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Abstract

This paper investigates the effect of the term structure of interest rates on the corporate optimal
total capital structure. Having derived closed form solutions for the values of debt, tax benefits,
bankruptcy costs and recapitalization costs, we numerically solve for the optimal total capital
structure: leverage, debt service, maturity, call provisions and priority.



The value of corporate debt is not only interlinked with capital structure but also related to the
dynamics of interest rates. Corporate debt is not only a contingent claim on the underlying firm's
assets, but also an interest-rate derivative as well.  Though joint knowledge of debt's value and
capital structure is a necessary condition to determine both corporate debt value and optimal capital
structure, one cannot solve sufficiently accurately for the value of debt, and hence optimal capital
structure, without knowing the dynamics of interest rates.

This article models the capital structure choice in a continuous-time framework, considering
the effect of the dynamics of both underlying technologies and interest rates. We first derive the
fundamental valuation equation for the corporate debt, tax benefits, bankruptcy costs and
recapitalization costs in the context of a dynamic recapitalization problem. Having solved
anaytically for the net benefit of debt as a function of firm's cash flow and interest rates, we then
solved numerically for the value maximizing optimal capital structure: debt coupon, debt principle,
debt maturity and call policy. The resulting optima dynamic capital structure policy depends on
refinancing cost, bankruptcy costs, tax advantages, the underlying assets' dynamics, as well as the
term structure of interest rates. This, in turn, allows us to address number of interesting questions.
For instance, how do the driving factors of interest rate dynamics, i.e. short rates, long rates, and
volatility, influence optimal debt ratio? Does parametric structure of the interest rate dynamics (i.e.
shape of the yield curve) affect the dynamic financing decisions of the firm? To what extent does
the term structure of interest rate have any impact on maturity choice and how? And lastly, does
priority structure of debt relate to term structure of interest rates, and if yes how?

Though two strands of the literature, corporate finance™ and asset prici ngEI have put forth
number of studies regarding corporate debt valuation, our understanding of the effect of term
structure of interest rates on the capital structure policy and hence, corporate debt pricing remains
limited. In one hand, the extant literature on capital structure attempts to jointly value corporate
claims and determine the value-maximizing mix of corporate securities. However, the existing
models assume a flat term structure of interest rates. While on the other hand, the studies on fixed
income securities pricing thrive to present a complete pricing model for risky debt as a contingent
claim on the term structure of interest rates. Ngnetheless, these models assume capita structure to
be fixed. Despite indications from both camps™ on the importance of the interest rate dynamics in
determination of the optimal capital structure and value of corporate debt, we know little as to how
structural characteristic of the dynamics of interest rates affect the capital structure choice.

In our model, a firm is endowed with a technology that determines the firm's cash flow
dynamics. To finance its operations, the firm may choose to issue debt or equity and can alter its
capital-maturity-priority structure at any time. In this setting, the optimal dynamic financing policy
(i.e. amount, periodic service, maturity, and priority of the debt as well as cal provisions) is
characterized by a tradeoff between the tax advantages of debt and bankruptcy and recapitalization
costsin presence of stochastic interest rates. By varying driving factors of the term structure as well
as parametric structure of interest rate dynamics, we explore the impact of the term structure of
interest rates on tax advantages of debt as well as costs of debt financing particularly the probability

! Fischer, Heinkel, Zechner (1989), Leland (1994, and 1998), Leland and Toft (1996), and MallaBerra (1999) are among
the handful of paper who developed continuous time models of capital structure.

2 Merton (1974), Black and Cox (1976), Brennan and Schwartz (1978), Kim, Ramaswamy, Sundaresan (1993), and
Lonsgtaff and Schwartz (1995) are among a handful of studies that presented models of corporate debt pricing.

3 Fischer, Heinkel and Zechner (1989) found that initial leverage ratio and optimal range of dent ratio is decreasing in
risk-free rate. They posited that this is due mainly to increased tax advantages of debt when risk-free increases. Kim,
Ramaswamy, Sundaresan (1993), Leland (1994, and 1998), and Longstaff and Schwartz (1995) found that optimal debt
ratio is increasing in risk-free rate. By in large across all these models, the probability of bankruptcy is decreasing in
risk-free rate, hence leading to less debt financing costs (bankruptcy costs).



of bankruptcy. This, in turn, enables us to examine the influence of the term structure of interest
rates on the firm's optimal leverage, maturity and priority choice.

Our paper extend the existing literature in two important ways. First, we extend the existing
models of dynamic capital structure to account for stochastic nature of interest rates. This, in turn,
enables us to study the impact of the behavior of interest rates on optimal capital structure; leverage,
maturity, call provisions, bankruptcy procedures, and priority. We aso provide closed—form
solution for the value of a perpetual debt under stochastic interest rates, inflation and jumps.

This paper is organized as follows. Section | presents an optimal stochastic control model in
which firm selects optimal dynamic financing decision in presence stochastic interest rates. Section
I examines the impact of the term structure of interest rates on the optimal leverage and maturity
choice using numerical procedures. Section Il discusses the robustness of the results under
aternative model assumptions and parameter values, and lastly, section VI concludes.

l. M od€

Following the traditional studies of capital structure, we assume that investment decisions are fixed
and exogenous of the financing policy. Henceforth, we model the value of a levered firm as a
function of cash flows generated by the firm, term structure of interest rates, leverage ratio
recapitalization costs, and maturity.

In the spirit of extant IiteratureEI and general equilibrium asset pricing model of Cox,
Ingersoll and Ross (1985) (hereafter CIR), we employ following assumptions:

(AO) The firm's investment decision in essence determines its technology and hence the
dynamics of its cash flows. However, we assume that the firm's financing decision is
conditioned on the existing technology, thus there are no interactions between capital
budgeting and financing decisions.

(A1) Under technical conditions, we assume that there exists a vector of R(t) state
variables that governs the dynamics of interest rates™.

(A2) There exists a differential tax system: Corporations are taxed instantaneously at
constant rate of 7.. There is no loss-offset provision of taxes. Individuas, however,
pays taxes on interest and equity income at rate 1p, but they are not taxed on their
capital gain income.

(A3) Investors, individual and corporations, can trade at fair prices within the boundaries
of transaction costs.

(A4) The firm's capital structure consists of debt and equity. The firm can issue coupon
debt with coupon 1, and par value, B, and average maturity, M. The firm can aso

* Merton (1974), Black and Cox (1976), Brennan and Schwartz (1984), Fishcer, Heinkel, and Zechner (1989), Leland
(1994, 1998), , Mauer and Triantis (1994), Leland and Toft (1996), and MellaBarra (1999). These studies derived
continuous time valuation models of firm's value. In essence, these models have relaxed one or more assumptions of
Modigliani and Miller (1958) by incorporating bankruptcy, taxes, and transaction costs. Leland (1998) in fact takes an
step further to explore the effect of agency costs on optimal capital structure particularly on maturity choice. Mauer and
Triantis explore the interaction between investment decisions and financing policy. In spirit of these studies, we
incorporate bankruptcy costs, differential tax treatment, and transaction costs as major value deriving frictions in our
model. Leland (1994) indeed finds that the impact of agency costs on capital structure is negligible. For tractability, we
do however, assume that investment policies are fixed.

® Dai and Singleton (1999) show that under certain technical conditions, any AY representation of term structure of
interest rate can be transformed to Ar representation. In our case, R(t) is the driving vector of state variables that
governs the term structure of interest ratesin a Ar fashion.



adjust its capital structure at any time, but must pay recapitalization costs by doing
so. There are fixed recapitalization costs, kg, as well as proportional costs, kv, on
absolute adjustments of debt's face value adjustments, |AB|. Hence, the total
recapitalization cost is of the form kg + Ky |AB|.

(A5) Following Leland (1994, and 1998), we assume that debt is continuously retired at
par at a constant rate of m. Thisin fact resembles to a sinking fund that repurchases
debt at par. Though no explicit maturity is stated for the debt, Leland shows that
average maturity is equal to 1/m, meaning as the debt repurchase rate increase, the
maturity debt shortens. Nonetheless, we assume that this continuous retirement and
reissuance of debt is costly. We assume this cost is proportional at a rate kn, to
retirement rate, mB.

(A6) The bond indenture provisions prohibits stockholders from selling assets to pay any
dividends, and maintains absolute priority for bondholders. In occasion of default,
the firm incurs a total deadweight cost is equal to g v(C-,R"), where 0 < g < 1, and
v(CHRY) is the unlevered value of the firm at the time of default. We maintain that
smooth pasting conditions are to be met, in other words, at default point (C-,R"),
ov(C,R) / 0C =0, and 0v(C,R) / 0R = 0. Note that the bond indenture demands that
the firm to make the continuous debt services, interest and retirement of par, before
paying any dividend to stockholders, hence, C- = 1 + mB.

(A7) Similar to previous studies [Goldstein et a (1997) and Leland (1998)],
recapitalization occurs when bonds are called. One, if the value of corporate bond is
equal to some pre-specified call price, B¢ = (1+8)B, where S is known and fixed.
This is indeed departs from reality since most call prices decrease in time. In such
event, firm can recall the outstanding bonds and issue a new bond with new face
value. For simplicity, we assume that at recapitalization, the optimal capital
structure, X = (B, 1, CY, RY, CY, R, m), is adjusted with a factor of proportionality
p” = Vv(C” RY)M(Cy,Ry), where v is the unlevered value of the firm.

A. The Valuation of Firm

In this section we derive the fundamental valuation equations for the value of debt, tax
benefits, bankruptcy costs, and recapitalization costs for a general recapitalization policy. Note that
the value of debt is merely sum of the unlevered value and tax benefits less of bankruptcy and
recapitalization costs. Then, we define the boundary and smooth-pasting conditions for each
equation. Since the resulting valuation equation is

Let's define cash flow generated by the firm's technology, C, for which the progression
through time is govern by a geometric Brownian motion such as follow:

dC=a(C,t) dt +o(C,t) dw (1)

where, C is cash flows generated by the firm, a (C,t) is the drift of the cash flow process, o (Cjt) is
the instantaneous volatility of the cash flow process, and W is a standard Wiener process. Though
drift and volatility can obviously be functions of time and cash flows, for simplicity and without
loss of generality, we assume that both these variables are constant.

We also assume that the term structure of interest rate are govern by a vector of state
variable, R(t), and the dynamics of interest is as follow:



dR = u(R,t) dt+ S(R,t)dw ® )

where, u(Rt) is the drift vector of the interest rate dynamics, S'Sthe non-negative positive

covariance matrix of the term structure process, and WX (WRL W) is a vector of orthogonal standard
Wiener processes.

Using aforementioned assumptions and adapting CIR fundamental valuation equation, we
can write the valuation equation for the debt and equity as following:

102Dy +G D, +1tr(S S)D, +AD, - (r+m)fi-1 )D+(1 )1+mB )=0 )

where, r is the instantaneous rate, @ and [ are risk-adjusted returns due to cash flows and
underlying term structure, respectively. Assuming that risk premium on factors are proportional to
variance of the underlying process (like CIR), then the drift parameters can be defined as functions
of initial drifts, risk premia, and dividend yield.

We also know that the firms levered value is given by:

V(C,R;X)=D(C,R; X)+E(C,R; X)=v(C,R)+TB(C,R; X)-KC(C,R; X)-BC(C,R; X) (4
where v is the unlevered value of the firm, TB(C,R;X) tax benefits, KC(C,R; X) is the total

recapitalization costs, and BC(C,R; X) is the bankruptcy cost. By local expectation, the unlevered
value of the firm is essentialy equal to:

v(C.R)=E, % u) p@ﬁz r(s)ds@ du )
54 H
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Using CIR pricing technique and Leland (1998) valuation scheme, for any contingent claim
on the firms cash flows we can write a fundamental valuation equation follows:

102 Fe +@F, +3tr(S S)F, +fiF, -r{l-1,)F +CF(C,R;B)=0 (6)

where CF(C,R; X) is the after-tax continuous cash flow generated by the contingent claim. In case
of tax benefits, TB, for C-<C< C” and R-<R<R", the above equation is written as

102 TBy, +@TB +1tr(S S)TB, +ATB, ~r -7, J1B+{, -7, ) =0 (7)

The total recapitalization costs, KC = KC* + kg + kyB, where KC* is the recapitalization cost due to
continuous retirement. For C-< C<C" and R-<R <R, the fundamental valuation equation of
KC* can be written as

102 KC*q +@KC* . +1tr(S S)KC*,, +AKC*, —r(l—rp)KC* +(1—Tp)KmmB:0 )

And, lastly for the bankruptcy costs, BC, for C- < C < C” and R- <R < R", the fundamental
valuation is defined as



10? BCy. +d BC, +1tr(S S)BC, +ABC, ~r(l-7,)BC=0 9

Since the objective of the firm is to maximize the total levered value, or equivalently to
maximize the net benefits of debt (i.e. tax benefits minus al costs). Thus, we can write the
objective function as

%{NB(C,R; X)=NB* (C,R; X )-k; -k, B =TB(C,R; X)-KC(C,R; X)-BC(C,R; X )} = (10)
r}(%({NB(C,R; X)=NB* (C.R; X)~K¢ K, B | 10° NB*¢ +GCNB* +

+1tr(S S)NB*,, +1V, —r(l—rp)NB* +(r, —Tp)l —(l—Tp)KmmB—KF ~k,B =0}

where, NB(C,R;X) = TB(C,R:X) — KC(C,R:X) — BC(C,R:X), ® = (¢, ¢) is the market-clearing
vector of the factors risk premiafor corporate debt, and C-<C<CY and R"<R<RV.

B. Boundary Conditions:

For equation (3), we know that at the lower bounds, when bankruptcy occurs, the firm cash flow is
at C" and term structure of interest ratesis at R-. In occasion of default the dead—weight bankruptcy
cost is proportional to the unlevered value of the firm, v(C-,R"), and hence, the binding lower
boundary for the value of corporate debt can be rewritten as:

D(C',R"; X)=(1-g)v(C",R") (11)

Note that at default, the limited liability provision demands that the value of equity to be at its
maximal, hence, we require following smooth—pasting conditions to be held:

lim GE(CL,RL;X)/GC:{ lim L}aE(CL,RL;X)/aR:O

{C,R}~{C",R"} C,R}-{C".R

Where, {C", R"}is the bankruptcy triggering duply, and E(C,R;X) is the value of equity.

The equation (3) is aso subjected to call provisons which govern the upper boundary
condition. Any bond issue can be called back at a pre—specified call price, proportiona to the
bond's face value. Hence, the binding upper boundary for the value of corporate debt is:

D(CY,RY;X)=B° =(1+B)B (12)

where {CY, RY} is the triggering duple for recapitalization. Since this duple represents a plane, at
any point on the plane the following smooth—pasting conditions has to hold:

lim }aD(CU,RU;X)/GC: lim }OD(CU,RU;X)/GR:O (13)

{C.R} -{CY ,RY {C,R} -{CY ,RY

For equation (7), we have that TB(C”,RY;X) = p” TB(Co,Ro;X), and p” = v(C"”,R")M(Co,Ry).
Also, since we assumed that there are no loss-offset provisions, thus TB(C-,R";X) = 0.



For equation (8), we have that KC*(CY,RY;X) = p" [KC*(Co,Rp:X) + kyB] + kg, and
p” = (CYRY)M(Co,Ry). Also, since we assumed that there are no loss-offset provisions, thus
KC*(C"R":X)=0

For equation (7), we have that BC(C",RY;X) = p” BC(Co,Ro;X), and p” = v(C”,R")M(Co,Ry).
Als(o,LsirLIS:e we assumed that there are dead-weight costs of bankruptcy, thus BC(C,R":X) =
g Vv(C ,R").

Since net benefits of debt, NB(C,R;X) = TB(C,R;X) — KC(C,R;X) — BC(C,R;X), the
boundary-initial conditions are NB(CY,RY;X) = p” NB(Co,Rp;X) — p” kv B - kg and
p” = v(C”,RY)V(Co,Ro), and also NB(C,R";X) = - g v(C-,RY).

