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Abstract We introduce a class of Markov processes, called m-polynomial, for which
the calculation of (mixed) moments up to order m only requires the computation of
matrix exponentials. This class contains affine processes, processes with quadratic
diffusion coefficients, as well as Lévy-driven SDEs with affine vector fields. Thus,
many popular models such as exponential Lévy models or affine models are covered
by this setting. The applications range from statistical GMM estimation procedures
to new techniques for option pricing and hedging. For instance, the efficient and easy
computation of moments can be used for variance reduction techniques in Monte
Carlo methods.
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1 Introduction

Pricing and hedging of contingent claims are the crucial computations done within
every model in mathematical finance. For European-type claims, this amounts to the
computation of the expected value of a functional of the (discounted) price process
under some martingale measure. (Partial) Hedging portfolios are then constructed
via appropriate derivatives, so-called Greeks, of those expected values with respect
to model parameters or to the prices. Let us denote the (discounted) price process at
time 7', a vector in R", by X7. We can roughly distinguish three cases of complexity
for the mentioned computations:

1. The probability distribution of X7 is analytically known.
2. The characteristic function of X7 is analytically known.
3. The local characteristics of X7 are analytically known.

In the first case, a numerical quadrature algorithm is sufficient for the efficient
computation of the contingent claim’s price E[¢ (X 1)], where ¢ denotes some payoff
function.

In the second case, variants of Plancherel’s theorem are applied in order to evaluate
the price functional E[¢ (X 7)], for instance

E[¢(X7)] = /R ) P)E[exp(i(u, X1))]du,

where a denotes the Fourier transform of the function ¢. Remark that often modi-
fications of the original payoff function are used to make the Fourier methodology
applicable. This is numerically efficient, even though its implementation, in particu-
lar the complex integration, can take some time (see e.g. [3]). Also there are different
levels of what it means to “know analytically” the characteristic function of X7. In
affine models, for example, one might need to solve a high-dimensional Riccati equa-
tion for each u € R” to calculate the characteristic function u + E[exp(i{u, X1))].
In this case, “analytic knowledge” involves some precalculations, which also have to
be performed efficiently.

The third case is characterized by the use of Monte Carlo methods: one samples
from the (unknown) distribution of X7 by generating, for instance through Euler
schemes, approximate distributions for X 7. This procedure is very robust, but takes a
considerable amount of time. Moreover, the convergence of the Euler scheme requires
certain regularity assumptions on the characteristics, e.g. (local) Lipschitz-continuity.

In this article, we should like to add a fourth case which—in the previous order—
would correspond to case 1%. We can describe a class of Markov processes, called
“polynomial processes,” which have the property that the expected value of any poly-
nomial of the random variables X;, t > 0, is again a polynomial in the initial value
of the process. This means in particular that moments of all orders of X7 can be
computed in an easy and efficient way, even though neither its probability distribu-
tion nor its characteristic function needs to be known. Loosely speaking, one could
say that the expressions for all finite moments are analytically known (up to a matrix
exponential).
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Polynomial processes and their applications to mathematical finance 713

We shall analyze this class and show that exponential Lévy processes, affine pro-
cesses or processes of Pearson diffusion type belong to it. The method is best ex-
plained by an example. Consider a stochastic volatility model of SVJJ-type [12], i.e.,
both the logarithmic (discounted) price process and the stochastic volatility can jump.
Such models can be described by stochastic differential equations of the type

dY, = (b1 + B Y: + Vi) dt +/VidB 1 +dZ, 1,

dV, = (b + B Vy)dt +/VidB, 2 +dZ, 5,

where (B, By) are possibly correlated Brownian motions and (Z;, Z) is a bivari-
ate pure-jump Lévy process, independent of (B, B2), whose second component Z»
has positive increments. For such models, there is no easy-to-implement (explicit)
formula for the characteristic function, even though they are affine models. Assum-
ing now appropriate moment conditions on the jump measures, the Markov process
X = (Y, V) turns out to be a polynomial process, that is, the expected value of any
polynomial of (¥;, V;) is a polynomial in Yy and Vp. The coefficients of this poly-
nomial can be calculated efficiently by exponentiating a matrix, which can be easily
deduced from the (extended) generator. In other words, there is a large subset of
claims for which the prices and hedge ratios are explicitly known (up to matrix ex-
ponentials). Large can be made precise in the following sense: if the law of X7, say
1, is characterized by its moments, then “large” means dense, i.e., polynomial claims
are dense (with respect to the L'(x)-norm) in the set of “all” claims. If this is not
the case, the payoff function can at least be uniformly approximated by polynomials
on some interval, which can be chosen according to the support of the probability
distribution. The explicit knowledge of prices of polynomial claims then allows to
apply variance reduction techniques for Monte Carlo computations.

