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Abstract

We study the existence of equilibria with endogenously complete mar-
kets in a continuous-time, heterogenous agents economy driven by a multi-
dimensional diffusion process. Our main results show that if prices are real
analytic as functions of time and the state variables of the model then a suffi-
cient condition for market completeness is that the volatility of dividends be
nondegenerate. In contrast to previous research, our formulation does not
require that securities pay terminal dividends and thus allows for both finite
or infinite horizon economies. We illustrate our results by providing easily
applicable conditions for market completeness in two benchmark cases: that
where the state variables are given by a vector autoregressive process and
that where they are given by a vector of autonomous diffusion processes.
We also provide counterexamples which show that real analyticity cannot
be dispensed with if one is to deduce dynamic market completeness from

the structure of dividends.
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1 Introduction

Ever since the seminal contributions of Kreps (1982), Duffie and Huang (1985)
and Duffie (1986) the standard way of constructing securities market equilibria
in continuous-time economies with heterogenous agents has consisted of three
steps. First, compute an Arrow-Debreu equilibrium.! Second, define candidate
prices for the traded risky securities by using the consumption price process of
the Arrow-Debreu equilibrium as a pricing kernel and, third, verify that these
prices give rise to dynamically complete markets.

The last step in the above program is crucial in establishing the existence of
an equilibrium. Otherwise there is no way to guarantee that the consumption
allocation of the Arrow-Debreu equilibrium can be implemented by dynamic
trading in the given set of securities. Unfortunately, this last step is also the
most technically difficult since the candidate prices are given by conditional
expectations which cannot be computed explicitly in general.” The only case
where the verification of market completeness is straightforward is when there
is a single state variable and a single stock in the economy.” However, this
assumption is far from being satisfactory as it does not allow for a study of the
cross-sectional properties of equilibrium prices.

In representative agent economies endogenous market completeness does not
matter for the existence of an equilibrium but it is nonetheless important for
two reasons. First, the microeconomic justification for representative agent
economies relies on aggregation results which require complete markets, see
Constantinides (1982). Second, it is now quite common in the asset pricing
literature to start from a representative agent economy and then use the equi-
librium pricing kernel “outside the model” in order to price securities, such as
derivatives, which were not included in the original menu of traded assets.” Such
a use of the equilibrium pricing kernel requires complete markets since only in
that case does the derived price give the minimal amount necessary to replicate

the given cash flows by trading in the set of primitive securities.

!Existence results for Arrow-Debreu equilibria in infinite dimensional economies can be
found in Duffie and Zame (1989), Karatzas, Lehoczky, and Shreve (1990), Mas Colell and
Zame (1991), Anderson and Raimondo (2008) and Section 2.5 below.

2Examples of equilibrium models where the prices can be computed in closed form include
those of Santos and Veronesi (2006), Cochrane, Longstaff, and Santa Clara (2008), Hugonnier
(2008) and Martin (2008).

3See Dumas (1989), Wang (1996), Chan and Kogan (2002) and Longstaff and Wang (2008)
among others for examples of papers which consider heterogenous agent economies driven by
a single state variable.

4Examples of papers which follow such an approach include Benzoni, Collin Dufresne, and
Goldstein (2006), Bhamra, Kuhn, and Strebulaev (2008) and most of the papers in the so-called
long run risk literature, see Bansal (2009) for a survey.



Despite its importance, the question of endogenous market completeness has
not received much attention in the general equilibrium literature. In fact, most
of the papers which study multi-asset equilibrium models assume in one form
or another that markets are dynamically complete in equilibrium but do not
actually prove it.” A notable exception is Anderson and Raimondo (2008) who

assume that

(i) The economy has a finite horizon and all traded securities pay strictly

positive dividends at the terminal time,

(ii) The state variables of the economy are given by a vector of independent

standard Brownian motions,

and prove that under these conditions the candidate prices generate dynamically
complete markets as soon as the volatility matrix of the terminal dividends is
nondegenerate. Being the first of its kind, the result of Anderson and Raimondo
(2008) is obviously very important. However, their assumptions are often too
strong to be applicable in practice. For example, assumption (i) requires that
all traded assets pay terminal dividends and hence does not allow for securi-
ties which pay only continuous dividends as is customary in the continuous-
time asset pricing literature.” Furthermore, this assumption implies that the
menu of traded securities cannot include instantaneously risk free bonds. The
latter restriction is not in itself unnatural as one could for example use a long-
lived zero coupon bond in zero net supply in place of instantaneously risk free
bond and then change numéraire to obtain a truly riskless asset. However,
most continuous-time asset pricing models take instantaneously risk free bonds
as primitive securities and it is therefore important to find conditions ensur-
ing endogenous market completeness in such economies. Another obvious, but
nonetheless important, limitation of assumption (i) is that it does not allow for
infinite horizon economies.

While assumption (ii) is satisfied in the benchmark case where dividends are
modeled as correlated geometric Brownian motions, Anderson and Raimondo
(2008) themselves remark that it is nonetheless quite restrictive. First, this
assumption severely restricts the set of dynamics that can be considered by

imposing that all economic quantities of interest be functions of time and the

®See for examples Duffie and Huang (1985), Duffie (1986), Huang (1987), Duffie and Zame
(1989) and Dumas, Kurshev, and Uppal (2008) among others.

5The assumption of no terminal lump dividends is usually imposed in order to prevent
the equilibrium asset prices from being artificially discontinuous at the terminal time due a
misalignment between the agents’ preferences for intermediate and terminal consumption. See
Section 3.1 below for details.



current value of the Brownian motion. In particular, this assumption does not
allow for mean reversion in the dynamics of the state variables and thus excludes
all of the standard equilibrium term structure models which assume that the
state variables follow mean reverting affine processes, see Vasicek (1977) and
Cox, Ingersoll, and Ross (1985) among others. Second, and more importantly,
this assumption does not make a distinction between state variables and sources
of risk and therefore does not allow to consider economies where there are
more state variables than independent sources of risk. Important examples of
such economies include those where agents have heterogenous beliefs about the
evolution of the state variables and, more generally, those where the growth rates
and/or volatilities of dividends act as state variables.

In this paper, we extend the result of Anderson and Raimondo (2008) by
removing both of their key assumptions. More precisely, we provide sufficient
conditions for endogenous market completeness in a continuous-time economy
populated by heterogenous agents and driven by an arbitrary multidimensional
diffusion process. In our formulation, the traded securities do not need to pay
terminal dividends. As a result, the horizon of the economy can be either finite or
infinite and we can include instantaneously risk free bonds in the menu of traded
assets as is customary in the continuous time asset pricing literature. Another
advantage of our formulation over that of Anderson and Raimondo (2008) is
that it makes a clear distinction between state variables and sources of risk and
thus allows for a much richer set of dynamics. The main results of this paper
show that, under suitable regularity conditions on the candidate prices, dynamic
market completeness can be deduced from the structure of dividends.

In order to highlight the intuition behind our results consider a finite horizon
economy and recall that market completeness hinges on the invertibility of the
endogenous volatility matrix of the traded risky securities. The starting point
of our analysis is an asymptotic expansion which allows us to compute the
volatility matrix of the candidate prices from the primitives of the economy
in a neighborhood of the terminal time. Using this expansion we can then
easily verify whether markets are dynamically complete in a neighborhood of
the terminal time and the question becomes that of finding conditions under
which we may propagate this nondegeneracy to the whole interval. As observed
by Anderson and Raimondo (2008), who seem to have been the first ones to
use it in this context, the notion of real analyticity is particularly well suited
to answer this question because a real analytic function which is non zero
in an open set is automatically non zero almost everywhere in its domain of

analyticity. Applying this result to the problem at hand shows that the volatility



matrix of the candidate prices is non degenerate at all times provided that it is
nondegenerate in a neighborhood of the terminal time and that the candidate
prices are real analytic.

When the risky securities pay terminal dividends, the zero order term in
the asymptotic expansion of the price volatility is the volatility of the terminal
dividends and it follows that markets are complete as soon as this matrix is
nondegenerate. In that case our result coincides with that of Anderson and
Raimondo (2008) albeit with a slightly different market structure. When the
securities do not pay terminal dividends, the asymptotic expansion does not
include a zero order term. However, the first order term is proportional to the
volatility of the intermediate dividends and it follows that markets are complete
as soon as this matrix is nondegenerate. A striking feature of these results is
that they only depend on the structure of the dividends of the traded securities:
changing the agents’ preferences and/or initial endowments has no effect on the
existence of an equilibrium.

The requirement that the volatility matrix of the dividends be non degenerate
is sufficient to guarantee that markets are endogenously complete in equilibrium
but it is by no means necessary. In particular, if some of the traded risky assets
are fixed income securities, such as bonds or annuities, then this requirement
obviously fails but markets may nonetheless be dynamically complete in equilib-
rium. In order to obtain sufficient conditions for the existence of an equilibrium
in such cases it is necessary to expand the volatility of the candidate prices to
higher orders and we provide complete details for the second order expansion.
Since some of the securities now draw their value only from variations in the
equilibrium pricing kernel, the second order conditions we obtain depend on the
agents’ preferences and endowments but they are nonetheless quite simple to
verify from the primitives of the economy.

In order to apply our results to a given model it is necessary to prove that the
candidate prices are real analytic.” While real analyticity in the space variable
can be established under rather mild smoothness conditions, real analyticity in
time is in general much harder to prove. Furthermore, the conditions that are
needed to insure it are often very technical and not really informative. For these
reasons we decided to not try and give general conditions and instead focus
on two benchmark cases: that where the state variables are given by a vector

autoregressive process, and that where they are given by a vector of arbitrary

"More precisely, we need to show that the candidate prices are not only separately real
analytic with respect to time and the state variables but also jointly real analytic. However,
we need not worry about this issue in general since separately real analytic functions are under
mild conditions jointly real analytic by application of the results of Siciak (1969).



autonomous diffusion processes such as square root or CEV processes. In both
cases, we provide joint conditions on the utility functions and dividends under
which the prices are real analytic as functions of time and the state variables.
Furthermore, we show that if agents have heterogenous power utility functions,
as is often the case in the asset pricing literature, then market completeness can
be guaranteed by assuming that the dividends have a nondegenerate volatility
matrix and satisfy a mild growth conditions.

Our main results show that if the economy has a finite horizon and the
candidate prices are real analytic, then dynamic market completeness can be
deduced from the structure of dividends provided that the candidate prices are
real analytic. Unfortunately, and as explained above, proving that the candidate
prices are real analytic is in general difficult and it is therefore natural to
wonder whether this inherently technical requirement is crucial for endogenous
market completeness. We show that this is indeed the case by constructing
explicit examples of representative agent economies where the dividends have
a nondegenerate volatility matrix and markets are nonetheless incomplete in
equilibrium because the candidate prices are not real analytic.

When the economy has an infinite horizon there is no terminal time close
to which the volatility matrix of the candidate prices can be approximated. To
circumvent this difficulty we follow an alternative approach: we fix the vector of
Pareto weights which determines the consumption allocation and approximate
the volatility of the candidate prices as functions of the agents’s common rate
of time preference.® In other words, we start from a given Pareto optimal
allocation and look for conditions under which the corresponding prices generate
dynamically complete markets. While it does not deliver market completeness
for a fixed set of initial endowments, this alternative approach is nevertheless
quite powerful. In particular, it allows us to show that if the volatility of the
intermediate dividends is nondegenerate then the candidate prices associated
to a Pareto optimal allocation generate dynamically complete markets for all
but countably many values of the agents’ common rate of time preference. An
important advantage of infinite horizon economies over finite horizon ones is
that in the former case we do need to assume any real analyticity. The reason
for this simplification is that, in an infinite horizon economy, the gradient of
the candidate prices is automatically real analytic as a function of the agent’s

common rate of time preference and this is all that is needed in order to deduce

8The assumption that agents have a common rate of time preference implies that prices
are time independent functions of the state variables and is quite common in infinite horizon
economies, see Wang (1996), Chan and Kogan (2002) and Dumas et al. (2008) among others.



market completeness from the structure of dividends.

The rest of the paper is organized as follows. In Section 2 we present the
model, state our assumptions and recall some basic results about the existence
and characterization of Arrow-Debreu equilibria. Section 3 contains our main
sufficient conditions for endogenous market completeness in finite or infinite
horizon economies. In Section 4 we use our main results to obtain conditions
for market completeness in economies driven by either vector autoregressive pro-
cesses (Sections 4.1) or vectors of autonomous diffusions (Section 4.2). Section
4.3 presents some counterexamples which show that real analyticity is crucial
for market completeness. Section 5 concludes the paper. The proofs of all the

results are provided in the appendix.

2 The economy

2.1 Information structure

We consider a continuous-time economy on the time span [0, T'] for some horizon
T which can be either finite or infinite.

Uncertainty in the economy is represented by a filtered probability space
(Q, F,F, P) supporting a d—dimensional standard Brownian motion Z. The
filtration F = (F)¢c[o,7] is the usual augmentation of the filtration generated by
the Brownian motion, and we let 7 = Fp so that the true state of nature is
entirely determined by the path of the Brownian motion up to the terminal time

of the economy.

2.2 Securities markets

The financial market is perfect and consists in d+ 1 traded securities: one locally

riskless money market account in zero net supply, and d dividend—paying stocks

)

which are indexed by i.” Stock i is in positive net supply of one unit'’ and

9The market structure that we consider, with a locally riskless money market account and
d dividend—paying stocks is standard in continuous—time finance, see for example Duffie (2001,
Chapter 9) and the references therein. While our analysis can be easily adapted to treat the
market structure of Anderson and Raimondo (2008) where none of the securities is riskless we
choose to focus on the standard formulation for simplicity of exposition. The results for this
alternative market structure are similar to those we present and are available upon request.

10The assumption that all risky securities are in positive net supply is only imposed for
simplicity of exposition. Our results directly extend to the case where some risky securities are
in zero net supply as long as we modify the definition of the aggregate supply of the consumption
good to include only the dividends of those securities which are in positive net supply.



represents a claim to a cumulative dividend process of the form'

(AT
Dy = / gi(7, X7)dr + 1>y Gi( X7).
0

Here g; > 0 represents a flow rate of dividends, G; > 0 represents a terminal

lump dividend, and X € R" is state variables which evolve according to

¢ ¢
X = X —l—/ pux (1, X7 )dr + / ox (7, X;)dZ; (1)
0 0

for some constant initial value Xg € R™ and some given functions p and ¢ with
values in R™ and R"*¢. The key conditions that we impose on the dividends and

state variables are summarized in the following;:
ASSUMPTION A: The drift, volatility and dividends are such that
(a) n>d and rank(ox(t,x)) > d for all (t,x) € [0,T] x R",

(b) The stochastic differential equation (1) admits a unique strong solution
which takes values in some X C R™ and admits an absolutely continuous

transition density with respect to Lebesgue measure.
(c) The functions ux and ox are real analytic in (t,x) € [0,T] x X."?

(d) The function g; is real analytic in (t,x) € [0,T] x X and there ezists a open
set V C X such that the function G; belongs to C*(V).

The first part of the above assumption implies that the state variables are
locally equivalent to the underlying Brownian motions and thus guarantees that
the corresponding information structures coincide. If this assumption was not
satisfied, then the information carried by the state variables would be strictly
contained in that generated by the Brownian motions and, as a result, markets
could never be dynamically complete in equilibrium.

The existence of an absolutely continuous transition density is posited in
order to guarantee that statements about functions which hold almost every-
where in [0, 7] x X also hold almost surely when z is replaced by an arbitrary

realization of the state variables. Sufficient conditions for the validity of this

11f the economy has an infinite horizon then we naturally assume that stocks do not pay
terminal dividends and set G; = 0 for all <.

12A function F : [0,T] x X — R is real analytic in (¢,z) over a subset O C [0,T] x X if for
every (t,x) € O it can be represented as a convergent power series on some open ball of strictly
positive radius centered at (¢,z). See Krantz and Parks (2002) for a thorough treatment of the
theory of real analytic functions of several variables.



rather weak assumption can be found in numerous references including Stroock
and Varadhan (1979) and Nualart (2006) among others.

The assumption that the drift, volatility and intermediate dividends are real
analytic does not impose any serious economic restriction since most, if not all,
of the models in the literature satisfy these conditions. Importantly, we do not
require that the terminal dividends be real analytic or even differentiable on the
whole state space. As in Anderson and Raimondo (2008) this generality allows
us to include derivatives with non differentiable payoffs, such as options, in the
menu of traded risky securities.

In what follows we denote by P = (B, S) € Rt the endogenous equilibrium
prices of the riskless asset and the stocks. As shown below, there is no loss in
generality in assuming that these processes are strictly positive semimartingales

such that B is of finite variation and satisfies By = 1.

2.3 Consumption, preferences and endowments

The consumption space is the set of pairs (¢, C) where c is a nonnegative adapted
process which represents a flow rate of consumption, and C is a nonnegative
random variable which represents a terminal lumpsum consumption.

