r 

(
1 −
(ηx 

c j 

)
γ
{

1 − γ
(
1 + α

1 − τ

τ

)}
︸ ︷︷ ︸ 

> 0 

)
, c j > θ j2 , 

(B.4) 

nd 

d 2 V j2 (x, c j ) 

d c 2 
j 

= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

τγ

rc j 

(ηx 

c j 

)
γ
{

1 + 

γ

τ
( 
θ j1 

c j 
− 1) ︸ ︷︷ ︸ 

< 0 

+ 

θ j1 

τ c j 

}
< 0 , c j ∈ (θ j1 , θ j2 ] , 

τγ

rc j 

(ηx 

c j 

)
γ
(
1 − γ

{
1 + α

1 − τ

τ

})
︸ ︷︷ ︸ 

> 0 

< 0 , c j > θ j2 . 

(B.5) 

rom (B.5) , V j2 (x, c j ) is a concave function of c j . 

roof of Lemma 3 

First, substituting c j = θ j1 into (A.2) and (A.5) gives x s 
j1 
(θ j1 ) = 

im c j ↓ θ j1 
x d (c j ) . Second, substituting c j = θ j1 into (B.1) and the 

pper equation of (B.3) gives V j1 (x, θ j1 ) = lim c j ↓ θ j1 
V j2 (x, c j ) . Fi-

ally, substituting c j = θ j1 into (B.2) and the upper equation of 

B.4) gives 

d V j1 

d c j 
(x, θ j1 ) = 

τ

r 

{
1 −
( x 

x d (θ j1 ) 

)
γ
}

= 

d V j2 

d c j 
(x, c j ) 

∣∣
c j ↓ θ j1 

> 0 . (B.6) 

roof of Lemma 4 

The problem under symmetric information is the same as the 

roblems that arise when there is no delegation to the managers, 

s the managers have no private information. The firm then sets 

 

∗
H = w 

∗
L = 0 . 

Using Lemmas 1 –3 , there exists c(x ) such that c(x ) > θ j1 , where

(x ) is given as 

(x ) = argmax 
c j 

V j2 (x, c j ) . (B.7) 

hat is, the firm issues a mix of risky debt and equity under sym- 

etric information. 

Next, we provide x i ∗
j 

and c ∗
j 

for k = k j ( j ∈ { H, L } ). For c j > θ j1 ,

ividing the objective function by x β , the problem is defined as 

ax 
x i 

j 
,c j 

G (x i j , c j ) , (B.8) 

here 

 (x i j , c j ) := (x i j ) 
−β
{

V j2 (x i j , c j ) − I 
}
. 

ere, V j2 (x i 
j 
, c j ) is given by (B.3) . Differentiating (B.8) with respect

o x i 
j 

and c j gives 

∂G 

∂x i 
j 

= 

(
x i j 
)−β−1 {

( −β) 
{

V j2 
(
x i j , c j 

)
− I 
}

+ v x i j + γ
[
� j1 q − � j2 q 

]}
, q ∈ { 1 , 2 } , 
15 
∂G 

∂c j 
= 

(
x i j 
)−β ∂V 2 

(
x i 

j 
, c j 
)

∂c j 
. (B.9) 

ifferentiating (B.9) , we obtain 

∂ 2 J 

∂ x i 
j 

2 
< 0 , | S| > 0 , S = 

⎛ 

⎜ ⎜ ⎝ 

∂ 2 G 

∂ x i 
j 

2 

∂ 2 G 

∂ x i 
j 
∂c j 

∂ 2 G 

∂ c j ∂ x 
i 
j 

∂ 2 G 

∂c 2 
j 

⎞ 

⎟ ⎟ ⎠ 

, (B.10) 

mplying that the second-order conditions are satisfied numeri- 

ally. Arranging (B.9) , we obtain x i ∗
j 

and c ∗
j 

for c j ∈ (θ j1 , θ j2 ] by

olving f j1 (x i 
j 
, c j ) = 0 and f j2 (x i 

j 
, c j ) = 0 , where f j1 and f j2 are 

f j1 
(
x i j , c j 

)
:= −( β − 1 ) v x i j − β

( τ c j 

r 
− I 

)
− ( β − γ ) 

[
� j11 − � j21 

]
, 

f j2 
(
x i j , c j 

)
:= 

τ

r 

( 
1 −
(

ηx i 
j 

c j 

)γ{
1 + 

γ

τ

(
θ j1 

c j 
− 1 

)}) 
, (B.11) 

espectively. Moreover, we obtain x i ∗
j 

and c j such that c j > θ j2 by 

olving f j3 (x i 
j 
, c j ) = 0 and f j4 (x i 

j 
, c j ) = 0 , where f j3 and f j4 are 

f j3 
(
x i j , c j 

)
:= −( β − 1 ) v x i j − β

( τ c j 

r 
− I 

)
+ ( β − γ ) 

[
� j12 − � j22 

]
, 

f j4 
(
x i j , c j 

)
:= 

τ

r 

( 
1 −
(

ηx i 
j 

c j 

)γ { 
1 − γ

(
1 + α

1 − τ

τ

)} ) 
, (B.12) 

espectively. Further, arranging f j4 (x i 
j 
, c j ) = 0 gives 

(x i j ) := 

η

h 

x i j . (B.13) 

ote that c(x i 
j 
) is a linear function of x i 

j 
, as originally obtained

y Leland (1994) . Substituting c j = c(x i 
j 
) into f j3 (x i 

j 
, c j ) = 0 yields

f j5 (x i 
j 
) = 0 , where f j5 is 

f j5 (x i j ) := −(β − 1) 
v 
ψ 

x i j − (β − γ )� j22 + βI, (B.14) 

nd we use the following: 

( β − 1 ) v x i j − β τ
r 

η

h 

x i j ︸︷︷︸ 
= c j 
(
x i 

j 

)
+ ( β − γ ) 

αε ( 1 −τ ) + τ
r 

h 

γ η

h 

x i j ︸︷︷︸ 
= c j 
(
x i 

j 

)

(β − 1) v x i 
j 
−
(β
ε 

− (β − γ ) 

= −(h γ γ ) −1 ︷ ︸︸ ︷ {
α

1 − τ

τ
+ 

1 

ε 

}
h 

γ
)

︸ ︷︷ ︸ 
= β−1 

τ
1 −τ

1 
h 
v x i 

j 

 −(β − 1) 
(
1 + 

τ

1 − τ

1 

h 

)
︸ ︷︷ ︸ 

=: ψ 

−1 

v x i 
j 
. 

hus, we obtain x i ∗
j 

by solving f j5 (x i 
j 
) = 0 and obtain c ∗

j 
= c(x i ∗

j 
) . 

roof of Proposition 1 

First, we show that the firm in L issues a mix of risk-free debt 

nd equity for significant k > 0 under k L > 0 and all-equity for 

ignificant k > 0 under k L = 0 . To consider the property of O 

∗∗
L 

(x )

n (24) , we define φLn (x i 
L 
, c L ) as 

Ln (x i L , c L ) := V Ln (x i L , c L ) − a n (x i L , c L ) , n ∈ { 1 , 2 } . (B.15) 

e examine the property of φLn with respect to c L in three steps. 

irst, as in Lemma 1 , V L 1 increases with c L , and x s 
L 

decreases with

 L . Differentiating (B.15) with respect to c L gives 

d φL 1 (x i L , c L ) 

d c L 
= 

d V L 1 (x i L , c L ) 

d c L ︸ ︷︷ ︸ 
> 0 in (B.2) 

− d a 1 (x i L , c L ) 

d c L ︸ ︷︷ ︸ 
< 0 in (B.17) 

> 0 , (B.16) 



T. Shibata and M. Nishihara Journal of Banking and Finance 146 (2023) 106709 

Fig. 10. Comparative statics with k . We assume k H = 1 in addition to the baseline parameter values. 
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here 

d a 1 (x i L , c L ) 

d c L 
= a 1 (x i L , c L ) 

γ

x s 
L 
(c L ) 

ε 

v 
τ

r 
< 0 . (B.17) 

econd, as in Lemma 2 , V L 2 increases with c L for the regions around

L 1 , and x d increases with c L . Differentiating (B.15) yields 

d φL 2 (x i L , c L ) 

d c L 

∣∣
c L ↓ θL 1 

= 

d V L 2 (x i L , c L ) 

d c L 

∣∣
c L ↓ θL 1 ︸ ︷︷ ︸ 

> 0 in (B.6) 

− d a 2 (x i L , c L ) 

d c L 

∣∣
c L ↓ θL 1 ︸ ︷︷ ︸ 

> 0 in (B.19) 

. (B.18) 

here 

d a 2 (x i L , c L ) 

d c L 
= −a 2 (x i L , c L ) 

γ

c L 
> 0 . (B.19) 

hird, as shown in Lemma 3 , we have V L 1 (x i 
L 
, θL 1 ) =

im c L ↓ θL 1 
V L 2 (x i 

L 
, c L ) , x s 

L 1 
(θL 1 ) = lim c L ↓ θL 1 

x d (c L ) , and

V L 2 (x i L , c L ) /∂c L | c L ↓ θL 1 
> 0 . From the three steps, φL 1 (x i L , θL 1 ) =

L 2 (x i L , θL 1 ) , and whether the sign of (B.18) is positive or negative

epends on the magnitudes of the first and second terms on the 

ight-hand side of (B.18) . 

If k ≥ 0 is small, the sign of (B.18) is positive because the first

erm dominates the second term. In this case, the firm chooses 

isky debt financing. If k ≥ 0 is significant, the sign of (B.18) is 

egative, because the second term dominates the first term. In this 

ase, the firm chooses risk-free debt financing or all-equity financ- 

ng. See Fig. 3 for an illustration of the proof. 

Next, we can derive x i ∗∗
L and c ∗∗

L . For c ∗∗
L = θL 1 ≥ 0 (i.e., m ∈

 0 , 1 } ), the problem is defined as 

ax 
x i 

L 

(x i L ) 
−β
{

V L 1 (x i L , θL 1 ) − I − a 1 (x i L , θL 1 ) 
}
. (B.20) 

y differentiating (B.20) with respect to x i L and arranging, we ob- 

ain x i ∗∗
L 

by solving f L 0 (x i 
L 
) + (β − γ ) a 1 (x i 

L 
, θL 1 ) = 0 , where f L 0 is 

f L 0 (x i L ) := −(β − 1) v x i L − β
{ τθL 1 

r 
− I 
}

− (β − γ ) 
1 − τ

1 − γ
(1 − α) k L I 

( x i L 
x s 

L 1 

)
γ , 

(B.21) 

nd x s 
L 1 

:= x s 
L 1 

(θL 1 ) ≥ 0 . For an extreme case of k L = 0 , we have c L =
L 1 = 0 , x s 

L 0 
= 0 , and a 0 (x i 

L 
, 0) = 0 , leading to x i ∗∗

L 
= βI/ ((β − 1) v ) ,

hich is identical to that of Dixit and Pindyck (1994) . 

For c ∗∗
L 

> θL 1 (i.e., m = 2 ), the problem is defined as 

ax 
x i 

L 
,c L 

J(x i L , c L ) , (B.22) 

here 

(x i L , c L ) := (x i L ) 
−β
{

V L 2 (x i L , c L ) − I − a 2 (x i L , c L ) 
}
. 
16
imilar to the derivations in Lemma 4 , differentiating (B.22) with 

espect to x i 
L 

and c L yields 

∂ J(x i L , c L ) 

∂x i 
L 

= 0 , 
∂ J(x i L , c L ) 

∂c L 
= 0 . (B.23) 

ifferentiating (B.23) , we obtain numerically 

∂ 2 J 

∂ x i 
L 

2 
≤ 0 , | A | > 0 , A = 

⎛ 

⎜ ⎜ ⎝ 

∂ 2 J 

∂ x i 
L 

2 

∂ 2 J 

∂ x i 
L 
∂c L 

∂ 2 J 

∂ c L ∂ x i L 

∂ 2 J 

∂c 2 
L 

⎞ 

⎟ ⎟ ⎠ 

, (B.24) 

mplying that the second-order conditions are satisfied. Arranging 

B.23) , we obtain the optimal trigger and coupon payment, x i ∗∗
L 

and 

 

∗∗
L 

, by solving 

f L 1 
(
x i L , c L 

)
+ ( β − γ ) a 2 

(
x i L , c L 

)
= 0 , 

f L 2 
(
x i L , c L 

)
+ γ a 2 

(
x i L , c L 

)
c −1 

L = 0 , (B.25) 

or c L ∈ (θL 1 , θL 2 ] , 

f L 3 
(
x i L , c L 

)
+ ( β − γ ) a 2 

(
x i L , c L 

)
= 0 , 

f L 4 
(
x i L , c L 

)
+ γ a 2 

(
x i L , c L 

)
c −1 

L = 0 , (B.26) 

or c L > θL 2 . 

roof of Proposition 2 

Suppose that the firm issues risky debt ( c ∗∗
L 

> θL 1 ). We then ob- 

ain x i ∗∗
L 

and c ∗∗
L 

by solving (B.23) . Differentiating (B.23) with d x i 
L 
,

 c L , and d(k ) yields 

 

(
d x i L 
d c L 

)
= 

(
−x i L 

−1 
(β − γ ) 

−γ c −1 
L 

)
x i 

−β(ηx i L 
c L 

)
γ q 

1 − q 
I ︸ ︷︷ ︸ 

=: B ≥0 

d(k ) , (B.27) 

here A is defined in (B.24) . Solving (B.27) with d x i 
L 

and c L yields

d x i L 
d(k ) 

= 

1 

| A | 
{

−x i L 
−1 

(β − γ ) 
∂ 2 J 

∂c 2 
L ︸ ︷︷ ︸ 

≥0 

+ γ c −1 
L 

∂ 2 J 

∂ x i 
L 
∂ c L ︸ ︷︷ ︸ 

≤0 

}
B, (B.28) 

d c L 
d(k ) 

= 

1 

| A | 
{

−γ c −1 
L 

∂ 2 J 

∂ x i 
L 

2 ︸ ︷︷ ︸ 
≤0 

+ x i L 
−1 

(β − γ ) 
∂ 2 J 

∂ x i 
L 
∂ c L ︸ ︷︷ ︸ 

≥0 

}
B, (B.29) 

here we employ (∂ 2 J/∂c 2 L ) ≤ 0 and (∂ 2 J/∂ x i L ∂ c L ) ≥ 0 . It is chal-

enging to show the signs of (B.28) and (B.29) analytically. As 
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ong as we have solved (B.28) and (B.29) numerically, the signs 

f (B.28) and (B.29) are positive and negative, respectively. See 

ig. 10 for numerical calculations. 

Suppose the firm issues risk-free debt ( c ∗∗
L 

= θL 1 ). We then ob- 

ain x i ∗∗
L 

by solving f L 0 (x i 
L 
) + (β − γ ) a 1 (x i 

L 
, θL 1 ) = 0 . Differentiating

ith x i 
L 

and k yields ⎧ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎩ 

−( β − 1 ) v −( β − γ ) 

(
x i L 
x s 

L 1 

)γ(
1 − τ

1 − γ
( 1 − α) k L I −

q 

1 − q 
kI 

)
︸ ︷︷ ︸ 

= ( β−1 ) v x i 
L 
+ β( τ ( 1 −α) k L −1 ) I 

γ

x i 
L 

⎫ ⎪ ⎪ ⎪ ⎪ ⎬ 

⎪ ⎪ ⎪ ⎪ ⎭ 

d x i L = 

− ( β − γ ) a 1 
(
x i L , θL 1 

)
k 

d ( k ) , (B.30) 

eading to 

d x i L 
d(k ) 

= −

< 0 ︷ ︸︸ ︷ 
(γ − 1)(β − 1) v 

> 0 ︷ ︸︸ ︷ 
−βI(τ (1 − α) k L − 1) 

(β − γ ) a 1 (x i L , θL 1 ) ︸ ︷︷ ︸ 
> 0 

k, (B.31) 

here τ (1 − α) k L < 1 . For a small k L , the sign of (B.31) is posi-

ive, because the first term of the numerator dominates the second 

erm. For a large k L , the sign of (B.31) is negative, because the sec-

nd term of the numerator dominates the first term. Furthermore, 

 

∗∗
L 

:= θL 1 = r(1 − α) k L I decreases with k because an increase in 

k corresponds to a decrease in k L . 

ppendix C. Related study of Shibata and Nishihara (2010) 

As a benchmark, we derive the solution in Shibata and Nishi- 

ara (2010) . They assume a source of asymmetric information at 

he time of investment rather than liquidation. Under this as- 

umption, asymmetric information does not affect the leverage and 

redit spread. 

They assume complete irreversibility of investment (i.e., k = 0 ). 

ebt is risky because c ≥ θ1 = 0 . This assumption simplifies the 

ebt and total firm values as 

 (X (t) , c) = 

c 

r 
+ 

{
(1 − α) v x d (c) − c 

r 

}( X (t) 

x d (c) 

)
γ , (C.1) 

 (X (t) , c) = v X (t) + 

τ c 

r 
−
{
αv x d + 

τ c 

r 

}( X (t) 

x d (c) 

)
γ . (C.2) 

oreover, they assume the source of asymmetric information is 

he investment cost I, which takes I 1 (low cost) or I 2 (high cost), 

here I := I 2 − I 1 > 0 . Under this assumption, the managers in I 1 
im to mimic the managers in I 2 . Thus, to prevent the mimicking, 

he shareholders impose the incentive-comparative constraint as 

x 

x i 
1 

)
βw 1 ≥

( x 

x i 
2 

)
β
(
w 2 + I 

)
, (C.3) 

hich corresponds to (15) in this study. We omit the description 

f another incentive-compatible constraint, which corresponds to 

16) because it is automatically satisfied at the equilibrium. Using 

imilar arguments, the option value of the project under asymmet- 

ic information is 

 

∗∗(x ) = q 
( x 

x i ∗
1 

)
β { V (x i ∗1 , c 

∗
1 ) − I 1 } + (1 − q ) 

( x 

x i ∗∗
2 

)
β { V (x i ∗∗

2 , c ∗∗
2 ) − I 2 − q 

1 − q 
I} . 

(C.4) 

e compare (22) and (C.4) . In (22) , a distortion, a m 

(x i , c) depends

n x i and c. However, in (C.4) , a distortion, (q/ (1 − q ))I, is inde-

endent of x i 2 and c 2 . These properties simplify the optimal invest- 

ent trigger and coupon as 
17 
 

i ∗∗
1 = x i ∗1 = ξ I 1 , c ∗∗

1 = c ∗1 = 

η

h 

x i ∗1 , 

 

i ∗∗
2 = ξ (I 2 + 

q 

1 − q 
I) > x i ∗2 = ξ I 2 , c ∗∗

2 = 

η

h 

x i ∗∗
2 > c ∗2 = 

η

h 

x i ∗2 , 

(C.5) 

here ξ = (βψ) / ((β − 1) v ) > 0 . Substituting x and c = (η/h ) x

nto D (x, c) and V (x, c) gives 

 (x, (η/h ) x ) = 

{
1 + 

{
(1 − α) ε(1 − τ ) − 1 

}
h 

γ
} η

rh 

x, (C.6) 

 (x, (η/h ) x ) = ψ 

−1 v x. (C.7) 

rom (C.6) and (C.7) , asymmetric information does not affect the 

everage and credit spread (i.e., l ∗∗
2 

= l ∗
2 

and cs ∗∗
2 

= cs ∗
2 
), which con-

rast with l ∗∗
L < l ∗L and cs ∗∗

L < cs ∗L in this study. 
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