The remainder of our article is organized as follows. In Sect. 2, we formally in-
troduce the class of m-polynomial processes, establish a relationship to semimartin-
gales and give conditions on the (extended) generator such that a Markov process is
m-polynomial. Section 3 deals with examples from the class of m-polynomial pro-
cesses and Sect. 4 with applications to pricing and hedging in mathematical finance.

2 Polynomial processes

We define polynomial processes as a particular class of time-homogeneous Markov
processes with state space S € R", some closed subset of R". To clarify notation,
we find it useful to recall the basic ingredients of a time-homogeneous Markov pro-
cess and the particular assumptions and conventions being made in this article (com-
pare [22, Chap. 3]).

Throughout, S is a closed subset of R” and S denotes its Borel o -algebra. Since
we shall not assume the process to be conservative, we adjoin to the state space S a
point A ¢ S, called cemetery, and set Sy = S U {A} as well as Sy = o (S, {A}). We
make the convention that f(A) = 0 for any function f on S.

We consider a time-homogeneous Markov semigroup (P;);>0 given by

P f(x) :=/Sf<5)p,<x,ds>, xeSa,

@ Springer



714 C. Cuchiero et al.

and acting on all Borel-measurable functions f : So — R for which the integral is
well defined. Here, (p;);>0 denotes the transition function, which satisfies beside the
standard conditions (see [22, Definition III.1.1]) the following properties:

(i) forall x € Sx, po(x,-) = 8x, where §, denotes the Dirac measure;
(i) forallz >0and x € S, p;(x,{A}) =1— p;(x,S) and p;(A, {A}) =1.

Since the theory of polynomial processes always deals with a Markov process
(Xt)r>0 having the property that (f(X;));>0 is a special semimartingale for all linear
functionals f on R” (extended by 0 on A), we can bona fide assume that the probabil-
ity space £2 is the space of cadlag functions w : Ry — S4 such that w(r—) = A and
w(t) = A implies w(s) = A for all s > ¢. This follows from the simple conclusion (i)
to (iii) of Theorem 2.7, martingale regularity, and from the remarks at the bottom of
Ref. [22, p. 245]. We thus understand X as the coordinate process X;(w) = w(t) and
denote by (]—',0) the filtration generated by X and set F° = AV ]—',0

In the sequel, we consider some right-continuous filtration (Fi)r=0 satisfying
.7-'? CF;and F = \/t>0ft. We finally assume that for each x € S, there exists a
probability measure P, on (£2, F) such that X is Markovian relative to (F;) with
semigroup (P;), that is,

Ex[f (Xi4s) | Fs] =Ex,[f(X0)] = P f(Xy) Py-as.

for all x € Sa, s,t € [0, 00) and all Borel-measurable functions f : Spo — R satis-
fying E [| f(X;)|] <ooforall >0and x € S.

2.1 Definition and characterization of polynomial processes

For the treatment of polynomial processes, we have chosen a framework of stochas-
tic analysis leading to easy-to-verify conditions for a process to be m-polynomial
(see Theorems 2.10 and 2.15). Before giving the precise definition of polynomial
processes, let us introduce some notation.