The economy is populated by A > 1 agents indexed by a. The preferences
of agent a over lifetime consumption plans are represented by a time additive

expected utility index of the form'’

T
Ua(c,C) = Ey / e PaTug(cr)dr 4 e P T, (C) .
0

In the above equation, the constant p, > 0 is the agent’s subjective rate of time
preferences and (uq,v,) is a pair of von Neuman—Morgenstern utility functions

which satisfy the following assumption.'*

ASSUMPTION B: The utility functions ug, v, : (0,00) — R are increasing, strictly
concave, real analytic and satisfy the Inada conditions ul,(0) = v/ (0) = co and

ul, (00) = vl (c0) = 0.

Agent a is initially endowed with a portfolio consisting of 7,; units of stock

131f the economy has an infinite horizon, or if there are no terminal dividends then we assume
that agents have no utility for terminal consumption and set v, = 0 for all a.

14 A1l of our analysis can be extended to allow for utility functions which depend on the state
of nature through the state variables of the model as in Anderson and Raimondo (2008). We
restrict ourselves to the state independent case for simplicity of exposition.



i, and we assume that

A
Z Tai = 1
a=1

for each i so that the securities markets clear at the initial date.'® Initial short
positions in some of the stocks are allowed as long as the initial wealth of agent
a, which is defined by

d
wa =1, S0 =Y _ 7aiSio,
i=1
is strictly positive when computed at equilibrium prices.

2.4 Trading strategies and feasible plans

A trading strategy is an adapted process (o, 7) € R where oy and 7;; denote,
respectively, the number of units of the riskless asset and the number of units of
stock ¢ which are held in the portfolio at time t.

A trading strategy (o, m) is said to finance a consumption plan (¢, C') at cost

w if the associated wealth process
Wt = atBt + 7TtTSt,

is nonnegative and satisfies the dynamic budget constraint

t t t
Wi =w+ / a,dB,; + / w:d(S + D), — / crdr — 1>y C (2)
0 0 0

16" In what follows,

where D € R? denotes the vector of cumulative dividends.
a consumption plan is said to be feasible for agent a if there exists a trading
strategy which finances it at cost w, = 1, Sp, and we let Cy(B,S) denote the

corresponding set of budget feasible consumption plans.

15For simplicity of exposition, we do not include individual income processes on top of the
agents’ initial portfolios. However, all of our analysis can be easily extended to that case as
long as the individual income processes are modeled as functions of time and the state variables
of the model.

The requirement that the wealth process satisfies equation (2) implicitly includes the
condition that the various integrals are well defined. The necessary integrability conditions
are well-known and can be found in standard textbooks such as Duffie (2001)



2.5 Equilibrium
The concept of equilibrium that we use is similar to that of equilibrium of plans,

prices and expectations introduced by Radner (1972).

DEFINITION 1: An equilibrium consists of a pair P = (B,S) of securities price
processes, a consumption allocation A = {(c,,Co)}i, and a set of trading

strategies S = {(ava, ma) Yy such that:

(a) For each a the consumption plan (cq, Cq) maximizes U, over Cq(B,S) and

is financed by (g, 7q)-
(b) Markets clear in the sense that Zf:l gt =0, 2:14:1 ot = 1, and
A A
T —
> (cat — 14 9(t, Xt)) =
=1

a=1 a

(Ca=niG(Xr)) =0 (3)

hold almost surely for all t € [0,T) where g € R? and G € R? denote the

vectors of intermediate and terminal dividends.

An equilibrium is said to have dynamically complete markets if, subject to a mild
integrability condition, any consumption plan can be financed by some trading

strategy at some finite initial cost.

The rest of the paper is devoted to finding conditions under which there
exists an equilibrium with dynamically complete markets. As explained in the
next section, the starting point of our analysis will be a static Arrow-Debreu

equilibrium which we define as follows:

DEFINITION 2: An Arrow-Debreu equilibrium is a nonnegative consumption price

process m and a consumption allocation A = {(cq, Cy) ;14:1 such that

(a) For each a the pair (cq,C,) maximizes U, over the set of consumption

plans which satisfy the static budget constraint

T
Eo / mo(er — ] g(r, X,))dr + mp(C — ] G(X7)) | <o.
0

(b) The consumption good market clears in the sense that equation (3) holds

almost surely for all t € [0,T).

ASssUMPTION C: The set of Arrow-Debreu equilibria is non empty.

10



Various sets of sufficient conditions for the validity of the above assumption
can be found in the literature, see for example Duffie and Zame (1989), Karatzas
et al. (1990) and Mas Colell and Zame (1991) among others. In a recent
paper Malamud (2008) obtained simple necessary and sufficient conditions for
the existence of an Arrow-Debreu equilibrium in an economy populated with
constant relative risk aversion agents. A slight modification of his arguments

delivers the following general result:

PROPOSITION 1: Assume that for each a there are strictly positive constants 41
and Yq2 such that

< — <
’Yal — Ug .T) 9 Ua(m) f— 7&27
and
A 2 T -
So3" Bl [ e gln Xo) e 4 e TG T | < o
a=1n=1 0

where the functions § = ¢g' 1 and G = G'1 denote the aggregate dividend rate
and the aggregate terminal dividend. Then Assumption C holds.

The following well-known result (see Huang (1987) or Duffie (2001) among
others) provides an explicit characterization of the equilibrium consumption
price process as the marginal utility of a representative agent endowed with the
aggregate supply of the consumption good, and will be useful for our construction

of equilibrium prices in the next section.

PROPOSITION 2: In an Arrow-Debreu equilibrium

ou _ o, —
my = 1{t<T}% (t, A 9(t, X)) + L=} 5. (A, G(X7))
for some vector A € S of strictly positive Pareto weights where the social welfare

functions are defined by

A

v(A ) = max e P T ug (age),
ae i
A

U(t, )‘7 C) = réleag( )\aefp“tua(aac),
a=1

and S denotes the unit simplex. In particular, the equilibrium consumption price

function m is real analytic in (t,z) € (0,T) x X.'7

"In the case where the traded security do not pay dividends, the statement can be

11



As shown by the above result, the equilibrium consumption price process is

continuous on [0,7") but has a predictable jump

A(Xr) = 2 (A, T(Xp) — 9 (1, 3(T, X1)

at the terminal time. In the context of our model, this somehow unnatural
jump reflects the potential misalignment between the representative agents’
preferences for intermediate and terminal consumption on the one hand, and
between intermediate and terminal dividends on the other.'® It can be avoided
by assuming that either dividends and utilities are aligned in the sense that
g(T,z) = G(z) and us(c) = vy(c) for each a, or that the stocks do not pay

lumpsum dividends at the terminal date.

3 Endogenous completeness

In order to find conditions under which our economy admits an equilibrium
with dynamically complete markets, we will follow the path set by Kreps (1982),
Duffie and Huang (1985), Duffie (1986) and Huang (1987). Namely, we will start
from a given Arrow-Debreu equilibrium, then construct candidate prices for the
traded securities by using the consumption price process as a state price deflator,

and finally check whether these prices deliver complete markets.

3.1 Candidate price functions

Fix an arbitrary Arrow-Debreu equilibrium and let m; = m(t, X;) denote the
corresponding consumption price process. Appealing to Proposition 2 for the

required smoothness and applying 1t6’s lemma we obtain

B
dmy = —my_dRy + %(t,Xt)Ta(t, X,)dZ, (6)

where the finite variation process R is defined by

N Dm(r, X7) A(X7)
= — T 1 1 1 =7
Rt /0 m(T, _XT) dr + {tzT} 0og < m(T, XT)) ’ (7)

strengthened to show that m is real analytic in (¢,z) € (0,7] x X.

180ther examples of equilibrium models where prices have singular components include the
case of finite marginal utility at zero studied by Karatzas, Lehoczky, and Shreve (1991), the
liquidity constraints model of Detemple and Serrat (2003) and the portfolio insurance model
of Basak (1995) among others.

12



and D = 0/0t + L denotes the extended infinitesimal generator of the state
variables. Equation (6) shows that —dR; measures instantaneous expected
percentage changes in the marginal rates of substitution of the representative
agent along the equilibrium path, and so we will take B = exp(R) as our
candidate for the equilibrium price of the riskless asset.

On the other hand, a natural candidate for the equilibrium price of the stocks
is given by the fundamental value of the dividends computed at the equilibrium

price of the consumption good, namely
Sy = 1{t<T}P(ta Xt) + 1{t:T}G(XT) (8)

where P is the function defined by

P(t,X;) = E;

T
/t m(r, X;) m(T, Xr1) G(xXn)|. (9)

X.)d
mit—x) XD T

As can be seen from equations (7), (8) and (9), the candidate price processes are
continuous on [0, T") and have a jump at the terminal time which they inherit from
the discontinuity in the equilibrium price of the consumption good. However,
and as required to guarantee that prices are arbitrage—free, the relative jumps

on all traded securities are equal:

. . Sir A(X7)
lim —& = 1 =QXr)=1— ——~.
fimg - = lim - = Q(X7) (T, X1)

If this was not the case then trivial arbitrages could be implemented by buying
a security with a larger relative jump and short—selling the same amount of
another with a smaller relative jump just prior to the terminal time.

In order to assert that the candidate price system P = (B, S) gives rise to an
equilibrium it is sufficient to prove that if the riskless asset and the stocks can be
traded at these prices then markets are dynamically complete. In a continuous-
time model such as ours, dynamic market completeness of a given price system
is closely related to the properties of the volatility matrix of risky securities.
More precisely, it can be shown that markets are dynamically complete if and
only if the volatility matrix of the stocks is almost everywhere invertible, see for
example Duffie (2001, Chapter 6) or Karatzas and Shreve (2001, Chapter 1).
Now assume that P is smooth enough for an application of It6’s lemma. In that

case the volatility matrix of the candidate prices can be computed as

oP
op(t,X¢) = %(t, Xi)ox(t, X¢)

13



and we conclude that markets are dynamically complete if and only if the matrix
valued function op is nondegenerate. The following proposition summarizes the

above discussion.

PROPOSITION 3: Fiz an Arrow-Debreu equilibrium (m, A) and let the price sys-
tem P = (B, S) be defined as above. If P € C12((0,T) x X) and

det op(t,x) #0 (10)

almost everywhere on (0,T) x X then there exists a set S of strategies such that

P, A and S form an equilibrium with dynamically complete markets.

The main obstacle one encounters when trying to apply the above result in
order to establish the existence of an equilibrium is that, unless d = 1 or the
candidate price function can be computed in closed form,'” it is in general very
difficult to check directly that equation (10) holds. To circumvent this difficulty,
we show in the next section that, under appropriate regularity conditions, it may
be sufficient to check that the volatility of the dividends, rather than that of the

price itself, is nondegenerate.

3.2 Real analyticity and market completeness

In this section we present conditions which are sufficient to guarantee that the
gradient of the candidate price function is invertible and, hence, that there exists
an equilibrium with dynamically complete markets. In order to highlight the
intuition behind our approach we start by considering the finite horizon case

before we turn to infinite horizon economies.

3.2.1 Finite horizon economies

Let T be a finite horizon and P be the pre—horizon price function defined by

equation (9). This function satisfies

lim P(t, z) = S)

Ty oz~ )

and, assuming that it is once continuously differentiable with respect to the space
variable for all (¢,x) € (0,7] x V, we obtain

oP G
%(t,x) = %(x) +o(1).

9Examples of multi-asset equilibrium models where the candidate price function can be

computed in closed form include those of Santos and Veronesi (2006), Cochrane et al. (2008),
Hugonnier (2008) and Martin (2008) among others.
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This equation shows that sufficiently close to the terminal time, the volatility
of the candidate stock prices can be approximated by that of the vector G(X;)
of “effective” terminal dividends. In particular, the corresponding determinants

are related by
detop(t,z) = det og(T,z) + o(1)

for all x € V where

og(t,x) = gi(x)ax(t, x),

denotes the volatility of the effective terminal dividends; and it follows that
equation (10) holds for almost every € V in a neighborhood of the terminal
time as soon as og(7T, x) is non degenerate for almost every xz € V.

Assuming that the above calculations can be justified, the question becomes
that of knowing whether there are conditions under which we may propagate
the validity of equation (10) from a open subset of (0,7") x X to the whole set.
As observed by Anderson and Raimondo (2008) who seem to have been the first
ones to use it in this context, the notion of real analyticity is particularly well
suited to answer this question because a real analytic function which is non zero
on an open set is automatically non zero almost everywhere in its domain of
analyticity. Applying this simple property to the problem at hand gives us our

first main result:
THEOREM 1: Assume that the function P of equation (9) is real analytic in
(t,z) € (0,T) x X and belongs to C*((0,T] x V). If

detog(T,x) #0 (11)
holds for almost every x € V then there exists an equilibrium with dynamically
complete markets.

The above theorem shows that if the price function is real analytic then
dynamic market completeness obtains as soon as the volatility of G is nonde-
generate. If one assumes, in addition, that there is no jump in the equilibrium
consumption price process at the terminal time, then this condition simplifies

further and only requires that the volatility matrix

og(t,x) = %(w)ax(t, x)

of the terminal dividends be nondegenerate. In that case, our condition is
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similar to that obtained by Anderson and Raimondo (2008) albeit with a slightly
different market structure.”’’ However, it is important to note that our result
allows for more state variables than there are underlying sources of risk and does
not require that these state variables be Brownian motions.

Most of the asset pricing literature focuses on equilibrium models in which
risky securities do not pay terminal dividends. For such models, Theorem 1 is
of no help since the sufficient conditions it provides require that all the risky
securities pay terminal dividends. Nevertheless, and as we now demonstrate,
the techniques used to establish Theorem 1 can be easily adapted to cover the
case of risky securities which only pay intermediate dividends.

Assume for simplicity that agents have no utility for terminal consumption,
and that the securities do not pay terminal dividends. In that case the equi-
librium consumption price process is continuous and, as a result, the candidate

price function is simply defined by

T
/t mnXo) o XT)dT] . (12)

=P, Xy)=FE
St (t, Xt) t m(t, Xy)

Using this expression and assuming that the interchange of limit and expectation

can be justified, we obtain

oP . P(t,z)— P(T,x)
— = (T,z) =1
ot (Do) = lim Tt
1 Tm(r, X;)
=limE T g(r, Xy T
lim B T_t/t i, )9(77 )dé‘] 9(T, z),

and it follows that
P(t,x) = (T —t)g(T,z) + o(T — t).

Assuming further that the relevant cross—derivative is continuous all the way
to the terminal time, and formally differentiating on both sides of the above

expression we obtain that the volatility of the candidate prices satisfies

op(t,z) = (T — t)oy(T,z) + o(T — t).

20 Anderson and Raimondo (2008) assume that in place of instantaneously riskfree bonds the
menu of traded securities includes a zero net supply security with terminal payoff Go > 0 and
price Py. In that case a straightforward modification of our arguments shows that Theorem 1
remains valid provided that we replace P by P/P; and G by G/Go.
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where
)
og(t,x) = Fg(t,x)ax(t,a:)

is the volatility of the intermediate dividends. This equation shows that, in
a neighborhood of the terminal time, the volatility of the candidate prices is
proportional to that of the intermediate dividends. In particular, equation (10)
holds almost everywhere in a neighborhood of the terminal time as soon as the
matrix o4(7T, z) is non degenerate for almost every € X, and assuming that the
candidate price function is real analytic then allows to conclude that markets

are complete. We summarize the above discussion as follows:

THEOREM 2: Assume that the function P of equation (12) is real analytic in
(t,z) € (0,T) x X and belongs to C*((0,T] x X). If

det og(T,x) # 0 (13)

holds for almost every x € X then there exists an equilibrium with dynamically

complete markets.

The results of the above theorems are quite intuitive. Indeed, these theorems
simply state that if the price function is real analytic in time then non degeneracy
of the volatility of either terminal or intermediate dividends is automatically
transmitted to the volatility matrix of the prices themselves. A striking feature
of these results is that they depend only on the dividends and not on the
other primitives of the economy: changing the agents’ preferences or initial
endowments has no effect on the existence of an equilibrium. If one can prove
real analyticity of the price function from first principles, then Theorems 1 and 2
provide an easy way of deciding whether a given model gives rise to equilibrium
with dynamically complete markets by simply checking if the dividends are
functionally independent. As we illustrate in Section 4 below, the most difficult
part in this line of attack is of course to find reasonably general conditions which
guarantee that the candidate price function is real analytic.

The conditions of Theorems 1 and 2 are sufficient to guarantee the existence
of an equilibrium with dynamically complete markets but they are by no means
necessary. In particular, if some of the risky assets are fixed income securities
which pay constant dividends, then equation (13) obviously fails but markets
may nonetheless be dynamically complete as illustrated by Example 1 below. In
order to find sufficient conditions for dynamic market completeness in such cases

one needs to perform a higher order expansion of the volatility of the candidate
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prices. While such an expansion can in principle be computed to an arbitrary
order, the derived expression become more and more complicated as the order
of the expansion increases. For the sake of readability, we therefore present the
details only for the second order expansion.

Under appropriate regularity conditions, it can be shown that a second order

expansion of the gradient of the price function is given by

op(t,r) = (T — t)o,(T,z) + %(T —)?H(x) + o(T — t)?

where we have set

H(z) = a% (W) ox (T, ) — %(T,x)

and D = 0/0t + L denotes the extended infinitesimal generator of the state
variables. Combining this expansion with well-known results from linear algebra
(see the appendix for details) and appealing to the same property of real analytic
functions as before leads to a second order sufficient condition for the existence
of an equilibrium with dynamically complete markets. In order to state this
condition let B; denote the matrix obtained from o, by replacing its i—th row

with the corresponding row of H, namely
Bi(x) = a4(T,x) + eief (H(x) — o4(T,x)), (14)

where e; is the i—th vector in the orthonormal basis of R,

PROPOSITION 4: Assume that the function P of equation (12) is real analytic in
(t,z) € (0,T) x X and belongs to C3((0,T] x X). If

d
> det Bi(w) # 0 (15)
=1

holds for almost every x € X then there exists an equilibrium with dynamically

complete markets.

In contrast to that of Theorem 2 the sufficient condition of Proposition 4
depends not only on the dividends but also on the agents’ preferences and
endowments through the equilibrium price of the consumption good. This is
intuitive since some of the risky securities now draw their value solely from
variations in the equilibrium consumption price process and the latter is jointly

determined by dividends, preferences and endowments. Nevertheless, and as we
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illustrate in the following example, the fact that the sum of determinants in

equation (15) does not vanish can often be verified by direct calculation.

EXAMPLE 1: Assume that the uncertainty is generated by a two dimensional
Brownian motion Z and consider a finite horizon economy populated by identical
agents with constant relative risk aversion « > 0, rate of time preference p > 0
and initial portfolio n = 1/A.

Assume that the economy is driven by two state variables which evolve

according to

dXy; = (X — |lo1]?/2) dt + o] dZ;,
dX9 = k(0 — Xop) dt + 04 dZy,

for some (k,0,01,02) € R x R x R? x R? such that oy and oy are linearly

independent; and that the intermediate dividends are given by

g(t, X)) =1,
gg(t, Xt) = eXp(Xlt).

The interpretation of this market structure is as follows. The first risky security
is an annuity which pays one unit of consumption per unit of time while the
second risky security is a stock. The dividends of this stock follow a geometric
Brownian motion with constant volatility o; and a stochastic drift which is
imperfectly correlated to the dividend and assumed to follow a mean reverting
Ornstein—Uhlenbeck process with constant coefficients x, # and oo.

Using standard results it can be shown that the primitives of this economy
satisfy the conditions of Proposition 1 and it follows that an Arrow-Debreu
equilibrium exists. However, the conditions of Theorem 2 cannot be applied to
assert the existence of an equilibrium with dynamically complete markets since
all the derivatives of the function g, are zero. To circumvent this difficulty we
will use the result of Proposition 4.

Since agents have homogenous power utility functions, time preference rates
and endowments, we know that the equilibrium consumption price process takes

the form
m(t, Xg) = e PPATH (1 + exp(X1) 7

and a straightforward calculation shows that the sum of determinants in equation
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(15) is explicitly given by

211

det(al, 02) £ 0.

2
ve
det Bi(z) =
ZZ:; o Bilz) 1+em

Furthermore, it can be checked that the primitives of the model satisfy the
conditions of Proposition 6 below and it follows that there exists an equilibrium

with dynamically complete markets.

3.2.2 Infinite horizon economies

Set v, = G = 0 for all a and consider an infinite horizon economy. The
following assumption guarantees that the candidate prices are time independent
functions of the state variables and is quite common in the continuous-time
general equilibrium literature, see Wang (1996), Chan and Kogan (2002) and
Dumas et al. (2008) among others.”!

ASSUMPTION D: All agents have the same subjective rate of time preference and

the functions p, o and g are time independent.

Since the model now has an infinite horizon, there is no terminal time
close to which the volatility of candidate prices can be approximated. As a
result, we cannot use the approach of the preceding section to obtain conditions
which guarantee market completeness for a given set of initial endowments. To
circumvent this difficulty we will follow an alternative approach: we will fix
the vector of Pareto weights which determines the consumption allocation and
approximate the candidate prices as functions of the agents’s common rate of
time preference.

In order to implement this approach, fix an arbitrary vector A € S of Pareto
weights and denote by p > 0 the agents’ common rate of time preference. Using
Assumption D together with the result of Proposition 2 it can be shown that

the equilibrium consumption price process is given by
m(ta Xt7 Py >‘) = eiptm(Xta )\)

for some function m which depends only on the state variables and the vector

Pareto weights. Given this consumption price process, the candidate stock prices

21The results of this section can be easily extended to allow for heterogenous discount rates
and time dependent dividends at the cost of increased notational burden.
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are defined by

St = P(Xt,p, \)
e X A) © _w(r, X, \)
=E e P(T t)m(7’ X, dT:/ e PT N D) g
3 m(X, ) /= T
where we have set
m(1,2,A) = E[m(X,, \)g(X7)|Xo = 2], (16)

and the last equality follows from the Markov property of the state variables and
Fubini’s theorem. Since the agents’ common rate of time preference only appears
in the discount factor, we have that the function P and all its space derivatives
are automatically real analytic in p as soon as they are well-defined. In order to

guarantee that this is indeed the case we following regularity condition:

ASSUMPTION E: The function 7 belongs to C?(Ry x X)) and there exist a constant
K > 0 and a continuous function I > 0 such that

m(rn )+ | G|+ | G2 ()| < ) (17)
J

for all (1,2) € (0,00) X X and 1 <i,j,k <d.

As a result of the above assumption we have that the candidate price function
is well-defined and twice continuously differentiable in with respect to the state
variables for all p > K. Furthermore, it can be shown that the gradient of the

candidate price function is real analytic in p and satisfies

0N = (1) 520) + 0(1/p).

This equation shows that for large values of p the volatility of the candidate
prices is approximately proportional to that of the intermediate dividends. In

particular, the corresponding determinants are related by
det op(w, p, A) = (1/p)" det oy () + 0 (1/p)",

and it follows that the volatility of the candidate prices is invertible almost
everywhere in a neighborhood of 1/p = 0 as soon as the volatility of the
intermediate dividends is almost everywhere nondegenerate. Since the gradient
of the candidate price function is real analytic in p we can then propagate this

property from a neighborhood of infinity to almost every value of p > K and thus
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obtain dynamic market completeness for almost every rate of time preference.
The following result constitutes the exact counterpart of Theorem 2 for the

case of infinite horizon economies and summarizes the above discussion.

THEOREM 3: Consider an infinite horizon economy and fix a vector of Pareto
weights A € S such that Assumption E holds true. If

detog(x) #0 (18)

holds for almost every x € X then the consumption allocation associated with
A € S gives rise to an equilibrium with dynamically complete markets for all but

countably many p > K.

The above result shows that, in an infinite horizon economy, a Pareto optimal
allocation gives rise to dynamically complete markets for almost every rate of
time preference as soon as the the volatility matrix of the dividends is nonde-
generate. As in the finite horizon case, this first order condition is only sufficient
and higher order conditions can be obtained by expanding the volatility of the
candidate prices further. In particular, it can be shown that the second order

expansion is given by

op(,p.N) = (1/p)ag(x) + (1/p)*F(x, A) + o(1/p)?
where we have set

F(z,\) = aax (ﬁ(i(gazfi’))\)) ox(x)

Combining this expression with well-known results from linear algebra and
appealing to the same property of real analytic functions as before then leads
to a second order sufficient conditions for the existence of an equilibrium with
complete markets. In order to state this condition let C; : X x S — R%*? denote

the matrix valued function defined by
Ci(w,A) = og(x) + €] (F(z,)) — ag()) (19)

where e; is the i—th vector in the orthonormal basis of R?.

PROPOSITION 5: Consider an infinite horizon economy and fix a vector of Pareto
weights A € S such that Assumption F holds true. If

d
> det Ci(,A) #0 (20)
=1
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holds for almost every x € X then the consumption allocation associated with
A € S gives rise to an equilibrium with dynamically complete markets for all but

countably many p > K.

In order to illustrate the application of the above results we now consider an

example taken from Dumas et al. (2008).

EXAMPLE 2: Assume that the uncertainty is generated by a two dimensional
Brownian motion Z and consider an infinite horizon economy driven by a four

dimensional vector of state variables which evolves according to

dX1 = X1 Xordt + X1p01d 20y,

dXor = k(0 — Xop)dt + 09dZyy,

dXs = k(0 — X31)dt + 031dZ1; + 032d 7,
dXat = Xar((Xst — Xor)/01)d 214,

for some constants (k, 0,1, 01,02,03) € RxRxR xR xR xR? such that o33 # 0,
o1 # 0. The economy is populated with two agents whose utility functions given
by

1—y
c
Ul(c) = 1 — /')/’
1—y
x4cC
uz(z, ) = xqui(c) =
-~

for some strictly positive constant v € N which represents the agents’ common
relative risk aversion coefficient’” and we assume that the aggregate endowment

is given by
E(Xt) = Xlt-

The interpretation of this model is based on the assumption that agents have
heterogenous beliefs about the evolution of the economy. The first agent believes
that the growth rate of the aggregate endowment process is Xo while the second
one believes that it is X3. The remaining state variable represents the density of
the beliefs of agent 2 with respect to those of agent 1 and appears multiplicatively
in the definition of the utility function of agent 2 in order to allow us to compute

the expected utilities of both agents under the same probability measure.

22The assumption of an integer coefficient of relative risk aversion is imposed in order to
guarantee that the finite horizon price function 7 of equation (16) can be computed in closed
form, see Dumas et al. (2008, Section 3) for details.
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Since there are two independent sources of risk in the model we know that one
riskless asset and at least two risky securities are needed in order to implement
the Arrow-Debreu equilibrium by continuous trading. Dumas et al. (2008)
consider the case where these two securities are given by an annuity in zero
net supply and a claim to the aggregate endowment but they do not actually
prove that this menu of securities delivers complete markets. We now fill this gap
by showing that in their model dynamic market completeness can be obtained
by direct application of the results of this section.

By slightly extending the results of Proposition 2 to allow for state dependent
utility functions we obtain that in the above economy equilibrium price of the
consumption good takes the form

m(t, X¢, p, A) = e P'm(X;, \) = e_pti <a+XZL>7
A2 Xt
where the constant \; € (0,1) represents the weight of agent ¢ in the definition
of the social welfare function and we have set b= 1/7, a = (Aa/A1)? > 0. Using
this expression in conjunction with the definition of the dividends we obtain that

the sum of determinants in equation (20) is explicitly given by

b(b—1)(w2 — x3) + 03 (a + 25)
o1b(a + x4)2

2

Zdet Ci(z,\) = ¢ z12503.

i=1

Since the function on the right hand side of the above expression is real analytic
in z € X and not identically zero we know that its zero set has measure zero.
Furthermore, a detailed inspection of the closed form results of Dumas et al.
(2008, Equations (36) and (37)) show that all the conditions of Assumption E
are satisfied”® and the existence of an equilibrium with dynamically complete

markets now follows from Proposition 5.

The above results show that in infinite horizon economies dynamic market
completeness can be deduced from the structure of dividends under suitable
regularity conditions. A notable difference between finite and infinite horizon
economies it that for the latter we do not need to assume any real analyticity. The
reason behind this simplification is that, with an infinite horizon and identical
rates of time preference, the gradient of the price function is automatically real
analytic in p as soon as it is well-defined and this is all we need to propagate the

non degeneracy of the dividends to the prices. In contrast, in the finite horizon

23The precise definition of the lower bound on the agents’ common rate of time preference
can be found in Dumas et al. (2008, Lemma 6), we omit the details

24



case we have to assume that the price function is real analytic in (¢, z) and, as
we illustrate in Section 4 below, the conditions needed to guarantee that this

assumption holds for a given model can be quite complicated.

4 Applications

Given the results of the previous section, proving the existence of an equilibrium
with complete markets reduces to finding conditions under which the candidate
prices are real analytic for the finite horizon case, and satisfy Assumption E for
the infinite horizon case.

In this section we provide conditions under which these properties hold
for two concrete classes of models: those where the state variables follow a
vector autoregressive process and those where each of the state variable is an
autonomous diffusion process. At the end of the section we also discuss whether
real analyticity is crucial for market completeness. In particular, we show that
as soon as one relaxes this requirement it is possible to construct examples of
models which satisfy all the other conditions but nonetheless fail to generate

dynamically complete markets.

4.1 Vector autoregressive processes

Assume that the vector of state variables evolves according to a continuous-time

vector autoregressive process of the form
dXy = (b(t) — A(t) Xy) dt + ox (t)dZ; (21)

where Z € R? is a Brownian motion and b € R”, A € R™" and oy € R"*¢ are

real analytic functions of time such that the matrix
Ex(t) = Jx(t)dx(t)T

has rank at least d for all ¢t € [0,7]. This class of models includes as a special
case the model studied by Anderson and Raimondo (2008) where the state
variables coincide with the underlying Brownian motions but it is significantly
more flexible as it allows for arbitrary mean reverting Gaussian processes with
deterministic coefficients.

Consider first a finite horizon economy, and let p(7,z,7 + 6,y) denote the
transition density of the state variables from x to y over a time interval of length 6

starting at time 7. With this notation we have that the candidate price function
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defined in equation (9) can be written as a double integral:

m(t—,2)P(t, z) = /R p(t, 2, T, )m(T, )G ) dy

d
T
+ [ ptaramin gatr)duar
t

In order to obtain the existence of an equilibrium with dynamically complete
markets we need to find conditions under which the above integrals are real
analytic as functions of time and the state variables. While real analyticity with
respect to the state variables can be obtained under rather weak integrability
conditions, real analyticity in time is much more difficult to establish. Using
Assumption A in conjunction with the result of Proposition 2 and the fact that
p is a Gaussian transition density we have that the integrands are all real analytic
in time but this is not sufficient to show that the integrals themselves are real
analytic in time. To obtain this property we also need to know that the radius
of time analyticity of the integrands is uniformly bounded from below. This is

the purpose of the following:
DEFINITION 3: A function f belongs to the class KC if it is real analytic in (t,x) €

(0,T) x R™ and such that

sup |f(1,2)| < Kl ¢ (22)
T7€O

for some nonnegative constants K and o < 2 and some complex neighborhood of
the time interval [0, T).

THEOREM 4: Consider a finite horizon economy where the state variables evolve

according to equation (21). Assume that n = d and that the function
f(t,x) = m(t, 2)g(t, ) + m(T, 2)G(x) (23)
belongs to the class K of Definition 5. Then there exists an equilibrium with
dynamically complete markets under either of the following conditions:
(a) Equation (11) holds for almost every x € RY,

(b) There are no terminal dividends and either of equations (13) and (15) holds

for almost every x € RY.

The above result shows that if the state variables of the economy follow a
vector autoregressive process then an upper bound on discounted dividends are

sufficient to guarantee the existence of an equilibrium with dynamically complete
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markets. The form of the upper bound is quite intuitive given the decay of the
Gaussian transition density associated with the state variables. What is special
about this upper bound is that it must hold not only for real values of ¢ but also
for complex ones in a neighborhood of the time interval [0, T.

A significant restriction imposed by Theorem 4 is that it requires the number
of state variables (n) to equal the number of sources of risk (d). The reason
behind this restriction is that, when there are more state variables than sources
of risk (n > d), the degeneracy of the instantaneous variance—covariance matrix
Y x(t) causes the price integral to blow up for complex values of the time
argument. This does not mean, however, that there is no way to analytically
continue the candidate price function in the complex domain but we have not
been able to do so with the techniques of this paper.

When b = 04, A = 04xq and o = I;«4 the state variables coincide with the
underlying Brownian motions and the model collapses to that of Anderson and
Raimondo (2008) albeit with a slightly different market structure. In that case
Theorem 4 shows that the conditions imposed by these authors are in general not
sufficient for the validity of their main result since they only require that their
marginal utility bounds (see their equation (2) p. 851) hold for real values of ¢
and not for complex ones. The only case where their arguments apply without
any additional assumption is when dividends are time independent and agents

have identical rates of time preference. Indeed, in that case we have that
f(t,x) = e P'n(z)g(z) + e "Tn(z)G(z)

for some nonnegative function n and it follows that the bound automatically
hold for complex values of ¢ if they hold for real ones.

In order to verify the upper bound in Theorem 4 it is necessary to impose
conditions on the utility functions and the dividends which jointly determine the
equilibrium consumption price. This is easily done when intermediate dividends
are time independent and agents have identical rates of time preference since in
that case it suffices to assume that (22) holds at a single point in time. In the case
where time preference rates are heterogenous and/or intermediate dividends are
time dependent, sufficient conditions for general utility functions become very
technical. For this reason we formulate precise conditions only for the benchmark

case of constant relative risk aversion.

PROPOSITION 6: Consider a finite horizon economy where the state variables

evolve according to equation (21). Assume that n = d and that

(a) Agent a has subjective rate of time preference p, > 0 and his utility
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functions are given by

=7 — 1

1 -1

Uq(c) = va(c)

for some strictly positive relative risk aversion coefficient .

(b) The dividends of stock i are given by

Gi(x) = vi(x), (24)
gi(t,z) = e%try(x), (25)

for some constant 6; and some real analytic functions (v;, Kk;) such that
6—JiHm||aJZ. < Vi(x),lii(x) < eK"”w”aKi

for some strictly positive constants J;, K; and o < 2.

Then there exists an equilibrium with dynamically complete markets as soon as

either of conditions (a) or (b) in Theorem 0 is satisfied.

We now close this section by providing conditions for the existence of an
equilibrium with dynamically complete markets in an infinite horizon economy
where the state variables follow a vector autoregressive process. In that case the
required conditions are much weaker as we no longer need to establish any real
analyticity. In particular, we can now treat the case of economies where there
are more state variables than there are sources of risk.

In order to accommodate an infinite horizon, and to guarantee that the
distribution of the state variables is nondegenerate despite the fact that there

can be more state variables than sources of risk we impose the following:
AsSUMPTION F: The coefficients b, A and ox are constant and such that

(a) The variance—covariance matriz of the state variables
_ T
Q)= E |(X; — E[X;]) (X; — E[X;])

is positive definite for all 7 > 0.

(b) Either all the eigenvalues of A have strictly positive real parts or A is

diagonalizable and all its eigenvalues have nonnegative real parts.

THEOREM b5: Consider an infinite horizon economy where the state variables
evolve according to equation (21) and suppose that Assumption D and Assump-
tion F' hold true. If
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(a) There exists a strictly positive constant C such that
m(z, \)g(z) < ‘Il (26)

for all x € R™,
(b) Either of equations (18) and (20) hold for all x € R™

then there exists a nonnegative constant py such that the consumption allocation
associated with A € S gives rise to an equilibrium with dynamically complete

markets for all but countably many p > pg.

In order to apply the above results it suffices to find joint conditions on
utility functions and dividends under which equation (26) holds. When agents
have power utility functions with heterogenous risk aversion coefficients such
conditions can be deduced from those of Proposition 6. Indeed, if the time

independent dividends satisfy
efJinHJi < gi(z) < €K¢||$HKZ.

for some strictly positive constants J;, K; then the arguments used in the proof
of Proposition 6 show that equation (26) holds for some strictly positive constant
C and it follows that an equilibrium exists for almost all sufficiently large value
of the agents’ common rate of time preference.

The lower bound py can be computed explicitly in a number of cases. In
particular, if all the eigenvalues of the matrix A have strictly positive real parts
then the state variables are stationary and it follows that pg = 0. On the other
hand, if A = 0,,«, then the state variables are correlated Brownian motions with

drift and the lower bound is given by
T L oo T
po=Cb 1d+§C 1 Xx14.

In the general case where some of the eigenvalues of the matrix A # Onxn
are allowed to have vanishing real parts the nonnegative constant py can still
be computed in closed form but its expression is complicated and not very
informative so we omit it.

In order to apply the result of Theorem 5 we have to check that the variance—
covariance matrix of the state variables over an interval of strictly positive length
is non degenerate. Since the state variables are Gaussian processes this matrix

can in general be computed explicitly (see for example Karatzas and Shreve
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(1998, Chapter 5.6)) and so checking the validity of Assumption F basically

reduces to the computation of a determinant as the following example illustrates.

ExXAMPLE 3: Consider an infinite horizon economy similar to that of Example

1 but driven by three state variables which evolve according to

dX1e = (Xat — ||on]?/2) dt + o dZy, (27)
dXor = (Xat — ||o2||/2) dt + o4 dZy, (28)
dX3 = k(0 — X3;) dt + o4 dZ, (29)

where Z € R? is a Brownian motion and (k, 0, 01, 02,03) € R x R x R? x R? x R?
are constants such that ||os|| # 0. The financial market consists in a locally

riskless asset and two stocks whose dividends are given by
9i(X3) = exp(Xy), 1=1,2.

This example generalizes the multi—asset models of Cochrane et al. (2008) and
Martin (2008) by allowing the growth rates of the individual dividends to be
driven by a common, imperfectly correlated, stochastic factor which can be
interpreted as a proxy for business cycles in the economy.

As can be seen from equations (27), (28) and (29) the matrix A associated
with this example is diagonalizable and has eigenvalues (0,0, k) so we have that
part (b) of Assumption I holds as soon as k is nonnegative. On the other hand,
standard results on linear Gaussian processes (see Karatzas and Shreve (1998,
Chapter 5.6)) show that the determinant of the variance-covariance matrix is

given by
det Q(7) = F(7)]||o3)* (det(al, o3) — det(o2,03) + kdet (o7, 02)>

for some function F': Ry — R which depends only on x and whose only zero is
located at the origin. In particular, part (a) of Assumption F holds true provided
that oy # o1, det(o1,03) # 0 and, since the dividends satisfy condition (a) of
Theorem 5, we have that the existence of a complete markets equilibrium rests
entirely on condition (b).

If the instantaneous volatilities of the first two state variables are linearly

independent then the volatility matrix of the dividends
Jg e"lo]
O'g(.’E) = %(.CL')O' = ( erO';—
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is invertible for almost all z € R? and the existence of a complete markets
equilibrium now follows from the first order condition of Theorem 5. Surprisingly,
the condition that the dividend volatilities be linearly independent is sufficient
but not necessary for the existence of an equilibrium with complete markets. To
see this assume that oo = ao; for some o and recall that, since agents have
homogenous power utility functions, the equilibrium consumption price is given
by

m(t,z) = e PLATT (et 4 e%2) 77,

A straightforward, albeit tedious, computation shows that the sum of determi-

nants in equation (20) is explicitly given by

2

ZGL(Q:) = e"112(1 — o) (1 — v) det(ay, 03)
i=1

and it follows from the second order condition of Theorem 5 that an equilibrium
with dynamically complete markets exists as soon as « # 1, v # 1, det(o1, 03) #
0. Each of these parametric restrictions is necessary for the existence of a
complete markets equilibrium. Indeed, if @ = 1 then the stocks pay the same
dividends at all times and so markets can never be complete with respect to the
underlying filtration. Similarly, if det(oy,03) = 0 then the three state variables
are effectively driven by the one dimensional Brownian motion Z; = o Z;/||o1 |
and so there is no way for markets to be complete with respect to the filtration
generated by the two dimensional Brownian motion Z. Finally, assume that
~v = 1 so that the representative agent has logarithmic utility. In that case it can
be shown that the equilibrium stock prices do not depend on the state variable
X3 which drives the common growth rate of the dividends®* and it follows that

markets are incomplete since the dividends are perfectly correlated.

4.2 Autonomous diffusion processes

For a second application we consider the case where each of the state variables is
an autonomous diffusion process. More precisely, we now assume that for each
1 the associated coordinate of the vector of state variables evolves according to

the one dimensional stochastic differential equation

dXZ‘t = ,ui(Xit)dt + O'i(Xit)dZit‘ (30)

24This follows from the fact that, since the dividends depend symmetrically on X3, the
dynamics of the discounted dividends m(t, z)g:(z) = e *'g;(x)/g(x) are independent of X3.
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for some continuously differentiable drift and volatility functions u;, o; where Z;
is a one dimensional Brownian motion. To simplify the analysis we will further
assume that the state space of the i—th coordinate is given by X; = (¢;,00) for
some constant ¢; > —oo, and that X; does not reach the boundaries of its spate
space in finite time.”’

Since each coordinate is autonomous and driven by a different Brownian
motion we have that the state variables are mutually independent and it follows

that the transition density of the vector is given by

d
p(t,z,y) = H qi(t, =i, ys), Y(t,z,y) € (0,T] x X%
i=1
where ¢; is the transition density of the i—th coordinate and X = Hf;l:1 X;. The
main difference between this model and that of the previous example is that in
general we do not have an explicit expression for the transition densities of the
various state variables. To circumvent this difficulty we will assume that the

unknown transition densities satisfy the following a priori bounds:

ASSUMPTION G: For each i there are strictly positive constants (o, C;) and
locally bounded functions (K;, L;) such that

ai(t,z,y) < Ki(x)Li(y)tfaiefci(Mi(m)*Mi(y))Q/t (31)

or all (t,x € [0, T x X2 where
f y Ly Y ) 7

M;(x) = /:" dz

0i(2)

and c 1s an arbitrary point in X.

The upper bound in equation (31) implicitly determines the growth condition
that the discounted dividends should satisfy for the price integrals to be well-
defined but it is not sufficient to guarantee that the price function is real analytic
in time. To achieve this we need not only that the integrals be well-defined
but also that the integrands be real analytic in time and that their radius of
analyticity be uniformly bounded from below.

As far as the transition densities are concerned, these properties follow from

Assumption G since it can be shown that if equation (31) holds for real values of

2>The assumption that r; = sup{z € R : z € X;} = oo can be relaxed but it is in general
harmless as most of the models in the literature use state variables whose coordinates take
values in either the positive real line or the whole real line.
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t then it automatically holds for complex ones, see Davies (1997, Lemma 2) and
Appendix D.2. The situation with the discounted dividends is more complicated
since there is no guarantee that the bound holds for complex values of ¢ if it
holds for real ones. As in the previous section, we will circumvent this difficulty

by imposing an upper bound in a complex neighborhood of [0, 7.

DEFINITION 4: A function f : [0,T] x X — R belongs to the class M if it is real
analytic in (t,z) € (0,T) x X and such that

d

[ sl TT Fatw e 07y < o

T€O =1

for any € > 0 and some complex neighborhood O 2 [0,T].

THEOREM 6: Consider a finite horizon economy such that Assumption G holds

and assume that the function
f(t, ) = m(t, 2)g(t, ) + m(T, 2)G(x) (32)

belongs to the class M. Then there exists an equilibrium with dynamically

complete markets if either of the following conditions holds:
(a) Equation (11) holds for almost every x € R% and G € C?(X),

(b) There are no terminal dividends and either of equations (13) and (15) holds

for almost every x € RY.

The conditions of Assumption G and Theorem 6 might seem very technical
but they are in fact quite easy to verify for concrete models and can be shown
to hold for most of the diffusions processes that are routinely used in the asset
pricing literature. In particular, the following examples show that these condi-
tions hold for Cox-Ingersol-Ross (CIR) processes and for a wide class of constant

elasticity of variance (CEV) processes.

ExXAMPLE 4 (CIR processes): Assume that each of the d state variables evolves

according to the square root dynamics
dXit = (a; — b Xp)dt + o4/ | Xi|dZy (33)

for some constants a; > 0, b; and o; such that v; = (2ai/02-2) — 1 > 0. This last
condition guarantees that the unique solution to equation (33) never reaches zero

and can be relaxed at the costs of increased notational burden.
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The following result shows that Assumption G is satisfied and gives a simple
criterion for a given function to belong the class M which appears in the

statement of Theorem 6.

LEMMA 1: Assumption G holds and a sufficient condition for a real analytic
function to belong to the class M 1is that

sup | f(r,z)| < Kl j¢

T€O
for some strictly positive constants K and § < 1 and some complex neighborhood
of the time interval [0,T].

In order to obtain the existence of an equilibrium with complete markets
for this economy we need to find conditions on the dividends, utility functions
and time preference rates under which the function of equation (32) satisfies
the bound of Lemma 1 in some complex neighborhood of [0,7]. As explained
in Section 4.1 this is easily done if agents have identical time preference rates
and dividends are time independent since in that case the function depends
exponentially on time. In the general case where agents have heterogenous
time preference rates and/or dividends are time dependent the situation is more
complicated. Nevertheless, we have a simple criterion for finite horizon economies
where agents have power utility functions with heterogenous risk aversions and

time preference rates.

ProrosiTION 7: Consider a finite horizon economy where the state variables

evolve according to equation (33) and assume that

(a) Agent a has subjective rate of time preference p, > 0 and his utility

functions are given by

=7 — 1

Uq(c) = va(c) 1—

for some strictly positive relative risk aversion coefficient .

(b) The dividends of stock i are given by equations (24) and (25) for some

constant 0; € R and some functions (v, k;) such that
6_Jin||6JZ. < Vi(x),/{i(x) < eKz'HfHéKZ.

for some strictly positive constants J;, K; and § < 1.

Then there exists an equilibrium with dynamically complete markets as soon as

either of conditions (a) or (b) in Theorem 6 is satisfied.
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For a second example of application of the result of Theorem 6 we now turn

to constant elasticity of variance (CEV) processes.

EXAMPLE 5 (CEV processes): Assume that each of the d state variables of the

model evolves according to the constant elasticity of variance dynamics
dXi = i Xupdt + &| X PidZ; (34)
it = HiNigt il Xt it

for some constants pu;, & and §; > 0. This last condition guarantees that the
unique solution to the above equation never reaches the origin and hence is never
absorbed.

In order to show that Assumption G is satisfied in this example consider the

nonnegative process defined by

Yi = (&&Xﬁ")ﬂ- (35)

Applying It6’s lemma to the right hand side and using equation (34) shows that
this process evolves according to the square root dynamics of equation (33) with
the constants a; = 2+ 1/03;, b; = 2u;3; and o; = —2. Combining this simple

observation with the arguments used in the proof of Lemma 1 gives:

LEMMA 2: Assumption G holds and a sufficient condition for a real analytic
function to belong to the class M 1is that

Sug\f(n z)] <14 Kl|z[|* (36)
TE

for some strictly positive constants K and o < @ = 2(1 4+ min; ;) and some

complex neighborhood of the time interval [0,T].

In order to obtain the existence of a complete markets equilibrium we need
to find conditions on the dividends, utility functions and time preference rates
under which the function f of equation (32) satisfies the bound of Lemma 2 in
some complex neighborhood of the interval [0,7]. As in the previous examples,
there are basically two cases where such conditions can be easily formulated: the
case of homogenous time preference rates and time independent dividends, and
the case of power utility agents with heterogenous time preference rates and risk
aversion coefficients. For the latter we have to following analog to Propositions
6 and 7

ProprosITION 8: Consider a finite horizon economy where the state variables

evolve according to equation (34) and assume that
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(a) Agent a has subjective rate of time preference p, > 0 and his utility

functions are given by

et —1

1_711

ug(c) = va(c)

for some strictly positive relative risk aversion coefficient v, .

(b) The dividends of stock i are given by equations (24) and (25) for some

constant 6; € R and some functions (v;, ki) such that
Jillz||~* < vi(2), ki(z) < K|z

for some strictly positive constants J;, K; and o < @.

Then there exists an equilibrium with dynamically complete markets as soon as

either of conditions (a) or (b) in Theorem 6 is satisfied.

4.3 Counterexamples

The three previous examples clearly illustrate that the most difficult part in
applying the result of Section 3.2.1 consists in verifying that the candidate price
function is real analytic in time. Given this observation it is natural to wonder
whether this somehow technical condition is absolutely necessary if one wants to
deduce market completeness from the structure of dividends. We show in this
section that this is indeed the case by presenting counterexamples which show
that, unless this condition is verified, the candidate prices may fail to generate
dynamically complete markets even though all the other conditions of Theorem
1 are satisfied. In order to highlight the intuition behind our construction we
start with an explicit example of a single stock economy before we move on to

economies with multiple stocks.

4.3.1 A single stock economy

Assume that the uncertainty is generated by a one dimensional Brownian motion
and consider a finite horizon economy populated by a representative agent with
initial portfolio n = 1, time preference rate p > 0 and logarithmic utility.

Since there is a representative agent we know that this economy admits
a unique equilibrium independently of whether markets are complete or not.

Furthermore, exploiting the assumption of logarithmic utility we obtain that in
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this equilibrium the stock price is
St = 1yery P(t, Xt) + 1=y G(X7)
where the pre—horizon price function is defined by

P(t, X0) = g(t.X0) ((1/p) + 7T (1= 1/p)) .

This expression shows that in this example dynamic market completeness is
entirely determined by the intermediate dividends. In particular, if we assume
that there exists a set of strictly positive measure R C (0,7") such that

9y

—(t,x) =0 37

2(1,1) (3
for almost every (¢,z) € R x X then the stock volatility vanishes on R and
it follows that markets are incomplete in equilibrium even though the effective

terminal dividend
G(x) = P(T,x) = g(T, x)

may be chosen in such a way as to satisfy the nondegeneracy condition of
Theorem 1.° The reason why the result of Theorem 1 does not apply here is that
if equation (37) holds on a set of strictly positive measure then the equilibrium
price function fails to be real analytic in time over the whole interval (0,7)
and so we cannot propagate the nondegeneracy of the stock volatility from a

neighborhood of the terminal time to the whole interval.

4.3.2 Multiple stocks economies

Consider a finite horizon economy where the uncertainty is generated by a
d—dimensional Brownian motion, and assume that the economy is populated
by a single agent with time preference rate p > 0 and utility function .

Let further (g,G) denote the dividends of the stocks and assume that the
dividends of the first stock are uniformly bounded above and away from zero.
The following proposition will allow us to extend the construction of the previous

example to economies with multiple risky securities.

26A simple example of a smooth function which satisfies the condition of Theorem 1 as well
as equation (37) on a set of strictly positive measure is T'(t,z) = a + Bexp(—z2/(t —yT)")
for some strictly positive constants «, 0 and v < 1. In that case the set over which the price
function fails to be real analytic in time is simply given by R = (0,~7].
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PROPOSITION 9: Consider an economy as above and let Fy € C12((0,T) x X)
be a nonnegative function. Then there exist nonnegative intermediate dividend

functions go, ..., gq and a nonnegative constant K such that the equilibrium price
of the first stock satisfies S1; = F1(t, X¢) + K for allt € [0,T).

In the equilibrium which is described by the above proposition, dynamic
market completeness depends to a large extend on the choice of the exogenous
function Fj. In particular, let R C [0,7] be a open set of strictly positive
measure and assume that we choose the function Fj in such a way that

0

—(t,z) =0

ox (t,2) d
for almost every (t,z) € R x X. In that case, the volatility matrix of the
equilibrium stock price process is automatically degenerate on the set R and
it follows that markets are incomplete even though the “effective” terminal
dividends,

G(x) = lim P(t.2) = (F(T.2) + K) gjfg),
can be chosen in such a way as to satisfy the nondegeneracy condition of Theorem
1. As in the previous example, the reason why the result of Theorem 1 does not
apply here is that, given our choice for the function Fi, the equilibrium price
function fails to be real analytic over the whole time interval. This clearly
shows that real analyticity cannot be dispensed with if one is to deduce market

completeness from the properties of the dividends.

REMARK 1: The result of Proposition 9 bears some close connection with the
literature on so-called viable diffusion price processes, see Bick (1993), He and
Leland (1993) and Wang (1993) among others. In particular, it complements
this literature by showing that in an economy with multiple stocks fixing the
dividends of one stock does not impose any constraint on its equilibrium price

except for a lower bound.

5 Conclusion

This paper provides sufficient condition for the existence of an equilibrium with
endogenously complete markets in a continuous-time, heterogenous agents econ-
omy driven by an arbitrary diffusion process. In contrast to Anderson and
Raimondo (2008), our formulation does not require the traded securities to pay

terminal dividends. As a result, the horizon of the economy can be either finite
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or infinite and we can include instantaneously risk free bonds in the menu of
traded assets as is customary in continuous-time asset pricing. Furthermore,
our formulation makes a distinction between state variables and sources of risk
and thus allows for a much richer set of dynamics.

Our main results show that if the candidate prices are real analytic as
functions of time then market completeness can be deduced from the properties
of the dividends. More precisely, we prove that a sufficient condition for market
completeness is that the volatility matrix of the dividends be nondegenerate.
This intuitive condition is sufficient for endogenous completeness but it is far
from being necessary. In particular, if some of the traded assets are fixed income
securities then this condition fails but markets may nonetheless be complete. We
show how higher order conditions can be derived to deal with such cases and
provide an explicit example of an economy with endogenously complete markets
where one of the securities is an annuity.

In order to apply our main results it is necessary to prove that the candidate
prices are real analytic functions of time and the state variables of the model.
While we show that this can be done in some benchmark cases, the proof is in
general quite difficult. It is therefore natural to wonder whether real analyticity
is absolutely crucial if one is to deduce market completeness from the structure
of dividends. We show that this is indeed the case by constructing examples
of economies where the dividends have a nondegenerate volatility and markets
nonetheless fail to be dynamically complete because the candidate prices are not

real analytic.
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A Technical results

This appendix gathers some technical results that are needed for the proofs of our main
results.

LEMMA A.Ll: If F: Ry x X — R is real analytic in (t,x) € Ry x X then
F
I(t,z) = det g—x(t, x)ox(t,x)

is also real analytic in (t,x) € Ry x X.

PROOF. This follows from Krantz and Parks (2002, Proposition 2.2.3) and the fact the
determinant of a matrix is a multilinear function of its entries. QED.

LEMMA A.2: Assume that F : Ry x X — R is continuous and real analytic in t € Ry
and F(-,x) £ 0 for Lebesque-almost every x € X. Then there exists a countable set
O C Ry such that

F(t,x) #0
for each fized t € Ri\O and almost every x € X.

PROOF. Suppose to the contrary that there exists a bounded uncountable %7 set © and
a family {A; : t € O} of Lebesque-measurable subsets of X' of positive measure such
that

{t,z) ;2 € A4} CZp ={(t,z) eRy x X : F(t,z) =0}

for each fixed t € O. By application of Lemma A.3 below this implies that there exists a
countably infinite sequence {t;}72; C O such that the set A, = N, A,, has strictly
positive Lebesgue measure. By construction, F(tg,2) = 0 for all k and all z € A.
By the uniqueness theorem for analytic functions of one variable, F'(¢t,2) = 0 for any
x € Ay, which is a contradiction. QED.

LEMMA A.3: Let ¥ C R be a n uncountable set and {A, : o € L} denote a family of
Lebesque-measurable subsets of X such that A, has strictly positive Lebesgue measure for
every o € X. Then there exists a countably infinite set ® C X such that A* = NyecapAs
has strictly positive Lebesgue measure.

PROOF. Let v denote Lebesgue measure on R™. Since {14, : 0 € X} is a non empty
subset of L1(X,v) it follows from well-known results in functional analysis that there
exists a non trivial subset A° of X’ and a sequence {A4,, }32 ; of elements of {4, : 0 € X}
such that

lim / |14, (2) = 1ac(z)|de = lim v(A,, AA°)=0

k—oo [ ke k—oo
where A denotes the set theoretic symmetric difference. Let now ® = {¢,}52; be a
subsequence of {0 }72, such that

v(Ag, A A°) < 27Dy (40

2"If O is unbounded and uncountable then there exist n € N such that O N [-n,n] is
uncountable (since otherwise O itself would be countable) and we may simply replace O by
OnN[—n,n].
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for all n > 1 and set A* = Nyep Ay = N5, Ay, . With this notation

V(A*) > v(A* N A°)
> v(A°) —v(A* A A°)
> v(A%) =D v(Ag, &A%
n=1
> v(A°) - i 27 y(4%) = V(§C)

and the desired result now follows from the fact that the set A° has strictly positive
measure by construction. QED.

The following result guarantees that the solution to a parabolic partial differential
equation with real analytic coeflicients is real analytic in the space variable and will be
instrumental in showing that the candidate prices are real analytic as functions of the
state variables.

THEOREM A.1: Assume that the functions d;, f, Vi; are real analytic in (t,x) for all
(i,7) and that V (t,z) € R™*"™ is positive definite and nondegenerate for any (t,x). Then
any solution to the partial differential equation

OF - OF | ¥ i
o TGO L dltags 3 Valthag o

is real analytic in x and its analyticity radius is uniformly bounded from below when t
varies i a compact set.

PROOF. See Eidelman (1969, Theorem 6.2, p. 221) QED.

The final result in this section gives conditions under which a separately real analytic
function is jointly real analytic and will be necessary to establish the real analyticity of
the candidate price function in the applications of Section 4

THEOREM A.2: Assume that F(t,x) is real analytic in t € (0,T) for each fivred v € X
and real analytic in © € X for each fized t € (0,T). If

(a) The radius of time analyticity is uniformly bounded from below when x varies on
compact subsets of X,

(b) The radius of space analyticity is uniformly bounded from below when t varies on
compact subsets of (0,T),

then F is jointly real analytic in (t,z) € (0,T) x X.
PROOF. This follows from the results of Siciak (1969). QED.

B Proofs for Section 2.5

PROOF OF PROPOSITION 1. The result follows from Malamud (2008, Theorem 3.1) and
Malamud and Trubowitz (2006, Theorem 3.1) after some straightforward modifications.
We omit the details. QED.

PROOF OF PROPOSITION 2. The result follows from Huang (1987, Propositions 3.1 and
3.2) and the analytic implicit function theorem (see Krantz and Parks (2002, Section
2.3)). We omit the details. QED.
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C Proofs for Section 3: Endogenous completeness

C.1 Candidate price functions

PROOF OF PROPOSITION 3. The proposition follows from standard continuous-time as-
set pricing results, see for example Duffie (2001, Theorem 6.1). QED.

C.2 Finite horizon economies

PrOOF OF THEOREM 1. By definition of the candidate price function we have
1&11—{1711 P(t,x) = G(z).
Combining this with the assumption that P € C%*((0,7] x V) then gives

. . OP
tlLH:}“ op(t,z) = thi}njlﬂ %(ta z)ox(t,x) = og(T, )

and therefore
I(t,x) =detop(t,z) = detog(T, z) + o(1)

for all z € V. Together with the above expansion the assumption of the statement
implies that I is not identically zero. On the other hand, since P is real analytic in
(t,z) € (0,T) x X we know from Lemma A.l that I also is real analytic in (¢,z) €
(0,T) x X. Combining these properties with the result of Lemma A.2 shows that we
have I(t,z) # 0 for almost every (¢,x) € (0,7) x X and the desired result now follows
from Proposition 3. QED.

PROOF OF THEOREM 2. The assumptions of the statement and the definition of the
candidate prices jointly imply that the function P is a classical solution to the partial
differential equation given by

L(mP)(t,x)

-G (ta) = g(t.a) + SV o e,

dlogm
ot

(t,x) (38)

for all (¢,2) € (0,T) x X and has terminal value equal to zero.
Using the smoothness of the coefficients in conjunction with Proposition 2 and the
assumption that P € C?((0,T] x X) we obtain

alogm(t’x) ~ lim L(mP)(t,x)

=0
ot t—T  m(t,x) ¢

g P2
and it now follows from equation (38) that
. 0P
lim —-(t,2) = —9(T ). (39)

Since P € C?((0,T] x X) by assumption this further implies that

2
lim &‘P(t,x):hm<ap +8Paox)(t’x)

t—T Ot inr\ ooz "X " 9z ot
2
= tlirr% m(t,m)ax(t,x) = —04(T,x)
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and therefore
op(t,z) = (T —t)og(T,x) + o(T —t)

where we have used the fact the candidate price function converges to zero at the terminal
time. Combining the above expansion with an argument similar to that used in the proof
of Theorem 1 then shows that

I(t,x) =detop(t,z) #0

for almost every (¢,x) € (0,T) x X as soon as the intermediate dividends satisfy equation
(13) and the desired result now follows from Proposition 3. QED.

PROOF OF PROPOSITION 4. Since P € C3((0,T] x X) we have that the candidate price
function satisfies equation (38) and differentiating with respect to time on both sides of
the partial differential equation we obtain

0?P _0Og 0 L(mP)(t,x)
oP Ologm 0%logm
+ E(t,x) T (t,z) + P(t, x)w(t,x)

Using the assumed regularity of the coefficients in conjunction with Proposition 2,
equation (39) and the assumption that P € C3((0,T] x X) we obtain

.0 LmP)(t,x)  L(mg)(T,x)
}L%a m(t,z)  m(T,z) (41)

On the other hand, it follows from equation (39) and the continuity of the candidate
price function that we have

2
lim <8Palogm 0 logm> (t.2)

dlogm
P N T TR T v) = —9(T.7)

ot

(T, z),

and combining this with equations (40) and (41) we conclude that

dlogm

2 m x
92P g Lmg) (o) oo o (T )

lim —(¢t,z) = ~ 5 (T,z) + m(T, 2)

t—T 8t2
_ D(myg)(T,x) dg =
= Ta) 2—(% (T,x) = H(x).

Since P € C3((0,T] x X) by assumption this further implies that

. 820'13 . 63P 82P aO'X 8P 80X
Ji 5 (6o) = fin (6t28xax 250 o T or o > (t,2)
B 0H dg Jdox _

and therefore
O(t,x) =op(t,z) — (T —t)og(T,x) — %(T —1)2H(z) = o(T — t)*

where we have used the fact the candidate price function converges to zero at the terminal
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time. Now consider the matrix valued functions defined by

O(t,x)

Ax) = Ug(T,:E)7 K(t,z) = mv

B(t,z) = K(t,z) + %H(m)

With these notations we have that
op(t,r) = (T —t)A(x) + (T — t)*B(t,z)
and therefore
I(t,x) =detop(t,z) = (T —t)%det (A(z) + (T — t)B(t,z)). (42)

Well-known results from linear algebra show that for any two matrices My and M5 the
determinant of the sum M; 4+ My is given by

det(M; + My) Z > det(Ciy, i)

k=01<i; << <d

where the matrix C, . ; is obtained from M; by replacing its rows with numbers
i1,...,1, with the corresponding rows of M,. Applying this formula to equation (42)
we obtain

d
Z k+d Z det(Cil:wwilc (t,a:))

k=0 1< << <d

= (T —t)%det A(z Z HEE N det(Ciy i (1))

1<i1 << <d
where C;, ;. (t, ) is obtained from A(zx) by replacing its rows with numbers i1, ...,

with the corresponding rows of the matrix B(¢,z). Expanding the second term on the
right hand side and using the fact that

1
det Cy(t,x) = 3 det B;(x)

for all 1 < i < d where the function B; is defined as in equation (14), we obtain that
the determinant of the price gradient satisfies

I(t,z) = (T — )(detA( —(T —t) ZdetB ) +o(T —t)**,

Finally, combining this expansion with an argument similar to that used in the proofs
of Theorem 1 and 2 shows that I(¢,z) # 0 for almost every (¢,z) € (0,7) x X as soon as
equation (15) is satisfied and the desired result now follows from Proposition 3. QED.

C.3 Infinite horizon economies

In order to establish Theorem 3 we will rely on the following lemma.
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LEMMA C.1: Under the assumptions of Theorem 3 we have

. oP
lim pi(a%p’ )\) = %(‘r)a

p—oo  Ox
. op dg d L(mg)(z,\)
294 — n—Z -

forallz e X.

PROOF. By definition, the derivative of the function Q); = mP; with respect to the state
variable z; is given by

0Q; .
T2 (1,9, X) = lim (Quli -+ 205,p,X) — @il p, V) o
;I,'] e—0
= lir% e T(1/e) (mi(r, x4+ ce;, A) — m(T,z, ) dr.
E— 0

Fix an arbitrary € > 0 and denote by Fj the integrand on the right hand side of the
above expression. Using the bound of Assumption E in conjunction with the continuity
of the function I we obtain that for each fixed x € X there exists a finite constant Cy x
such that

|Fi(e, 72,0, A)| < 770,

for alle < &. Since p > K by assumption, it now follows from the dominated convergence
theorem that

an - > —pT 87‘1’,‘
axj (.’1,‘7/)7)\) - /0 € 3xj (T,l’,)\)dT,
and therefore
0P, 1 0Q; dlogm
—_— A) = — A —P A)————(x, A
axj (xﬂp3 ) m(x’)\) 8$J (1177[), ) (‘T,p, ) ax (z7 )

o0 .
= / e PT Op: (t,z, A)dr
0 Oz

where we have set p; = m;/m and the last equality follows from the definition of the
price function and the chain rule. As a result, the first limit that we have to compute is
given by

Aij(x,A) = lim p?(m,p, A) = lim e f Op: (0/p,z,\)do

p—oo’ Ox; p—o0 Jo O0x;

where the second equality follows from the change of variable § = pr. Letting F5 denote
the integrand on the right hand side and relying once again on the bound of Assumption
I we deduce that for each fixed x € X there exists a finite constant D, » such that

|Fo (6, ,p, \)| < eB/P=DD .

Since p > K by assumption, we may now apply the dominated convergence theorem in
the definition of A;; to obtain

. Op; . Op; _ 9y
A” (-Ty )\) == ig}% 330] (57.'1}7 )‘> - axj (071‘7 A) - al'] (.I')



where the second equality follows the definition of p; and the fact that the function 7
belongs to C}(R; x X).

Using the above result in conjunction with the change of variable § = p7 we obtain
that the second limit we have to compute is given by

Opi
890 j

B ) = fim [~ e (§0/p.03) -
0

p—00 Ox;

(0,1:,/\)> do

Fix a strictly positive constant €, let pg > K be arbitrary and denote by Fj the integrand
on the right hand side of the above expression. Using the bound of Assumption E we
obtain that for each fixed # € X’ there exists a finite constant E, » such that

1{0>8p} |F3 (9, €, p, )‘)| < 1{0>Ep}06(K/p071)0E3:,)\

for all p > po. On the other hand, the definition of the derivative imply that for each
fixed x € X there exists a finite constant J, ) such that

82101‘
8t8o:j

1{9§6p} |F3 (67 Z, p, )‘)| < 1{0§€p}96_961’,/\ (Ou z, )‘)’ .

Combining the two previous bounds we obtain that for each fixed z € X there are finite
constants £, » and A, y such that

‘FS(ev z,p, >‘)| < 96_9 (Aa:,/\ + ae(K/po)eEa:,)\)

for all p > py > K and we may now apply the dominated convergence theorem in the
definition of B;; to obtain

0*p;
Bij(ﬂl‘, /\) = Otz (O, Z, /\)
J

Since the function 7 belongs to C?(Ry x X) by assumption we know that it solves the
partial differential equation

or

— (1,2, \) = La(7, 2, A

O (7,2, 0) = Ln(r,, )
with terminal condition mg. Using this property in conjunction with arguments similar
to those we used in the finite horizon case we get

Ipi L(mg)(z, \)
1 A)=———
tim S (1N = =)
and the desired result follows from the fact that 7 € C*(R; x X). QED.

PROOF OF THEOREM 3. By direct application of the result of Lemma C.1 we have that
the volatility of the candidate prices satisfies

ap(x,p,A) = (1/p)ag(x) + o(1/p)
and it follows that
I(z,p,\) = detop(z,p,\) = (1/p)*det oy (x) + o(1/p)*.

Now assume that equation (18) holds so that the function [ is not identically zero. Since
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OP/0x is real analytic in p by Assumption E we know that I is also real analytic in
p. Combining these properties with Lemma A.2 shows that there exists a countable set
R C (K,o0) outside of which I(z,p,\) # 0 for almost every x € X and the desired
result now follows from Proposition 3. QED.

PROOF OF PROPOSITION 5. By direct application of the result of Lemma C.1 we have
that the volatility of the candidate prices satisfies

ap(z,p,A) = (1/p)ag(z) + (1/p)*F(z,A) + o(1/p)*.

Using this expression in conjunction with an argument similar to that we used in the
proof of Proposition 4 then shows that we have

I(xz,p,\) = detop(z,p, N
d
=(1/p)? (det o4(x) + % (1/p) Zdet Ci(x, )\)) +o(1/p)t+e.

where the functions C; are defined as in equation (19). Finally, combining this expansion
with an argument similar to that used in the proofs of Theorem 3 shows that there exists
a countable set R C (K, 00) outside of which I(x, p, A) # 0 for almost every x € X and
the result now follows from Proposition 3. QED.

D Proofs for Section 4: Applications

D.1 Vector autoregressive processes

In order to simplify the exposition we will assume throughout this section that G =
vg = 0 for every a and provide a detailed proof of Theorem 4 only under condition (b).
The case where some of the risky securities pay terminal dividends is entirely analogous
and even simpler since it only requires a first order expansion of the volatility of the
candidate prices.

LEMMA D.1: The transition density p(t,x,7,y) of the state variables is real analytic in
(t,7) € [0,T)?\ {t = 7} and there exists a complex neighborhood P O [0,T] with the
following properties

(a) For every constant ¢ > 0 there exist a constant H > 0 and a locally bounded
function L such that

p(z, 2, 2 + 0,y)| < L(x)eHlv==I’ (43)

for all (2,0,7,y) € P x C x X% such that z+ 60 € P and R(0) > ¢.
(b) There exist a constant C > 0 and a locally bounded function J such that

Ip(z,, 2+ 0,9)| < 16]7/2 I (@)= TVl (44)
for all (2,0,7,y) € P x Ry x X2 such that z + 0 € P.

PROOF. By the analytic implicit function theorem (see Lunardi (1995, Theorem 8.3.9))
we have that the unique solution to
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with initial condition I is analytic in a neighborhood of [0, T]. Furthermore, the inverse
of this unique solution solves

with initial condition Iz and hence is analytic as well.

Using the above notation in conjunction with well-known results on linear SDEs
(see Karatzas and Shreve (1998, Chapter 5.6.)) we obtain that the unique solution to
equation (21) is a Gaussian process with mean

w(t,x,7) = B[X | X; = 2] = &(1)® ! (t)x + /T O(7)® 1 (s5)b(s)ds,
t
and variance—covariance matrix
Q(t,7) = BX- X |Xi] = BIX: | X B[X|X,] T
::lﬁ(éﬁﬁé_ﬂﬁaan(@Uﬂ@‘%®aX®»Td&
In particular, the transition density of the state variables is given by

p(t,z,7,y) = ¢ (y, u(t, z,7),Q, 7)) (45)

where
¢(y,m,B) = (27r)_d/2\ det(B)\_1/26_(3/_7”“]371(3’_7")

denotes the d—dimensional Gaussian probability distribution function. Since the func-
tions b, o0x, ® and ®~! are analytic we have that the functions x and €2 are also analytic
and it now follows from equation (45) that the transition density is real analytic in
(t,7) € [0,T]%

Since the horizon is finite and the matrix ox (¢) is by assumption nondegenerate for
all t € [0,T] we know that there are strictly positive constants ¢ and § such that

(S]Id > Ex(t) = Ux(t)ax(t)T > E]Id

for all ¢ € [0,7] where for two symmetric matrices A > B means that A — B is
nonnegative definite. Now consider the function defined by

Q(t,r) = (t,7)

T—1t

Since the function © is analytic in a neighborhood of [0, T)? we know that the function
Q is jointly real analytic for ¢t # 7. On the other hand, since

lim Q(t,7) = x (1)

t—T1

we have that the singularity at 7 = t is removable and it follows that the function Qs
real analytic in (¢,7) € [0, 72, see Shabat (1992, Theorem 3 p.92 and Hartog’s Theorem
p.28). Furthermore, the function €2 satisfies

6y > Qt,7) > ely
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for all (t,7) € [0,T]? and there exists a neighborhood P 2 [0, 7] such that
N A 1
HQ(t,T) - Q(&et,%)u < ze

for all (¢t,7) € P? where the notation ||M| denotes the Euclidean norm of the matrix
M. Using these properties we readily obtain that

|

Q(t,T)H > HQ(?Rt, mT)H - HQ(t,T) - Q(@%,%)H

AT .
> —Q(Rt, RT
[y 28 )

CHNE PO
lal 27— 2

for any h € R? and it follows that

|

for all (¢,7) € P?. Using similar arguments and setting £(¢,7) = p(t, z,7) —®(7)® 1 (t)x
it can be shown that the vector valued function

z—plte7)  (La—2(n)d ') ~ &(H7)

T—1 T—1 T—1

2

3

Q)| < e (46)

n(t,z,7)

is real analytic in (¢,7) € [0,7]? and, since real analytic functions are locally bounded,
it follows that there exists a constant Cy > 0 such that

In(t =z, 7)|| < Co(1+ |z|) (47)

for all (t,7,2) € O? x X.

After these lengthy preparations we now turn to the proof of assertions (a) and (b).
Using the expression of the transition density in conjunction with equation (46) and the
fact that

I
|det (Q(r, £))]"?

1/2 d/2

= |det(Q7'(r,1)| " < |7 (¢, 7)||

Hd/2

e R o] (e LRt

we deduce that
(1,27, )| < Cylr — 4] 4/2e= Art 2zt s (48)
for all (t,7,z,y) € P* x X? and some constant C,, > 0 where
Ar=(y—2)"R(Q'(,7) (y—2),
As = ’(y —z)'R (Qfl(t, T)n(t, z, T)) ‘ ,

Az = ‘3? ((T — )t z,7)TQ N, T)n(t, T)) ‘ .

52



Using equations (46) and (47) we obtain that
Ag < |ly = all |07 (& (e, @, 1)
< lly = al |72, 7)|| It 2, 7)) < Co (14 Y2l ly = 2] (49)
Az < |t —t ‘U(t,x,T)Tﬂil(t,T)n(t,l‘,T)‘
< Ir =t [ Q10| e, @ I < Cs (1 + Jjal)? (50)
for all (¢, 7,z,y) € P?x X? and some nonnegative constants C; where the last inequality
follows from the boundedness of P. Now let ¢ > 0 be a fixed constant. Since Q~1(¢,7) >

9 and F(Q71(t,7)) = 0 for some constant e3 > 0 and all real (t,7) we can assume by
shrinking the neighborhood if necessary that

00 (Q*l(f, t)) > %sg I, (51)
and
|8t —ns@ 7)) < %2,

for all (t,7) € P2. Using these estimates we deduce that there exists a strictly positive
constant C; = C(¢) such that

(y =) T(R(T = ORQ (8, 7)) + (T = QT (1, 7))y — )

Ay =

12
o Ay =) TR = ORQT (1) (y — @) — eally — ]
= pIP—E
2022y — 2| — deally — = 2
> > —
= 4|T—t|2 = ClHy ZL'H (52)

for all (¢, 7,2,y) € P? x X? such that R(7 —t) > ¢ where the last inequality follows from
the boundedness of P. Combining equations (49), (50) and (52) with the elementary
inequality

a® +b* > ab, Y(a,b) € Ry x Ry, (53)

we finally obtain that

4 9 C3 2
A3 +24; - A < —7Hy -zl + | O3 + 85 (1 + =)
1
for all (¢t,7,z,y) € P? x X? such that R(7 — t) > ¢ and assertion (a) now follows from
equation (48) and the boundedness of the set P.

In order to complete the proof fix an arbitrary pair (¢,7) € P? such that 0 =7 —t €
R, . In this case, equation (51) implies that

A= 5y —2) ROy — ) 2 Sy — ol

for all (z,y) € X? and assertion (b) now follows from equations (48), (49), (50) and the
elementary inequality (53). We omit the details. QED.
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LEMMA D.2: The candidate price function P :[0,T] x X — Ri 1s well-defined and real
analytic int € (0,T).

PROOF. Fix an arbitrary ¢ty € (0,7"). By Proposition 2 we know that the function m > 0
is real analytic with respect to ¢ € [0,T] and so it suffices to prove that for each i the
function

Qi(z,x) =m(z,x)P;(z,x)

T—=z
=/ / p(z, 2,2+ 0,y)(mg;)(z + 0,y)dydd
0 X

is well-defined and analytic in a complex neighborhood Py D t3. To this end we
decompose the above integral as ;1 + QQ;2 where

T—to
Qi (z2) = / / Pz, 2 + 0,)(mgs) (= + 0, y)dydo,
0 X

T—z
Qiz(z,2) = / / p(z,2,2 4 0,y)(mgi)(z + 0, y)dydo.
T—ty JX
Let Py = PNB where P D [0, T] is the complex neighborhood whose existence is asserted
in Lemma D.1 and B is a disk of radius € < to V (T' — tp) centered at the point ty. Using
equation (43) in conjunction with the definition of the constant ¢ and the assumption
that f € I we obtain that the integrand in the definition of @Q;o satisfies

[p(2,2, 2+ 0,9)(mgi) (= + 0, y)| < KL()eIWI" = Hllu=el” (54)

for some locally bounded function L and some strictly positive constants K, H and
a < 2. Since the right hand side of the above inequality is integrable with respect to y
we have that Q;2(z, z) is well defined for all z € Py. On the other hand, using equation
(54) in conjunction with Fubini’s theorem and the fact that both p and mg; are real
analytic in time we obtain that

/ Qi2(,x)dy =0
I

for any closed contour I' C Py and analyticity of Q;2 with respect to z € Py now follows
from Morera’s theorem (see Shabat (1992, Theorem 2 p.85)).

By shrinking the set B if necessary we can assume that z + 6 € P for all (z,0) €
Po x Ry such that § < T — tg. Using this property in conjunction with equation (44)
and the assumption that f € K we obtain that

Pz 2,2+ 0,)(mgi) (= + 0, )| < K.J ()] =2 I ol el (55)
for some locally bounded function L and some strictly positive constants C', K and
a < 2. Since the right hand side of the above inequality is integrable with respect to y
we have that Q;1(z, ) is well defined for all z € Py. On the other hand, using equation

(55) in conjunction with Fubini’s theorem and the fact that both p and mg; are real
analytic in time we obtain that

T—tg
/ Qui (v, 2)dy = / / / D2,y + 0, )(mgs) (v + 6, y)drdydd = 0
T 0 X JT

for any closed contour I' C Py and analyticity of ;1 with respect to z € Py now follows
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from Morera’s theorem. QED.

LEMMA D.3: The candidate price function P : [0,T]x X — R% is real analytic inxz € X
and belongs to C3((0,T] x X).

PRroOF. By Proposition 2 we know that m > 0 is real analytic in x € X and so it
suffices to prove the result for the function Q = mP.

In order to deal with the function ); fix two open sets X} C Xy C X', assume that
z € X and let

hi(z,2) = N(x)(mg;)(z, )

where N : X — [0, 1] is an arbitrary smooth function which is equal to 1 on the set X;
and to zero outside of the set X5. Using this notation we may decompose the function

Q; as
Qi(z,x) = Hi(z,z) + Fi(z,2)

where

T—t
Hit,2) = / / Pt 2t 4+ 0,y)h(t + 0, )dydo,
0 Xo
T—t
Fi(t,z) = / / Dt 2t + 0,) (mgs — hi) (¢ + 0, y)dydo,
0 ;

and Xf = X\X;. Using the assumption that f € K in conjunction with arguments
similar to those in the proof of Lemma D.1 it can be shown that

8kp(t’ "'E’ T’ y)
aklxl ... akdxd

Cr2 —x 2
(mg; — hi)(r, y)‘ < Gz (Cra + [l + [ly|)* e~ =5 o=l (56)

for all (t,7,y) € [0,T]? x Xf and some strictly positive constants Cy2, Cj3 which depend
on the choice of € X;. Since the right hand side of the above estimate is integrable
with respect to (¢,y) it follows from standard results on the differentiation of integrals
that F; is smooth and satisfies

F T—t
O F(t,) / PLEEL0Y) (0 h) (¢ + 0, ) dydd
X

lexl akdﬂ?d 8’<1x1 8kd:vd

for all (t,z) € [0,T] x A;1. Furthermore, since the bound in equation (56) is uniform
with respect to the time argument we may apply the dominated convergence theorem
in the above expression to obtain

k.
lim O°F;(t,x)

——— =0. a7
tﬁTﬁklml...akdxd ( )

Summarizing the above results we have thus far proved that the function F; belongs to
C%>((0,T] x X1). Combining this result with that of Lemma D.2 and the fact that the
process

t T
Fi(t,Xt) —+ /0 (m91 — hi)(T, XT)dT = Et /0 (mgl — hi)(’r, X.,-)dT
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is a martingale we obtain that the function F; is a classical solution to the partial
differential equation
OF;
—87;(75’ x) = (mgi — hi)(t, ) + LFi(t, ). (58)
Now consider the function H;. Since the integrand h; is smooth and compactly sup-
ported, it follows from standard Feynman-Kac arguments Oksendal (2007, Theorem
8.2.1) that the function H; is smooth and solves the partial differential equation®

_0H,
ot

(t,x) = hi(t,x) + LH;(t, x). (59)

Furthermore, using the fact that the derivatives of h; are all uniformly bounded in
conjunction with a straightforward change of variables we obtain

aklxl .. akdxd o

T—¢ ey
/ / 2l 0 hi (T, Qt, 7)Yz + plt, z, T)) dzd6

aklxl akdl‘d

and it now follows from the dominated convergence theorem that

k7.
o OCHi(t @)

——— =0. 60
t—T 6k1$1...8kdxd ( )

Adding equations (58) and (59), we get that the function Q; is a solution to the partial
differential equation

094 1) = (mgi)1,2) + £Qu(1 ), (61)

and since all the coefficients in this partial differential equation equation are real analytic
it now follows from Theorem A.1 that the function @Q); is real analytic in z € X and
that its radius of complex analyticity is uniformly bounded from below when ¢ varies in
compact subsets of (0,7).

On the other hand, adding equations (57) and (60) we obtain that all the space
derivatives of the function Q); converge to zero as t — 1" and the proof will be complete
once we show that the derivatives

Qi Qi Qi PQi Qs and >Q;
ot’ ot otdx; o3 T Ot?0x; Otz ;0xy,

are all continuous at the terminal time. The continuity of Q; /0t follows from equation
(61), Assumption A and the fact that Q; € C%°((0,T] x X) by application of the first
part of the proof. On the other hand, differentiating both sides of equation (61) with
respect to the space variables gives

Qs _ 9%(mgi + LQ;)
- T1 m(ba) = k1 ka
ot - 0xy'---0xy Oxy" -+ - Oxy

(t,x)

for all k € N and it follows that Q; € C1:>°((0,T] x X) since we know from Assumption

281t can also be easily checked that the function H; is a weak solution to this PDE and is
therefore a strong solution by hypoellipticity. See Shikamura (1992, Theorem 2.1 p.99)
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A, Proposition 2 and the first part of the proof that the right hand side is continuous
at the terminal time. Similarly, differentiating both sides of equation (61) with respect
to time we obtain

9*Q; 9(mygi Qi L
7872(75,@ = (gltg)(t,zwﬁ ;i (t,x) + LQi(t, x) (62)
where
R 3 n 1 32
L=(t) - AMr) 5+ Y 5 (St 55—
7 J

ij=1

and the continuity of the second order time derivative follows from Assumption A,
Proposition 2 and the fact that Q; € C»*°((0,7] x X). The continuity of the third
order time derivative can be established similarly by differentiating equation (62) first
with respect to x and then with respect to time. We omit the details. QED.

PROOF OF THEOREM 4. Combining Lemma D.2, Lemma D.3, Theorem A.1 and Theo-
rem A.2 we obtain that the candidate price function is real analytic in (¢, z) € [0,T] x X
and belongs to C3((0,7] x X). The desired result now follows from Theorem 2 and
Proposition 4. QED.

In order to establish Propositions 6, 7 and 8 we will rely on the following more
general result:

PROPOSITION 10: Consider a finite horizon economy, let £ : X — R4 be a given function
and assume that

(a) Agent a has subjective rate of time preference p, > 0 and his utility functions are
given by

e —1
1—7,
for some strictly positive relative risk aversion coefficient .

(b) The dividends of stock i are given by equations (24) and (25) for some constant
0; € R and some functions (v;, k;) such that

e €@ I < vi(x), ki(z) < FE@ K, (63)

for some strictly positive constants (J;, K;).

Then there exists a complex neighborhood O D [0, T] with the property that the function
I of equation (23) can be analytically continued to O for all x € X and satisfies the
bound

|£(r,2)| < SDFL
for all (r,x) € O x X and some strictly positive constant L.

PROOF. Assume without loss of generality that G = 0, let b, = 1/, and consider the
function

A
oz, z,u) = Ze‘p“bazu_b“cao —g(z,x).
a=1
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With this notation we have that the state price density solves ¢(z, z, m(z,x)) = 0 and
we want to apply the analytic implicit function theorem to obtain analyticity of m(z, z)
with respect to z € O for some complex neighborhood O D [0, 7] which is independent
of the choice of x € X.

For real values of ¢ € [0,T] we have that

1I<naa<XA (efﬂabaz ba 0 Ze paba (a0 /A)u~ ba > efpibizufbi(CiO/A)

for any index 1 < ¢ < A and it follows that there exists a strictly positive constant Cy
such that

A
1/01 Ve < m(t, z) Z Ya, (64)

HM3>

By Theorem 1.1 of Chang, He, and Pradhu (2003) we know that the radius of time
analyticity of the function m depends only on two quantities: a lower bound on |[0¢/du|
at the point (z,t,m(t,z)) and an upper bound on |¢(z, z,u)| for (z,z,u) in a complex
neighborhood of the point (x,t, m(t,z)).?

By compactness, when g(t,z) varies in fixed bounded interval the claim follows
from the analytic implicit function theorem. Now we have to consider two regimes: that
where g(t, z) is large and that where it is small. Assume first that g(¢,z) > K4 for some
sufficiently large constant Ky, let ymin = mingy, and consider the function £(z,z) =
m(z,x)g(z,z)"i». By equation (64) we have that there strictly positive constants Cs
and Cj3 such that

A A
Cy + Cy Z G(t, z) ™ < m(t,z) < Cs + Cs Z G(t, z)Ymin e
Ya>Ymin Ya>Ymin

and it follows that £(z, ) varies in a bounded interval as long as the aggregate dividend
is bounded away from zero. On the other hand, a direct calculation shows that ¢(z, z)
solves 9 (x, z,l(z,x)) = 0 where

A
Ble) = 30 (e, ) B e — 1

a=1
In particular, we have that

a,ll)(z’ x’ u)

> ,bie*Pibizu*bi o
Ju

where ¢ = arg min, 7, denotes the agent with the smallest risk aversion and it follows
that the derivative is uniformly bounded away from zero as u = £(z, z) is bounded away
from zero. Since

9(z, 2)| = [Rg(2, 2)| = Ks[g(Rz, 2)| > KaKs

for some strictly positive constant K5 we can make g(z, z) arbitrary large by increasing
the constant K,. Sending g(z,«) to infinity and using the identity ¥ (z,x,¢(z,2)) = 0

Even though the conditions of Chang ct al. (2003) only require a bound on |¢(z,t,u)]
for real values of ¢ a close inspection of their proof shows that one in fact needs a bound on
|¢p(x, z,u)| for complex values of z.
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in conjunction with the fact that ¢(z,z) stays uniformly bounded we obtain

A

. _ _ Jmin 7] _
?(zlolcr)n—n)c Z € pabuzg(z7$) Ya u baCaO =0
’ Ya>Ymin

and therefore

~lim l(z,z) = e PE
g(z,x)—o00
where the convergence is uniform in € X such that g(t,z) > K4 for all ¢ € [0,T]
and some sufficiently large K. Hence, |¢(z,z,u)| can be made arbitrarily small when
|u—£(t,x)| + |z — ¢| < & uniformly in = for some sufficiently small € and it follows that
the radius of time analyticity of ¢(z,z), which is equal to that of m(z,x), is uniformly
bounded from below when the aggregate dividend is large.
In the regime where the aggregate dividend is small the desired result follows from
a similar argument using the function s(z,y) = m(z, 2)g(z, z) ™= with ypmax = max, v,.
We omit the details.
To complete the proof, let O D [0,T] denote the domain of complex analyticity of
m(z,x). Using the definition of the state price density in conjunction with the triangle
inequality we obtain that

A
[9(2, )| < Ko Z Im(z, z)| =

a=1

for some strictly positive constant Kg and it follows that there exists an index a = a(x)
and a strictly positive constant K7 such that

g RG(z, x)| -
_ba(z) > ‘g(zﬁx)| > | g ? > K . .
izt 2 S = BRI 13 (o)
Combining this estimate with the lower bound of equation (63) we obtain that there
exists a strictly positive constant Kg such that |m(z,z)| < Kgef®¥Es for all (z,z) €
O x X and the desired result now follows from the upper bound of equation (63). QED.

PROOF OF PROPOSITION 6. The desired result follows from Proposition 10 after setting
&(x) = ||z||* for some « € (0, 2). QED.

PROOF OF THEOREM 5. To facilitate the presentation of the proof we distinguish two
cases: that where the matrix A is diagonalizable and has eigenvalues with nonnegative
real parts; and that where all its eigenvalues have strictly positive real parts.

CASE 1. The desired result will follow from those of Theorem 3 and Proposition 5
once we show that the function

mi(r, ) = Elm(X, )gi(X,) | Xo = 2] = / p(0. 2,7, )(mg;) (4)dy

n

is twice continuously differentiable with respect to the state variables and satisfies the
conditions of Assumption E. The smoothness of 7; follows from arguments similar to
those we used in the proof of Lemma D.3 so all we have to prove is that m; and its first
two derivatives satisfy the bounds in equation (17).
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By assumption we have that A = BDB™! for some diagonal matrix D whose
elements have nonnegative real part and it follows that the norm of

|@(7)]| = | Be=P"B~}|| < Ko

for all 7 > 0 and some strictly positive constant K. Using this property it is not hard
to see that we have

(7)) < K1v7, (65)
[0, 2, 7)|| < Ka(7 + [|z]), (66)

for all 7 > 0 and some strictly positive constant K; where
Q@):/ (®(1)B(s) o )(B(1)B(s) o) Tds
0

is the variance—covariance matrix of the state variables over an interval of length 7. On
the other hand, the assumption of the statement imply that we have

|(mg;)(y)| < CeClYI

for some strictly positive constant C' and using this inequality in conjunction with equa-
tion (65), equation (66), the definition of the transition density and a straightforward
change of variables we obtain

(Qﬁﬁn/z /Rn e 117/ (mg,) (Q(T)I/ZZ + (0, z, T)) dz

<o /e—Hz||2/206C(ﬂ<r>1/2z+u<o,m>)dz

|mi (7, )| =

(27T n/2
- 5 i /2/ o212 /20 Re (Il vAlll+7) 4
)" n
n
< ceRallelen T 2 i /2/ e 1=I°/2 (e\m@”z” +67ﬁK2”z”) dz
T n Rn
k=1

__on Kollz||+ Ko (1+ Ko /2)T Kol|lz||+ K37
= nCeflzl+ K (4K /) o Kol +Ksr

for all x € X and some strictly positive constants Ko, K3. This shows that m; satisfies
the bound of Assumption E and it now only remains to show that its first two space
derivatives satisfy a similar bound.

Fix an arbitrary x € X, set f; = mg; and let fl denote a smooth, compactly
supported function which agrees with the function f; in a neighborhood of x. Using this
notation we decompose the function m; as m; = 7; + 7; where

i) = [ 0070, (67)
Rn
i (1, 2) = (m — 1) (1,2) = / p(0,z, 7, y)(fi — ﬁ)(y)d

n

Since ﬁ is smooth and compactly supported we know that ﬂ as well as all of its
derivatives are uniformly bounded and combining this property with the same change
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of variable as above we obtain that
ok f;

=112
< C e 2 |—
- k/n gy - Oknzy,

< Crlle())* < ¢

akﬁi(’rv 35)

—_ dz
aklml “e 8knxn

(Q(T)l/QZ + u(0, z, 7'))

for all 7 > 0 and some strictly positive constants Cy, C}, where the last inequality follows
from the uniform boundedness of ||®]|.

Finally, consider the functioon 7;. Fix an € > 0. Since the matrix (1) is nondegen-
erate for all strictly positive 7 > 0 and is monotone increasing in 7 we have that there
exists a strictly positive constant K4 such that Q(7) > Kyll, for all 7 > ¢ and it follows
that | det (7)| > K7. Combining this inequality with an induction argument it is now
easily seen that

akp(O’ ‘/1:7 T? y)

—_— k k kY —(y—p(0,2,7) T Q1) " (y—p(0,2,7))
S IR < i (ol + )

for some strictly positive constant K5 and it now follows from the assumption of the
statement that

8k ﬁ-i (Tv .’13)
8k1m1 cee aknxn

< TkK(x)/ (1+ [ly]*) e~ (W=rO0.2) TN T y=n(0.2,7)) LClivll gy

Rn

for some nonnegative function K. Using the same change of variable as above in
conjunction with equation (65), equation (66) and the fact that power functions grow
slower than exponentials we obtain that

akﬁ—i(T? :K)

k —(y—p(0,z,7)) " Q(7) " (y—p(0,z,7))  Ks||1
Tz ez, | ST K(w)/ne (y=r(0,2,7)) Q1) (y=n(0,2,7) Kol gy,

SeKsTL(x)/ oIl /2 VTKT 121l g,

n

< efoTL(x)

for some strictly positive constants (K;)?_s and some nonnegative function L where the
last inequality follows from an argument similar to that which led to equation (67).
This shows that the first two space derivatives of the function 7; satisfy the bound of
Assumption E and completes the proof for Case 1.

CASE 2. When all the eigenvalues of the matrix A have strictly positive real parts
the proof proceeds in exactly the same way except that the norms of the functions Q(7)
and (0, x,7) are now uniformly bounded with respect to the time argument instead of
having linear growth. We omit the details. QED.

D.2 Autonomous diffusion processes

In order to simplify the exposition we will assume throughout this appendix that G =
v = 0 for every a and provide a detailed proof under condition (b). The case where some
of the risky securities pay terminal dividends is entirely analogous and even simpler.
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Fix an arbitrary point ¢ in the interior of the state space and denote by

si(x) = /m exp (—2 /§ 2_‘2((3 d0> d¢

i i

the scale function associated with the i—th coordinate of the vector of state variables.
Then the process

Yz‘tESi(Xz't)ZYio+/0 ﬁdzi (68)
with

L (s w)o(s (v)

aify) — R

is a nonnegative local martingale and a straightforward change of variables implies the
following:

LEMMA D.4:  (a) Assumption G holds if and only if the transition density §; of the
process Y; satisfies

Gi(t, x,y) < L(x)Ji(y)t e (Co/DAw—As@)? (69)

for all (t,z,y) € [0,T] x R, some strictly positive constants (i, C;) and some
locally bounded functions (I;, J;) where we have set

Ai(y) = /Oy a;(z)dz.

(b) A real analytic function f :[0,T] x X — R belongs to the class M if and only if
the function

f(T’ y) = f (Tasl_l(yl)v e '7551(yd))

satisfies the inequality

d

/R sup \JF(Ta )l H Ji(yi)e_sA"’(y"’)dy < o0

i T€O i=1
for any € > 0 and some complex neighborhood of the time interval (0,T).

Relying on the above lemma we will from now assume that the state variable X; = Y;
evolves according to equation (68) instead of equation (30) and that its transition density
q; = ¢; satisfies equation (69). Based on these assumptions we redefine M as the class of
those real analytic functions f which satisfy the conditions of the second part of Lemma
D.4. Note that since the coefficient in equation (30) are all real analytic the functions
a; which determine the volatility of the new state variables are also real analytic.

The following lemma shows that the bound of equation (69) also holds for complex
values of the time argument and will be crucial in order to prove that the candidate
prices are real analytic in time.

LEMMA D.5: The transition density q; is real analytic in (t,z,y) € Ry x X? and the
following assertions hold:
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(a) For every real 7 > 0 there exists a complex neighborhood P D 7 such that
s (2, 2,y)| < Bi_ri(x)Ji(y)Tfozie*(Ci/T)(Ai(y)ﬂ‘li(ﬂv))2 (70)

for all (z,z,y) € P x X? and some strictly positive constants (B;, C;).
(b) For each k € N there exist a strictly positive constant Ci, > 0 such that

ak%
otk

(t,x,y)‘ < Cikji(x)Ji(y)t_(ai"rk)e_(Bi/t)(Ai(y)_Ai(x))z

for all (t,z,y) € [0,T] x X? where the strictly positive constant B; is the same as
in assertion (a).

PROOF. The function ¢;(¢,x,y) solves both the forward and the backward Kolmogorov
equation and thus is real analytic in (y,2) € X? \ {z = y} by application of Theorem
A.1. On the other hand, since X; is a local martingale we know that ¢;(¢,z,y) is the
heat kernel associated with the differential operator

Lo
202(y) 0a?

L;

and the remaining claims thus follow from Davies (1997, Theorem 3 and 4) after suitable
modifications. QED.

LEMMA D.6: The candidate price function P : [0,T] x X — R‘_f_ 1s well-defined and real
analytic in t € (0,T).

PROOF. By Proposition 2 we know that the function m > 0 is real analytic in ¢ € [0, 7]

and so it suffices to prove the result for the function @ = mP. Since the state variables
are mutually independent we have that

T—=z
Qi(zx) = /0 /X p(6, 2, y)(mgs) (= + 0, y)dydo.

where
d
p(tv‘ray) = qu(taxuyl) (71)
=1

is the transition density of the vector of state variables. Now fix an arbitrary ¢t € (0,7).
We need to show that the above integral is well-defined and analytic with respect to z
in a complex neighborhood Py D tg. To this end, we decompose the above integral as

Qi1 + Qi2 where
T—tg
Q)= [ [ p6.5,)mg0)(z +0,)dyas,
0 x
T—=z
Qualz0)= [ [ p0.2.)mgi)z +6,)duds
T—to JX
Let 7 =T —tg and Py =T — P D ty where P is the complex neighborhood whose
existence is asserted in Lemma D.5. Using the upper bound in (70) together with the
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elementary inequality
s @ 2
(a—0b) —?—i—b >0, V(a,b) € R x R, (72)

we deduce that the integrand in the definition of Q;o satisfies

d
(0, 2,y)(mgi) (2 + 0,)| < fy) [] Lilwa) Ji(ya)r— e = (Ailw)=Ailz)

< F)K (@) [T Jitw)e = 40" (73)

for some locally bounded function K where
fly) = sup | f(z,y)|
z€eO

and O is the complex neighborhood of (0,T) whose existence is postulated in Definition
4. Since f € M we have that the right hand side of equation (73) with respect to y
and it follows that Q;a2(z,z) is well-defined for all z € Py. On the other hand, using
equation (73) in conjunction with Fubini’s theorem and the fact that both p and mg;
are real analytic we obtain that

/ Qua(y2)dy = 0
IN

for any closed contour I' C Py and analyticity of ();2 with respect to z € Py now follows
from Morera’s theorem (see Shabat (1992, Theorem 2 p.85)).

In order to deal with the function @Q;; fix two small open sets X; C X5 C X', assume
that x € X7 and let

hi(z,z) = N(z)(mg;)(z, )

where N : X — [0, 1] is an arbitrary smooth function which is equal to 1 on the set X;
and to zero outside of the set X5. Using this notation we may decompose the function

Qi1 as
Qi1(z,x) = Hi1(z,x) + Fi1(2,x)

where

T—tg
Hi(z2) = / / p(6, 2, y)hi(= + 0, )dydo,
0 Xo
T—to
Fu(zax)E/ / p(0,z,y) (mg; — h;) (z + 0,y)dydo,
0 T

and Xf = X\X;. Consider first the function Fj;. Since we are integrating over Xf we
know that ||y — x| > ¢ for some strictly positive constant ¢ and it now follows from the
continuity of the functions A; that

d
W(z,y) =Y B (Ai(yi) — Ai(x))* >0

i=1
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for all y € Xf for some strictly positive constant 6 = §(z). Using this estimate in
conjunction with the fact that power functions grow slower than exponentials we obtain
that

9~ Lici@ig=gW(my) < Cess— W@y < O~ W (@) (74)
for all (0,z,y) € [0,T] x X; x X{ and some constant C' > 0. Combining this estimate
with the elementary inequality (72) and the bound of Assumption G we deduce that

d
(0, 2,y) (mgi — hi) (2 + 0,)| < 2f () [ [ Li (i) Jiyi) 0~ e 0V 0)

i=1

< 2Cf(y) [] £i(ai) Jiys)e 2 @)

d
< O f(y) [] Jolwa)e™ 74w (75)

for all (2,0, z,y) € Pox[0,T]x Xy x Xf and some strictly positive constant C’ = C’(x) >
0. Since f € M by assumption we know that the right hand side of the above inequality
is integrable with respect to y and it follows that Fj; is well-defined on Py. On the other
hand, using equation (75) in conjunction with Fubini’s theorem and the fact that the
functions p, mg; and h; are all real analytic in time we obtain that

/Fﬂ(%x)d’)’ =0
r

for any closed contour I' C Py and analyticity of the function Fj; with respect to z € Py
now follows from Morera’s theorem.

In order to complete the proof it remains to show that H;; is well-defined and
analytic with respect to z € Py. Since we are integrating over a compact set we know
that |h;| < f is uniformly bounded. This implies that

‘p(97xay>hi(z+97y)| < Cl(x)p(ﬁ,x,y) (76)

for all (z,0,x,y) € Py x [0,T] x X; x Xy and locally bounded C;(x) > 0. In particular,
we have

|Hi1(z,2)| < Ci(z)(T — to)
for all (z,2) € Py x X and it follows that the function H;; is well-defined on Py. On

the other hand, using equation (76) in conjunction with Fubini’s theorem the fact that
both p and mg; are real analytic we obtain that

/ Hii(v,2)dy =0
I

for any closed contour I' C Py and the desired analyticity follows once again from
Morera’s theorem. QED.

LEMMA D.7: Let a < b and assume that h € C?[a,b]. Then

sup |W'(z)] < K| sup |h(z)|+ sup |h'(z)]
z€[a,b] z€[a,b] z€[a,b]
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for some strictly positive constant K = K (a,b).

PROOF. Let x < (b—a)/2 and fix y > (b— a)/2 such that  +y € [a,b]. By application
of Taylor’s formula we know that

Mo+ ) = hia) + (@) + 5luPHE)

for some constant £ = £(x,y) € [a,b]. Using this expression in conjunction with the
triangle inequality we deduce that

W) < e + oz (0@ + Ihta + )

< sup @)1+ 2 sup hw)
2 z€[a,b] ‘ z€[a,b]
b_
§| a sup |h"(z)| + sup |h(z)|
z€[a,b] |b*a z€[a,b]

for all z < (b —a)/2. A similar argument with y < (a — b)/2 shows that the same
inequality holds for all z > (b — a)/2 and the desired result now follows by taking the
supremum with respect to x on the left hand side. QED.

LEMMA D.8: Fiz two open sets X1 C Xo C X such that
dist(0X1,0X3) > 0

and let X5 = X\Xo. Then for every fived k € N there exists a strictly positive constant
Cr > 0 such that

O*p
sup

—(t,x <Cr || Jilyi)e — 7 Ai(0)°
reEX] al’l Bxfld( y H

1=1

for all (t,y) € [0,T] x X§ and multi-indices (k1,...,kq) of length at most k.

PRrROOF. Using equation (71) we obtain

6k t,ﬂj, d 8’“1
M = H 1 (taz’iayi)

dakr ... gk B pale} Dt
and so it suffices to prove the result for the i—th coordinate. Since the sets in which z

and y vary are separated we know that ||z — y|| > € for some strictly positive ¢ and it
follows from the continuity of the function A; that

By (Ai(y:) — Ai@:))? > 6

for all (z,y) € X1 x X§ and some strictly positive constant ¢. Using this estimate in
conjunction with inequalities (69), (72) and (74) we obtain

lqi(t, zi, yi)| < Li(xq) Ji(ya)t™ e T (Aslw) —As(@)’
< L) Ji(yi e AT S A?
Big
< KioJi(yi)e™ o™ iw)? (77)
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for all (t,z,y) € [0,T] x X; x X§ where the last inequality follows from the local
boundedness of the functions I; and A;.

This shows that the statement holds for £ = 0. In order to prove that it also
holds for k > 0 recall that the transition density is a smooth solution to the backward
Kolmogorov equation

2
%(t L, y’L) = 2al(xl)2‘cl(ql(t7 Zi, yl)) = 2a2(x7,)2%(t7 L, yz) (78)
s ot
for all z # y and t > 0 and, hence, is real analytic in z and y for  # y by application of
Using this property Eidelman (1969, Theorem 6.2 p.221). Using (78) in conjunction with
the second part of Lemma D.5 and an argument similar to that which led to equation
(77) we obtain that

%q;

sl (t, i, y:)| < 2ai($i)20i11i(l'i)Ji(yi)t_(1+ai)e_?Ai(xi’yiF

< CinJi(ys)e™ AW,

for all (¢,z,y) € [0,T] x X} x X§

This shows that the statement holds for & = 2 and, since we know from the first
part that it holds for £ = 0, we may apply Lemma D.7 to conclude that it also holds for
k = 1. Differentiating both side of the partial differential equation equation (78) with
respect to time we get

9%q; Pqi
otox 2(t xwyz) zai(xi)2 ot2 (tvxivyi)' (79)

and the same argument as above shows that

Bi A (y:)2
(taxiayi) otdr Q(t xz»yz) S CJi(yi)eiﬁAl(yl) . (80)

0° q;
8t8.13i

‘ 3

for all (¢t,z,y) € [0,T] x X1 x X§ and some strictly positive constant C'. Now, differen-
tiating equation (78) with respect to x; gives

dD3q 0q; d%q;
s (b i) = dal(w)aues) 5 (s )+ 2ai(w0)” 50 (i, ).

ot

and combining this identity with equation (80) and the real analyticity of the function
a; we conclude that the statement holds for £ = 3. The rest of the proof is done in
a similar way by repeatedly differentiating equation (79) with respect to ¢ and z; and
then applying Lemma D.7. We omit the details. QED.

LEMMA D.9: The candidate price function P : [0,T]x X — R% is real analytic inx € X
and belongs to C3((0,T] x X).

PRrROOF. By Proposition 2 we know that the function m > 0 is real analytic in x € X
and so it suffices to prove the result for the function Q@ = mP.

In order to deal with the function @; fix again two small open sets X} C Xy C X,
assume that z € X and let

hi(z,2) = N(x)(mg;)(z, )
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where N : X — [0, 1] is a smooth function which is equal to 1 on the set X; and to zero
outside of the set X5. Using this notation we may decompose the function @;; as

Qi(z,x) = Hi(z,z) + Fi(z,2)

where
T—to
0 Xy
T—to
)= [ [ b0 g = h) 4 0.9)dya,
0 T

and X7 = X\X;. Using the result of Lemma D.8 we obtain that

O*p(0,x,y)
8k1371 .. .akdxd

d
(mgz)(T;y)‘ < Ckgf( )H (y )e 4TA (y:)?

for all (7,0,y) € [0,T]? x Xf and some strictly positive constant Cys which depends on
the choice of  but stays uniformly bounded when x varies in compact subsets of X7.
Since the right hand side of the above estimate is integrable with respect to (y,0) it
follows from standard results on the differentiation of integrals that the function F; is
smooth with respect to x and satisfies

OFFy(t,x) =t kp(0, z,y)
8k1x1 akdxd / )(C akl‘rl 8kdx (mg’L - h‘l)(t + 9? y)dyd0 (81)

for all ¢t € [0, 7] and x varying in compact subsets of X;. Furthermore, it follows from
the above bounds that there exists a constant K > 0 such that
ak

L ql(t7 Ly yl)

= < Ke~ V(KD
'3% =0

for all ¢ and and y € A when z varies on compact subsets of X;. Thus, we may apply
the dominated convergence theorem in equation (81) to obtain

k
llm a ( ? J")

_ = (). 2
t—T OF1g - - - OFazy 0 (82)

Summarizing the above results we have thus far proved that the function F; belongs to
C%>°((0,T] x X1). Combining this result with that of Lemma D.6 shows that F; is a
classical solution to the partial differential equation

1 0%F,

_OF
e 5 )

o L(tx) = (mgi — hi)(tx) + )

Jj=1

e (83)

Now consider the function H;. Since the integrand h; is smooth and compactly supported
it follows from standard Feynman-Kac arguments (see, e.g., Oksendal (2007, Theorem
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8.2.1)) that the function H; is a smooth solution to the partial differential equation®’

0H; 1 0?H;
pr (07) = hilha) + D o g ()

= 2a(z;

(84)

Adding (83) and (84), we get that

) 20).
T () = (mgi)(t.2) + D g 2 ()

2a;(x;)? O]

Jj=1

and since all the coefficients in this partial differential equation are real analytic it now
follows from Theorem A.1l that Q; is real analytic in (¢,z) € (0,7) x X and that its
radius of complex analyticity is uniformly bounded from below when ¢ varies in compact
subsets of (0,T).

In order to prove that the function @; belongs to C3((0,7] x X) and thus complete
the proof the first step is to show that

k().
lim 0°Qi(t, 7)

=T OF gy - OFazg 0 (85)

for all multi-indices of length at most 3. As shown by equation (82) this property holds
for the function F; and since Q; = F; + H; we only need to establish it for the function
H;. First of all, using the fact that the transition density converges to a point mass as
t — T we obtain

T—t
lim H;(t,z) = lim / p(0,z,y)h;(t + 6, y)dydd = 0. (86)
t—T t—=T Jo X

On the other hand, since the semigroup of the state variables commutes with the action
of the generator £ = E?Zl L; and the individual generators £; are pairwise commuting
we obtain

T—t
LH (6 7) = £, / / p(0, 2, y)hi(t + 6, y)dydos
0 Xo

T—t
- / / p(8,2,y)Lihilt + 6, y)dydd  (87)
0 Xo

and the fact that the transition density converges to a point mass as time to maturity
decreases to zero now implies that

1 2H;(t
tlirr% LiH;(t,z) = lim O Hi(t, z)

t—T 2aj(mj)2 (9233‘]‘ =0 (88)

for every j. Using this property in conjunction with the smoothness of a;, equation (86)
and the result of Lemma D.7 we obtain that

2717 .
o PHi(be) L OHi(t)
t—T 8x] t—T 355]

—0. (89)

Similarly, applying £; on both sides of equation (87) and using the fact that the

39Tt can also be easily checked that H; is a weak solution to this partial differential equation
and is therefore a strong solution by hypoellipticity. See Shikamura (1992, Theorem 2.1 p.99).
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transition density converges to a point mass we obtain that

47
hm LpLiH;(t,z) = lim ! O Hi(t )

=0
t—T day(zr)%a;(z;)? 0%x,;0%xy

and combining this property with equation (89) and the result of Lemma D.7 we conclude
that

O*H;(t,z) .. O*H;(t,xz)
I oonr % auen, ~ (%0)

Now, using the result of Lemma D.7 together with the second parts of equations (89)
and (90) we obtain that

217,
1 OPHit )

= 1
t—T O0x;0T) 0 (o1

and the validity of equation (85) will follow once we prove that

aSHi(ta ‘T) _

2
t—T 8xj8xk8xl (9 )

for all j # k # [. Since the coordinates of the vector of state variables are autonomous
we have that the action of the generator commutes with that of the differential operator
0?/0xy,0x; for k # 1. Using this property in conjunction with an argument similar to
that which led to equation (88) we obtain that

. 84Hi (t, 3:)
lim ~———"—" =
t—T 8xj8xk8xl
for all k # [ and the validity of equation (92) now follows from equation (91) and the

result of Lemma D.7.
In order to complete the proof it remains to show that the derivatives

0Q;, 0%°Q; 9*°Q; IPQ; Qi and PPQ;
ot’ ot otdx;T o3 7 Ot?0x; Otz ;0xy,

are all continuous at the terminal time. The continuity of 9Q;/0t follows from equation
(83), Assumption A and the fact that Q; € C%3((0,T] x X) by application of the first
part of the proof. On the other hand differentiating both sides of equation (83) with
respect to the space variables gives

_ak—i—l Qi
ot - Oz - - Oxly

% (mg; + LQ;)
Akt .. darhe

(t,z) = (t, )

for all k € N and it follows that Q; € C*3((0,7T] x X) since we know from Assumption
A, Proposition 2 and the first part of the proof that the right hand side is continuous
at the terminal time. Similarly, differentiating both sides of equation (83) with respect
to time we obtain

02Q; a L1 8,
~r (o) = ”“L;mj )2 o2 )

and the continuity of the second order time derivative follows from Assumption A,
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Proposition 2 and the fact that Q; € C13((0,T] x X). The continuity of the third order
time derivative can be established similarly by differentiating the above expression first
with respect to x and then with respect to time. We omit the details. QED.

PRrROOF OF THEOREM 6. Combining Lemma D.6, Lemma D.9, Theorem A.1 and Theo-
rem A.2 we obtain that the candidate price function is real analytic in (¢,z) € [0,T] x X
and belongs to C3((0,7] x X). The desired result now follows from Theorem 2 and
Proposition 4. QED.

ProoOF OoF LEMMA 1. Using well-known results on square root diffusion processes, see
for example Feller (1951) and Cox et al. (1985), we have that the transition density of
the i—th coordinate is explicitly given by

Vi

1 Yy =+ _yte lits 2 .
ailtey) = — (o) e T (Ve e
Ti

7i(t) \ebity

for all (t,z,y) € [0,T] x (0,00)? where the function I, is the modified Bessel function
of the first kind with index v; and we have set

Ti(t) = =~ (1 — e_b"t) .

Since the function 7; is uniformly bounded above and away from zero on [0, 7] we have
that there are constants C; = C;(T") > 0 such that

Clt S Tz(t) S Cgt.

Combining this property with Lemma D.10 below and the fact that I, (z) < Ko(z/2)"ie”
for some strictly positive constant Ky (see for example Joshi and Bissu (1991)) we obtain
that the transition density satisfies

—b;t,. 2
i (t, 7, )| < Kors ()~ s mitn (VImVeT™ia)

< K1t7(1+’/i)yyi€_%(\/§_w)2

< Kyt~ Kste )58 (/5 VE)?
for some strictly positive constants (Ky)7_; and the validity of Assumption G now follows
from the definition of the function M;.

In order to complete the proof assume that the function f satisfies (36). Combining
this assumption with the elementary inequalities

d Sy
[E[ <Z|xi|> gZd5|xi|
i=1

i=1

we deduce that
A d 2 d ) 2
/ f(y)HLi(yi)e_EMi(yi) dy < KH/ yiuied’lyil —eM;(y:) dy;
X i=1 =17

for some strictly positive constant ¢ and the desired result now follows from the definition
of the function M; and the fact that § < 1. QED.
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LEMMA D.10: We have

U < e
for all (t,z,y) € Ry x R2.
PROOF. See Downes (2009, Section 3.1). QED.

PROOF OF PROPOSITION 7. The result follows from Lemma 1 and Proposition 10 after
setting £(z) = ||z/|® for some § € (0, 1). QED.

PROOF OF LEMMA 2. The result follows from equation (35) and Lemma 1. We omit
the details. QED.

PROOF OF PROPOSITION 8. The result follows from Lemma 2 and Proposition 10 after
setting £(z) = A + Blog(l + K||z||*) for some suitably chosen constants A, B, K and
a < @. We omit the details. QED.

D.3 Counterexamples

PROOF OF PROPOSITION 9. Assume without loss of generality that d = 2 and consider
the nonnegative process defined by

Hy = H(t,X;) = By [ PTH q)sdsvl(é(XT))GﬂXT)}

with

gl(tal‘)

O =X = R )

Since all the terms are bounded we know that H is bounded and choosing K large
enough it can be guaranteed that the function

ga(t,x) = (u)~! (I%) —aq1(t,x)

is nonnegative for all (¢, z). Taking g as the intermediate dividend on the second stock
we obtain that the equilibrium consumption price process is

e”'m(t, X;) = 1{t<T}ul(§(t7Xt)) + 1{t:T}v/(a(Xt))

and it follows that the (pre—horizon) equilibrium price of the first stock is

H,Pi(t, X
m(tvxt)Pl(tvxt) = M

T
=F, / m(r, X;)g1 (7, X )dr + e_”Tm(T, X1)G1(XT)
t

Using this expression in conjunction with the definition of the functions g, and m we
easily get that

< H.P(t, X+)

= —®,H,dt + dMF 93
K+F1(t,Xt)) et A (93)
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for some uniformly integrable martingale M. On the other hand, we have that the
dynamics of the process H are given by

dH, = —®,Hydt + e Jo ®6X)ds g0y, — &, H,ydt + dMH
where M is the bounded martingale defined by

M, = elo ®=ds 1, — H,
- B, [e—pTﬂ’oT %d%'(é(XT))Gl(XT)} — H,.

Using the boundedness of M in conjunction with the nonnegativity of ® and the
Burkholder-Davis-Gundy inequalities (see Karatzas and Shreve (1998, Theorem 3.28))
we get that

Ey | sup |M{|

te[0,T]

<C-Ep

sup |My| | < oo
t€[0,T]

for some strictly positive constant C' and it follows that M is a uniformly integrable
martingale. Using this property in conjunction with equation (93) we deduce that

PI (tu Xt)

Ne=H, (1 - ——=1"_
¢ t( K+ Fi(t, X;)

is also a uniformly integrable martingale and since lim;_.p Ny = 0 by definition of g,
and H we finally conclude that P, = K + Fj. QED.
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