. Optimal Capital-Maturity Structure and Risk Free Rate

To analyze the impact of interest rates and parametric structure of the its dynamics on the
optimal capital-maturity choice, we assume that term structure of interest rates can be appropriately
modeled by a one-factor CIR model. As discussed earlier, the optimal decision for afirm would be
to choose the set of control variables, namely optimal (i.e. value-maximizing) capital-maturity
structure, X, given the market-clearing vector of risk premia, @, such that equation (10) is satisfied.

To solve equation (10), one essentially ought to solve a free-boundary problem. However,
given the orthogonality of cash flow and interest rate processes, one can solve analytically for the
objective function in equation (10). Though we cannot analytically solve for the solution to
maximization problem, the numerical procedure can be easily implemented to find the optimal
capital-maturity structure.

Proposition 1. Assume an economy in which the term structure of interest rates follows a CIR
dynamics (Feller process) such as following:

dr(t) =k(0 —r(t))dt + o, \/r()dW" (14)

and the evolutions of the firm's cash flow is governed by an Ornstein-Uhlenbech process such as
following:

dC(t) =a C(t) dt + o dW (15)

Given that the previous processes are orthogonal, then the value of a contingent claim, F(C,r;X), on
the firm's cash flows, C, and term structure of interest rates which perpetually pays a known
amount, J, can be expressed as.

102 Fy +l@C-2.02)F, +10?rF, +|k6 -k +A.a2)r[F, -r (].—Tp)F +5(t)=0 (16)
where, A;isrisk premium parameter of the contingent claim F(C,r; X) with respect to interest rates,

Ac is risk premium parameter of the contingent claim F(C,r;X) with respect to cash flows. For
which there exist a general solution, F(C,r; X) of the form:



FC.r; ><):§35(r)F>(r,r)olr+ K:M(Q°(K)2w(C)IM Q' (K,), S s¢r)g” (a7

Where, P(r,T) isthe r%iice of a default-free zero-coupon bond with time-to-maturity of T, M(a,b;u) is
the Kummer function®, and K; are constants.
By CIR, for P(r,t) we have:

P(r,T) = AT) exp{- B(T) 1} (18)
where;
1 2«6
A(T) = E(K +A fy ii;i;:y_)tlﬁ 2y éaf
_ r2y e’ >
D= A, e —D)vzy

yE[(K +A* ) +20r2]%

where, A", is risk premium parameter of a default-free zero-coupon bond with respect to
instantaneous rate, r. Furthermore, the parameters are given by:

C(K,)=-"z
Q7 (K2)==7,

2K, (20)

® M(a,b;2) are defined respectively as following [ see Abromowitz and Stegun (1977) for details]

o a (a)2z2 (ﬁl)nZn
M(a,b;z) =1+ -+ (b),2 ot (b), ! *

where;

(a)n =a(@a+(a+2)--(a+n-1), (a)g =1



CEZ%(*‘/\;O}ZE_'_Z(]'_JJS
o’ of g

Proof. See Appendix A.

Applying the relevant boundary conditions, the net benefits of debt, NB(C,r;X), can be
expressed as following:

NB(C,r; X)=[(, -1, ) - -7, )k mB -k —K, B]#j P(r,7)dr
"\ o (21)
+AMQ(A)AWOIMQ (A). 5" icr)e

where corresponding to K; and K, , constants A; and A, can be determined using the boundary
conditions of (9). A closed form solution for A = (A; , Ap) is provided in Appendix B. Since the
(21) now can be analytically expressed in terms of optimal capital structure, as well as parameters
of cash flow and interest dynamics, the optimization problem can be rewritten as:

max {NB(C,r; X)} = max Q(rc -1 )Ji-(-1, )k ,mB-K; —k, B]ﬁ[] P(r,7)dr
° (22)
+AMQE(A) 2 wEIMQ (A), 575 6r)e”

Oodod

ST.

D(CY,rV;X)=(1+p)B

lim aD(CY,RY;X)/0C= lim dD(CY,R’;X)/0R=0
{C.R}~{C" R} {C,R}~{C" ,RY}
D(CY,RY; X)=(@-g)v(C",R")

lim GE(CL,RL;X)/GC:{ lim L}aE(CL,RL;X)/aR:O

{C,R}~{C",R"} C,R}-{C".R

Though the solution to the constrained maximization problem cannot be obtained analyticaly in
terms of cash flow and interest rates dynamics, using numerical optimization procedures, one can
easily solve for the optimal capital structure, X.

Since the unlevered value of debt is also a contingent claim on cash flows and interest rate
one may have to solve similar partial differential equation to (6). However, from our familiar
discounted cash flow valuation models, one can write:



v(CL,rL;X):[]leQ[C(r)|C(0):CL] P(r,7)dr

where, P(r",7) is the value of a zero-coupon bond defined by (18) and (19), and C" =1 + mB, isthe
expected cash flow at default, and defined as following:

E,[cco) =ct]=cte” +/\<§TG(1_GM)

A. Value of Corporate Debt and Credit Soread

Given the optima capital structure found in previous section, we know study the comparative
statics of the corporate debt with respect to

[11.  Optimal Capital-Maturity Structureand Term Structure of Interest Rates

Though in previous section, we have found some startling results, one could argue that without
accounting for complexity of term structure of interest, one cannot examine the effect of the
dynamics of interest rate accurately. Despite significant advances in the literature of term structure
of interest rates, there are no correct models. However, recent studies of the term structure of
interest rates have shown that the explanatory power of the model increases as the number of factors
increases. [Brenan and Schwartz (1979), Schaefer and Schwartz (1984), Heath, Jarrow and Morton
(1988), Dybvig (1989) and, Lamoureux and Witte (1998)]. Brenan and Schwartz (1979) suggested
a two-factor model, using long-term as well as short-term interest rates. Schaefer and Schwartz
(1984) used the spread between short-term and long-term interest rates and long-term interest rates
to model the term structure of interest rates. Litterman and Scheinkman (1988) proposed that
factors such as level, stegpness, and curvature of the yield curve could be used to explain the
variations of the yield curve. Lamoureux and Witte (1998) showed that as number of factors
increases the explanatory power of the model increases.

Chen (1996) presented a three-factor affine model of the term structure of interest rates,
which revealed similar properties to that of Litterman and Scheinkman (1988). Dai and Singleton
(1998) found that in a comparison among different affine models of the term structure of interest
rates, Chen's (1996) performed the best. Hence, following Chen (1996), we model the evolution of
the term structure of interest rates, R = (r,6,0)T, is governed by three factors for which the dynamics
of instantaneous rates, r, central tendency, 6, and volatility of instantaneous rates, v, is defined by
the system of stochastic differential equation of:

dr(t) =« [B(t) - r(t)] dt + Ju(t) dw"
do(t) = £[6 - 8(t)|dt + 7 /B() aw? 23)
du(t) =w[o - u(t)] dt +n.fu(t) dw’

and, W L W? L W are Weiner processes of the order one.

10



Assuming the term structure of interest rate can be modeled appropriately by (23), and cash
flows of the firm can aso be modeled by (15), under technical conditions, the value of a contingent
clam, F(C,R;X), on firm's cash flows, C, and term structure of interest rates, R, which perpetually
pays a known amount, d, can be expressed as:

30° Fee +(CYC—ACJZ )Fc +UF, "'[K6 —Kr _ArU]Fr +3{ 0 Fy +|_EQ_—(E+}\9Z2)GJF9

NS R T SR

N

Using change of variables such as C=C, u=(@-r)uz, 6=6, and wv=u, equation
(26) can berewritten as:

107 Fo +(@C-2007 )Fe +2 Ry —fu-A, VulF, +12 20 F,, +[68 - (£ + 4,0 2)6]F,

—(1—rp)9 F+in®vF, +[wU—(w+)\Unz)u]FU +(1—rp)\5u F+3(t)=0

Applying the change of variables of C=C, w=ku-A,u, 6=6, and Uv=v, then we can
rewrite the equation as following:

10% Fee +(ar(:—}\ca2 )FC +1k? F,, — KWF, +%(1—rp)/vu% F
#1020 Fy + [0 - + 0,02 JolF, - (-1, o F
+in®uvF,, +[wU—(w+/\Unz)u]FU —%(1—rp))\rul= +3=0
Rearranging the equation, we can write (26) in form of operators L and V as following:
L[C,w,8,0;0C,dw,08,du]F (C,w,8,v) =V[C,w,8,U F(C,w,0,0) - & (27)

Subject to boundary conditions:

F(CU 1WU )6U )UU)+KU F(CO’WO’GO’UO): BU
F(C-,w",8%,0")+K" F(C,,wW,,0,,0,) =B"

where;

L[0 =30%0c +{aC-Ae0? e +26%0,, —kWd,, + 1 0-1, I
+17700,,+[60 - (£ + 2,22)0lo, - (-7, ) 28)
+%'72U6uu +LDU_QD+/\U'72)U]6U _%(]'_Tp)’\ru

V[ =21, We-0)

In order to find a solution to (27), we can use the Green's function that solves following:

L[G(C,w,6,u;C,F,8,0)] =0 (29)

11



Subject to boundary conditions:

G(cY,w’,8% v

16,0)+K" G(Cy,Wy.0,,0,:C.7,6,0) = BV 5(C - E p(w-w)sle -6)5(v -0)
G(C",w",8",v 0,0

V.C,f
“C,7,0,0)+K" G(Cqy, Wy, 0,,U,;C,7,6,0) = B-5(C -C)s(w-w)35(p -6)s(v-0)

where &) isthe Dirac function.
With the method of separation of variables, we then solve for Green's functions and the

value of contingent claim.

Lemma 1. The Green'sfunction for the fundamental PDE (26) is given by:

A

G(C,w,0,0;C,W,6,0; X) = K, (C,W,6,0)M(Q° (K, (€. W,8,0)),: w(C))
M (Q" (K, (E, W 6,0)), 3 c(w)
xM(Q%,S%;¢°0)M(Q",S";¢"v)
xexp{(l—rp) [(r o)™ +/\ru]+¢96+¢“u}

(30)

where,

2 3
w(Q)——iE:—AC“ g &Y
g a

Q =~ 2K BVPE
Q@E_ﬁ_zse
_ %6
SG:ZZCQ
E+A,0% 1
6 — 0 _+ 6
¢° = 72 5 ¢

12
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¢’ = -G
n 2

2 I
CU E2 +AU’7 +2(1 TP)ATD
n* kn* H

where, M(a,b;u) is the Kummer function, and K; are constant that solve following boundary
conditions:

G(cY,w’,8" 0"

:C,7,6,0)+ K" G(Cy, Wp,0,,0,:C,7,6,0) = BU5(C - C 5 (w-w)5(6 -6)5(v -0)
G(C",w",0%,0";C,F,6,

7,6,0)+K" G(Cy,W,,6,,0,;C,7,6,0) = B*5(C - C)s(w-w)3le -6)5(v -0)
where, K’ = -p”  K-=-p",BY=-p" k\B — k¢, and, B-= - p" k\B —kr —gB - G.

Using the perturbation method of approximation, we can derive a closed form solution for
the value of the contingent claim.

Proposition 2. Assume an economy in which the term structure of interest rates follows a dynamics
such as (22) and a firm's cash flow can be defined properly by an Ornstein-Uhlenbeck process such
as (15). Given that the aforementioned processes are orthogonal, then the value of a contingent
claim, F(C,R;X), on firm's cash flows, C, and term structure of interest rates which perpetually
pays a known amount, o, can be expressed is:

F(C,w,0,0) =F,(C,w,0,0)+F,(C,w,6,0)+F,(C,w,0,0) +-- (32

where;
F,(C,w,6,0) :5# gj 55 []lje(c,w,e,u; W, 8,0)dC dwd do
and,

F,(C,w,0,0) = # []lj []lj []lj G(C,w,0,u; A,v“v,é,O)V[A,v‘v,é,O] F,(C,W,8,0)dC dwdé do

13



where;

V|c,w,6,u] :1_KT'° W@—U;)

Proof. See Appendix A.

Applying the relevant boundary conditions, and substituting o cash flow the optimization
problem can be rewritten as:

max {NB(C,R; X )}

ST. (22)

D(CY,rV;X)=(1+p)B

lim oD(CY,RY;X)/dC= lim oD(CY,RY;X)/0R=0
{C,R}-{C" R"} {C.R}-{C" R}
D(C,RY; X)=(@-g)v(C",R")

lim GE(CL,RL;X)/GC:{ lim L}aE(CL,RL;X)/aR:O

{C,R}~{C",R"} C,R}-{C".R

Though the solution to maximization problem cannot be obtained analytically in terms of cash flow
and interest rates dynamics, using numerical optimization procedures, one can easily solve for the
optimal capital structure, X.

V. Optimal Priority Structureand Term Structure of Interest Rates

Though in previous section, we have focused primarily on the effect of factors of term structure of
interest rates on capital as well as maturity structure. However, one the most important features of
corporate debt structure is the priority hierarchy of the debt claims. Black and Cox (1976) have put
forth the first analysis of such kind, and shown that in presence of junior claims, the senior debt's
loss of value at bankruptcy decreases. Smith and Warner (1979) speak in length regarding the
senior bond covenants. 1n accordance with their analysis and in addition to assumptions A0 — A3,
we refine original model by following assumptions:

(A4') The firm's capital consists of senior callable and junior callable debt, as well as

equity. Both senior debt and junior clams are coupon bonds, with continuous
coupon payments of 1°and ”, par values of B%and B’ , and average maturities of M®,

14



and M’, respectively. The firm can aso adjust its capital structure at any time,
maintaining the priority rules. For both kind of debt claims, the recapitalization is
costly: there exist fixed recapitalization costs, kg, as well as proportional costs, kv,
on absolute adjustments of debt's face value adjustments, |[AB|. Hence, the total
recapitalization cost is of the form kg + ky |AB.

(A5) Senior debt covenants requires firm to retire both debt clams face values
continuously at constant rates of m°>and m’, providing that m’ < m°. In essence, this
is equivalent of having two sinking funds for either debt classes, while the senior
debt's sinking fund is funded at afaster pace. This assumption, indeed allows senior
bondholders to assure full payment before junior claimants are paid in full. Like
original model, we assume that the continuous retirement and reissuance of debt is
costly. We assume that regardless of priority the cost is proportional at arate km to
retirement rate, mB.

(A6) The senior bond indenture provisions prohibits stockholders from selling assets to
pay any cash distribution to junior claimants or stockholders, and maintains absolute
priority for senior bondholders. In the event that the firm's cash flows are not
sufficient enough to cover the required debt services, senior or junior, firm defaults.
In the event of default, the senior bondholders have absolute priority, meaning that
junior claimants cannot be paid unless senior creditors principleis paid in full. If the
market value of the unlevered assets in place is less than face value of senior debt,
senior bondholders liquidate the assets for its market value and receive the payments.
If, however, the market value of assets in place is greater than face value of senior
debt but less than the face value of total debt, then after liquidation and full payment
of par to senior claimants, the junior bondholders receive the residual value. For
simplicity, we assume that the market value of assets in place is proportiona to
unlevered value of the firm with factor of K*. Regardless of the outcome, the
financia distress (default) is costly and the total deadweight cost is equal to
g v(C",R"Y), where 0 < g < 1, and v(C",R") is the unlevered value of the firm at the
time of default.

(A7) If the value of corporate bond, senior or junior, is equal to some pre-specified call
price, B = (1+B)B', where Bis known and fixed. Thisisindeed departs from redlity
since most call prices decreaseintime. In such event, firm can recall the outstanding
bonds and issue a new bond with new face value. For simplicity, we assume that at
recapitalization, the optimal capital structure, X = (B®, 15, C¥, R¥, RY, m® B’, I’
cY, RY, R ), is adjusted with a factor of proportionaity p"
V(CY,RYNV(Co,Ro), where v is the unlevered value of the firm [see Goldstein et al
(1997) and Leland (1998).]

(A8) Additionally, we assume that senior debt indenture requires that face value and
average maturity of the junior to be weakly smaller than those of the senior debt or,
B’ < B®and m’ < m>. Since junior bondholders provide funding at a disadvantage,
we also assume that risk premia of the junior debt is greater than that of senior debt,
or V> NS,

A. Valuation of Total Net Debt Benefits and Boundary Conditions

Like original model, the value of any contingent claim on cash flows and term structure is
given by (26). In presence of two types of debt, however, the total net debt benefit is rather
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complicated. As such, we define the total net debt benefits as a sum of net benefits of senior and
junior debt as following:

NB(C,R; X) =NB®(C,R; X )+NB”’(C, R; X) (25)

Since events proceedings a default is a function of senior and junior debt characteristics, the
boundary conditions for each of the two classes of bonds are different. For upper boundary, call
provision, the boundary conditions for both senior and junior debt is similar to that of the original
model, correcting for each class's characteristics. Hence, for senior debt claims, NBY(C* ,R¥:X) =
0> NB(Co,Ro;X) + (0™ +1)(kr + kyB®), where o = v(C¥ ,R¥)M(Cy,Ro), and DX(CF ,R¥:X) = B,
Also, for junior debt claims, NB(C,R:X) = p™ NB(Co,Rp:X) + (0" +1)(kr + k\B’), where p™ =
v(CY R)\(Co,Ry), and D(CV RY:X) = B

For lower boundaries, we have to note that the tax benefits and recapitalization costs will be
different across the senior and junior debt. Having considered the impact of such differences, for
senior debt, we have that NBY(CYRY;X) = - g W(C™,R™). For junior debt claims, however, we
have NB(C* R X) = - g (C*,R™) - B% Additionally we require that DS(C%,RY;X) = (1-q)
v(C* RY), DY(C* R™:X) =B® D(CT RY:X) =0, and D’(C*,R™:X) = (1-g) v(C-,R™M).

B. Optimal Total Capital Structure and Term Structure of Interest Rates:

Since the objective of the firm is to maximize the total levered value, or equivalently to
maximize the total net benefits of debt (i.e. tax benefits minus all costs), providing that (A8) is held.
Thus, we can write the objective function as

mex {NB(C,R; X) =NBS(C,R; X)+ NB”(C, R; X )} (26)

subject to following constrains:

AJ>AS

B® > B’

D(CY,rV;X)=(1+p)B

lim aD(CY,RY;X)/0C= lim dD(CY,R’;X)/0R=0
{C.R}~{C" R} {C,R} -{CY RV}

D(CY,RY; X)=(@-g)v(C",R")

lim O0E(C-,R";X)/0C= lim 0E(C"-,R";X)/0R=0
{C.R}-{C",R"} {C.,R} -{C",R"}

where, NB(C,R;:X) = NBY(C,R:X) + NB(C,R;X), ® = (¢, @) is the market-clearing vector of the
factors' risk premiafor corporate debt, and C*<C*+<C<cC! andR*<RT<R<R".

V. Optimal Capital Structureand Inflation
To analyze the impact of inflation and parametric structure of the its dynamics on the
optimal capital-maturity choice and maintain tractability, we assume that term structure of interest

rates can be appropriately modeled by a one-factor CIR model, or equivalently (14). The inflation,
m(t), and the firm's cash flows, C(t) are both stochastic and they can be appropriately modeled as:
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dr(t) =k, (7T - m(t)) () it + o, 772 () AW ™

) (28)
dC(t) =a m(t)C(t) dt + o 712 (t) dW

Like previous cases, we maintain that evolutions of inflation, cash flows and interest rates to
independent. Hence, we know that correl ation between the inflation and cash flow is zero.

Proposition 3. Assuming the aforementioned economy, and that all processes are orthogonal, then
the value of the value of a contingent claim, F(C,r,75 X), on firm's cash flows, C, interest rates, r,
and inflation, 7z which perpetually pays a known amount, J, can be expressed as.

102mF +@C-A.0? )mF, +102rF, +[k6 -(k +A, )r]F, (29)
+ig2m’ F,T,T+[(K,Tﬁ—)\}Ta,2,)—(K,, +)\§T)7T]71Fr -r (].—Tp)F +5(t)=0
where, A; is risk premium parameter of the contingent claim F(C,r,7zX) with respect to interest

rates, Ac isrisk premium parameter of the contingent claim F(C,r, 7z X) with respect to cash flows.
For which there exist a general solution, F(C,r, 7z X) of the form:

00

F(cr,m X):%é(r)P(r JT,T)dT + K, M(Q (K, ),2,L,U(C))M(Q“,S’;cr)M(Q”,S“;v)v” g (30

where, P(r,7tt) is the price of a default-free zero-coupon bond with time-to-maturity of T, M(Q,S;u)
is the Kummer function, and K; are constants.
By CIR (1985) and Ahn and Gao (1999), for P(r,rzt) we have:

P(r,m,T)=AT)N°M(Q,S;MN)exp{- B(T) 1} (31)
where;
O] 2(K A% Hp )t Dz:re
AT) = I_(I'S(S)Q) E(K +/\fyi )(e”T —1)+2
. ' yg (32
2ye?’
B(T) (k+1%, )™ —1)+2y
y=[ic+as, ¥ +202]
Mns= @
m
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and;

where, A", is risk premium parameter of a default-free zero-coupon bond with respect to
instantaneous rate, r, and A" ;and A", »are the risk premium parameters of a default-free zero-
coupon bond with respect to inflation, 7.

The functional parameters of (30) are given by:

Q°(K;) =2
a
W(C) =- a 0. A.0?
- o? a
g _ 2k0 (33)
o%¢
Q(k)=-?s
'S
_K+A 0o’ 1
¢ = o2 5 ¢
CEZ +Aro-r2 2(1_-[D)5F
o’ o/ {
_A
v==
m
A= I
21m*
Q"=
*
s =2 n 42y +1)

and;
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K*T[ :KT[ +A7T,2

where, A, isrisk premium parameter of the contingent claim with respect to the instantaneous rate,
r, and A;;and A .are the risk premium parameters of the contingent claim with respect to the
inflation, 7t.

Proof. See Appendix A.
VI.  OntheEffect of Jumpsin Cash Flows and Interest Rates

Despite the appea of diffusion models, one shortcoming of such approach in modeling
dynamics of processes is that one cannot properly motivate significant likelihood of the sudden
changes. Jump-diffusion models, however, have provided interesting aternative as to how
dynamics of processes could potentially behave through time. To anayze the impact of sudden
changes (discontinuity) of cash flows and risk-free rate on the optimal capital structure, we define
the dynamics of cash flows and risk-free rate as jump-diffusion processes.

Following CIR, we define the term structure as following

dr(t) =k (@ -r(®)dt +0,r AW’ + 3" (,,y?)d9" (h,) (35)
where, r(t) is the risk-free rate, 0 is the central tendency of the risk-free rate, o is the instantaneous
volatility parameter of short rates, J is the jump in short rates characterized by p; and y?, and 3" is
the Poisson arrival probability with parameter h.

Lemma 2. Under the aforementioned term structure, the price of a default free bond is defined by
following fundamental PDE:

1021 P, +[k6-(k +A,)r]P. +hE|P(r +37)-P(r)|-rP+P, =0 (36)

For which there exist a solution of the form:

P(r,T) = A(T) exp{- B(T) 1} (37)
where;
T _ _ 1% _ 2
AT) = exp an(e™ -1) 2(y-k-A*,)Q-4y =
Ea |_K+)\* +y)(e"T —1)+2yJ (y-k-A%)
4(k+A* ) A-207 Q
DlELA*f +1%e” g
20 v .
2 %yT (38)
B(T) = Y

(k +A*, +y)e’™ -1)+2y
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+20]

III
f‘ >

III
N|'—‘ A

and,
Q=-(k6+h, )

where, A", is risk premium parameter of a default-free zero-coupon bond with respect to
instantaneous rate, r.

Proof. See Appendix A.

Additionally, we define the cash flow process to evolve through time by:
dC(t) =a C(t)dt + o dwW® +3°(u.,yZ )dd° (h,) (39)

where, C(t) isthe risk-free rate, a is the constant growth of cash flows, o is the constant variances
of cash flows, J is the jump in cash flows characterized by pic and y2, and 3 is the Poisson arrival
probability with parameter hc.

By Ito's lemma, the stochastic differential equation that determines the value of a contingent
clam F(C,r; X) which pays perpetually a known payoff of &t), isgiven by

doF =[to? Fo. +aCF, +102rF, +k(O-r)F |dt+0 F.dWE +0,r *F,dw’
+Flc+ac.r)-F (C,r J ]dac [FC,r+J )-Flc.r)| 3 ]dz9r (40)

Assuming that risk premium on each primitive is proportional to the variance of the each
primitive, the fundamental pricing equation can be expressed by a partial differentia-difference
equation, such as following:

%0-2 FCC +(aC_/\CO-2)FC +%O-r2 r I:rr +|.K9_(K +/\rar2)rJFr

+h E[FC+a0r)-Flen)]+n E[Fcr+a')-Flen)]--t,)F+am=0 4

Using Taylor's approximations, the aforementioned partial differential-difference equation
can be approximated by the following linear partial differential equation:

1he(C? +2u G+ 2 +y2 +0%/nc JFoe + (@ +he )C-Aco? +hopc ) Fe
2

+1ih, (r2 +2U T+ U+ +a,2r/h,)Frr +[K6?+h,ur —(K +A,0% -h, )r] F. (42)

r

—(].—Tp)l‘F +0(t) =0

Having changed variables as C=cC +u. and T =r+pu, +0’/2h , and rearranging the equation,
we can write (43) in form of linear differential operatorsL and V as following:
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L|C.7;:0¢, 0t [F (C.7) =V|C.P|F(C.7) -5 (43)

Subject to boundary conditions:

where;

and,

F(CY,fY)+K" F(C,,f,) =B
F(C",fY)+K" F(C,,f,)=B"

Lp=(C2+a2)a +@C-i)o, +[F2+0%)o, +(@-AF)a, +w*

a4
V[m_Z(l—Tp)A “44)
==
2 1
[P
A=+ g
0 he@ (45)
(,?Ez_a 2
hC
p=2 (o +ac 0?)
hC

In order to find a solution to (43), we can use the Green's function that solves following:

L[G(C,F;C,F)]=0

Subject to boundary conditions:

G(CY,FU;C, ) +KY G(Cy,fy;C,F) = Buaﬁé—éﬁa(f—?)
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G(C',f;C.F)+K" G(C,,Ty; C,F) = B%ﬁf—éﬁa(f—?)

where &) isthe Dirac function.

With the method of separation of variables, we then solve for Green's functions and the
value of contingent claim.

Lemma 3. The Green's function for the fundamental PDE (26) is given by:

G%,f;é,l‘:% (éz +A2)§‘%5’ R;“G é/A)eXpEME (46)

2A

«(F2 + 02 ) pr © arctan(r/Q)
(r +Q ) P (i r/Q)exp%—ZQ E

where, P(r,T) is the price of a default-free zero-coupon bond with time-to-maturity of T, and P/ ()
isthe Legendre function, and parameters are defined as following:

~26+4K*+1) 1]
~A+2A-4W +1) —1]

320
L -2 3 g
2N

1
2
1
2

.—.—

(47)

27
peitha- 35—3925
A 20° 5
_ 2K,
=
2 o? O
Y=— T +— K
héﬁ p)%” 2hr% 25
,.20r,)

h

r

Proof. See Appendix A.

Like the case of the three-factor model, using the perturbation method of approximation, we
can derive a closed form solution for the value of the contingent claim.

Proposition 4. Assume an economy in which the term structure of interest rates follows a dynamics

such as (35) and a firm's cash flow can be defined properly by a Jump Ornstein-Uhlenbeck process
such as (39). Given that the aforementioned processes are orthogonal, then the value of a
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contingent claim, F(C,r;X), on firm's cash flows, C, and term structure of interest rates which

perpetually pays a known amount, d, can be expressed is.

F(Cr)=F,(C,r)+F(C,r)+F,(C,r)+--

where;

and,

Fl(c,r):[]lj[]l]ﬁ[]ﬁ[je(é 7:C.7) vg: EF C.HdCdf

F,(C,w,0,0) = ﬁ[] ﬁ[j dCdf ﬁ[]ﬁ[]&[]dffd’r'G(é F:C,F)
xV/

% r‘gs(é f.C.hVIEF|RE.P

where;

2(1-7,) .

V[C,r]: H

r

Proof. See Appendix A.

VII. Conclusion

(48)
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Appendix A.
A.1. Proof of Proposition 1.

The solution to equation (16) consists of the present value of a continuous cash outflow paid
by the contingent claim and the solution to the following equation [see Cox, Ingersoll and Ross
(1985a)]:

102F +@C-A)F. +102rF, +[k6 —(k +A,)r]F, -r (l—Tp)F =0 (1A)

Since cash flow and interest rates processes are orthogonal, the solution to (1A) can be
expressed in terms of a product of independent functions of separate arguments, cash flow and
interest rates. By separation of variables, we can derive the following system of ordinary
differential equation:

102G +([@C-2.)G. -K,G=0 (2A)
102rH, +[k6-(k +2)r]H, +|K, -r -1, )JH =0 (3A)

Having divided both sides of the equation (2A) by %207, we apply following transformation:

20 | 4a
FC_Z/\C = _FY

Hence, the equation (2A) will be transformed to Weiler's canonical form (Kummer equation) [see
Abromowitz and Stegun (1972), Bateman (1918), and Zwillinger (1998)]:

K
YG +B£—YEG +-2Y=0
TR 0 2
The general solution to the aforementioned equation (Kummer Equation) is as follows:

G(Y)=K M%ﬁ,l;YE
20 2

and thus, by substituting for Y, we have:

G(C)=K M(Q°(K,), 1 w(C))

Where;

C(K,)=-"z
Q7 (K2)=-7,
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bE) == e é
o a

The equation (3A) can be transformed to Weller's canonical form (Kummer equation) [see
Abromowitz and Stegun (1972), Bateman (1918), and Zwillinger (1998)]. Let's assume that:

H(r)=e’ Z(X) (4A)

X =¢r
After some algebra, the equation (3A) then can be written as:
(ko K+Ao?OxO |
Xz" +[-|— Z% — E?DZ (5A)

@-r ar D
2606, +%2_2K+/\r03¢_2(1_rp)HXEIZ:O
Yo7 &

+ 0
T2

Then, we choose @and 1 such that:

G

K+A ar ¢_2¢l 2T

9?2

Having solved the aforementioned equations, we have:

XZ"+(s"-X)z'-Q"'(K,)Z=0 (6A)

Where;
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The solution to equation (5A) (i.e. Kummer equation) is given by:
Z(X)=KM(@Q'(K;), S X)

where, M(a,b;2) is the Kummer function. Applying the relevant inverse transformation, we then
arrive at:

H(r)=KM(Q'(K,),S;¢r)e’

Hence, substituting for functions G(C) and H(r), we find that the functional form of the
F(C,r;X) isas defined by (17).

A.2. Proof of Lemma 1.

The solution to equation (26) is consist of the present value of continuous cash outflow paid
by the contingent claim and the solution to the following equation [see Cox, Ingersoll and Ross
(19853)]:

10% F +l@aC-Ac0? JF, +2k2 F, - KkwF, —L{1-7 WF (7A)

+1720F,, +[e0 (£ +2,02)0]F, (-1, P F
+3N°UF, +[WU_(ID+Au’72)U]Fu _%(]'_Tp)/\rUF =0

Since cash flow and term structure processes are orthogonal, the solution to (1A) can be
expressed in terms of a product of independent functions of separate arguments, cash flow,
instantaneous rate, long-rates and volatility. By separation of variables, we can derived the
following system of ordinary differential equation:

107Gy +@C-A.0%)G. -K,G=0 (8A)
1K7H,, —KWH, +|K, =2 (-1, W|H =0 (9A)
1770, +[60 - (E-2,0%)0M, -7, )M =0 (108)
1n20N,, +@o - (@-A,1?)v|N, -2{-7,)A uN=0 (11A)

Similar to the one-factor case, the solution to G(C) is as follow:
G(C)=M(Q°(K,). 2w ()

Where;
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C(K,)=-"z
Q7 (K2)=-7,

O g
o a

The equation (9A) can be transformed to Weller's canonical form (Kummer equation) [see
Abromowitz and Stegun (1972), Bateman (1918), and Zwillinger (1998)]. Let's assume that:

(1_TP)W

Hw=e * X(w)

The equation (3C) then can be rewritten as following:

X"+(h+fr)X'+gx =0

where;
h=_2(1—rp)
- 2
K
fE—E
K
O1-1 ]
gsizD p§+2K2D
KHD K H

Let's assume that ¢ =-(f +gr)’/2g , then, the aforementioned equation can be transformed into
canonical Weiler's form such as:

CX"+(E-¢)X'-Q" X =0

where;

2K 4k 3

Substituting for y and X, we derive:

(_Tp)w

Hw=K,e * M(@Q"1:cw)

where, M(a,b;z) is the Kummer function.
Since equations (10A) and (11A) are structuraly identical, we solve for (11A) and hence
apply the general solutions for (11A), correcting for parametric differences. To transform (10A) to
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canonical form of Kummer equation, we follow same methodology as we did in equation (3A),

thus:
M (6) = K, M(Q°(K;),S%;¢6)e’*
where;
0
Q9 E_¢_989
C
280
==
{%c°
E+A,0% 1
0 — i _— 6
¢° = 72 Zc
c®=2 +)\952§+2(1—Tp)g
{? * H
Using same methodology, we derive N(v) is:
N@)=K, M(Q’,S";c’v)e’"
where;
QU E_¢U SU
C
v _200
neg
, _@HAN° 1,
9" = pe > ¢

2 21 1-1 A [%
CU E2 +A2Ur’ g_l_ K . p) r D
n n E

Substituting for G(C), H(r), M(6), and N(v), we have;

(oW $1:C,w,0,0; X) =K, (@@ MM QS (K, (@w.9.1).% w(C))
xM (Q" (K, (ww,9m). 2 ¢(w))
xM(Q%,S%¢°O)M(Q*,S";¢v)
xexp{(l—rp) [(r ) +}\ru]+¢96 +¢”U}
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A.3. Proof of Proposition 2.
Using methods of perturbation, the solution to equation (29) can be written as:
F(C,w,0,0)=F,(C,w,8,0)+F, (C,w,08,0)+F,(C,w,0,0) +-- (32)

where;
F(C,w,8,0) = # []lj # []lje(c,w,e,u;é,v‘v, 9,0) [5 +v[é,w,é,0]F( S W, A,O)]dé dwdé do

Expanding the above integral, we arrive at (32).

A.4. Proof of Proposition 3.

Using methods of separation of variables and splitting equations, the solution to equation
(29) should satisfy the following system of ordinary differential equations:

102mF +@C-A.0? )mF, +102rF, +[k6 - (k +A, )r]F, (29)
+ig2m’ F,T,T+[(K,Tﬁ—)\}Ta,2,)—(K,, +)\§T)7T]71Fr -r (].—Tp)F +0(t)=0

Since cash flow and interest rates processes are orthogonal, the solution to (1A) can be
expressed in terms of a product of independent functions of separate arguments, cash flow and
interest rates. By separation of variables, we can derive the following system of ordinary
differential equation:

10°Ge +(@C-2.)G. -K,G=0 (124)
102 1H, +[0-(k+A,)r]H, -r -1, H =0 (13A)
102 W, + |k, 7T-2,,02)-(k,, +A,., )W, + K, mw =0 (14A)

The solutions to equation (12A) and (13A) are similar to those of (2A) and (3A), hence:

(€)=K M([Q°(K,).2 w(C))

Where;

°(k,)=-K2
Q°(K,) =~ 22
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and;
H(r)=KM(@Q",S;¢r)e”
where;
S = 2K29
0°¢
Q(K)=-s
C
K+Ao? 1
p=—"-2
o 2

For equation (14A) similar to Lemma 1, we postulate a solution of the form:
- A
HIN=Ky" f(y)  y=_

Taking appropriate derivatives and substituting in the equation, we can show that the solution to
eguation (14A) should solve following ODE:
m 0 (15A)

n * 1 D
30,y f "'g’( n"'ai(’?"'l))‘fyaf +H

nm*
A

y+K2+K*nn+%a$un+n§f:o

where;

It can be easily shown that if the following conditions is met:
Ky +K*,n+30:n0(N+1)=0

Solving for the n, we have:

30



Then equation (15A) can be transformed to Weiler's canonical form (Kummer equation) [see
Abromowitz and Stegun (1972), Bateman (1918), and Zwillinger (1998)]. Thus, the f(y) solves.

n K*r[ 27T* D’ 2 n*
yf +%;02 +2(:7+1)%M2 Vet~ A”az f=0

The aforementioned is a Kummer function for which there exists a solution of the form:

(16A)

f(y)=M(Q",S"y)

where;
Q"=
7T—2K*7T
S"= — +2(n+1)
* * [%
n= rye i nyl —2K2D
o? 2 oz 2 o’ ]
_A
y=—
m
and;
2
p=Zn
27T*

Hence, substituting for functions G(C), H(r) and W(7), we find that the functional form of
the F(C,r;X) is as defined by (17).

A.5. Proof of Lemma 2.

We postulate that solution to fundamental valuation equation (36) is of the following form:
P(r,T) = A(T) exp{- B(T) 1} 0
Thus using Taylor's series expansion, equation (36) can be written as:

102rP, +[k6-(k +2,)r]P +|n({t (u? +y?)B? -y, B)-r|P+P =0
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Using method of separation of variables, the solution to aforementioned PDE has to solve following
system of ordinary differential equation:

B'-102B?-(k +A,)B+1=0 (20A)

A in(z +y?) B2 ~(k0+hu, )B =0 (21A)

The solution to equation (20A) is same as CIR's, hence:

oy’
B(T) =
™ (k +A*, +y)e’™ -1)+2y

where;

p=lic+as ¥ +207]

The solution to equation (21A) is:
T T
AT)=-1h(u? +y?) ﬁ[] B(r)2dr +(k0+hy, )ﬁ[] B(r)dr
0 0

Integrating over appropriate domain, it yields:

ool 48T 2(y-k-Av)o-4y'a B
A(T) _expEOrz |_(K +A*r +y)(eyT _1)+2yJ + (y—K _,\*r )2 T (22A)

4(k+A* ) A-207 Q

%ESJr;*r +1%eﬂ _1)+1§ ot

A.6. Proof of Lemma 3.

Having applied transformations C = C + Ue and T =r+pu +0?/2h , | then use methods of
separation of variables to splitting equation (43) into following ordinary differential equations:
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N

C2+a?)ur+lac- ﬁ)U'—K*U =0

=02 W+ (oA )

where, the parameters are defined as following:

%[(a 24 +4K* +1): 1]

ik o BH 32
=10 -2-i——Q -=C
u 2% ZAg 2A2

Mmoo,

~(W-of)w=0

In equation (23A), | posit that the solution is of the following form:

y)=(i-y2) 1 (y)exp(- parctan( y))

L-y?) -2yt +w(V+1)—

where, y =-i C/A thus, after tedious algebra, we have:

2

0
>Of =0
‘0

(23A)
(24A)

(25A)
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where, the parameters are defined by (46). The general solution to the equation (25A) isa Legendre
function (see Abramowitz and Stegun (1999)), which can be expressed as:

1u
1 y+1d FB—v,v+l‘1—u;1_Ty§

(=R =y B af Fr

in which, I'(.) is the Gamma fucntion, and F(a,b;c;z) is the hypergoemetric function and can be
expressed in an infinite series form such as following:

I (c) - M@a+nr(b+n) z"
F@rb) & (c+n) n

F(a, b;c; z) =

For equation (24A), a genera solution does not exists. However, like the three-factor
model, one can use the Green theorem and method of perturbation to derive an approximate
solution form for (24A).

A.6. Proof of Proposition 4.

Like proposition 3, we perturb an approximate solution using Green’s function. See details
in Zwillinger (1996).

Appendix B.

B.1. Case of One-Factor Term Sructure:
B.1.1. Net Benefit's Coefficients.

A solution to (21) has to satisfy the boundary conditions of (19), or:

NB(CY rY; X )=p"NB(CY rV;X)-k- -p"k,B

NB(C",r;X)=p"NB(C"r";X)-k- -p-k,B-G-gB (1B)

Substituting for C and r in appropriate equations, A = (A , Ay) is a solution for the following
nonlinear system of equations:

AM@QE(A)Lw(c M@ (A cr e
- M QA 2W(CM(Q (A).S 61 )™ (28)
= 5(puﬂ(ro)—l'l(ru))—KF -p 'k, B

AMQE (A ZwC M@ (A).S crt e
M QO A) B (CoM(Q (A).S 61y )]
=5(p N (,)-n(t)-«, - ok, B-G-gB
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and;

5=, -7,) -lt-7,)k,mB-Kk. —K,B

()= []'j o)

Though solving systems of nonlinear equations is one of the more challenging numerical methods, |
this case one can easily disentangle the aforementioned systems of equations to two separately
identifiable nonlinear equations. Let's assume that

o(C.r;X)=M(QC(A) Lw(C)IMQ (A).S cr)e’”

thus by dividing the two equations of (2B) by each other we have:

ca(cU,rU;x)—pUca(cO,ro;X):A (3B)
O(Ch It X )= p O(Cyury; X)  °

where,

Since Kummer function can also be written in an integral form as:

1

[(S) [ oy pysoig — T(S)
QRS2 = s Q)F(Q)[J[] B (OGN

where, () isthe Gamma function, and m(Q,S2) is defined as:
1
m(Q,S,z) E[J[]e”tQ'l(l—t)S'Q'ldt
0

Thus, after some algebra, it can be shown that the equation (3B) can be written as following:

mQS(A)Lw(c )mlQ (A).S 1V )e”
~MemQE(A)Sw(CH))mQ (A), S crt et (4B)
~(0" ~ Ao 2 JlQS(A) (o)) M(Q (A).S 161 )] =0
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Hence, equation (4B) and either equationsin (2B) solve for A = (A1, A2). Though there are number
of methods that can be implemented to solve (4B), we exploit Some of the characteristics of the
Kummer function to solve the aforementioned equations more efficiently.

Since the Kummer function and m(Q,Sz) have integral representation, having rearranged the
integrandsin (4B), we can write:

1 1
[]f] []f] [ew(CU >t+r“(r+¢)_,\ew<cL)t+rL(r+¢)_(pu _ApL)ew(co>t+ro<r+¢>]
0 0

xi-1f%* (-1 @-t):@-1)*? didr=0

B.1.2. Debt's Coefficients.

A solution to (3) has to satisfy the boundary conditions of (11) and (12), or:

D(CY,rY;X)=(@1+B)B

D(C".r*;X)=(-g)B-G (5B)

Substituting for C and r in appropriate equations, A* = (A*; , A*,) is a solution for the following
nonlinear system of equations:

A* |.M Q (A*Z)’Z’w(cu))M(Qr(A*z),Sr;crU)edff“
_(,+mB)I'I( )+(1+I3)B
M(QC(A*z)'%;LAU(CL))M(Qr(A*z),Sr;CrL)etﬁrL
:—(l+mB)ﬂ(rL)+(1_g)B_G

and;

5=(-1,)0+mB)
ﬂ(r)E[J[]P(I',T)dT

Similar to the net benefit's case, it can be shown that solving for A', in the aforementioned system
of nonlinear equationsis equivalent to solving the following equation:

m(QC (A*,),4;w(C”))m(Q’ (A*,), S ;¢rY )e?”
~ Ao MQC (A*,),2;¢(CH))m(Q" (A*,),S";¢r")e? =0 (6B)

where,
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_ =(+mB)n (U) +(1+p)B
~ —(+mB) I'I(rL J+@-g)B-G

>u

} |
B.2. Case of Three-Factor Term Structure:
B2.1. Net Benefit's Coefficients.
A solution to (21) has to satisfy the boundary conditions of (19), or:
G(w,Q:CY RY: X )= p’G(w,Q:CY ,RY; X )- (p“ K, B +KF)e ICowri oRY 7B)

G(w,2;C" R X ) = pG(w,Q:C",R": X )—(pLKV B+kp + gB+G)e‘CU“’+i Rt
where R* = (w,0,0)7, R*Y = w”,0Y,0")7, R*" = (WH,05,0Y)T, and Q = (y,¢,n). Substituting for C

and R* in appropriate equations, a = (a; , ap) is a solution for the following nonlinear system of
eguations:

al(w,sz)ﬁw(QC(az(w,sz)),%;w(c“ IM Q" (ax(@2)) L:ic(wW))
M(QG,SH;CGQU) M(Q°.s: % exp%l g Qu U2+)\U D"‘¢ 9U+¢u US
—pY @A Q(a(w.2) 2u(CoM Q" (a( @ 2)).2:c(w)
xM (Qe % CQQO)M (QU -SU;CUUo)eXp{G-_Tp)[(ro _eo)Uo_% +/\on]+¢990 +¢UU0}]}

— U icVw+i QRY
= —(p Ky B+KF)e

al(w,sz)ﬁvl( Q% (a,(@,2)), 2 w(CE M Q" (2, (w,2)).2; c(wh))
XM(QH,SQ;CGQL)M(QU,S“;C”UL)engl—Tp)grL—GL)ULé +/\,ULE[+¢ +¢v LE
] O

—pt @A (@°(a,(w.2)).2 w(CoHMQ (8, (0.2)).2: c(wpy))
xM (Qe ,S?; CGQO)M (Q“ ,SY; c“uo)exp{(l—rp) [(r0 -6, )u, +/\on]+¢990 +¢“UO}]}

iCtw+i QR"

=—(pL Ky B+Kg +g B+G)e

Similar to the net benefit's case, it can be shown that solving for a*, in the aforementioned system
of nonlinear equationsis equivalent to solving the following equation:
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m(Q° (a,), 1:w(C))mQ (@,), 31 c(w”)) W(rY 6% vY)
~Aoe MQ° (8,),1:0/(CH)) Q" (@), 3:6(wH)) w(r .64 0*) (8B)
~(0° = Aos £Y )mlQE (@,), 1:W(Co)) Q" (82, 31 6(We)) Wi(ro,6,.,05)] =0

where,

A= (pu Ky B+KF) o i(CUChori (R -RY)
*®  (p‘k, B+k. +gB+G)

and;

w(r.o.0)=M(Q?,s%:c0)m(Q ,S“;c“u)expE(l—Tp) gr —g)u: +/\rug+¢96+¢“uﬁ

B.2.2. Debt's Coefficients:

Like the one-factor model the coefficient of debt's value can also be determined by solving
the following system of non-linear equations.

G(w,@;CY,RY; X) = L+ B)Be '« 2~

: S (9B)
G(w’Q;CL,RL;X)=((1—g)B—G)e'° w+i QR

where R* = (w,0,0)7, R*Y = w”,0%,0")7, R*" = w0507, and Q = (y,¢,n). Substituting for C
and R* in appropriate equations, a* = (a*; , a*,) isasolution for the following nonlinear system of
equations:

a*, (@,9) ékn @%@, o). 2 wE))MQ"@*, @ 2).1:cw"))
XM(QB SG.CBHU)M(QU SU;CUUU)
xexpal a 6“ Uf% +A.0Y Eup@e“ +¢vu"

:(1+B) e|C w+i QRY
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a*, (0,9) @w Q°(a*, (@) 2 wCHMQ"@*, (@ 9),3:cwH)
xM(QG,SB;CGQL)M(QU,SU;CUUL)
xexpal—rp) arL —QL)UL% +}\rULE+¢9t9L +¢UULE
O O
:((1_g)B_G)eiCLwHQRL

Similar to the net benefit's case, it can be shown that solving for a; in the af orementioned system of
nonlinear equations is equivalent to solving the following equation:

m(Q° (a,),2;¢(CY))mQ" (a,), 3:c(w")) w(r? 6" ,v)

= dop MQE (3,),1;¢(CH))m(Q" (a,), 31 c(w)) W(r,8%,0) =0 (108)
where,
— (1+ﬁ)B ei(CU’CL)wHQ(RL—RL)
* (@-9)B-0G)
and;

w(r.o.0)=M(Q?,s%:c0)m(Q ,S“;c“u)expE(l—Tp) gr —g)u: +/\rug+¢96+¢“uﬁ
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