Let P, denote the finite-dimensional vector space of polynomials up to degree
m >0 on S, i.e., the restriction of polynomials on R” to S, defined by

m
P = [Saxv—> Z ax®, A0 akeR},
|k|=0
where we use multi-index notation k = (kq,...,k,) e N, |kK| =k; +--- + k,, and
xK = x]f' ~~x,]f". The dimension of P, is denoted by N < oo and depends on S: if

S is a single point, the dimension is always 1 and if S is the whole space R", it is
maximal.
Moreover, for every multi-index Kk, we define functions fi by setting

xk ifxes,

fk(x):{0 i A 2.1
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Polynomial processes and their applications to mathematical finance 715

Furthermore, we write f; when k =¢; and f;; when k = ¢; + ¢;, where ¢;, for
i €{l,...,n}, denotes the ith canonical basis vector. Then the space P, clearly cor-
responds to the linear hull of the functions { fk, |k| <m]}.

Here is our main definition.

Definition 2.1 We call an Ss-valued time-homogeneous Markov process m-poly-
nomial if we have for all k € {0, ..., m}, all f € Py, x € S and ¢ > 0 that

x> P f(x) € Pr.
Additionally, we assume that t — Py f (x) is continuous at t =0 for all f € P,,. If X

is m-polynomial for all m > 0, then it is called polynomial.

Remark 2.2 (i) Let us stress that in the above definition it is implicitly assumed that

Pt|f|(x>=ﬂ<:x[|f(x,>l]=fS|f<s>|pt(x,ds> <00

for every f € P, x € Sa and r > 0; otherwise the expression P; f(x) =E,[ f(X;)]
would not even be well defined.

(i1) The subtlety of Definition 2.1 lies in the fact that we assume P, (Py) C Pk
for all k € {0,...,m} (compare with Remark 2.11(iv)). The assumption that
P;(Py) C Py, only for m, but not for smaller degrees, is not sufficient for our proofs
of Theorems 2.10 and 2.15, which we consider as the most important assertions from
the point of view of applications.

Let us introduce the following notion of an extended Markov generator, which is
due to Dynkin (see e.g. [6, Definition 7.1]) and which we shall use to characterize
m-polynomial processes.

Definition 2.3 An operator G with domain Dg is called extended generator for some
Markov process X if Dg consists of those Borel-measurable functions f : S — R
for which there exists a function G f such that the process

Ml = o= rw- | G ds 22)
is well defined and an (F;, P, )-local martingale for every x € Sx.
Remark 2.4 We define the lifetime of the process by
Ta(w) =inf{t | X, (0) = A},

where we set inf ) = co. Since {Tx <t} = Uq<t,q€Q{Xq = A} e F; and as (Fp) is
supposed to be right-continuous, T4 is an J;-stopping time. Due to our convention
f(A) =0, the local martingale property of (2.2) is therefore equivalent to

tATA

FXD) i<ty — f(x) _/o Gf(Xs)ds

being a local martingale.
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716 C. Cuchiero et al.

Remark 2.5 Suppose that f lies in the domain of the extended generator and satisfies
P,|f|(x) < oo forallt>0andx € S. Then M/ as defined in (2.2) is a true martin-
gale if and only if all increments of f(X;) — f(x) — fé G f(Xy)ds have vanishing
expectation, i.e., for all u <,

t t
Ex[f(xt)_f(xu)_/ gf(Xs)ds:I =sz(x)—Puf(X)—/ PG f(x)ds =0.

u

In particular, by Fubini’s theorem, fot PG f(x)ds exists on finite time intervals and
thus also Ps|G f|(x) for almost all s with respect to Lebesgue measure.

The following lemma is well known for Feller processes (but perhaps not in our
particular setting) and aims to establish a connection between the Kolmogorov back-
ward equation and the extended generator introduced in (2.3).

Lemma 2.6 Let X be a time-homogeneous Markov process with semigroup (P;)
and denote by f : Sy — R some function satisfying P:| f|(x) < oo for all t > 0 and
x € S.If f lies in the domain of the extended generator, f € Dg, and if M ! as defined
in (2.2) is additionally a true martingale, then we have:

(i) For any given s >0, MF S is a true martingale, in particular Ps f € Dg, and
(i) If t = PG f(x) is continuous at t =0, then P; f solves the Kolmogorov back-
ward equation, that is,

du(t, x)
ot

=Gu(t,x), u(0,x)= f(x).

Proof For the first statement, we show that

t
Py f (X)) — Py f(x) — /0 PGS (X,)dr

is a true (F;, IPx)-martingale for any fixed s > 0. By the definition of the extended
generator, this then implies that Ps f € Dg and GPs f = PG f. Indeed, we have by
the assumption Py| f|(x) < oo for all # > 0 and x € S and Remark 2.5 that f(X;)
and G f(X;) are integrable for every ¢ > 0, hence Ps f(X;) and PG f(X;) as well.
Therefore the following expectation is well defined and we obtain for # < ¢ that

7|

t
Ex[Psf(xn _ P — /0 PGS (X)) dr

_ Py f(Xa) — Py f(x) — fo PG f(X,)dr

t
+Ex[Psf(X,>—Psf(Xu)— f PGS (X)) dr

7|
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Polynomial processes and their applications to mathematical finance 717

By the Markov property, the conditional expectation on the right is equal to

t—u
Ex, |:Psf(Xtu) — b5 f(Xo) —/0 Psgf(Xr)dr].

But for any y € Sa, we have
t—u
Ey|:Psf(Xt—u) — Py f(Xo) — /O Psgf(Xr)dr]

S+t—u
— Praru f) = Pof(y) — / P-Gf(y)dF
:0’

where the last equality follows from Remark 2.5. This completes the proof of (i).
Statement (ii) follows from Remark 2.5, the continuity of ¢ — P;G f (x) and from

assertion (1), since
Pf) _ Pnf @ =P L Paf () = f@)
= lim = lim P,—————~

ot h—0 h h—0 h

1 h
= lim 7y /O PGf(x)ds = PG f(x) =GP f (x). -

Let us now state our first theorem which is a consequence of elementary results in
semigroup theory.

Theorem 2.7 Let X be a time-homogeneous Markov process with state space S,
and semigroup (P;). Then the following assertions are equivalent:

(1) X is m-polynomial for some m > 0.
(ii) For every k € {0, ..., m}, there exists a linear map A on Py such that for all
t >0, (P,) restricted to Py can be written as

A
Ptl’szet .

(ili) Forall f € Py, x € Sxandt >0, P| f](x) = E,[| f(X,)|] < 0o and

t
M = FX) = F) — /0 G/ (X,)ds

is a true (Fy, Py)-martingale, and the extended generator G satisfies G(Px) C Pk
forallk €{0,1,...,m}.

Proof To prove the above equivalences, we show (i) = (ii) = (iii) = ().
Throughout the proof, let k € {0,...,m} be fixed. We start by showing that
(i) = (ii). By the definition of an m-polynomial process, the Markovian semigroup
(P;) induces a semigroup of operators on Pj. Since Py is finite-dimensional and
t — P|p, is continuous at ¢t = 0, standard results of semigroup theory (see e.g.
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718 C. Cuchiero et al.

[9, Theorem 2.9]) imply the representation of P;|p, as matrix exponential, that is,
there exists some linear map A on P such that P;|p, = e’ A,

Next, we show (ii) = (iii). For every f € P, we have by (ii) that Af € P, and
t t
P,f—f—/ PsAfds=e’Af—f—/ eAAfds=0.
0 0

Thus, f(X;) — f(x) — fot Af(Xs)ds is an (F;, Py)-martingale. Hence f lies in Dg
and G f = Af, implying that G(Px) C P holds true.

In order to prove (iii) = (i), we consider the Kolmogorov backward equation for
an initial value u (0, -) = f € Py, i.e.,

du(t, x)
ot

=Gu(t,x).

By Lemma 2.6(ii), P; f solves the Kolmogorov equation since ¢ +— P;G f (x) is con-
tinuous at t = 0 for any f € P. This follows from the fact that G maps Py to itself
and from the martingale property of M/, which implies

t
Ef@)=f@0+1;ﬂgﬂwd&

thus in particular continuity of 7 — P, f(x) for any f € P,. By choosing a basis
(e1,...,en) of Pk, we can define a linear map A on Py by setting

N
ge,- =: ZAijej'
j=1

Then G|p, = A. On Py, the Kolmogorov backward equation thus reduces to the linear
ODE

du(t)
at

= Au@).  u(©)=.

whose unique solution is given by ¢4 f (see e.g. [9, Theorem 2.8]). Hence on P,
P, f is equal to ' f and is therefore a polynomial of degree smaller than or equal
to k. Since this holds true for all k € {0, 1, ..., m}, X is m-polynomial. O

Remark 2.8 There is no need in assertion (ii) to restrict the time parameter ¢ to R
since for ¢ € R, (¢'4) extends to a group.

The equivalence (iii) < (i) of Theorem 2.7 provides a characterization of m-poly-
nomial processes in terms of the extended generator, but under the additional assump-
tion that M/ as defined in (2.2) is a true martingale. If m > 2 is an even number, this
latter condition is no longer needed, since the local martingales M/ turn out to be al-
ways true martingales. In other words, for even numbers m > 2, Condition 2.9 below
is necessary and sufficient for X to be an m-polynomial process.
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Polynomial processes and their applications to mathematical finance 719

Condition 2.9 P, lies in the domain of the extended generator, i.e., for all f € P,,,
x €8s and r >0, M/ as defined in (2.2) is an (F, P,)-local martingale, and
G(Pr) C Prforallk €{0,1,...,m}.

Theorem 2.10 Let X be a time-homogeneous Markov process with state space S
and let m > 2 be an even number. Then X is an m-polynomial process if and only if
Condition 2.9 is satisfied.

Proof The necessary direction, that is, Condition 2.9 holds if X is an m-polynomial
process, is an obvious implication of Theorem 2.7 (i) = (iii) (of course for all m, not
only even numbers larger than or equal to 2).

For the sufficient direction we prove, for every f € Py, x € Sp and ¢ > 0, that
P fl(x) =E4[| f(X#)]] < oo and that (M,f) is a true (F;, Py)-martingale. Then The-
orem 2.7 (iii) = (i) yields the assertion.

First, fix some T > 0 and some increasing sequence (7)jen of stopping times

with lim;_, o Tj = 00 Py-a.s. such that (MthTj),>0 are martingales for all f € Py,.

Furthermore we set

FO) =14 fi()",

i=1
where f;, i € {1,...,n}, are given by (2.1). We notice that there is some finite con-
stant K such that

|Gf)| < KF(x)

for all x € S5. Hence we obtain for 0 <t < T and x € S, that
IAT]‘
E«[F(X;n1,)] = F(x) +Ey [ / GF(X,) du}
0

tAT;
< F(x) + KE, [/ F(Xu)du]
0

EF(X)JrKEx[/
0

Since the stopping times (7;) can be chosen such that X, AT — is bounded, the right-
hand side of the above inequality is finite and Gronwall’s lemma yields

t

F(Xmgdu].

E[F(Xiar,)] < F(x)eX! 2.3)

foral0 <t <T, jeNand x € Sx. Due to the nonnegativity of F, we have by
Fatou’s lemma

E[F(X))] =EX[_lim F(XMT,.)] <liminfE,[F(X,a7)] < F)K 24)
forall 0 <t <T.Hence P|f|(x) =E,[|f(X:)|] < oo for f € Py,.
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720 C. Cuchiero et al.

Next we show for each f € P, and x € S, that
Ex |:sup‘M,f|:| < 0. 2.5)
t<T

First, let f € Py for k < m be fixed and set p = m/k. Notice that there is a finite
constant K such that

lf)|f <KF(x) and |Gfx)|" < KF)

for all x € S4. We then have

p

» tAT;
M, | = ‘f(xm,) —f) - fo Gf(X,)du

l/\T,'
< C<F(X:AT,-) +F()+ / | F(Xu)du)
0

t
< C(F(er,.) +F() + / F(XMAT,)du),
. A _

for appropriate positive constants C and ¢ < T. Taking expectations and using (2.3),
we see that for each fixed x there exists some finite constant C, such that

Ef|M],|"] < Cx.

for all j € Nand ¢t < T. Moreover, by Doob’s maximal L?-inequality for p > 1, we
have for all j that E, [sup, . |Mf P11 < C]Ex[|MfATI_ |P] < C,. Since the left-hand

t/\Tj
side is increasing in j, monotone convergence yields (2.5) for this f, in particular

sup|M/ | e L”. (2.6)
t<T

Finally let us deal with the case k = m. We consider the polynomial f(x) = f;(x)?
for i € {1,...,n} and ¢ = m/2, which is an integer by hypothesis. For notational
convenience, we write N = M/ and estimate again

t 2
FX = (Nf b+ /0 gf(Xu)du)
t
< C(z\c2 + 0+ f |gf<xu>|2du)
0

t
50(N3+f(x)2+/ F(Xu)du).
0

Therefore,

T
sup f(X)? < c<sup N2+ f(x)? +/ F(X,,)du). 2.7
0

t<T t<T
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Due to (2.6), sup, .7 |NV;| € L? and by (2.4), we have E, [fOT F(X,)du] < oco. Hence
we conclude that the right-hand side of (2.7) is integrable. Summing over all i yields
integrability of sup, .y F'(X;), which implies (2.5) for all f € Py,. d

Remark 2.11 (i) If X is an m-polynomial process, then Z = (X, X2 ..., X™) is a
1-polynomial process. If m is even, the analysis of m-polynomial processes could
be reduced to the study of 2-polynomial processes at the cost of a more complicated
state space, due to the construction Z' = (X, X2, e X7 ).

(ii) Let us remark that the condition m > 2 in Theorem 2.10 is necessary for (2.2)
to be a true martingale. Indeed, the inverse 3-dimensional Bessel process defined
by X = HL where B denotes a 3-dimensional Brownian motion started at By # O,

) [
satisfies

dX,=—X*dW,, Xo=x=——,
' rer Il Boll

where W is a one-dimensional standard Brownian motion. The extended generator is
therefore given by

4d2f(x)

1
Gfx)= 2% 2

Hence G(P1) =0, but
t
Xt—x—/gXdeth—x
0

is a strict local martingale, so X is not a 1-polynomial process.

(iii) In Definition 2.1, we require m-polynomial processes to be also k-polynomial
forall k € {0, ..., m}, that is, we implicitly exclude processes whose extended gener-
ator maps polynomials of degree k < m to polynomials of degree greater than k < m,
while G(P,,) C P,y still holds true. Consider for instance

1 1
dX; = (E —bX, + EX,2> dt +/X>(1 = X;)dW,;, Xo=x¢€l[0,1],

where b > 1 and W is a one-dimensional standard Brownian motion. The state space
is the interval S = [0, 1] and we have

1 2>df(x)+1 ) d*f(x)
2 dx 2 dx?

1
Qf(x):(i—bx—i——x —x“(1 —x)

Thus G(P1) C P, while G(P2) C P,. Due to compactness of the state space, it
follows that M/ is a true martingale for f € P, and hence we can conclude that
P;(P2) C P2, but P,(Py) € Pi as in the proof of Theorem 2.7 (iii) = (i). On the
other hand—even though all moments of X exist and G(P,) C P,—the subspace
P;(P3) does not only consist of polynomials any more.
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2.2 Polynomial processes and semimartingales

The purpose of this section is to characterize polynomial processes as special semi-
martingales with characteristics of a particular form. Indeed, in Proposition 2.12
below, we prove the equivalence of Condition 2.9 and the fact that the process
(X¢1{<r4)) is a special semimartingale whose characteristics are essentially poly-
nomials (of a particular degree) in X and absolutely continuous with respect to
Lebesgue measure.

Having established the particular form of the semimartingale characteristics, the
characterization of the extended generator then simply follows from It6’s formula
and is given by (2.13). This in turn allows us to state easy-to-verify conditions which
guarantee that X is an m-polynomial process for all m > 2. Notice that this fills a gap
which is left open in Theorem 2.10, where only the case of even m is considered.

In order to formulate the following proposition concisely, we set

Y; = th{t<TA} = (fl(Xf)’ s f”(Xt))T

and define C2 as the space of twice continuously differentiable functions g : § — R
for which there exists some constant C such that

lg)]+ D [Dig)|+ > |Dijg)] < C(1+ [Ix|™).

i=1 i,j=1
Proposition 2.12 Let X be a time-homogeneous Markov process with state space S
and let m > 2. Then the following assertions are equivalent:

(i) Condition 2.9 holds, i.e., Py, C Dg and G(Px) C Px forallk € {0,1, ..., m}.
(i) (¥Y;) = (X¢ly<ry)) is a semimartingale with respect to the stochastic basis

(2, F, (F), Py). Moreover,
Pylt < Tal=e7"" (2.8)

for some constant y > 0, and the semimartingale characteristics (B, C,v) as-
sociated with the “truncation function” x (£) = £ satisfy'

t
B :/ b; (Xs)ds, 2.9)
0
t t
Coj+ [ [ sgviasae) = [ aycxoas, 2.10)
0 JR» 0
where b; € Pi and a;j € P,. Furthermore, the characteristics C and v can be
written as
t
Ciij :/ cij(Xy)ds, v(a);dt,dg):K(X,(w),dé)dt, 2.11)
0

L All statements concerning the characteristics are meant up to an evanescent set.
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where ¢ denotes some Borel-measurable function taking values in the set of
positive semidefinite matrices and K is a positive kernel from (S,S) into
R"*, B(R™)) satisfying K (x, {0}) =0 and f{l\é\lfl} IE112K (x, d€) < o0o. Finally,
we have for all \K| € {3, ..., m} that

Ik|

EK(x,dE) =) o flx), (2.12)

R” ,
j1=0

where aj denote some finite coefficients.
(iii) C,%l lies in the domain of the extended generator of X, and for all g € Cr%,, Gis
given by

n 1 n
Gg(0) =3 Dig(0)(bi(x) +7£i(0) + 5 3 Dijg()eij(x) = yg(x)

i=1 i,j=1

+ /R (g(x +6) —g) — ZD,-g(x>§,»)

i=1
x (K (x,d€) — y fo(x)8_,(d§)), (2.13)

where y and (b, ¢, K) satisfy the conditions of (ii) and fo(x) =1 — 14(x).

All conditions (1), (ii) and (iii) imply that Y is a special semimartingale.

Remark 2.13 (i) Concerning the implication (i) = (ii), note that the existence of
fékK(x,d"g‘) for all k| € {2,...,m} follows from the fact that G f(x) is a well-
defined polynomial for every f € P,,. In particular, it gives [ [|§ IKK (x, d€) < oo
forallk € {2,...,m}.

(i1) Note that as a consequence of (2.10) and (2.12), we have for all # > 0 and
ke{2,...,21%]} that

/||§||"K(Xt,d$)55(1_,_“)@”%%])’
Rn

with some finite constant C.

(iii) Notice from the expression (2.13) for G that the killing rate y is implicitly
included in the compensator K of the jump measure of Y and also in b due to the
choice of the truncation function (compare [5, Sect. 3]).

Proof of Proposition 2.12 Let us first prove (i) = (ii). Due to Condition 2.9,
X t
M/ = rx - 0= [ Grocas, .14
0

is an (F;, Py)-local martingale for all f € P,,. As the process fot G f(Xs)ds is pre-
dictable, f(X) is a special R-valued semimartingale for all f € P,,. Note here that
f(X:) = f(X¢)1{s<1y), due to the convention f(A) = 0. In particular, f(X;)1{<7,)
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has cadlag paths implying that lim;_,7,— | f(X;)| < oo and f(X) cannot explode.
Choosing f(x) = f;(x) fori =1,...,n then implies that (¥;) = (X;1;<7,)) is an
(n-dimensional) special semimartingale.

Consider now (2.14) for f = fy. Since G fy € Py, M0 is a true martingale and
there exists some constant y such that

Vl{t<TA} =—G fo(X;).

Taking expectations thus yields

t

Exllp<r] =Ec[ fo(X0)] =1+ /0 E.[G fo(Xs)]ds

t
=1- )’/ Ex[l{s<TA}]dsy
0

which in turn implies (2.8).

Let now (B, C, v) denote the characteristics of ¥ with respect to the “truncation
function” x (§) = &. In order to determine their properties, we apply Itd’s formula to
fu(Xp) fork=k| e {l,...,m}and X,; = x; + M;" + B, ; to obtain

rn tn
FeX0) = filo) + /0 7D, X, M+ /0 "D fi(X,-) dBy,
i=1 i=l

1 t N t
+5 /0 Y Dij fi(X;)dCy iy + fo /R WG, &)’ (ds, dg), (215)
i,j=l

where 117 denotes the random measure associated with the jumps of ