AFFINE PROCESSES AND APPLICATIONS IN FINANCE
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ABSTRACT. We provide the definition and a complete characterization of reg-
ular affine processes. This type of process unifies the concepts of continuous-
state branching processes with immigration and Ornstein-Uhlenbeck type pro-
cesses. We show, and provide foundations for, a wide range of financial appli-
cations for regular affine processes.
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1. INTRODUCTION

This paper provides a definition and complete characterization of reqular affine
processes, a class of time-homogeneous Markov processes that has arisen from a
large and growing range of useful applications in finance, although until now without
succinct mathematical foundations. Given a state space of the form D = R x R"
for integers m > 0 and n > 0, the key “affine” property, to be defined precisely
in what follows, is roughly that the logarithm of the characteristic function of the
transition distribution p¢(x, -) of such a process is affine with respect to the initial
state x € D. The coefficients defining this affine relationship are the solutions
of a family of ordinary differential equations (ODEs) that are the essence of the
tractability of regular affine processes. We classify these ODEs, “generalized Riccati
equations,” by their parameters, and state the precise set of admissible parameters
for which there exists a unique associated regular affine process.

In the prior absence of a broad mathematical foundation for affine processes,
but in light of their computational tractability and flexibility in capturing many of
the empirical features of financial time series, it had become the norm in financial
modeling practice to specify the properties of some affine process that would be
exploited in a given problem setting, without assuredness that a uniquely well-
defined process with these properties actually exists.

Strictly speaking, an affine process X in our setup consists of an entire family of
laws (P;)zep, and is realized on the canonical space such that P,[Xo = z] = 1, for
all x € D. This is in contrast to the finance literature, where an “affine process”
usually is a single stochastic process defined (for instance as the strong solution
of a stochastic differential equation) on some filtered probability space. If there is
no ambiguity, we shall not distinguish between these two notions and simply say
“affine process” in both cases (see Theorem 2.12 below for the precise connection).

We show that a regular affine process is a Feller process whose generator is
affine, and vice versa. An affine generator is characterized by the affine dependence
of its coefficients on the state variable z € D. The parameters associated with the
generator are in a one-to-one relation with those of the corresponding ODEs.

Regular affine processes include continuous-state branching processes with im-
migration (CBI) (for example, [62]) and processes of the Ornstein-Uhlenbeck (OU)
type (for example, [79]). Roughly speaking, the regular affine processes with state
space R’ are CBI, and those with state space R™ are of OU type. For any regular
affine process X = (Y, Z) in R7T* x R", we show that the first component Y is nec-
essarily a CBI process. Any CBI or OU type process is infinitely decomposable, as
was well known and apparent from the exponential-affine form of the characteristic
function of its transition distribution. We show that a regular (to be defined below)
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Markov process with state space D is infinitely decomposable if and only if it is a
regular affine process.

We also show that a regular affine process X is (up to its lifetime) a semimartin-
gale with respect to every P,, a crucial property in most financial applications
because the standard model ([53]) of the financial gain generated by trading a secu-
rity is a stochastic integral with respect to the underlying price process. We provide
a one-to-one relationship between the coefficients of the characteristic function of
a conservative regular affine process X and (up to a version) its semimartingale
characteristics ([57]) (B, C,v) (after fixing a truncation of jumps), of which B is
the predictable component of the canonical decomposition of X, C' is the “sharp-
brackets” process, and v is the compensator of the random jump measure. The
results justify, and clarify the precise limits of, the common practice in the finance
literature of specifying an affine process in terms of its semimartingale charac-
teristics. In particular, as we show, for any conservative regular affine process
X =(Y,Z) in R} x R, the sharp-brackets and jump characteristics of X depend
only on the CBI component Y. This completes and extends the discussion in [31],
where they provide sufficient conditions for affine diffusion (and hence continuous)
Markov processes to be well defined and classify them by the number m of Y;s
that can enter the conditional variance matrix. We also provide conditions for the
existence of (partial) higher order and exponential moments of X;. An extension
of the main results for the time-inhomogeneous case is given in [47].

Some common financial applications of the properties of a regular affine process
X include:

e The term structure of interest rates. A typical model of the price processes of
bonds of various maturities begins with a discount-rate process {L(X;) : ¢ > 0}
defined by an affine map z — L(x) on D into R. In Section 11, we examine
conditions under which the discount factor

E o= Jd L(Xu) du | X.s:|

is well defined, and is of the anticipated exponential-affine form in X,. Some
financial applications and pointers to the large theoretical and empirical liter-
atures on affine interest-rate models are provided in Section 13.

e The pricing of options. A put option, for example, gives its owner the right
to sell a financial security at a pre-arranged exercise price at some future time
t. Without going into details that are discussed in Section 13, the ability to
calculate the market price of the option is roughly equivalent to the ability to
calculate the probability that the option is exercised. In many applications,
the underlying security price is affine with respect to the state variable X,
possibly after a change of variables. Thus, the exercise probability can be
calculated by inverting the characteristic function of the transition distribution
pt(x, -) of X. One can capture realistic empirical features such as jumps in
price and stochastic return volatility, possibly of a high-dimensional type, by
incorporating these features into the parameters of the affine process.

o Credit risk. A recent spate of work, summarized in Section 13, on pricing and
measuring default risk exploits the properties of a doubly-stochastic counting
process N driven by an affine process X. The stochastic intensity of N ([16])
is assumed to be of the form {A(X;_): t > 0}, for some affine z — A(x). The
time of default of a financial counterparty, such as a borrower or option writer,
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is modeled as the first jump time of N. The probability of no default by ¢,
conditional on X and survival to s, is E [e‘ JIA(X) du | Xs|. This is of the

same form as the discount factor used in interest-rate modeling, and can be
treated in the same manner. For pricing defaultable bonds, one can combine
the effects of default and of discounting for interest rates.

The remainder of the paper is organized as follows. In Section 2 we provide the
definition of a regular affine process X (Definitions 2.1 and 2.5) and the main results
of this paper. In fact, we present three other equivalent characterizations of regular
affine processes: in terms of the generator (Theorem 2.7), the semimartingale char-
acteristics (Theorem 2.12), and by infinite decomposability (Theorem 2.15). We
also show how regular affine processes are related to CBI and OU type processes.
In Section 2.1 we discuss the existence of moments of X;.

The proof of Theorems 2.7, 2.12, and 2.15 is divided into Sections 3-10. Section 3
is preliminary and provides some immediate consequences of the definiton of a
regular affine process. At the end of this section, we sketch the strategy for the proof
of Theorem 2.7 (which in fact is the hardest of the three). In Section 4 we prove a
representation result for the weak generator of a Markov semigroup, which goes back
to Venttsel’ [92]. This is used in Section 5 to find the form of the ODEs (generalized
Riccati equations) related to a regular affine process. In Section 6 we prove existence
and uniqueness of solutions to these ODEs and give some useful regularity results.
Section 7 is crucial for the existence result of regular affine processes. Here we
show that the solution to any generalized Riccati equation yields a regular affine
transtition function. In Section 8 we prove the Feller property of a regular affine
process and completely specify the generator. In Section 9 we investigate conditions
under which a regular affine process is conservative and give an example where these
conditions fail. Section 10 finishes the proof of the characterization results.

In Section 11 we investigate the behavior of a conservative regular affine pro-
cess with respect to discounting. Formally, we consider the semigroup Q:f(z) =
E.[exp(— fot L(X;)dt) f(X¢)], where L is an affine function on D. We use two
approaches, one by the Feynman—-Kac formula (Section 11.1), the other by enlarge-
ment of the state space D (Section 11.2). These results are crucial for most financial
applications as was already mentioned above.

In Section 12 we address whether the state space D = R x R™ that we choose
for affine processes is canonical. We provide examples of affine processes that are
well defined on different types of state spaces.

In Section 13 we show how our results provide a mathematical foundation for a
wide range of financial applications. We provide a survey of the literature in the
field. The common applications that we already have sketched above are discussed
in more detail.

Appendix A contains some useful results on the interplay between the existence
of moments of a bounded measure on RY and the regularity of its characteristic
function.

1.1. Basic Notation. For the stochastic background and notation we refer to [57]
and [76]. Let k € N. We write

RY = {z e R* | z; >0, Vi}, RE, = {z € R* | z; >0, Vi},
Cf ={zeC*|Rez e RY}, Ck, ={2€CF|Rez e R},
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and analogously R* , R* | C* and C* _.

For a,3 € CF we write (o, ) := a181 + -+ + aif (notice that this is not
the scalar product on C¥). We let Sem” be the convex cone of symmetric positive
semi-definite £ x k matrices.

Let U be an open set or the closure of an open set in C*. We write U for the
closure, U° for the interior, U = U \ U° for the boundary and Ux = U U {A}
for the one-point compactification of U. Let us introduce the following function
spaces:

e C(U) is the space of complex-valued continuous functions f on U

e bU is the Banach space of bounded complex-valued Borel-measurable functions
fonU

Cy(U) is the Banach space C(U) N bU

Cy(U) is the Banach space consisting of f € C(U) with lim,_,a f(z) =0
C.(U) is the Banach space consisting of f € C(U) with compact support
C*(U) is the space of k times differentiable functions f on U such that all
partial derivatives of f up to order k belong to C'(U)

o CHU)=C*U)NC.(U)

o C%(U) = Meen CH(U) and C2(U) = Mo CHO)

By convention, all functions f on U are extended to Ua by setting f(A) = 0.
Further notation is introduced in the text.

2. DEFINITION AND CHARACTERIZATION OF REGULAR AFFINE PROCESSES

We consider a time-homogeneous Markov process with state space D := R* x R"
and semigroup (P;) acting on bD,

Pf(z) = /D F(6) pe(e, de).

According to the product structure of D we shall write z = (y, z) or £ = (n, () for
a point in D. We assume d := m + n € N. Hence m or n may be zero. We do not
demand that (P;) is conservative, that is, we have

pt(x,D) < 1, pt(l‘,DA) = 1, pt(A,{A}) = 1, V(t,l') S RJ’_ x D.

We let (X, (Py)zen) = (Y, Z), (P2)zep) denote the canonical realization of (P;)
defined on (Q, F°, (F?)), where Q is the set of mappings w : R4 — Da and X;(w) =
(Yi(w), Z¢(w)) = w(t). The filtration (Fy) is generated by X and F° = Vier, F.
For every z € D, P, is a probability measure on (Q, F°) such that P,[Xo = 2] = 1
and the Markov property holds,

Eo[f(Xiqs) | FY] = Pof(Xy) = Ex, [f(X)], Pe-as. Vs,t €Ry, VfebD,

(2.1)
where [, denotes the expectation with respect to P,.
For u = (v,w) € C™ x C™ we define the function f, € C(D) by
fu(@) = efw®) = o +wa) g — (y ) e D.
Notice that f, € Cp(D) if and only if u lies in

U :=C" x iR,
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and this is why the parameter set U/ plays a distinguished role. By dominated
convergence, P; f,(z) is continuous in u € U, for every (¢,z) € Ry x D. We have

U =C™_ xiR"” and OU =iR™ x iR™ = iR<.

Observe that
R? > q— P.fiq(x)

is the characteristic function of the measure p:(z,-), that is, the characteristic
function of X;1x,xa} with respect to P,.

Definition 2.1. The Markov process (X, (Py)zep), and (P:), is called affine if,
for every t € Ry, the characteristic function of p:(x,-) has exponential-affine de-
pendence on x. That is, if for every (t,u) € Ry x U there exist ¢(t,u) € C and
Yt u) = (Y (t,u), = (t,u)) € C™ x C" such that

Ptfu(x) — e¢(t»u)+<w(t>u)7$>

2.2
= e¢(t7u)+(wy(tvu)7y>+<wz(tvu)vz>’ Vo = (y7 z) c D. ( )

Remark 2.2. Since P,f, € bD, for all (t,u) € Ry x U, we easily infer from
(2.2) that a fortiori ¢(t,u) € C_ and ¥(t,u) = (VY (t,u),¥=(t,u)) € U, for all
(t,u) € Ry x oU.

Remark 2.3. Notice that ¥(t,u) is uniquely specified by (2.2). ButIm ¢(t,u) is de-
termined only up to multiples of 2m. Nevertheless, by definition we have P, f,,(0) # 0
for all (t,u) € Ry x OU. Since OU is simply connected, P, f,(0) admits a unique
representation of the form (2.2)—and we shall use the symbol ¢(¢,u) in this sense
from now on—such that ¢(t,-) is continuous on OU and ¢(t,0) = 0.

Definition 2.4. The Markov process (X, (Py)zen), and (P;), is called stochasti-
cally continuous if ps(x,-) — pi(z,-) weakly on D, for s — t, for every (t,z) €
RJ’_ x D.

If (X, (P)zep) is affine then, by the continuity theorem of Lévy, (X, (Pz)zep) is
stochastically continuous if and only if ¢(¢,u) and ¢ (¢, u) from (2.2) are continuous
int € Ry, for every u € dU.

Definition 2.5. The Markov process (X, (Py)zep), and (Py), is called regular if it
is stochastically continuous and the right-hand derivative

Afu(z) == 07 Py fu()]i=0

exists, for all (z,u) € D x U, and is continuous at u =0, for all x € D.
We call (X, (Pz)zep), and (P;), simply regular affine if it is regular and affine.

If there is no ambiguity, we shall write indifferently X or (Y, Z) for the Markov
process (X, (P;)zep), and say shortly X is affine, stochastically continuous, regular,
regular affine if (X, (P;)zep) shares the respective property.

Before stating the main results of this paper, we need to introduce a certain
amount of notation and terminology. Denote by {es,...,eq} the standard basis in
R?, and write Z := {1,...,m} and J := {m +1,...,d}. We define the continuous
truncation function x = (x1,---,xa) : R = [~1,1]¢ by

_ )0 if & =0,
xk(§) == {(1 A |§k|)%7 otherwise. 23)
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Let a = (a;;) be a d x d-matrix, 8 = (61,...,0q4) a d-tuple and I,J C {1,...,d}.
Then we write o7 for the transpose of o, and ar; = (cij)ier, jes and Br =
(Bi)ier- Examples are x1(&) = (xx(§))ker or Vi := (0x, )ker- Accordingly, we have
Y (t,u) = Pz(t,u) and %= (t,u) = ¥7(t,u) (since these mappings play a distin-
guished role we introduced the former, “coordinate-free” notation). We also write
1:= (1,...,1) without specifying the dimension whenever there is no ambiguity.
For i € T we define Z(i) := Z \ {¢} and J(i) := {i} U J, and let Id(i) denote the
m X m-matrix given by Id(¢)g; = ik 0k, where i is the Kronecker Delta (dx; equals
1if k =1 and 0 otherwise).

Definition 2.6. The parameters (a,a,b, 3,c,v,m, u) are called admissible if

e a € Sem? with azr =0 (hence az7 =0 and azz =0), (2.4)
e a=(ay,...,0m) with a; € Sem? and o 77 = @;,41d(3), for alli € Z, (2.5)
e be D, (2.6)

(2.7)

B € R such that Br7 =0 and Biz(s) € RT‘I, foralli €T,

(hence Brz has nonnegative off-diagonal elements),

e cc Ry, (2.8)
e yERY,
e m is a Borel measure on D\ {0} satisfying
M := ((xz(€), 1) + lIx7 (&)I*) m(dg) < oo, (2.10)
D\{0}
o 1= (l1,...,Mnm) where every p; is a Borel measure on D\ {0} satisfying
M; = (o) ((xz@ ), 1) + lIxa @ (OI7) mi(dé) < oo. (2.11)

The following theorems contain the main results of this paper. Their proof is
provided in Sections 3-10. First, we state an analytic characterization result for
regular affine processes.

Theorem 2.7. Suppose X is reqular affine. Then X is a Feller process. Let A be
its infinitesimal generator. Then C°(D) is a core of A, C?(D) C D(A), and there
exist some admissible parameters (a,a, b, 3,c,v,m, u) such that, for f € C?(D),

! 9 f(x)
Z (ar + (azk1,y)) 92,07, + b+ Bz, Vf(z)) — (c+ (7,9)) f(x)

k=1

/ o, (@O = 1@ = (V@) x7(€) mide)

+ Z / \{0} $ +§ f(x) - <VJ(i)f(fI:),Xj(i) (f)>) yiﬂi(df); )
2.12



8 D. DUFFIE, D. FILIPOVIC, AND W. SCHACHERMAYER

Moreover, (2.2) holds for all (t,u) € Ry x U where ¢(t,u) and ¥(t,u) solve the
generalized Riccati equations,

t
B(tu) = / F((s,u)) ds (2.13)
0
o (tu) = BY (¥ (6, w), e "w) ¥ (0,u) = v (2.14)
V2 (tu) = "t (2.15)
with
F(u) = {au,u) + (b,u) — c+/ (e =1~ (ug,xs () ) m(de),  (2.16)
D\{0}
Riy(u) = (oju,u) + </3?;7u> — Y +/ <6<u’5> -1- <uJ(i)aXJ(i)(§)>) pi(dg),
D\{0}
(2.17)
fori eI, and
By = (’BT)i{l,...,d} eRY, ieT, (2.18)
p% = (B7) ., € RV (2.19)

Conversely, let (a,a,b,3,c,v,m,u) be some admissible parameters. Then there
exists a unique, reqular affine semigroup (P;) with infinitesimal generator (2.12),
and (2.2) holds for all (t,u) € Ry xU where ¢(t,u) and (¢, u) are given by (2.13)-
(2.15).

Remark 2.8. To clarify the connections between the objects in Theorem 2.7 let us,
for any f € C*(D)NCy(D), define At f(x) literally as the right hand side of (2.12).
Then we see that F, RY = (R%), ..., RY) and 3% satisfy

0/ Pefu(@)le=o = (F(u) + (R¥ (u),y) + (85w, 2)) fu(z) = A*fu(z),
foru= (v,w) el and x = (y,z) € D.
Equation (2.15) states that ¢Z(¢,u) depends only on (¢,w). Hence, for w = 0,
we infer from (2.2) that the characteristic function of Y;1;x,2a} with respect to Py,

Ptf(z’q,o) (z) = / eilam pe(z, dE) = e<¢>(t,iq70)+<1l)y(t,iq,0)7y)7 g€R™,
D

depends only on y. We obtain the following

Corollary 2.9. Let X = (Y, Z) be regular affine. Then (Y, (]P)(y,z))yG]RT) 8 a reg-
ular affine Markov process with state space R™", independently of z € R™.

Theorem 2.7 generalizes and unifies two classical types of stochastic processes.
For the notion of a CBI process we refer to [94], [62] and [85]. For the notion of an
OU type process see [79, Definition 17.2].

Corollary 2.10. Let X = (Y, Z) be regular affine. Then (Y, (P(y,.))yery) is a CBI
process, for every z € R™. If m =0 then X is an OU type process.
Conversely, every CBI and OU type process is a regular affine Markov process.



AFFINE PROCESSES 9

Remark 2.11. There exist affine Markov processes that are not stochastically con-
tinuous and for which Theorem 2.7 therefore does not hold. This is shown by the
following example, taken from [62]. Let xo € D. Then

O ift:O7

; (0, = Dirac measure at x)
0zy, ft>0,

pt(x,dg) = {

is the transition function of an affine Markov process with

_J0, ift=0, _Ju, ift=0,
¢(t’“)_{<u,xo>, ift=0, W’“)_{o, ift>0,

which is obviously not of the form as stated in Theorem 2.7.

On the other hand, if n = 0 then a stochastically continuous affine Markov
process s a fortiori regular, see [62, Lemmas 1.2-1.3]. It is still an open problem
whether this also holds true for n > 1.

Motivated by Theorem 2.7, we give in this paragraph a summary of some classical
results for Feller processes. For the proofs we refer to [76, Chapter III.2]. Let X
be regular affine and hence, by Theorem 2.7, a Feller process. Since we deal with
an entire family of probability measures, (P;).cp, we make the convention that
“a.s.” means “Pg-a.s. for all x € D”. Then X admits a cadlag modification, and
from now on we shall only consider cadlag versions of a regular affine process X,
still denoted by X. Let

TX = 1nf{t S R+ | Xt, =Aor Xt = A}

Then we have X. = A on [rx,00) a.s. Hence X is conservative if and only if

7x = o0 a.s. Write F(®) for the completion of F° with respect to P, and (}'t(x)) for
the filtration obtained by adding to each F? all P,-nullsets in F (*) | Define

Fo= (| FY, F=)F.

zeD zeD

Then the filtrations (ft(w)) and (F;) are right-continuous, and X is still a Markov
process with respect to (F;). That is, (2.1) holds for F? replaced by F;, for all
z e D.

By convention, we call X a semimartingale if (X;1{;<r}) is a semimartingale on
(Q,F,(F),P,), for every x € D. For the definition of the characteristics of a semi-
martingale with refer to [57, Section II.2]. We emphasize that the characteristics
below are associated to the truncation function x, defined in (2.3).

Let X’ be a Da-valued stochastic process defined on some probability space
(', F',P"). Then P’ o X'~" denotes the law of X, that is, the image of P’ by the
mapping w’' — X/(w') : (V, F') — (2, F°).

The following is a characterization result for regular affine processes in the class
of semimartingales. An exposure of conservative regular affine processes is given in
Section 9.

Theorem 2.12. Let X be regular affine and (a,a, b, B3,¢,v,m, u) the related ad-
missible parameters. Then X is a semimartingale. If X is conservative then it
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admits the characteristics (B, C,v),

B, = /Ot (13+ BXS) ds (2.20)
Cy=2 /Ot (a + Emjl aﬁ’j) ds (2.21)

v(dt, d€) = (rn(d&) + ZWM@) dt (2.22)

for every P, where b € D and 3 € R4 are given by

b=b+ / (xz(€),0) m(de), (2.23)
D\{0}
G = {@cl+<1—5m>fp\{o}xk<£>m<d5), Flel o v (220
Bt ifled,

Moreover, let X' = (Y',Z') be a D-valued semimartingale defined on some fil-
tered probability space (U, F',(F]),P’) with P'[X] = z] = 1. Suppose X' admits
the characteristics (B’,C',v'), given by (2.20)-(2.22) where X is replaced by X'.
ThenP' o X'~ ' = P,.

Remark 2.13. The notions (2.23) and (2.24) are not substantial and only intro-

duced for notational compatibility with [57). In fact, we replaced (V 7 f(z), x7(£))
and (V 7 f(x), x 7)) in (2.12) by (Vf(x),x(&)), which is compensated by re-

placing b and B by b and 8, respectively.

The second part of Theorem 2.12 justifies, and clarifies the limits of, the common
practice in the finance literature of specifying an “affine process” in terms of its
semimartingale characteristics.

There is a third way of characterizing regular affine processes, which generalizes
[85]. Let P and Q be two probability measures on (2, F°). We write P * Q for the
image of P x Q by the measurable mapping (w,w’) — w+w': (2 x Q, FO® F0) —
(9, F°). Let Pra be the set of all families (P.,).ep of probability measures on
(92, F%) such that (X, (P.).ecp) is a regular Markov process with P/[Xo = 2] = 1,
for all x € D.

Definition 2.14. We call (P,).cp infinitely decomposable if, for every k € N,
there exists (]P’;k))xep € Prum such that

Prygoqom = Piﬂ) ek IP’S?,)C), ve®, ... 2™ e D. (2.25)

Theorem 2.15. The Markov process (X, (Py)zep) is reqular affine if and only if
(P.)zep is infinitely decomposable.

We refer to Corollary 10.4 below for the corresponding additivity property of
regular affine processes.

We have to admit that “infinitely decomposable” implies “regular affine”, as
stated in Theorem 2.15, only since our definition of “infinitely decomposable” in-
cludes regularity of (Pz(ck))xED appearing in (2.25). There exists, however, affine
Markov processes which satisfy (2.25) but are not regular. As an example consider
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the non-regular affine Markov process (X, (P;)zep) from Remark 2.3. It is easy to
see that, for any k € N,

(k) de) — Oy ift =0,
pt (-73, S) {6120/]“ lf t > O,

is the transition function of an affine Markov process (X, (]P’;(Ek))xe p) which satis-
fies (2.25), but is not regular.

We now give an intuitive interpretation of conditions (2.4)—(2.11) in Defini-
tion 2.6. Without going much into detail we remark that in (2.12) we can dis-
tinguish the three “building blocks” of any jump-diffusion process, the diffusion
matriz A(z) = a+y101 + -+ + YmQm, the drift B(x) = b+ Bz and the Lévy mea-
sure (the compensator of the jumps) M (x, d€) = m(d€)+y1 1 (d€)+- - -+ Ympom (dE),
minus the killing rate C(x) = ¢+ (7, y). An informal definition of an affine process
could consist of the requirement that A(z), B(z), C(z) and M (x,d¢) have affine
dependence on z, see [40]. The particular kind of this affine dependence in the
present setup is implied by the geometry of the state space D.

First, we notice that A(z) € Sem?, C(z) > 0 and M(z, D) > 0, for all z € D.
Whence A(z), C(x) and M (z,d§) cannot depend on z, and conditions (2.8)—(2.9)
follow immediately. Now we consider the respective constraints on drift, diffusion
and jumps for the consistent behavior of X near the boundary of D. For x € D,
we define the tangent cone to D at x € D,

Tp(z) := {feRd|x+e§€D, for some e > 0} .

Intuitively speaking, Th(x) consists of all “inward-pointing vectors at z.” Write
I(z):={i €T |y; =0}. Then x € 8D if and only if I(z) # 0, and ¢ € Tp(z) if and
only if & > 0 for all i € I(z). The extreme cases are Tp(0) = D and Tp(x) = R?
for x € D°. Tt is now easy to see that conditions (2.6)—(2.7) are equivalent to

B(z) € Tp(z), VYx € D. (2.26)
Conditions (2.4)—(2.5) yield the diagonal form of Azz(x),

Y1011 0

Azz(z) =) yiculd(i) = : (2.27)
ez 0 Ym Em,mm

Hence the diffusion component in the direction of span{e; | i € I(z)} is zero at .

Conditions (2.10)—(2.11) express the integrability property

/ (X1(2)(€),1) M(z,d€) < 00, Vze€D. (2.28)
D\{0}

This assures that the jump part in the direction of span{e; | i € I(x)} is of “fi-
nite variation at 7. Theorem 2.7 suggests that (2.26)—(2.28) are the appropriate
conditions for the invariance of D with respect to X.

2.1. Existence of Moments. Criterions for the existence of first or higher order
partial moments of X; are of vital importance for all kinds of applications. They
are provided by the following theorem. Examples are given in Sections 11 and 13
below.

Theorem 2.16. Suppose that X is conservative reqular affine, and let t € R,..
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i) Let k € N and 1 <1 <d. If 03 ¢(t,i\)[x=0 and 85(t,iN)|x=0 ewist, then
E, |(x)*] <00, VoeD.

ii) Let U be an open convex neighbourhood of 0 in C%. Suppose that ¢(t,-) and
Y(t,-) have an analytic extension on U. Then

E, [e@’X‘)} <00, YgeUNRY VzeD,

and (2.2) holds for all u € U with Reu € U NRY.
Proof. Combine Lemmas A.1, A.2 and A4 in the appendix. O
Notice that finiteness of moments of X; with respect to P, requires, strictly speak-
ing, finiteness of X;, P,-a.s. This is why we assume X to be conservative.

Explicit conditions for Theorem 2.16 in terms of the parameters of X are given
in Lemmas 5.3 and 6.5 below.

3. PRELIMINARY RESULTS

In this section we derive some immediate consequences of Definitions 2.1 and 2.5.
First, we are extending the (¢, u)-range of validity of (2.2), which is a priori Ry x OU.
In Lemma 3.1 we fix u € U and see how far we can go in the t¢-direction. In
Lemma 3.2, conversely, we fix t € R, and explore the range of possible u in C¢.

Lemma 3.1. Suppose X is reqular affine. Then the set
O :={(t,u) e Ry xU | Psfu(0) #0, Vs €[0,t]} (3.1)

is open in Ry X U, and there exists a unique continuous extension of ¢(t,u) and
P(t,u) on O such that (2.2) holds for all (t,u) € O.
Proof. Let x € D. We claim that

P, fu(z) = P fy(z), for s —t, uniformly in u on compacts in U. (3.2)
Although the proof of (3.2) is standard (see e.g. [10, Lemma 23.7]) we shall give it
here, for the sake of completeness. Let ¢t € Ry and (¢;) a sequence with t;, — ¢,
and € > 0. Since X is weakly continuous, the sequence (p;, (,-)) is tight. Hence

there exists p € Cc(D) with 0 < p < 1 and [, (1—p(§)) py, (z,dE) < ¢, for all k € N.
Moreover, there exists 6’ > 0 such that for all u,u’ € U with ||u — u'|| < §" we have

sup [ fu(§) = fu (§)| <€

£esupp p
Hence, for every u,u’ € U with ||u — /|| < &',

Py ful@) — Pry fur(a)]| < /D FulE) = Fur(©)] p(€) prs (2, )

+ / FulE) — Fu (&) (1 plE)) prs (. dE)
D
<3¢, VkeN.

We infer that the sequence (P, f,(x)) is equicontinuous in u € Y. Thus there exists
0 > 0 such that

|(Pr fu(®) = P fu(2)) = (Poy fur () — Pifu (2))]

< Py ful(®) = Poy fur (@) + [P ful®) — Pofur(2)] < (3.3)

€
57
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for all u,uw’ € U with ||lu — /|| < 4, for all &k € N. Now let U C U be compact.
Cover U with finitely many, say ¢, balls of radius 6 whose centers are denoted by
u u® . u@, For any u() there exists a number N® such that

Py fuo () = Pfyor (@) < 5, k> NO. (3.4)
Now let u € U. Choose a ball, say with center (¥, that contains u. Combining
(3.3) and (3.4) we obtain

[Py, fu(®) = Pefu(®)] < [(Pey fu(®) = Pefu(®)) — (Pry fu (2) — Pefuo ()]
+ [Py fuir (2) — Pefuo ()]
<e, Vk>maxN®,

which proves (3.2).

As a consequence of (3.2), P, f,,(z) is jointly continuous in (¢,u) € Ry xU. Hence
O is open in Ry x U. Notice that O D {0} x U, which is simply connected, and
every loop in O is equivalent to its projection onto {0} x Y. Hence O is simply
connected.

Since X is affine, we have

Ptf(v,'w)(x)Ptf(v,w)(g) = Ptf('v,w)(x + S)Ptf(v,w)(0)7 Vr,£ €D, (35)

for all (t,v,w) € Ry x OU. By Lemma A.2 we see that the functions on both sides
of (3.5) are analytic in v € C™_. By the Schwarz reflexion principle, equality (3.5)
therefore holds for all v € C™. Since O is simply connected, ¢(t,u) has a unique
continuous extension on O such that P f,(0) = exp(¢(t,u)), for all (¢,u) € O.
Hence, for fixed (¢,u) € O, the function g(x) = exp(—&(t, u)) P f.(z) is measurable
and satisfies the functional equation g(z)g(§) = g(z+¢). Consequently, there exists
a unique continuous extension of ¥ (¢, u) such that

e VP, f(x) = B e e D Y(tu) € O.
Whence the assertion follows. O

The following is a (less important) variation of Lemma 3.1. Let m, p € R4, and
define V:={ge R? | —m; < ¢y < p;, I = 1,...,d} and the strip S := {u € C? |
Reu e V} D ol.

Lemma 3.2. Lett € Ry. Suppose X is affine and
/ el98) p(x,d¢) < 00, VgeV, VzeD. (3.6)
D

Then O(t) := {u € S| P.fy,(0) # 0} is open in S, and for every simply connected
set OU C U C O(t) there exists a unique continuous extension of ¢(t,-) and (¢, -)
on U such that (2.2) holds for all uw € U.

Proof. Dominated convergence yields continuity of the function S 3 u — P, f,(0).
Hence O(t) is open in S, and clearly oU C O(t). Now the assertion follows by the
same arguments as in the proof of the second part of Lemmas 3.1 and A.2. Notice
that we cannot assert continuity of P;f,(z) in ¢ since f, is unbounded for v € S,
in general. (|
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For the remainder of this section we assume that X is regular affine. As an
immediate consequence of (2.2) and Remark 2.3 we have

?0,u) =0, ¥(0,u)=u, Yu€el. (3.7)

Let (t,u) € O and s > 0 such that (t+s,u) € O and (s, 9 (¢,u)) € O. By Lemma 3.1
and the Chapman—Kolmogorov equation,

d(t+s,u)+{(P(t+s,u),z) _ . ,d ’d~ 3 ~
) /D ps (a, de) /D pe(€, dE) £ (6)

_ bt / pa(@, de) lHE0)
D

_ (bt e(s () + (W (sb(tu)a) vy e D,

hence

(b(t + s, U) = (b(tv ’U,) + (25(8, lff(t, u)) (38)
Y(t+ s,u) = (s, ¥(t,u)). (3.9)
In view of Definition 2.5 and Lemma 3.1, the following right-hand derivatives exist,
Fu) i= 0 6(0, u), (3.10)
R(u) = (R”(u), R* (u)) := 0} 4(0,u), (3.11)

and we have
Afu(@) = (F(u) + (R(u),2)) fu(z), (3.12)

for all w € U, x € D. Combining (3.8)—(3.9) with (3.10)—(3.11) we conclude that,
for all (¢,u) € O,

0 d(t,u) = F((t, w)), (3.13)
O (t,u) = R(P(t,u)). (3.14)
Equation (3.12) yields
F(u) = Af,(0) (3.15)
i(u :Afu(ei)_ U 1=
R;(u) Foled) F(u), 1,....,d, (3.16)

The strategy for the proof of Theorem 2.7 is now as follows. In the next two
sections we specify F, RY and RZ, and show that they are of the desired form,
see (2.15)~(2.17). In view of (3.15)~(3.16) it is enough to know .Af, on the co-
ordinate axes in D. Then, in Section 8, we can prove that X shares the Feller
property and that its generator is given by (2.12). Conversely, given some ad-
missible parameters (a, a, b, 3, ¢, 7y, m, 1), the generalized Riccati equations (2.13)—
(2.15) uniquely determine some mappings ¢(t, u) and (¢, u) (see Section 6) which
have the following property. For every ¢t € Ry and = € D fixed, the mapping
R% 5 g — e?ti)+H{$(tia),2) i the characteristic function of an infinitely divisible
probability distribution, say p:(z,d¢), on D (see Section 7). By the flow property
of ¢ and ® it follows that p:(z,d§) is the transition function of a Markov process
on D, which by construction is regular affine.
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4. A REPRESENTATION RESULT FOR REGULAR PROCESSES
Throughout this section we assume that X is regular.
Lemma 4.1. Leti € T and r € Ry. Then there exist elements
a(i,r) = (i, 7)) kieg () € Sem™
B(i,r) € R with PBrgy(i,r) e RP,
v(i,7) € Ry,

and a nonnegative Borel measure v(i,r;d€) on D\ {re;} satisfying

/ (02 (€ = re)s 1) + I (€ — red)l2) v(i,r: de) < oo,
D\{re;}

such that for all w € U we have

./Zl w\T€; . ‘ .
% = (ali,")ug @y, uga@)) + (B0 r),u) —y(i,r)

+/ (ff(“’g*m") — 1= (ug@), xg6)(€ — Tez‘)>) v(i,r;d§).
D\{re;}

15

(4.5)

Proof. Fix i € 7T and r € Ry, and let v € U. For simplicity we write z = re;,
I =7Z(i) and J = J(i). The proof, inspired by [89, Theorem 9.5.1], is divided into

four steps.

Step 1: Decomposition. Let t > 0 and write

Ptfu(x) - fu(m) _ 1
t t

t
1

Tt /D\{w} hu(, €)d(z, €) p(x, d€)

+(Be(2), Vs ful®)) = () ful2),

where
d(z,€) = (u (€ - ), 1) + [ (€ - 2%,
il €) 1= 2O Jole) = WahDhsle - 2)),
and
Bia) = 7 [ xo(€—a) (o, d) € R
24(2) =+ (1= pi(a, D)) > 0.

t
Notice that

0<d(x,§) <d, vE€eD  (d(z,§) =0 & =)

Hence we can introduce a new probability measure as follows. Set

) =5 [ dwOmiz.de) >0

/D (Fal€) = Ful@) — (Vs ful@), xs (€ — 2)) pe(e dE)

5 [ V@l oxa (€ = Dl de) + 5 (e, D) = 1) (o)
D

(4.6)

(4.7)

(4.8)

(4.9)
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If ¢,(x) > 0, define

If ¢,(z) = 0 we let p(x,-) be the Dirac measure at some point in D\ {z}. In

both cases we have that p.(x,-) is a probability measure on D \ {z}, and we can

rewrite (4.6)

Ptfu(m) — fu(x)
t

pt(-']?, dg)

— t(a) / i, €) e (2, 0) + (Be(2), ¥ 5 fu(2)) — () fu ().
oM (4.10)

Step 2: Extension of hy(x,-). Notice that hy,(z,-) € Cp(D \ {z}). But the value
lime 5 hy(x, &) depends on the direction from which £ converges to z. Define the
cuboid

Q) ={¢eD || —2k| <1,1<k<d} and Qoz):=Q(z)\{z}. (4.11)

We shall construct a compactification of Qo (z) to which Ay, (x, -) can be continuously
extended.
We decompose the difference £ — z = (£ — €1) + (¢+ — x) where

n Ty, ifkel,
& = .
&k, if ke J.

Applying Taylor’s formula twice we have

(fu(&) = ful€)) + (fu(6H) — fulz) — (Viu(x),&* — 7))

hy(z,€) = mES.
— ' 1 iy 5 é‘ _ é‘L
= </0 Vit +5(E—¢4))d ’d(a:,g)>
1 | B X By
+ Z (/0 8wk8wzfu($ + S(EL — 1;))(1 — 5) d5> (Sk dlzi (5; l) ,

k=1
(4.12)

for all £ € Qo(x).
We let w(x,&) = (wi(z,€))rer and a(x, &) = (an(z,§))k,1cs be given by

§k — Tk
= kel 4.1
Wk(xv S) d(l‘,g) ) S ( 3)
(& — z1)(& — m1)
:: : 414
ay(z,§) (2. 6) , kleld (4.14)
Define the compact subset H of [0,1]™~! x Sem™ ! by
H:= {(w,a) € [0,1]™* x Sem™ ™t | (w, 1) + Z agk = 1} : (4.15)
keJ

Then it is easy to see that
F(l‘,g) = (§7W(x7§)7a(x7§)) € Qo(ZE) X Ha vé € QO($)7 (416)
and that I'(z,-) : Qo(z) = A(z) :=T'(z,Qo(z)) C Qo(z) x H is a homeomorphism.
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Now the function &, (z,-) := hy(z, T (z,-)) : A(z) — C can be continuously
extended to the compact closure A(z). In fact, by (4.12) we have

ho(z,T(2,€)) Zwka:{/azkfuf +s(§—¢h))ds

kel
+ Y a6 / Ou, s, fule + 565 —2))(1 —5)ds  (4.17)
k,leJ
— Zwkamkfu Z aklawkamfu( )
kel kleJ

if D(z,&) — (z,w,a) € A(z).
Denote by fit(x,-) the image of p(x,-) by I'(z,-). Then fi(x,-) is a bounded
measure on A(z) (giving mass zero to A(x) \ A(z)) and we have

/ ha(z, ) dps (i, ) = /_hu(m, Y djig(z, ). (4.18)
Qo(=) A(x)

In particular
ﬂt(maM)+Ht($aD\Q($)) (4'19)

Notice that hy(z,&) = fu(§) — fulx) — (Vifu(z),1) for £ € D\ Q(z). Hence we
can rewrite (4.10)

Ptfu(x) _fu(x) _ T 7 7. - i (2. - 7. -
n *gt( ) /A(w) hu( ’ )d:ut( ,)+/D\Q($)fud/‘t( ’ ))

fu(@) + (Vi fu(z),1) pe(z, D\ Q(2))
Vqu( )> _'7t(x)fu(x)'

(4.20)

Step 3: Limiting. We pass to the limit in equation (4.20). We introduce the
nonnegative numbers

9]( *gl/j +Z|/81/] |+’71/]( ) >07 JGN (421)
keJ
We have to distinguish two cases:
Case ): liminf; . 6;(x) = 0. In this case there exists a subsequence of (¢;(x))
converging to zero. Because of (4.19) we conclude from (4.20) that Af,(z) = 0, for

all u € U, and the lemma is proved.

Case i): liminf; .o, 6;(x) > 0. There exists a subsequence, denoted again by
(0;(z)), converging to O(z) € (0, 00]. By (4.21) the following limits exist

1 e byi@ L,
01/(x) = 0@ € Ry, 01/ () — (=) € [0,1],

B/i(x) nt1 71/
1,5(@) — B(z) € [-1,1]" W — v(x) €10,1]

and satisfy
(z)+ Y 18%@)| +(z) = 1. (4.22)

keJ
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If (x) = 0 then we have

§(2)Afu(@) = (B(z), Vs fu(@)) — v(2) fulz), Yuell. (4.23)

Suppose now that #(z) > 0. After passing to a subsequence if necessary, the
sequence (fi/;(x,-)) converges weakly to a bounded measure fi(z,-) on A(x), and
limj o0 p1/5(2, D\ Q()) =: c(z) € [0,1] exists. Dividing both sides of equation
(4.20) by 0;(x) we get in the limit

lim Fudin (@) = g5 (0@ ALl@) = (B@), Vo fule)) +7(2) ()

37 JD\Q(x)

- }Nlu(xv) d/](a:,')
A(z)

+c w) (fu(m) + <Vqu(J}), 1>) :

(4.24)

Notice that (4.24) holds simultaneously for all u € U. Since X is regular, the right
hand side of (4.24) is continuous at u = 0 (see (3.12)). The continuity theorem
of Lévy (see e.g. [44]) implies that the sequence of restricted measures (py,;(z,- N
D\ Q(z))) converges weakly to a bounded measure y'(x,-) on D with support

contained in D \ Q(z). In particular, ¢(z) = p/(z, D \ Q(x)) and

fudy'(z,)), Yuel. (4.25)

lim Judp);(z,-) :/
I JD\Q() D\Q(x)

Note that by (4.19) we have

fi(z,A(z)) + 4 (z, D\ Q(z)) = 1. (4.26)
We introduce the projections

W:Dx H—W(DxH)cC[0,1]™', W(w,a):=w
A:Dx H — AD x H) C Sem"™,  A(¢,w,a) = a,

see (4.15). In view of (4.17) we have

[—M@@”5ﬁf ﬁwww+/ o dii(z, )
A(z) A(z)\A(x) A(z)

= Wy dji )" 81% u
kze:I </A(w)\1\($) e dite )> ful)

1
+ = /7 Akl dﬂ(l‘, )) &c 8:2 fu(x)
2 2 ( A(@)\A(z) o

kleJ

+ / hy dp(z, T(z, -)).
Qo(z)

(4.27)

Define the bounded measure u(z,-) on D\ {z} by

M(mv ) = la(m’ F(ma QO('I:) N )) + Nl(% ) (4'28)
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Combining (4.24), (4.25) and (4.27), we conclude that
t(z) _
@A) =" S ([ Adite.) ) 00,0100
2 Ee: NA@)

kz: </A($)\A( : Wi dip(z, )) Oz, fu(@) + (B(2), Vi fulz))

— (@) ful) + L) /D e, el

Hence
5(1‘)% = (a(@)us,ug) + (B(z), ur) + (B(x), us) = (x)
+ /D\{w} <e<u,£7w> —1—(us,xs(&— :1:))) v(z,df), Yuel,
(4.29)
where
= —) . eInn—i—l
R /A(x)\/\(w) z,) €8 )
W dji(z,-) € RT ™,
A(@)\A(=)
v(z,d€) = d(x,g) p(z, de).

Step 4: Consistency. It remains to verify that é(x) > 0. Since then we can divide
(4.23) and (4.29) by d(z), and the lemma follows also for case ii).

We show that the right hand side of (4.29) is not the zero function in u. Assume
that B(z) = 0, v(z) = 0 and v(z,D \ {z}) = 0. Equality (4.22) implies that
¢(x) = 1. Hence we have p(z,D \ {z}) = 0, and by (4.26) and (4.28) therefore
fi(z, A(z) \ A(x)) = 1. It follows from (4.15) that

(Bl), 1) +2 ol /A(z)\A(w) <<W’ S Akk) =t

keJ

Hence a(x) and ((z) cannot both be zero at the same time. But the representation
of the function in u on the right hand side of (4.29) by a(z), 3(z), B(z), v(x) and
v(x,d€) is unique (see [79, Theorem 8.1]). Whence it does not vanish identically in
u and therefore d(x) = 0 is impossible. The same argument applies for (4.23). O

The fact that only u ;) appears in the quadratic term in (4.5) and that (4.2)-
(4.4) hold is due to the geometry of D, which makes d(x,-) a measure for the
distance from z (see (4.9) and (4.7)). By a slight variation of the preceding proof
we can derive the following lemma.
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Lemma 4.2. Let j € J and s € R. Then there exist elements

a(j,8) = (ari(j, 8))k1es € Sem”, (4.30)
B,s) € D, (4.31)
’7(.77 8) € RJF?

and a nonnegative Borel measure v(j, s;d§) on D\ {se;} satisfying

/ (xz(€ — 53),1) + [xor (€ — se))[1?) vl s dé) < oo, (4.32)
D\{se;}

such that for all w € U we have
Afu(se; : : :
D (ol sug,ug) + (8.9 0) ~2(G.)
e (4.33)

N / (el — 1= (ug, x (€ - 5e5))) w5 53 ).
D\{se;}

Proof. Fix j € J and s € R. Write z = se;, I =7 and J = J. Now the lemma
follows line by line as in the proof of Lemma 4.1. O

5. THE MAPPINGS F(u) AND R(u)

Let Y € R i € Z, and 3% € R™*™. Then (2.18)(2.19) together with 877 := 0
uniquely defines a matrix 3 € R4*4,

Definition 5.1. The parameters (a,a, b, 3”, 3%, c,v,m, u) are called admissible if
(a,a,b,B,¢,v,m, ) are admissible. Hence

BY = (67,...,8%) with 3Y € R* and ,83’1(1.) eRT, foralli €1, (5.1)

BZ € RV, (5.2)

Combining (3.15)—(3.16) and Lemmas 4.1 and 4.2 we can now calculate F'(u),
RY(u) and R? (u), see (3.10)—(3.11).

Proposition 5.2. Suppose X is reqular affine. Then F(u) and RY(u) are of the
form (2.16) and (2.17), respectively, and

RZ(u) = #%w, (5.3)
where (a,a,b, 3Y, 6%, c,y,m, 1) are admissible parameters.

Proof. We derive (2.16), (2.17) and (5.3) separately in three steps.
Proof of (2.16). For m = 0 the assertion follows directly from (3.15) and Lemma 4.2.
Suppose (m,n) = (1,0). We already know from (3.15) and Lemma 4.1 that there

exist a,c € Ry, b € R and a nonnegative Borel measure m(dn) on R, integrating
Ix(n)|?, such that

F(v)=av* +bv—c+ / (e"" —1—wvx(n))m(dy), YveC_. (5.4)

Ryt

It remains to show that a = 0 and

/R x(m)ym(dn) <b.
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Since F' is analytic on C__ (this follows from Lemma A.2) and by uniqueness of
the representation (5.4), see [79, Theorem 8.1], it is enough to consider v € R_.
But then we have

o(t,v) _ _
F(v) = lim e o1 = lim (/ (e —1) P+(0, dn) + (0, R+) 1) .
R

t—0 t t—0 t t

It is well known that, for fixed ¢, the function in v on the right hand side is the
exponent of the Laplace transform of an infinitely divisible substochastic measure on
R, (see [79, Section 51]). Hence (") being the point-wise limit of such Laplace
transforms, is itself the Laplace transform of an infinitely divisible substochastic
measure on Ry. Thus F(v) is of the desired form.

Suppose now that m > 1 and (m,n) # (1,0). By (3.15), (4.5) and (4.33) we
have

F(u) = (a(i, 0)ugay, ug@y) + (B(i,0),u) — (i, 0)

el 1 — (u, v(i, 0;d 5.5

o - X(€))) (i, 0; de) (55)
= (a(j, 0y, ug) + (B(3,0), u) (3, 0)

el 1 — (u, v(7,0;df), Yuel, 5.6

o (1, (©)) (G, 0;dE), V€ (56)

for all (i,5) € Z x J, where ((i,0), 3(j,0) € R? are given by

3oy Be(E0) + [ oy Xk (§) v(6,05dE) € Ry, if k € Z(d),
B (3,0) ._{ B(i0), D\{o itk e 70,
2 ooy J BR(0) + [ oy Xk (€ v(5,05d8) €Ry, i k€T,
Br(4,0) ._{ 57,09, D\{o ke

ain(i, 0) = agi(i,0) = 0, Yk € J (i),
a1 (i,0) = ag (4,0) =: ar, Vk,1€ T,
B(i,0) = B(4,0) =: b,
7(2,0) =7(4,0) =: c,
v(i,0;d§) = v(4,0;d§) =: m(df),

for all (¢,7) € T x J, and the assertion is established.
Proof of (2.17). Let i € Z. For r € R, we define a(i,7) € Sem? by

i) = {““(”)’ e T,

0, else,
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see (4.1). Combining (3.16), (4.5) and (2.16) we obtain

V() — Afu(e;) Py
B = Ty T
= <(d(zv 1) - a)uvu> + </6(Za 1) - bv u> - ('7(i7 1) - C)
" /D\{O} (ew’£> — 1= (ug@),X70) (5))) dv(i, 1;e; +€)
[ (9 -1 fug () midg)
D\{0}
= (aiu,u) + (B, u) — i +/_ <6<“’€> — 1= (ug@), X0 (§)>) pi(d§),
D\{0}
(5.7)
where
Q; 1= 6[ ,1
/63) _{ /6( 1 fD\{o} Xz(f) (df) if k =1,
bk B3, 1) ifke{1,....d}\ {i},
¥i = (i,1) —
D:=D-—
wi(t) == V(z, 1; e +)—m(DnN-), (5.8)

which is a priori a signed measure on D \ {0}. On the other hand, by (3.12), we
have

Afu(rei) B
fu(rei)
Insert (5.7) in (5.9) and compare with (4.5) to conclude that, for all r € Ry,

F(u) + RY (uw)r, VreR,. (5.9)

a(i,r) =a+ro;,

B(i,r) =b+rBY,

V(i) = ¢+ i,

v(i,r;re; +-) =m(DN-) +7u(-), on D\ {0}.

By letting 7 — oo we obtain conditions (2.5), (5.1) and (2.9) from (4.1)—(4.3),
and that p; is nonnegative. Letting r — 0 yields p;(D \ D) = 0, and (2.11) is a
consequence of (4.4), (2.10) and (5.8).
Proof of (5.3). Let j € J. For s € R, we define a(j,s) € Sem? by

. agi(7,s), ifk,leJ,
i, 8) ::{ k(4 5)

0, else,
see (4.30). Combining (3.16), (4.33) and (2.16) we obtain
<( ( 1) —a)u,u) + (60, 1) = bu) — (v(4,1) — ¢)
) (679~ 1= (@) ) (5.10)

RY (u) =
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where we write p;(-) := v(j,1;e; +-) — m(-), which is a priori a signed measure
on D\ {0} (notice that D —e; = D). But R]{m(u) € iR, therefore the right
hand side of (5.10) is purely imaginary. This yields immediately &(j,1) —a = 0,
(8(4,1) —b)z = 0 and v(j,1) — ¢ = 0. On the other hand, by (3.12), we have

qu(sej) =r(u Z (u)s ]
Falser) = F(u) + R;_,,(u)s, VYs€R. (5.11)

Insert (5.10) in (5.11) and compare with (4.33) to conclude that, for all s € R,
v(j,sisej + ) =m(:) +sp (), on D\{0}.

But this is possible only if ; = 0. Hence Rf_m(v, w) = ((6(Jj,1) —b) 7, w), and the
proposition is established. O

We end this section with a regularity result. Let Q¢(0) = Q(0) \ {0} where Q(0)
is given by (4.11). Decompose the integral term, say I(u), in F(u) as follows

10) = [ (9~ 1 (ug,&g)) mlde) + H(w) — (14 {ug. 1) m(D\ Q(0))
Qo(0)

where H(u) := fD\Q(O) ef8) m(d¢), see (2.16). In view of Lemma A.2, the first

integral on the right hand side is analytic in u € C?, and so is the last term. Hence
the degree of regularity of I(u), and thus of F(u), is given by that of H(u). The
same reasoning applies for Rzy, see (2.17). From Lemmas A.1 and A.2 we now
obtain the following result.

Lemma 5.3. Let k€ N andi € Z.
i) F(-,w) and RY(-,w) are analytic on C™_, for every w € iR".

i) If
/ el m(de) < oo and / EI1* pa(de) < oo
D\Q(0) D\Q(0)

then F € C*(UU) and RY € C*(U), respectively.
iii) Let V C RY be open. If

/ (08 m(dg) < o and / el 1;(d€) < 00, VgeV, (5.12)
D\Q(0) D\Q(0)

then F and RY are analytic on the open strip S = {u € C% | Reu € V},
respectively.

Remark 5.4. A sufficient condition for Lemma 5.3.1ii) is, for example,

/ eXiz1 Pl m(d€) < oo,
D\Q(0)

for some p e RE . Then V ={q e R*||q| < p;,l=1,...,d} and (5.12) holds for
m(d€), and analogously for u;(d§).
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6. GENERALIZED RICCATI EQUATIONS

Let (a,a,b,3Y, 3%, ¢c,v,m, u) be admissible parameters, and let F(u) and R(u) =
(RY (u), RZ(u)) be given by (2.16), (2.17) and (5.3). In this section we discuss the
generalized Riccati equations

0 ®(t,u) = F(¥(t,u)), @(0,u)=0,
0V (t,u) = R(¥(t,u)), ¥(0,u)=u.

—~
> >
DN =

Observe that (6.1) is a trivial differential equation. A solution of (6.1)—(6.2) is a pair
of continuously differentiable mappings ®(-,u) and U(-,u) = (¥Y(-,u), VZ(-,u))
from R, into C and C¢, respectively, satisfying (6.1)-(6.2) or, equivalently,

O(t,u) = /0 F(U(s,u))ds, (6.3)
8, 0¥ (t,u) = RY <\Ily(t,u),eﬁztw) , TY(0,u) = v, (6.4)

U2 (t,u) = e tw, (6.5)

for u = (v,w) € C%. We shall see in Lemma 9.2 and Example 9.3 below that RY (u)
may fail to be Lipschitz continuous at u € 0U. The next proposition evades this
difficulty.

Proposition 6.1. For every u € U° there exists a unique solution ®(-,u) and
U(-,u) of (6.1)—(6.2) with values in C_ and U°, respectively. Moreover, ® and ¥
are continuous on Ry x U°.

Proof. There is nothing to prove if m = 0. Hence suppose that m > 1.

Since (6.5) is decoupled from (6.4), we only have to focus on the latter equation.
For every fixed w € iR™, (6.4) should be regarded as an inhomogeneous ODE for
UY (-, v,w), with ¥Y(0,v,w) = v. Notice that the mapping

(t,v,w) — RY (v,eﬁztw) RxU —C™ (6.6)

is analytic in v € C™_ with jointly, on R x U°, continuous v-derivatives, see
Lemma 5.3. In particular, (6.6) is locally Lipschitz continuous in v € C™_, uni-
formly in (¢,w) on compact sets. Therefore, for any u = (v,w) € U°, there exists a
unique C™_-valued local solution ¥Y(¢,u) to (6.4). Its maximal lifetime in C™_ is

T, := liminf {¢ | || TY(t,u)| > n or TV (t,u) € iR™} < oo.
n—oo

We have to show that T, = co.
An easy calculation yields

Re RY (u) = i (Rev;)” — (o Imu, Tm ) + (ﬁ%’I,Re v) — ;i

7

+/ <e<Revﬂ7> cos(Imwu,&) —1 —Re vixi(f)) i (dE). (6.7)
D\{o}
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We recall definition (4.11) and write Qo(0) := Q(0) \ {0}. From conditions (2.5),
(5.1) and (6.7) we deduce

Re Riy(u) < ;4 (Re v¢)2 + Bgi Rewv; —;

—l—/ (e<Re””7> cos(Imu, &) — eRevmi> i (d€)
D\{0}

+/ (eReuim —1 — Rewvixi(€)) pi(d€)
D\{0}
< i (Re v;)? + ,3%- Rev; —;

+cmwn{édm(A?l—ﬂémwmdﬁnhuwo—uxD\Qm»Rma

< C; ((Revi)2 — Revi) — %
(6.8)

where C; > 0 does not depend on u. The first decomposition of the integral is
justified and the second inequality in (6.8) follows since

I(u,§) := eBevM cos(Imu, &) — eRevim <0, Ve e D\ {0},
and
1, )] < [eermermme) 1|+ feos(Imu, &) — 1|

<C (‘Revz(i)| ‘771(1')‘ + |<Imu,§)|2) ,

for ||£|| small enough, for some C, see condition (2.11). Hence we have shown that
Re \Ilf) (t,u) satisfies the differential inequality, for t € (0,T,),

O Re UY(t,u) < C; ((Re \I/Zy(t,u))2 —Re \I/Zy(t,u)) — %

(6.9)
Re ¥ (0,u) = Rew;.
A comparison theorem (see [12]) and condition (2.9) yield
Re UY(t,u) < gi(t,u), Vte[0,T,), (6.10)
where
Ogi(t,u) = C; ((gi(t,u))2 — gi(t, u)) 6.11)

9i(0,u) = Rewv; (<0).
But —oco < gi(t,u) < 0 for all t € R,. Thus UY(¢,u) never hits iR™ and

N PN y >
T, = liminf {t] % (t,u)] > n}.

It remains to derive an upper bound for || ¥Y(¢,u)|. For every t € (0,T,) we
have

8,9 (t,u)||* = 2Re <m RY (q/y(t,u), eﬁztw)> . (6.12)
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A calculation shows that
Re (T;RY (u)) = ,ii|vi|*Re v; + K (u)

+Re ('Ui /D\{O} <e<“’€> -1- <Uj(i)7Xj(i)(§)>) Ni(d§)> ;
(6.13)
where
K (u) := Rewv; (o, 7 7w, w) + Re (ﬁi (<,Bzy,u> - %)) .
Hence
K ()] < C (Iollllwl® + [[ol* + vl lw] + o]}, Vu=(v,w) U (6.14)

The first term on the right hand side in (6.13) which could cause growth problems
has the right sign. Hence, combining (6.13) and (6.14) with Lemma 6.2 below, we
derive

Re (0:RY(u)) < C (1 + [lw|?®) (1 +[[v]*), Yu= (v,w)€U. (6.15)
We insert (6.15) in (6.12) and obtain

= 2
W (t,u)|I* < C (1 + Heﬁ th > 1+ 18 (t,u)?), Ve (0,Tn).

Gronwall’s inequality (see [1]) yields

t 2
10 (¢, w)||? < <||v|2+C/O <1+ Heﬁzst >ds>
X exp (c /t (1 + HeﬁzstQ> ds) . Wt e[0,T).
0

Thus the solution cannot explode and we have T,, = oco.
The continuity of ® and ¥ on R, x4 is a standard result, see [12, Chapter 6]. [

(6.16)

Lemma 6.2. For everyi € Z and u = (v,w) € U, we have

Re (— /D - (e =1 = (uzi, x70(©))) m(czo) <C(1+oll?) (1 + llwl?),
(6.17)
where C' only depends on ;.

Proof. Let i € Z. We recapture the notation of Steps 1 and 2 in the proof of
Lemma 4.1. Write I = Z(¢) and J = J(i), and let
d(€) == d(0,€) = (x1(€), 1) + IIxa (€)%,
fu(§) =1 = (us, xs(§))
hu = hu 0, = )
(6) 1= hul0,8) o

see (4.7) and (4.8). By condition (2.11), &;(d€) = d(&)u;(d€) is a bounded measure
on D\ {0}. Now the integral in (6.17) can be written as

/ hua(€) T2, (). (6.18)
D\{0}




AFFINE PROCESSES 27

We proceed as in (4.12), and perform a convenient Taylor expansion,

B (€) = % <e<u,£> _ efuaka) 4 guim <e<w,<> 1w, Q)

(w0, Q) (€7 = 1) + €™ — 1 — vy
1
— olusén) (/ etlurgn) dt) (ur, w(§))
0

+MW(471—w#%0ﬁ)@mﬂ@mw>

+<AZMmﬁ)m@w@xw

+ </01(1 — t)etvim dt) a;i(§)(v:i)%, V&= (n,¢) € Qo(0),

where we have set w(&) := w(0,£) and ag(§) := ax(0,£), see (4.13) and (4.14).
Now we compute

Re (ﬁlhu(g)) = K(u7 g) + L(viani)aii(§)|vi|27 S = (777 C) € Q0(0)7 (620)

where we have set

1
L('Ui,?’h’) = / (1 — t)Re (Uietvini) dt
0

(6.19)

) (6.21)
= / (1 —t)etRevim (Rew; cos (tIm vyn;) — Imw; sin ((Im v;n;)) dt
0
and K (u, ) satisfies, in view of (4.16),
K (u, &) < C (o]l + [lwl® + lol*[lwl]),  Vu=(v,w) €U, VEE Qo(0). (6.22)
We claim that
L(’Ui,T]i) <0, Vv eC_, Vn; € [0, 1]. (623)

Indeed, since L(v;,n;) is symmetric in Im v;, we may assume that Imv; in (6.21) is
nonnegative. Now (6.23) follows by Lemma 6.3 below.
On the other hand we have, by inspection,

[oiha(©)] < CCL+ loll? + [oll[w]), Y= (v,w) €U, V€ €D\ Q). (624)
Combining (6.20), (6.22), (6.23) and (6.24) we finally derive

/ Re (U;h(€)) ;(d€) < C (1 + [lw]*) (A + [w]?),  Vu = (v,w) €U,
D\{0}

which is (6.17). O

Lemma 6.3. For all p,q € Ry, we have
1
/ (1 —t)e P  cos(qt) dt > 0 (6.25)
0

/1(1 —t)e Ptsin(qt) dt > 0. (6.26)
0
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Proof. Estimate (6.26) is trivial, since [; f(t)sin(t)dt > 0, for all ¢ € Ry, for any
nonnegative non-increasing function f. Similarly, it is easy to see that (6.25) holds
for all ¢ € [0, 7]. It remains to prove (6.25) for ¢ > 7. Straightforward verification
shows that
s —ps
1 —t)e P cos(qt) dt = ei(eps p2(p—1) + ¢+ pg®
| a0 eostan dt = s (e (R0 - ) )
+ ((s = D)@ + pg®) + p* — ¢°) cos(gs)
+((1 =) +¢%) —2p) qSiH(QS))'
Now the claim follows by taking into account that
e PPp-1+¢) =1’ -,
e’pg? > 2pq,

for all p € Ry and ¢ > .

A more elegant proof of (6.25) is based on Pdélya’s criterion (see [44]), which
implies that (1—|t|)*e~PI*l is the characteristic function of an absolutely continuous,
symmetric probability distribution on R. Now (6.25) follows immediately by Fourier
inversion. g

Now let X be regular affine. Equations (3.7), (3.13)—(3.14) and Proposition 5.2
suggest that ¢(t,u) and ¢(t,u) solve the generalized Riccati equations (6.1)—(6.2).

Proposition 6.4. There exists a unique continuous extension of ¢(t,u) and ¥ (t,u)
to Ry xU such that (2.2) holds for all (t,u) € Ry xU. Moreover, ¢(-,u) and (-, u)
solve (6.1)-(6.2), for allu € U.

Proof. Let u € U° and define t* := sup{t | (t,u) € O}. From the definition of O,
see (3.1), we infer limyqy+ [¢(¢, u)| = co. Every continuous function with continuous
right-hand derivatives on [0,t*) is continuously differentiable on [0,¢*). Therefore
and by (3.7), (3.13)—(3.14) and Proposition 6.1 the equalities

Pt u) = (t,u), Pt u) = V(tu) (6.27)

hold for all ¢ € [0,¢*). But |®(¢,u)| is finite for all finite t. Hence t* = oco. This
way, and since Ry x 0U C O, we see that O = Ry x U and (6.27) holds for
all (t,u) € Ry x U°. Now ¢(t,u) and (¢,u) are jointly continuous on Ry x U.
By a limiting argument it follows that ¢(-,u) and (-, u) solve (6.1)—(6.2) also for
u € U. O

Next we recall some well-known conditions for higher regularity of the solution
® and ¥ of (6.1)—(6.2). These results are strongly connected to the existence of
the k-th and exponential moments of X;, as shown in Theorem 2.16. See also
Lemma 5.3.

Lemma 6.5. i) Let k € N. If F and RY are in C*(U) for all i € T, then ® and
Y are in C*(Ry x U), for all i € T.

ii) Suppose that F and RY are analytic on some open set U in C?. Let T < oo

such that, for every u € U, there exists a U-valued local solution ¥ (t,u) of (6.1)

fort €[0,T). Then ® and ¥ have a unique analytic extension on (0,T) x U.
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Proof. i) Tt follows from [33, Theorem 10.8.2] that ® and ¥ are in C*(R; x U°).
Moreover, for 1 <1 < m and u € U°, the mapping g, (t) := 0y, ¥¥(t,u) solves the
linear equation

t
:/ D,RY (q/y(s,u),eﬁzsw) gu(s)ds, teRy,
0

where D, RY (v, w) denotes the derivative of the mapping v — RY (v, w), which is
continuous on U by assumption. In view of Proposition 6.4, the mapping u — g, (t)
can therefore be continuously extended to Y. A similar argument works for m <
I < d, and induction for higher derivatives yields the assertion for ¥¥. We conclude

by (6.3).
ii) This follows from a classical approximation argument and a well-known result
on convergent sequences of analytic functions, see [33, Theorem 10.8.2]. O

7. C x C(M")_SEMIFLOWS

The following concepts are the tools for proving the existence of regular affine
processes. We denote by C the convex cone of continuous functions ¢ : U/ — C of
the form

o) = (Aw,w) + (B = C+ | o (99 1= g (en) M@, @y

for u = (v,w) € U, where A € Sem", B € D, C € Ry and M(d¢§) is a nonnegative
Borel measure on D \ {0} integrating (xz(£),1) + ||x7(€)]>.
The following result is classical.

Lemma 7.1. There exists a unique and infinitely divisible sub-stochastic measure
w on D such that

/ fudp=e*™ | Vuel, (7.2)
D

if and only if € C. Moreover, the representation (7.1) of ¢(u) by A, B, C and M
1S unique.

Proof. Consider first only v € 0U. Then the lemma is essentially the Lévy—
Khintchine representation theorem for infinitely divisible distributions on R? (see
[79, Theorem 8.1]). Note that u(R%) = (D) = e~¢. The special properties of the
parameters follow by [79, Proposition 11.10 and Theorem 24.7]. Analytic extension
by the Schwarz reflexion principle yields the validity of (7.2) for all u € U. O
Define the convex cone C(™™ C C™ x C™ of mappings ¢ : U — U by
clmn) .= {¢ = @Y, ¢%) | Y € ¢™ and Z (v,w) = Bw, for some B € R™*"}.

Here are some elementary properties of C and C("™)

Proposition 7.2. Let ¢, ¢r, € C and ¥, 1y, € C™™ | k € N.

i) For every © € D there exists a unique and infinitely divisible sub-stochastic
measure p(x,d§) on D such that

/ Ful&) plx, de) = 0wy e Y.

ii) The composition ¢ o is in C.
iii) The composition 11 o is in clmm)
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iv) If ¢r converges pointwise to a continuous function ¢* on U°, then ¢* has a
continuous extension on U and ¢* € C.

v) If Y converges pointwise to a continuous mapping ¥* on U°, then ¥* has a
continuous extension on U and 1p* € C(M™),

Proof. 1): Since (¢, x) € C, for all z € D, the claim follows from Lemma 7.1.
ii): By Lemma 7.1 and part i) there exist two infinitely divisible sub-stochastic
measures m and p(z,-) on D specified by

/fu m(dg) = ™), /fu p(z, de) = e(¥Wa),

Set v(d¢) = [,m pm p(z, d€), which is a sub-stochastic measure on D. For k € N,
denote by m®*) the k th root of m, that is, m = m®) x ...« m®*) (k times). Then
we have

/ £u(6) / m®) (de) u(z, de) = HOCW) | vy e,
D D

Hence v is infinitely divisible with v® = [, m®)(dz) u(z,d¢). Now the claim
follows by Lemma 7.1.

iii): Immediate by part ii).

iv): Let A € R, and write

U(-N) = {(v,w) €U | Rev = -} c U°.
By (7.2) there corresponds a unique infinitely divisible measure, say ux, to ¢x.
With a slight abuse of notation,
U(=X) 3 u s e W)

is the characteristic function of the measure e_<’\’">uk(dn,dg). Since ¢ — @*
pointwise on U(—A), the continuity theorem of Lévy (see e.g. [44]) implies that
e~ g (dn, d¢) — p*(dn, d¢) weakly on D, for some sub-stochastic measure p*.
On the other hand, there exists a subsequence g, which converges vaguely on D
to a sub-stochastic measure . By uniqueness of the vague limit we conclude that
w*(dn,d¢) = e~ * y(dn, d¢) and the entire sequence (u) converges weakly to .
Hence p is infinitely divisible and

/ fudp=e*"™  vuelif,
D

Now Lemma 7.1 yields the assertion.
v): Immediate by parts i) and iv). O

In view of Proposition 7.2.ii)—ii) the next definition makes sense.

Definition 7.3. A one parameter family {(¢r, 1) }eer, of elements in C x ™)
is called a C x C"™™-semiflow if, for allt,s € Ry and u €U,

Grts(u) = @r(u) + ds (Ye(u))  and ¢o =0,

Yes(u) = (Ys(u))  and  tho(u) = u.

It is called a regular C xC™™)-semiflow if ¢ (u) and ;(u) are continuous int € R,
and the right hand derivatives 0; ¢y (u)|t—o0 and 9; 1 (u)|i=o exist for every u € U
and are continuous at u = 0.

Here is the link to regular affine processes and the generalized Riccati equations.
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Proposition 7.4. i) Suppose {(¢¢,%:)}icr, is a regular C x Cmm)_semiflow.
Then there exists a unique reqular affine Markov process with state-space D
and exponents ¢(t,u) = ¢¢(u) and Y(t,u) = Pi(u) (which in turn solve the
corresponding generalized Riccati equations (6.1)—(6.2), see Proposition 6.4).

il) Conversely, the solution ® and ¥ of (6.1)-(6.2) uniquely defines a regular

C x ™) _semiflow {(6t,¥1) beer, by ¢r = @(L,) and ¢ = V(t, ).

Proof. By Lemma 7.1 and Proposition 7.2.1) there exists, for every (¢,z) € Ry x D,
a unique, infinitely divisible sub-stochastic measure p;(z,-) on D with

/ Ful€) pal, dE) = eHEOHWE0D) ey,
D

A simple calculation shows that p;(x, -) satisfies the Chapman-Kolmogorov equation

Dits(z, ) = / pe(x, dé)ps(&, ), Vi, s€R4, VreD.
D

Hence pi(z, ) is the transition function of a Markov process on D, which by con-
struction is regular affine. This proves i).
For part ii) we first suppose that

[ @ mtde) < o, (73)
D\{0}
ik =0k =0, Vk e J(i), (7.4)
for all i € Z. Consequently, Rly can be written in the form
RY(u) = RY(u) —civ; with RYe€C, ¢ €Ry, icT.

Then equation (6.4) is equivalent to the following integral equations

(3

t
TY(t,u) = e ito; + / e I RY(WU(s,u))ds, ieT.
0

By a classical fixed point argument, the solution \113; (t,u) is the pointwise limit of
the sequence (\Ilg)’(k)(t,u))keNo, for (t,u) € Ry x U, obtained by the iteration

\1/3’»(0) (t,u) =v;

t
\Ilg)’(kJrl)(t,u) = e ity +/ efc"(tfs)R';V (\I/y’(k)(s,u),eﬁzsw) ds.
0

Proposition 7.2.ii) and the convex cone property of C yield \1;2’7(’“)(75, ) € C, for all
k € Ny. In view of Proposition 7.2.iv) there exists a unique continuous extension
of \Ilzy on Ry X U, and \I/%)(t,-) € C. Hence ¥(t,-) € C™™. Since F € C, by
Proposition 7.2.ii) also ®(t,-) = fg F(¥(s,-))ds € C and the proposition is proved
if (7.3)—(7.4) hold. For the general case it is enough to notice that the solution of
(6.4) depends continuously on the right hand side of (6.4) with respect to uniform
convergence on compacts. Now Lemma 7.5 below completes the proof. |

Lemma 7.5. Let i € Z. There exists a sequence of functions (gi)ken which con-
verges uniformly on compacts to Riy, Moreover, every gy, is of the form (2.17) and

satisfies (7.3)-(7.4).
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Proof. We use the same notation as in the proof of Lemma 6.2. Introduce the

restricted measures
(B) ._
pi = hilgeppe>1y FEN,

and denote by gi the corresponding map given by (2.17) with u; replaced by ,uz(.k).
It is easy to see that every ,u(-k) satisfies (7.3) and that the sequence of bounded

measures ﬁgk) (d€) :=d(¢) ugk) Ed{), k € N, converges weakly to i, (d€) := d(&) u;(d§)
on D\ {0}. Write

F0 () = /D - ha(©) 7P (d€), keEN.

Let € > 0 and K a compact subset of D. By (4.12) there exists § > 0 such that for
all u,u’ € U with ||u —v'|| < § we have

sup |hy(§) — hu (§)] < €. (7.5)
EEK
As in the proof of (3.2) one now can show that

O > ) = [ h©m e, ok oc,
D\{0}

uniformly in u on compacts. By construction it follows hat gi converges uniformly

on compacts to Riy .

It remains to show that, for all ¥ € N, there exists a sequence (g,(j))leN of functions

that are of the form (2.17) and satisfy (7.3)—(7.4), such that g,(j) — g uniformly
on compacts. The lemma is then proved by choosing an appropriate subsequence
g,(j’“) =: gk, k € N.

To simplify the notation we suppress the index k in what follows and assume
that u; already satisfies (7.3). We recapture some of the analysis from Step 2 in
the proof of Lemma 4.1 (see (4.12)—(4.18)). Instead of expanding the integrand in

(6.18) we decompose the integral

/ (€ T (d€) = / o djis + / o (€) T (d), (7.6)
D\{0} A D\Q(0)

where hy, := h, 0T, ji; is the image of 77; by T', A := I'(Qo(0)), and T'(¢) := I'(0,¢)
is given by (4.16). See also (4.18). Recall that I = Z(i), J = J(i). We can assume
that ;4 > 0 since otherwise (7.4) is already satisfied. Hence £* € Qo(0), defined
by

Qg
& =0, &= :
T T sl
satisfies
d(*) =1 and &&5 =p a;; for p*:= Qi >
el

This implies that
1
ik = Eaik(é*), vk € J,
where ay;(§*) = ag(0,£*) is defined in (4.14). Since
akl(rg*) = akl(ﬁ*) = Ay Vr> 0, k‘,l € J,
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we get that

l l’

where in fact Ao, € A\ A. As seen from (4.17) we therefore can write

M\ :=T <§—> (5 0, A) — Ao :=(0,0,4) in A, forl— oo,

1 -

§<AUJ,UJ> = hu()\oo)
On the other hand, by construction we have

1 1
<Oz7;7JJ’LLJ,uL]> = E<A’UJJ,UJ> + <<ai,\7\7 - EAJJ) UJ,UJ> , uc€ ce.
We claim that
1
Q= G 7T — ]?Ajj € Sem". (7.7)

Indeed, by construction we have

QG ki
Q5 il kvl € \.77

Qg = ikt — — Akl = Qi gl —
p Qg

which simply is Gaussian elimination with Pivot element o; ;. Now let ¢ € R™.
Then

(XCres Oéi,ik‘]k)2 — (o - (i gs€1,q)>
QG i B (04, 70€1,€1)
(i gre1,en){ai 514, q)
(@i 1s€1,e€1)
by the Cauchy—-Schwarz inequality, where e; = (1,0,...,0), § = (0,q) € R**L
Whence (7.7).
We now define the measure on A,

(aq,q) = (ai,579,9) —

> (i, 779,9) — =0,

[LEOO) =f; + —*6)\00 (6., denotes the Dirac measure in A),
b
then we can write

RY (u) = /_ h di$™) + (Gug,ug) + / ha(€) T, (d€) + (87 u) —
A D\Q(0)

That is, the relevant terms «; ;7 are now “absorbed” in the integral over A.
On the other hand, the measures

i =+ *6&, l€N,

satisfy u( )(A \ A) = 0. Hence, in view of (7.6) and (7.7),
30w = (@ugoug) + @0 =+ [ i+ [ n©m
D\Q(0)
is of the form (2.17) and satisfies (7.3)—(7.4). Taking into account
- 2 /s z
§0(w) — Y () = = (huh) = huAc) )

(7.5) and the simple fact that

sup [ (3) = hu (V)| = sup_[hu() = hu (&)

AeA £€Q0(0)
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it is obvious that §¥) converge to Rzy uniformly on compacts, and the lemma is
proved. [l

8. FELLER PROPERTY

Let X be regular affine and (a, o, b, 3(8Y, %), ¢,7, m, 1) the corresponding admis-
sible parameters, given by Proposition 5.2. In this section we show that X shares
the Feller property, and we provide a strong connection between the admissible
parameters and the infinitesimal generator of X.

We start with some preliminary considerations. Let U be an open set or the
closure of an open set in RN, N € N. For f € C?(U) we write

.U = su + ||V + 8.1
10 2= sup { @) + [V 1@ Z e (1)
Let U be a closed set in D. For f € C?(D) we write
where
fllyso == sup L+ (lyl) { [f@)] + [V f(@)] +
I1f1ly e A+l { 1f @]+ V@) 2 8xk8xl
Ifllzw = sup  [(2,68V7f(2))|.
z=(y,z)€U
The product rule yields
Vf,g € C*(D), (8.2)

where Ky = Ky(m,n) is a universal constant.

For f € C%(D) N Cy(D) we define Aff(z) literally as the right hand side of
(2.12). A straightforward verification shows that 0;P; f,(z) = A*P; f.(x), for all
(t,u,r) € Ry x U x D, see (3.10)—(3.11). The connection between A* and || - [|3.p
becomes clear with the next lemma. Notice that f(x + -) € C%(D) if f € C?(D),
for any z € D.

Lemma 8.1. For any f € C%(D) N Cy(D) we have

(AP f(2) < C <|a| + llall + 1ol + 11811 + lel + lIvll + M + ZM1> If (@ + gD,
i€z
for all z € D (see (2.10), (2.11)), where C only depends on d.
Hence, if (gr) is a sequence in D(A) with Agy = A'gr and |lgr — gllz.p — O,
for some g € C?(D) N Co(D), then Afgy — Afg in Co(D). Since A is closed we
conclude g € D(A) and Ag = Alg.

Proof. We let Q(0) and Qo(0) be as in (4.11). Let i € Z and write £ for the
projection of £ € D onto the subspace of R? spanned by {ex | k € J (i)}, that is,

- if ke Z(i),
P & if ke T3).
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Taylor’s formula gives

fa+8) = f(2) = (Vo (@), €70) = flz+€) — flz +&7)
+fz+€7) = fz) = (Vf(2).67)

1
= </ Ve fle+s(€— §L))dsafz(i)>

< 8f x+ sét)

- gas)as

klej()

for z,£ € D. Notice the simple fact that |y;| < ||y + n|| for all y,n € R7. Hence
/D\{O} [f(@+&) = f(2) = (Vo (), xg ()] yi pa(t, dE)

<Gillfe+ o [ ezl + legolP) aitde

Qo(0)

+ / ly + 0l (2 + )] ja(de)
D\Q(0)

+Co (| f ()| + V(@) yllui(D\ Q(0))
3(1+ C1 + Co) M| f(z +)llyv;p,

where C1, Cs only depend on d. A similar inequality can be shown for the integral
with respect to m(d€). The rest of the assertion is clear. O

Proposition 8.2. The process X is Feller. Let A be its infinitesimal generator.
Then C°(D) is a core of A, C2>(D) C D(A) and (2.12) holds for f € C?(D).

Proof. Let S,, denote the Fréchet space of rapidly decreasing C'*°-functions on R"™
(see [78, Chapter 7]). Define the set of functions on D

©:={f(y.2) =elWg(z) [veCr_ geS,},

and denote its complex linear hull by £(0).

It is well known (see [78, Chapter 7]) that CS°(R™) is dense in S,,, and that the
Fourier transform is a linear homeomorphism on S,,. Hence there exists a subset
©¢ C © such that its complex linear hull £(0y) i (©), and every
f € ©p can be written as

fs) = [ g dn= [ fu@id,  (63)

R

for some g € C°(R™). Let t € R;. From Proposition 6.4 and (6.5) we infer

Ptf(yv Z) = /n Ptf(v,iq) (y7 Z)g(q) dq

(8.4)
:/ ei<exp(ﬁzt)q7z>e¢(t,v,iq)+<w3’(t,w’q),y)g(q)dq,
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Since (¢, u) is continuous on R, x U° we obtain, by dominated convergence, that
P,f € C*(D) and

0P, f (z) = /R 0P (@)3(@) da

= [ (P 0,10) + (R 0.10).2) P @5(0) da

(8.5)
= [ AP S (@ita) da
= A*P,f(zx), ¥(t,z) € Ry x D.
In particular,
lim Pif(z) = f(z), Vo€ D. (8.6)

Let y € R and consider the function
v,% Y (t,v,i ~ n
g = h(g) := PG LvIDVG(g) € C(R™).

Denote by h its Fourier transform,
h(z) z/ e 2 h(q) dg.

By the Riemann-Lebesgue theorem the functions &, 8., h and 8, d,, h are in Cp(R™).
However, it is not clear at this stage whether ||h||z,p is finite or not (it is finite, as
will be shown below), since h(g) might not be differentiable. But from the identity

Pif(y,2) = h <(eﬁzt)T z>

and (8.4) we obtain, by dominated convergence,

d

L+ lylD) | [Pf @] + VRS (@)l + D

k=1

82Ptf($)

In particular, P;f € Co(D). From Lemma 8.4 below we now infer that (8.6) holds
for every f € Co(D) and P,.Cy(D) C Co(D). This implies that X is Feller (see [76,
Section II.2]).

Obviously A*f € Co(D) for every f € L(Og). A nice result for Feller processes
([79, Lemma 31.7]) now states that the pointwise equality (8.5), for ¢t = 0, already
implies that f € D(A) and Af = Aff. Hence £L(0g) C D(A). By the closedness of
A therefore £L(©) C D(A) and (2.12) holds for f € L(O).

Let h € C%(D) and (hy) a sequence in £(Og) with e = ||hx — hlj2.p — 0,
given by Lemma 8.4. We modify (hj) such that we can assert || - ||4; p-convergence.
Therefore, choose a function p € C° (R, ) with

PN E T
PN, ift>s,

and 0 < p(t) < 1, |0sp(t)] <1 and |0%p(t)| < 1, for all t € R;. Such a function
obviously exists. Define

gy, 2) = e VELY p (]| 2]|) .
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Then grhy € £(O©) and it is easily verified that ||gx|ly;p < C/./€x, where C' does
not depend on k. With regard to (8.2) we derive
vi0 < |lgr(hi = h)lly:p + [[A(gx — Dlly:p
(9x —1)

llgrhs —

Y;supp h

— 0, fork — oo.

On the other hand, for z = (y,2) € D,

1201V 7 (grhue — h)()]]
< Izl (V7 gx (@) he (@) | + gk (2)V 7 (hi. = R)(@)[| + [V 7 () (gr(2) — D))
< 2ex]|2]0p (exll2]1?) (I () = h(x)| + [h(2)]) + \/L;klhk = hllip

+sup ([l2lIVA@)I) gk — 1

T ESUpp
< 10|k —

56k

for k large enough such that {z = (y,2) | ex|2]|> < 1} D supp h, since dp(t) = 0
for ¢t < 1. Hence ||ghx — h|lz;p — 0 and thus ||grhr — h|lj;p — 0, for & — co. By
the closedness of A therefore h € D(A) and Ah = A*h. Hence C?(D) C D(A) and
(2.12) holds for f € C2(D).

It remains to consider cores. Define

D(AY
- {f e cxpy| (LI (F @1+ 195 @)1+ 50
(2,871 f(x)) € Co(D)

In view of Lemma 8.1, f € D(A") implies A*f € Cy(D).
We show that C2(D) is | -||3, p-dense in D(AF). Let f € D(.Aﬁ) and p( ) as above.
Define fx(x) := f(x)p(||z||*/k) € C%(D). We have, for = = (y, z

(2, 85V s (fi = NIl < [(z 85V s £(@)))] ( ('ZHQ))

#2167 @1, (121)
<100 +||,@Zu> s {[(67V51 @) +170)])

llzll=

— 0, fork — oo.

9 f(z)
Szkaml

) € Cy(D), }

Similarly we see that || fx — f|ly;p — 0, and hence || fx — flls;p — 0, for k — oco. As
a consequence we obtain D(A*) C D(A) and Af = A*f, for all f € D(A).

Next we claim that P,L(0¢) C D(A*) for all t € R,. Indeed, since P,D(A) C
D(A) we know that P,L(0g) C D(A). Let f € ©g be given by (8.3). With regard
o (8.5) we have

AP f@) = 1)+ [ (376" i0,2) Pfisn(@)i) da
= 1(2) + (= 57V Pf @)
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where
1) i= | (Pt 0,i0) + (B ((t0,19).9)) Pfioin)@05(a) da

Using the same arguments as for (8.7) we see that I is in Co(D). But so is AP f,
hence

(2,85V 7P f(x)) € Co(D).
Combining this with (8.7) gives P, f € D(A").

From Lemma 8.3 below, with Dy = £(0) and D; = D(A*), we now infer that
D(A*) is a core of A. But C2(D) is | - ||, p-dense in C2(D), which is || - ||, p-dense
in D(A"). This yields the assertion. O
Lemma 8.3. Let Dy and D; be dense linear subspaces of Co(D) such that

PtDQ C Dl C D(.A), Vi > 0,
then Dy is a core of A.

Proof. See [79, Lemma 31.6]. O

Lemma 8.4. For every h € C%(D) there exists a sequence (hy) in L(Og) with
lim ||hk - h”g;D =0. (88)
k—o0
Consequently, L(Oy) is dense in Co(D).
Proof. Let h € C2(D) and define h* on D* := (0,1)™ x (—1,1)" by
h*(n,0) :==h (log(nfl), .., log(n; 1), tanh™*(6y), ... ,tanh_l(Hn)) .

By construction h* € C%(D*), and h*(n,0) = 0 if 6 is a boundary point of [—1, 1]™.
Introduce the coordinates

vj = pjcos(ml;), (= p;sin(nb;), p; €Ry, 0;€[-11], j=1,....n

The inverse transforms p; = p;(v;,¢;) and 0; = 0;(v;,(;) are smooth on R? and
R%\ {(r,0) | r < 0}, respectively. By smooth extension, the function

™ (n,v,¢) == p1---pn h*(n,0)

is well-defined on D** := (0,1)™ x (-2, 2)?" and satisfies h** € C?(D**). A version
of the Stone—Weierstrass approximation theorem yields a sequence of polynomials
(pk) with

k—o0

see [29, Section II.4]. This convergence holds in particular on the subset [0, 1]™ x
{(v,¢) | pr = -+ = pn, = 1}, which can be identified with Da by the preceding
transforms. Indeed, for z € R™ write short hand

¢(z) := (cos(wtanh(z1)),. .., cos(m tanh(zy,))),
s(z) := (sin(m tanh(z1)), ..., sin(7 tanh(z,))) .
Then we have h(y,z) = h** (e7¥1,--+ ;e7¥m, ¢(z),s(z)). Hence the functions

iLk(y,Z) =Pk (eiylv e 767%"76(2)7 S(Z)) ) ke N7
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satisfy limy o0 ||i~zk — hll2;p = 0. Now let K be a compact subset in R™ such that
supph C R x K, and let 0 € C°(R™) with 0 = 1 on K. Each hy is a complex

linear combination of terms of the form
n

e (0w H cos” (m tanh(z;)) sin™ (7 tanh(z;)), v € NJ', &;, \; € No.
j=1
Hence hi(y, 2) == e=2 " (M%g(2)hy(y, z) € L(O), for every k € N, and (8.8) holds.
Since £(Op) is || - [|2,p-dense in £(©), and C2(D) is dense in Cy(D), the lemma
is proved. O

9. CONSERVATIVE REGULAR AFFINE PROCESSES

Let X be regular affine and (a, o, b, 3, ¢, ¥, m, 1) the corresponding admissible pa-

rameters, given by Proposition 5.2. In this section we investigate under which

conditions X is conservative.

Proposition 9.1. Ifc=0, v =0, and g = 0 is the only R™-valued solution of
dug(t) = Re R¥(g(t),0) ©.1)

9(0) =0,

then X is conservative.
On the other hand, if X is conservative then ¢ = 0, v = 0 and there exists no
solution g of (9.1) with g(t) € R™_, for all t > 0.

Proof. Observe that X is conservative if and only if ¢(¢,0) = 0 and ¥(¢,0) = 0, for
all t € R;. In view of Proposition 6.4 and since

Im¢(t, (v,0)) =0, Imey(t,(v,0) =0, YveR™” VieRy,
X is conservative if and only

va(},lgleR’_" Re¢(t, (v,0)) =0, vﬁ(},nl}leR’_" Rey(t, (v,0)) =0, VteR;. (9.2)
Suppose ¢ = 0 and v = 0. Then Ret(-, (v,0)) converges to an R™-valued
solution of (9.1), for v — 0. Under the stated assumptions we conclude that (9.2)
holds, and X is conservative.
Now suppose X is conservative. From (2.16) and conditions (2.4), (2.8) we see
that Re F'(v,0) < —c and thus

Re¢(t, (v,0)) < —ct, VYveR™.

Together with (6.9) this implies that (9.2) only can hold if ¢ = 0 and v = 0. Now
let g be a solution of (9.1) with g(t) € R™_, for all ¢ > 0. By the uniqueness
result from Proposition 6.1 we have g(¢t + s) = Re(s, (g(t),0)), for all s, > 0.
But g(t) — 0 and thus Re(s,(g(t),0)) — Re(s,0) = g(s), for ¢ — 0, which
contradicts (9.2). O

We can give sufficient conditions for conservativity in terms of the parameters of
X directly.

Lemma 9.2. Suppose

[ (Aol () < oo, vieT (0.3)
D\{0}
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Then RY (v, w) is locally Lipschitz continuous inv € C™, uniformly in w on compact
sets in R™.
Consequently, if in addition ¢ =0 and v = 0 then X is conservative.

Proof. As in Lemma 5.3 we derive that VZzRY € C(U), for all i € Z. Whence
the first part of the lemma follows. Consequently, if v = 0, the unique R™-valued
solution of (9.1) is g = 0. Now Proposition 9.1 yields the assertion. |

We now give an example of a non-conservative regular affine Markov process.

Example 9.3. Let (m,n) = (1,0), that is D = R;. We suppress the index ¢ and
set
1 d¢
df) = —=—+.
wds) = 5 =z

Then condition (9.3) is not satisfied. A calculation shows

e’ —1—w d§) = —v/— _ 2
/D o 1 oX) pa) = -

Choose F =0 and a =0, 8 = 2/y/m, v = 0. Hence R(v) = —v/—v (where /- is
the unique holomorphic square root function on C, . with v/1 = 1), which is not
Lipschitz continuous at v = 0. The solution to (6.1) is ¥(t,v) = —(2/—v + t)?/4,
for Rev < 0. The limit for v — 0 is ¥(¢,0) = —t?/4. Hence
Pl(x) = e~ (#2/4)a
and X is not conservative. Its infinitesimal generator is
r d€
Af@ = [ (f@+ 9~ 1@) 5 s
D\{0} 2y/m £3/2

Thus X is a pure jump process with increasing (in time along every path) jump
intensity such that explosion occurs in finite time, for Xg = x > 0.

v, veER_.

10. PROOF OF THE MAIN RESULTS

10.1. Proof of Theorem 2.7. The first part of Theorem 2.7 is a summary of
Propositions 5.2, 6.4 and 8.2. The second part follows from Propositions 6.1 and
7.4.

10.2. Proof of Theorem 2.12. We first prove that X is a semimartingale. Write
Xt = (Y, Zt) = Xilyperyy and let € D. For every u € U and T' > 0, we see that
e(z)(Tit’u)Jr(w(Tit’u)’Xt)1{t<TX} = Em [fu(XT) | ft] ’ te [OvT]7

is a P -martingale. Therefore,

W Tt T+ T 00Z) ang (Y (T — 1, (1,0)),%4), te0,T],
are P,-semimartingales, for all (v, w) € U. There exists T* > 0 such that

wy(tv (617 O))v s ,%/Jy(t? (emv 0))
are linearly independent vectors in R™, for every ¢ € [0,7). By induction we obtain
that (Yil{<rpr+y) is a P,-semimartingale, for all k£ € N. Since being a semimartin-
gale is a local property (see [57, Proposition 1.4.25]), Y is a P,-semimartingale.

Now let T > 0 and write Zy = e‘BZ(T_t)Zt. From the above we obtain that
(sin(g; Z7))iejo,m) are Py-semimartingales, for all ¢; € R, j € J. Define the stopping
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time T}, := inf{t | |Z]| > k} A 7x. Then ZJ coincides with the P,-semimartingale
karcsin(sin(Z7 /k)) on the stochastic interval [0,T}). But Ty 1 7, and the above
localization argument ([57, Proposition 1.4.25]) implies that Z and hence Z are
P,-semimartingales. Therefore X is a semimartingale.

Now let X be conservative. Theorem 2.7 tells us that

FO0) = f(@) - [ AFX)ds, teRs, (10.1)

is a P, -martingale, for every f € C?(D) and z € D. Conversely, by Ito’s formula
we see that

FOX) — fla) - / Af(X))ds, teR,, (10.2)

is a P'-martingale, for every f € C2(D). Theorem 2.12 now follows from Lem-
mas 10.1 and 10.2 below.

Lemma 10.1. Suppose X is conservative. Then the following two conditions are
equivalent.

i) X admits the characteristics (2.20)-(2.22) on (Q, F,(F:), Py).
ii) For every f € C?(D), the process (10.1) is a P,-martingale.

Proof. The implication i)=-ii) is a consequence of It6’s formula. Now suppose ii)
holds. For every u € U, there exists a sequence (gx) in C?(D) such that

lim ”gk - fu' ZK = 0
k—o0

(see (8.1)) for every compact set K C D. Hence the set C2(D) completely (up
to modification) determines the characteristics of a semimartingale, as it is shown
in [57, Lemma I1.2.44]. Since X is conservative we have ¢ = 0 and v = 0 by
Proposition 9.1, and i) now follows as in the proof of [57, Theorem 11.2.42 (a)]. O

Condition ii) of Lemma 10.1 defines X as a solution of the martingale problem
for (A,P,), see [42, Section 4.3]. We recall a basic uniqueness result for Markov
processes.

Lemma 10.2. Let X’ be a D-valued, right-continuous, adapted process defined on
some filtered probability space (U, F', (F]),P") with P'[ X} = x] = 1 such that (10.2)
is a martingale, for every f € C2(D). Then P' o X' =p,.

Proof. Combine Theorem 2.7 and [42, Theorem 4.1, Chapter 4]. O
10.3. Proof of Theorem 2.15. We proceed as in [85].
Lemma 10.3. Let (ng))weD € Pru, fori=1,2,3. Then

PO« P =PC), vr,¢eD, (10.3)

if and only if for all t = (to,...,tn) € Rf“ and u = (u® ... u™M) e UN+1,
N € Ny, there ezist p (t,u) € C and ¢(t,u) € C? such that p™ (t,u)p? (t,u) =
p®)(t,u) and

E® [ezg:()(uwnxtk)} =pD(t,n)e?EW2)  vre D i=1,2,3.  (10.4)
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Proof. Notice that (10.3) holds if and only if, for all t, u and N € Ny as above, we
have

gV (@)@ (&) = gP(x +¢), Va,£€D, (10.5)

where g()(z) := EY [eZkN=0<“(k)’th>]. From (10.5) it follows that ¢ (z)g(®(0) =
g (0)gP (z) = g3 (x). Hence gV (0) = 0 for some i if and only if g() = 0
for all 4, and (10.4) holds for p(?(t,u) = 0. Now suppose g?(0) > 0 for all i.
Then g (z)/g™(0) = ¢®(z)/(g™M(0)g®(0)) =: g(x), for i = 1,2. The function
g is measurable and satisfies the functional equation g(z)g(§) = g(x + &). Hence
there exists p’ € C\ {0} and ¢(t,u) € C? such that g(z) = p'e¥&W):2) Define
pD(t,u) == gD (0)p', i = 1,2, and p@® (t,u) := g1 (0)g®(0)p, then (10.4) follows.
Since conversely (10.4) implies (10.5), the lemma is proved. O

Let (X, (P.)zep) be regular affine with parameters (a, o, b, 3, ¢,y, m, u) and ex-
ponents ¢(t,u) and ¥(¢t,u). Let k¥ € N. Then (a/k,a,b/k,0,c/k,v,m/k,un) are
admissible parameters, which induce a regular affine Markov process (X, (IP;(Ek))xE D)
with exponents ¢'(t,u) = ¢(¢t,u)/k and ' (t,u) = (¢, u), see Theorem 2.7. Now
let t, u and N as in Lemma 10.3. Without loss of generality we may assume
At =1t —t;—1 >0, foralll =1,..., N. By the Markov property we have

E, [ezz’iow“hm} = tBtnu™M) g [N ® X0 o (), Xy )

B(t,u)+ (™) (t,u),z)

:...:ei ,

where we have defined inductively

¢(O) (t7 u) = UN,

WD (6 u) = (At O (6 w) +uv—y, 1=0,. N~ 1,
N

Bt u) =y d(At, (¢, ).
=1

Similarly, we obtain E{" [ezgvzow(l)’xm] = ' CWH@M tu)e) iy ¢ (t,u) =
¢(t,u)/k. Now Lemma 10.3 yields (2.25).

Conversely, let (P;)zep be infinitely decomposable. By definition, we have
(P2)zep € Prm, and Py o X ! is an infinitely divisible (sub-stochastic) distri-
bution on D, for all (t,2) € Ry x D. It is well known that the characteristic
function of an infinitely divisible distribution on R has no (real) zeros, see e.g. [10,
Chapter 29]. Hence P, f,(z) # 0, for all (¢,u,z) € Ry x OU x D. Set N = 0. From
(10.4) we now obtain that (X, (Py)zep) is affine, and Theorem 2.15 is proved.

As an immediate consequence of Lemma 10.3 and the preceding proof we obtain
the announced additivity property of regular affine processes.

Corollary 10.4. Let (X, (IP;(Ei))xep) be regular affine Markov processes with param-
eters (D, a,b@, 3, v m@ ), fori=1,2. Then

@V +a® 0,50 £ 52,8, D £ @ 5 m® L@ )

are admissible parameters generating a regular affine Markov process (X, (P(mg))wep)
such that (10.3) holds.
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11. DISCOUNTING

For the entire section we suppose that X is conservative regular affine with param-
eters (a, a, b, 3,0,0,m, u) (we recall that Proposition 9.1 yields ¢ = 0 and v = 0).
We shall investigate the behavior of X under a particular transformation that is in-
evitable for financal applications: discounting. Let £ € R, A = (AY,A\%) € R™ x R"
and define the affine function L(z) := £+ (A, z) on R?. In many applications L(X)
is a model for the short rates. The price of a claim of the form f(X;), where f € bD,
is given by the expectation

Quf(z) == E, |e~ Jo LX) ds p(x )] (11.1)

Suppose that, for fixed € D and ¢t € Ry, we have E,[e” Is L(Xs)ds) < o0, Then
R? > g — Qqfiq(x) is the characteristic function of X; with respect to the bounded

measure e~ Jo L(X:)ds P,. Hence if one knows Q:f,(z) for all u € U, the integral
(11.1) can be (explicitly or numerically) calculated via Fourier inversion.

Depending on whether L is nonnegative on D or not there are two approaches
for the calculation of Q¢f,(z). The first one is based on an analytic version of
the Feynman—Kac formula. The second one uses martingale methods and is more
general. But it requires an enlargement of the state space and an analytic exten-
sion of the exponents ¢'(t,-) and ¥’'(t,-) of some (d + 1)-dimensional regular affine
process X',

11.1. The Feynman—Kac Formula. Suppose L(z) > 0 for all z € D. This is
equivalent to £ € Ry and A = (AY,0) € R™ x {0}. The function L induces a closed
linear operator £ on bD with D(L) ={f € bD | Lf € bD} by Lf(z) := L(z) f(z).

Proposition 11.1. The family (Q;)icr, forms a regular affine semigroup with in-
finitesimal generator

Bf = Af —Lf, feC2(D).
The corresponding admissible parameters are (a, a, b, 3,€, A\, m, ).

Proof. Define the shift operators 6; : @ — Q by 6;(w)(s) = w(t + s). Then by the
Markov property of X,

Quesf(z) =By [~ T EED T p(x, )]
—E, [67 J3 L) dr g [(67 f;L(X,,.)de(XS)) o0, | }-t”

—E, [em B EDQ 1(X0)| = QuQuf (), VI € bD.

Since Qof = f and 0 < @:1 < 1, we conclude that (Q;) is a positive contraction
semigroup on bD.

By the right-continuity of X it follows from (11.1) that (¢, z) — Q. f(x) is mea-
surable on Ry x D. Hence, for every g > 0, the resolvent of (Q:),

Rqﬁg(a:) ::/]R e "Q.g(z) dt,

is well defined bounded operator from bD into bD. Denote by By the set of elements
h € bD with lim;_,oQ:h = h in bD. It is well known that R[fbD C By, and
Ré: : By — D(B) is one-to-one with (Réz)f1 = gl — B, where we consider B a priori
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as the infinitesimal generator of the semigroup (Q:) acting on bD. We denote the
resolvent of the Feller semigroup (P;) by R,. We claim that

Rgg9 = R% (9+ L(Ry9)) , (11.2)

for all g € Cy(D) with Ryg € D(L). Indeed, since R, is a positive operator we
may assume g > 0. Using Tonelli’s theorem and following [77, Section II1.19], we
calculate

Ryg(x) — REg(z) = By /R (X (1 - e 200 0 dt]
+

t
=E, / e g(Xy) </ L(X,)e~ Jo L(Xr) dr ds) dt]
R, 0

=E, / e~ fosL(XT)d’"L(Xs) (/ e_q(t+s)g(Xt+s) dt) ds]
R, R,

=E, / e e Jo L) drp x ) (/ e_thtg(Xs)dt> ds]
R, R,

=E, / e~ e Jo LX) drp (R g)(X,) ds]
R

= R7L(Rqq)(w),

whence (11.2).
Let f € C2(D). There exists a unique g € Co(D) with Ryg = f, in fact
g= (¢l — A)f. From (11.2) we obtain

f=RE(g+LS). (11.3)

Hence C2?(D) C By. But C%(D) is dense in Co(D) and By closed in bD, hence
Co(D) C By. Since g and Lf are in Co(D), we infer from (11.3) that C?(D) C
Ré:CO(D) C D(B). Moreover, by (11.3) again, (¢I—B)f =g+ Lf =(¢gI-A)f+Lf.
Whence

B=A-L, onC?*D), (11.4)
and Proposition 8.2 yields the assertion. [l

11.2. Enlargement of the State Space. The preceding approach requires non-
negativity of L. But there is a large literature on affine term structures for which the
short rate is not necessarily nonnegative. See for example [90] and [31]. We shall
provide a different approach using the martingale argument from Theorem 2.12.
Let L be as at the beginning of Section 11. For r € R write

¢
Ry ::r—i—/ L(X,) ds.
0

It can be shown that (X, R") is a Markov process on (Q, F, (F;), P.), for every x € D
and r € R. In fact, we enlarge the state space D ~ D xR and U ~» U xiR, and write
accordingly (z,7) = (y,2,7), (§,p) = (0, ¢, p) € DxRand (u,q) = (v,w,q) € UxiIR.
Let X' = (Y’',Z', R') be the regular affine process with state space D x R given by
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the admissible parameters

’ a 0 r a; 0 .
a(o 0), 0%'<0 O>’ 1 €1,

d=c=0, 7 =v=0,
m'(d€, dp) = m(d€) x do(dp), wi(d€,dp) = pi(d€) x do(dp), i€

The existence of X' is guaranteed by Theorem 2.7. We let X’ be defined on the
canonical space (', F', (F), (sz T))(x’T)erR), as described in Section 1. The cor-

responding mappings F’ and R’ = (R'7, Y R'Z R R) satisfy

F'(u,q) = F(u) + (g
R (u,q) = R¥ (u) + Vg,
R (u,q) = R2<u> +AZq,
R™(u,q) =

see (2.16), (2.17) and (5.3). Let ¢/ and ¢/ = ('Y, 9'Z,4'™) be the solution of the
corresponding generalized Riccati equations (6.1)—(6.2). The variation of constants
formula yields

t
w’z(t,u,q) =ty 4 q/ BE=))\Z g, (11.5)
0

and clearly ¢’R(t,u,q) = ¢. The dependence of ¢'(t,u,q) and w’y(t,u,q) on q is
more implicit. In fact,

/ ‘ 1y 12
St = [ F (57 00,0.67(s0,0)) ds + ity (11.6)

0
t
g = [ R (570 ) dsr Ve (1)

Proposition 11.2. Let (z,7) € D x R. We have P, o (X,R")™! =P/
particular,

(2r) and in
Ea) {eqR:fu(Xt)} = /(x,r) {eqR;fu(th,?Zt,)}

(11.8)
= e (tu @+ b))+ % (tua)2)+ar

for all (t,u,q) € Ry xU x iR.

Proof. First notice that the restriction A'* of the infinitesimal generator A’ of X’ on
C2(DxR) is A’ﬁf(a:, r) = Aff(z,r)+ L(x)0, f(z,7), see (2.12). On the other hand,
the process X' = (X, R") is a D X R-valued semimartingale on (2, F, (F;), P,) with
characteristics (B"”,C",v") given by

Bg = (Bth)

" __ Ct 0
-9 1)

v (dt, d€, dp) = v(dt, d€) x o(dp).
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Now Theorem 2.12 yields the assertion. [l

In view of (11.1) we have to ask whether (11.8) has a meaning for ¢ = —1. The-
orem 2.16.ii) provides conditions which justify an extension of equality (11.8) for
g = —1. This conditions have to be checked from case to case, using Lemmas 5.3
and 6.5. We do not intend to give further general results in this direction but refer
to a forthcoming paper in which we proceed by means of explicit examples.

We end this section by giving (implicit) conditions which are equivalent to the
existence of a continuous extension of ¢'(¢,-) and ¢’ (¢,-) in (11.8). If

Elz.0) [e*R;} <oo, VzeD, (11.9)

then Q¢fu(z) = E{, o [e= Bt £, (Y/, Z})] is well defined. Condition (11.9) holds true
if, for instance, \Y € R’ and A2 = 0. Indeed, if in addition £ € R, we are
back to the situation from Section 11.1. It is easy to see that then ¢'(¢,u,—1)
and ('Y (t,u, —1),v'% (t,u,—1)), well-defined solutions of (11.5)(11.7) for ¢ =
—1, are the exponents which correspond to the regular affine semigroup (Q:) from
Proposition 11.1.

In general, Lemma 3.2 tells us the following. Let t € Ry. Suppose (11.9) is
satisfied and

o) [ 1Y, ZD)] £ 0, ¥(u,5) €U x[0,1].

Then there exists a unique continuous extension of ¢'(t,-) and ¢'(t,-) on U’ :=
U x (iIRU[—1,0]) such that (11.8) holds for all (z,7,u,q) € D x Rx U’, in particular

for ¢ = —1 (notice that E’(E,T)[e—Ri] — e_rE/(z,o) e~ Fi]).
For the price of a bond (f =1 in (11.1), see Section 13.1) we then have

Qi1(x) = eAWHBMO2) (11.10)

where A(t) := ¢/(t,0,—1), B(t) := (¢'>(t,0,—1),4'(t,0,—1)), and we have set
r =0, see (11.8).

12. THE CHOICE OF THE STATE SPACE

We have, throughout, assumed that the state space D is R} x R™. Among
other reasons for this choice, it allows for a unified treatment of CBI and OU
type processes. We shall see in Section 13 that this state space covers essentially
all applications appearing in the finance literature. Indeed, in modeling the term
structure of interest rates with affine processes that are diffusions, Dai and Singleton
[31] propose R} x R™ as the natural state space to consider.

In this section, we briefly analyze whether this state space for an affine process
is actually canonical. We therefore denote by D an a priori arbitrary subset of R?,
and start by extending Definition 2.1 of an affine process to this setting.

Definition 12.1. Let D be an arbitrary subset of R and (X, (Py)zep) the canon-
ical realization of a time-homogeneous Markov process with state space D. We
call this process affine if, for each t > 0, and u € R?, there is an affine function
x +— h(t,u)(z), defined for x € D, such that

Ew[ei(u,Xt)] _ eh(t»“)($) (12.1)
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For the case of d = m + n and D = R} x R", the above definition is merely a
reformulation of Definition 2.1.

Slightly more generally, let T : R? — R? be an affine isomorphism, that is,
T(z) = o + S(z), where o € R? and S is a linear isomorphism of R? onto itself,
and let D = T'(R™ x R™). It is rather obvious that a time-homogeneous Markov
process X on D is affine, if and only if 7~!(X) is affine on the state space R™ x R™.
Hence the above analysis carries over verbatim to images D = T'(R™ x R™) of the
canonical state space R x R™ under an affine isomorphism 7. By a convenient
rotation, for instance, we obtain an affine process with non-diagonal diffusion matrix
for the CBI part, see (2.27). Or, by a translation, we can construct an affine term
structure model with negative short rates which are bounded from below, etc.

12.1. Degenerate Examples. Now, we pass to state spaces of a different form
than the image under an affine isomorphism of R x R™. We begin with some
relatively easy and degenerate examples.

Example 12.2. Let (X, (P,),cgre) be the deterministic process
pi(z,d€) = O(e—tllelly), for @ € Rt >0,

which simply describes a homogeneous radial flow towards zero on R?. The infini-
tesimal generator A of the process X is given by
d

This process is affine on R?, as we have

E, [e#4X0)] = gifwe1lz) _ ghtu)(@),

In this—rather trivial—example, the state space D = R? is, of course, not
unique. In fact, each D C R? that is star-shaped around the origin is invariant
under X, and therefore X induces a Markov process on D. Clearly, for each such
set D, the induced process is still affine on D. What is slightly less obvious is that,
if D affinely spans R¢, the process (X, (P;),cre) is determined already (as an affine
Markov process) by its restriction to D. This fact is isolated in the subsequent
lemma.

Lemma 12.3. Let Dy, Dy be subsets of R%, Dy C Dy, and suppose that D1 affinely
spans R%. Let (X, (P;)zep,) be an affine time-homogeneous Markov process on Da,
so that Dy is invariant under X. Then the affine Markov process (X, (Pz)zep,) 18
already determined by its restriction to D1, that is, by the family (Py)zep, -

Proof. If suffices to remark that an affine function = + h(t,u)(z) defined on R
is already specified by its values on a subset D; that affinely spans R%. This
determines the values E,[eX“X)], for € Dy, t > 0 and u € R%, which in turn
determines the time-homogeneous Markov process (X, (Py)zep, )- O

We now pass to an example of a Markov process X whose “maximal domain”
D C R? is not of the form R7 x R™.

Example 12.4. Let d = 3, D = [0,1] x R?, and define the infinitesimal generator
A by

af 0%f
mla—x1 +$18—x% + (1 —ml)

0% f

2 bl
Oxs

Af(x17m27m3) = -
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defined for f € C°(D).

The corresponding time-homogeneous Markov process X is most easily described
in prose, as follows. In the first coordinate x;, this process is simply a determin-
istic flow towards the origin, as in Example 12.2 above. In the second and third
coordinate, the process is a diffusion with zero drift, and with volatility equal to x
and (1 — x1), respectively.

It is straightforward to check that A well-defines an affine Markov process X on
D. The point of the above example is that the set D is the maximal domain on
which X may be defined. Indeed, the volatility of the second and third coordinate
of X must clearly be non-negative, which forces z; to be in [0,1]. This can also
be verified by calculating explicitly the characteristic functions of the process X, a
task left to the energetic reader (compare the calculus in the subsequent example
below).

12.2. Non-Degenerate Example. The above examples are somewhat artificial,
as they have, at least in one coordinate, purely deterministic behavior. The next
example does not share this feature.

Let (W})¢>0 denote standard Brownian motion, and define the R2-valued process

(Xt(o,o))tzo = (Y;(O’O), Zt(O,O))tZ(% starting at XO(O’O) = (0,0), by
x00 — (W2, wy), t>0.
This process satisfies the stochastic differential equation
dYy =27y dWy + dt
dZy = dW;
and takes its values in the parabola P = {(2%,2) : 2 € R}.

Obviously (Xt(o,o))tzo is a time-homogeneous Markov process, and we may cal-
culate the associated characteristic function
1 —tw2

—ermown, gy = (v,w) € R
More generally, fixing a starting point (22, 2) € P, we obtain for
2
(X )ez0 = (Wi +2)°, (W + 2))izo

the characteristic function
E(z2 2) [ei<u7Xt>] = E[ei(v(Wt"'z)z"‘w(Wt'f‘z))]

B[] = Ble i) =

1 2 ) .
B em(ftw +2ivz +21wz). (122)

1

V1 — 2ivt
Now, one makes the crucial observation that the last expression is exponential-affine
in the variables (y,z) = (22,2), as (y,z) ranges through P. In other words, the
process (X, (Py).ecp) is affine.

What is the maximal domain D C R?, to which this affine Markov process can
be extended?

We know from Lemma 12.3 that, if such an extension to a set D D P is possible,
then it is uniquely determined, and, for = (y, z) € D, we necessarily have

v1— 20t

—. hlt)(w:2),
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If y < 22, then one verifies that—at least for ¢ > 0 sufficiently small—the
expression on the righthand side of (12.3) is not the characteristic function of a
probability distribution on R2. Indeed, letting u = (%, —2) we may estimate
L et (y— 22)

V1+t2 1+¢2

=1-—(y—2H)t+0(t?),
which is strictly bigger than 1, for ¢ > 0 small enough. Hence, the process X
cannot have a state space extending below the parabola P. The maximal remaining
candidate for an extension is D = {(y,2) : y > 22}, that is, the epigraph of the
parabola P.

We shall now show that X may indeed be extended to D. In order to do so,
let (B;)¢>0 denote another standard Brownian motion, independent of (W;):>o,
and define the R y-valued Feller diffusion process (F});>o (which is just the Bessel-
squared process of dimension zero in the terminology of [76]) by

dFt - 2\/ Ft dBt
The characteristic function of F}, starting at Fy = f > 0, is given by

Efle™] = el—ig{m, veR. (12.4)

|eh(t,u)(y,z) |2 _

After this preparation, we define the D-valued process X (¥#) starting at Xéy’z) =
(y,2) € D in the following way. The point (y,z) € D may be uniquely written as

(y,2) = (22 + f, 2), where f > 0. We define (Xt(y’z))tzo = (Yt(y’z), Zt(y’z))tzo by
YW = Wy +2)2 + P, (12.5)
Zt(%z) = (Wt + Z)

Calculating the characteristic function of Xt(y’z), we obtain from (12.4), (12.2), and
the independence of (F})¢>o and (W;)i>o, that

X)) — ;em(—tw2+2iv22+2iw2+2ivf)7
V1 — 240t

which is the desired expression (12.3).

Hence, (12.5) defines an affine Markov process with maximal state space D =
{(y,2) : y > 22}, extending the process (12.2) from P to D. This affine process
obeys the stochastic differential equation

dY; =27, dWy +24/Y; — Z2dB; + dt (12.6)
dZt = th

The coefficient matrix of the diffusion term

2z 2 — 22
ot = (% V)

a(y,2)o" (y,2) = < Qf 2V > ( 2 = 22 é >

([ 4y 2z
S\ 2 1 )

E(y,2)le

satisfies
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so that o(y, 2)o7 (y, z) indeed is an affine function in (y,z) € R%. One also notes
that o(y, 2)o” (y, 2) is non-negative definite if and only if y > 22, that is, (y,2) € D.

Summing up, we have exhibited a diffusion process, driven by a two-dimensional
Brownian motion via (12.6), which is an affine Markov process with maximal state
space D = {(y,2) : y > 2%}. This shows that there are non-trivial situations in
which the natural domain of an affine process is not of the form R x R™. A more
systematic investigation of this phenomenon is left to future research.

We end this section by formulating a rather bold conjecture. For diffusion pro-
cesses in R? (or, maybe, even in R?, for d > 3) this last example is “essentially” the
only situation of an affine Markov process whose maximal state space is not (up to
the image an affine isomorphism) of the form R} x R™. We are deliberately vague
about the meaning of the word “essentially.” What we have in mind is excluding
counter-examples of a trivial kind, as considered in Examples 12.2 and 12.4 above.

13. FINANCIAL APPLICATIONS

Several strands of financial modeling have made extensive use of the special
properties of affine processes, both for their tractability and for their flexibility in
capturing certain stochastic properties that are apparent in many financial markets,
such as jumps and stochastic volatility in various forms. In addition to applications
summarized below regarding the valuation of financial assets in settings of affine
processes, recent progress [17, 22, 66, 67, 80, 81, 82, 93| in the modeling of optimal
dynamic portfolio and consumption choice has exploited the special structure of
controlled affine state-process models.

We fix a conservative regular affine process X with semigroup (P;), as in Sec-
tion 2, and a “discounting” semigroup (Q¢):cr, based, as in Section 11, on a short-
rate process L(X). We shall view Q, f(X,) as the price at time s of a financial asset
paying the amount f(X,4) at time s + ¢. This implies a particular “risk-neutral”
interpretation ([52, 32]) of the semi-group (P;) that we shall not detail here. We
emphasize, however, that statistical analysis of time series of X, or measurement
of the risk of changes in market values of financial assets, would be based on the
distribution of X under an “actual” probability measure that is normally distinct
from that associated with the “risk-neutral” semigroup (F;).

13.1. The Term Structure of Interest Rates. A central object of study in
finance is the term structure ¢t — @Q:1 of prices of “bonds,” assets that pay 1 unit of
account at a given maturity ¢. (From these, the prices of bonds that make payments
at multiple dates, and other “fixed-income” securities, can be built up.)

Early prominent models of interest-rate behavior were based on such simple
models of the short rate L(X) as the Vasicek (Gaussian Ornstein-Uhlenbeck) pro-
cess [90], or the Cox-Ingersoll-Ross process [30], which is the continuous branching
diffusion of Feller [43]. Both of these short-rate processes are of course themselves
affine (L(z) = z), as are many variants [20, 23, 30, 49, 58, 59, 72, 90, 74].

In general, because 1 = ¢{®%) the bond price

Qil(x) = AW+ BO),2) (13.1)

is easily calculated from the generalized Riccati equations for a broad range of
affine processes (see (11.10)). Indeed, given the desire to model interest rates with
ever increasing realism, various higher-dimensional (d > 1) variants have appeared
[5, 6, 11, 14, 23, 30, 31, 54, 64, 69], and efforts [13, 18, 31, 39, 46, 45], including
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this paper, have been directed to the classification and unification of affine term-
structure models. Beyond the scope of our analysis here, there are in fact “infinite-
dimensional affine term-structure models” [51, 28, 27].

Empirical analyses of interest-rate behavior based on the properties of affine
models include [19, 25, 31, 34, 36, 50, 55, 65, 74, 75, 91], with a related analysis of
foreign-currency forwards in [2]. Statistical methods developed specifically for the
analysis of time-series data from affine models have been based on approximation
of the likelihood function [68, 40], on generalized method of moments [48] or on
spectral properties, making use of the easily calculated complex moments of affine
processes [61, 21, 86].

13.2. Default Risk. In order to model the timing of default of financial contracts,
we suppose that N is a non-explosive counting process [16] (defined on an enlarged
probability space) that is doubly stochastic driven by X, with intensity {A(X;_) :
t > 0}, where  — A(x) > 0 is affine. That is, conditional on X, N is Poisson with
time-varying intensity {A(X;—) : ¢ > 0}. In fact, (X, N) is an affine process, and
one can enlarge the augmented filtration (F;) of X to that of (X, N). The default
time 7 is defined as the first jump time of N.
From the doubly-stochastic property of N, the survival probability is

Py(r>t)=E, [e”fo A(Xs)dsi| ’

which is of the same form as the bond-price calculation (13.1), although with a
different effective discount rate. The popularity of affine models of interest rates
has thus led to the common application of affine processes to default modeling, as
in [35], [41], and [63].

A defaultable bond with maturity ¢ is a financial asset paying 1¢,,; at t. Ap-
plying the doubly-stochastic property, Lando [63] showed that the defaultable bond
has a price of

E, [e Jo L(X)ds 1{T>t}} _E, {e— Jo (L(Xo)+A (X)) ds |

Because ¢ — L(z) + A(x) is affine, the defaultable bond price is again of the
tractable form of the default-free bond price (13.1), with new coefficients. Various
approaches [63, 60, 41, 71] to modeling non-zero recovery at default have been
adopted.

For a model of the default times 71, ..., 7t of k > 1 different financial contracts,
an approach is to suppose that 7; is the first jump time of a non-explosive count-
ing process N; with intensity {A;(X:—) : t > 0}, for affine x — A;(x) > 0, where
Ny, ..., Ny are doubly stochastic driven by X, and moreover are independent con-
ditional on X. (Again, (X, N,...,Ng) may be viewed as an affine process.) The
doubly-stochastic property implies that, for any sequence of times t1,t2,... ,tx in
R that is (without loss of generality) increasing,

Po(rs 2ty 7 2 ) = By [e” o A0 aa]

where

Az, s) = Z Ai().

{i:s<t;}
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By the law of iterated expectations, the joint distribution of the default times is
given by

Po(m > t1,... 7 > tg,) = ePotWo2) (13.2)
where ¢; and v; are defined inductively by ¢, = 0, ¥, = 0, and

e¢i+(¢i,l‘> =E, |e” fotH'liti A(Xy ti+t) dt e¢¢+1+(¢i+17Xti+1—ti>

taking to = 0, and using the fact that © — A(z,s) > 0 is affine with constant
coefficients for s between t; and t;;1. Because the coefficients ¢; and 1; are easily
calculated recursively from the associated generalized Riccati equations, one can
implement (13.2) for the calculation of the probability distribution of the total
default losses on a portfolio of financial contracts, as in [38].

Similarly, the “first default time” 7* = inf{r,..., 7%}, which is the basis of
certain financial contracts ([37]), satisfies

Pz(T* > t) =E, |:e— fot A*(Xs)ds:| ,

where A*(z) = Zle A;(z), again of the form of (13.1).

13.3. Option Pricing. We consider an option that conveys the opportunity, but
not the obligation, to sell an underlying asset at time ¢ for some fixed price of K > 0
in R. This is known as a “put” option; the corresponding “call” option to buy the
asset may be treated similarly.

Suppose the price of the underlying asset at time ¢ is of the form f(X3), for some
non-negative f € C'(D). The option is rationally exercised if and only if f(X;) < K,
and so has the payoff g(X;) = max(K — f(X;),0), and the initial price

Qug() E, [67 IS L(Xs)dsg(Xt):|

KE, [67 o L(X“)dsl{ﬂxt)sm}
t
_Ex [e— fo L(Xlg)dsf(Xt)l{f(Xt)SK}} )

One can exploit the affine modeling approach to computational advantage pro-
vided f(z) = ket for some constant k > 0 in R and some b in R%, an example
of which is the bond price f(x) = eAT—OHBT=1).2) of (13.1), as of time t, for a
maturity date T' > ¢t. In this case, both terms in the calculation above of Q:g(z)
are of the form

Gapla) = By [e7 b B dsele Xy o) ]

for some (a,b,q) € R x R? x R. (Here, ¢ = log K — logk.) Because G () is the
distribution function of (b, X;) with respect to the measure e~ Jo L(X2) dsg(a.X0p,
it is enough to be able to compute the transform

too
Gun(2) = / €70 G y(dg),

— 00
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for then well-known Fourier-inversion methods can be used to compute Gg (q).
One can see, however, that

Gap(2) = E; [eifl;L(Xs)dsew’x’f)e”(b’x‘)}
= E, [e BEXIng,(xy)]

where u = a + izb, and the generalized Riccati equations give the solution under
non-negativity of L(X), or under conditions described at the end of Section 11.

This is the Heston [56] approach to option pricing, building on earlier work of
Stein and Stein [88] that did not exploit the properties of affine processes. Heston’s
objective was to extend the Black-Scholes model [15], for which the underlying price
process is a geometric Brownian motion, to allow “stochastic volatility.” In [56],
the underlying asset price is e?t, where (Y, Z) is the affine process (m = n = 1)
defined by

day, (b1 — BY) dt + 0/Y; daw V)

dZy = by dt+/Y; (pdW + /1= p2dw),

for real constants p € (—1,1), by,0 > 0 and by, B, and where (WM, W®) is a
standard Brownian motion in R2. The “stochastic volatility” process Y is constant
in the special Black-Scholes case of a geometric Brownian price process e?. For
Heston’s model, the Fourier transform G, () is computed explicitly in [56].

A defaultable option may be likewise priced by replacing L(X;) with L(X;) +
A(Xy), where {A(X;_) : t > 0} determines the default intensity, as for defaultable
bond pricing.

Numerous affine generalizations [3, 4, 7, 8, 9, 24, 26, 40, 83, 84] of the Heston
model have been directed toward more realistic stochastic volatility and jump be-
havior. Pan [73] conducted a time-series analysis of the S-and-P 500 index data,
both the underlying returns as well as option prices, based on an affine jump-
diffusion model of returns. Special numerical methods for more general derivative-
asset pricing with affine processes have been based [87] on the Fourier inversion of
their characteristic functions.

APPENDIX A. ON THE REGULARITY OF CHARACTERISTIC FUNCTIONS

Let N € N and v be a bounded measure on R". Denote by

g(y):/ W y(dz), yeRY,
RN

its characteristic function. To avoid unnecessary notational complications we in-
troduce the function

h(z) =/ e y(dr),
]RN
which is well defined if Rez € V where
V.= {y eRY | / W) y(dz) < oo}. (A1)
]RN

Clearly, we have 0 € V and g(y) = h(iy) on RY. We shall investigate the interplay
between the (marginal) moments of v and the corresponding (partial) regularity of
g and h, respectively.
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Lemma A.1. Let k € N and 1 <i < N. If (9,:)**¢(0) exists then

/ (z:)*" v(dz) < 0. (A.2)
]RN

On the other hand, if [ ||@]|* v(dz) < oo then g € C*(RM) and

8%’1 o 8y”g(y) = Zl/ Liy o 'milei<y7w> l/(dl‘),
RN
forallyERN, 1<iy,...,ii<Nand1<I[<k.

Proof. Let e; denote the i-th basis vector in RY. Observe that s +— g(se;) is
the characteristic function of the marginal measure v;(dt) on R given by v;(U) =
Ja~ Lu(zi) v(da), U C R measurable. Now (0s)**g(se;)|s—0 = (8,:)**9(0), and the
assertion follows from [70, Theorem 2.3.1].

The second part of the lemma follows by dominated convergence. [l

Lemma A.2. The set V, given in (A.1), is convex. Moreover, let Vo be an open
set in RY such that Vo C V. Then h is analytic on the open strip

S:={zcC" |Rez €V} (A.3)

Proof. Let a,b € V. First, we show that sa € V, for all s € [0,1]. Denote by
v, (dt) the image measure of v on R by the mapping = — (a,x). Then h(sa) =
Jg €t va(dt) < oo for s = 0,1, and hence for all s € [0,1], which is seen by decom-
position of the integral [, = f(foo,O) + f[O,oo)'

In general we write e{®®) = e{a=02)¢(b:7) and notice that v/ (dz) = e!>®v(dzx) is a
finite measure on R . Hence it follows by the above argument that s(a—b)+b € V,
for all s € [0,1], whence V is convex.

Recall the fact that h, being continuous on S, is analytic on S if and only if, for
every 1 <4 < N and z € S, the function

hi7z(€) = h(Zl, e 7Zi—17C7 Zitly--s ZN)
is analytic on S;(z) := {¢ € C|Re(z1,...,2i-1,(, Zit1, .- -, 2n) € Vo}. This follows
from the Cauchy formula, see [33, Section IX.9]. By the definition of V' we can write
hi7z(<) — / eC%i o (21(i) 1 (i) Z/(dx) _|_/ e$%i o(213i) 2 1)) l/(dx), (A.4)
7zi,— Riy_*_

where R;— = {z € RN | z; < 0}, Riy = {z € RN | 2; > 0} and I(i) :=
{1,...,M}\{i}. Define p; _(2) := inf{t € R|Re (21,...,2i-1,t, Zit1,...,2n8) € V}
and p; +(z) ;= sup{t € R | Re(#1,...,2i-1,t, 2i41,...,2n) € V}. By assumption
we have —oo < p; — < p; + < oo. By dominated convergence we obtain that the
two integrals in (A.4) are analytic on the half-planes {( € C | Re¢ > p; _(2)}
and {¢ € C | Re( < p; +(2)}, respectively. Hence h; , is analytic on S;, and the
assertion follows. O

In general V does not contain an open set V; in RYV. The next two lemmas provide
sufficient conditions for the existence of such a Vy. Let p = (p1,...,pn) € RY, and
define the open polydisc in CV with center 0,

P,={2eC" ||z <pi i=1,...,N}L

Lemma A.3. Suppose g(y) = G(iy) for all y € P, NRY | where G is an analytic
function on P,. Then P,NRY C V, and h = G on P,.
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Proof. Let t € (0,1). By assumption we have that g is analytic on P;, N RY and,
by the Cauchy formula,

9W) = Y Ciun¥i YR, Yy e P, NRY,

i1,...,iNENp
where Zz‘l,...,m N Cityornrin zfl e z}(,v = G(iz) on P;,. This power series is absolutely
convergent on P;,. By Lemma A.1 we have

it Fin ) )
Cityorin = 777 / zi -2y v(de).
e ’Ll!"'ZN! RN
From the inequality 2;2*~! < (2;2% 4 2;2%=2)/2 we see that
T(y) = Z dil,...,iN ‘y’il o y}\llv‘ < o, Vy S Ptpa
i1,...,in ENg

where

1 . )
diy,..in = i /]RN }13111 xﬁ{}’} v(dz).

i1,...,iN ENp

for every compact K C RY and y € P;, NRY. Therefore the integral

/ 621 1 ‘yl ‘:E | (dl‘)
RN

is finite for all y € P,,NRY. Hence P,,NRY C V, and since ¢ € (0, 1) was arbitrary,
P,NRY C V. We conclude by Lemma A.2. O

An extension of the preceding considerations yields the following useful result.

Lemma A.4. Let U be an open convex neighbourhood of 0 in CN, and G an an-
alytic function on U. Suppose that g(y) = G(iy) for all iy € U NiRN. Then
UNRYN cV.

Proof. There exists an open polydisc P, in CV with center 0 such that P, C U. By
Lemma A.3, h = G on P,NRY C V. Now let a € UNRY. Since U is open convex
there exists sop > 1 such that sa € UNRY, for all s € [0, sq], and the function
Go(s) := G(sa) is analytic on (0,s0). As in the proof of Lemma A.2 let v,(dt)
be the image measure of v by the mapping « — (a,z). Then there exists s; > 0
such that hg 4 ( f[o e’ I/a (dt) < oo for all s € [0, s1], and h, 4+ is analytic on

(0,s1). Now 0bv1ously ha,— f( 00,0) € v, (dt) is finite and analytic on R. We

thus have hy + = G4 — ha,, on (0 S0 A s1). By monotone convergence we conclude
that hq 4+ (s) must be finite for all s € [0, s], and thus a € V. O

Convexity of U is in fact a too strong assumption for Lemma A.4. Its proof only
requires that U is open in CV and that U N RY is star-shaped with respect to 0
(a € UNRY implies sa € UNRY, for all s € [0,1]). However, Lemma A.2 then
immediately yields that the convex hull, say Vy, of U NRY lies in V, and G has an
analytic extension on the strip S (see (A.3)), which is a convex open neighbourhood
of 0in C¥.
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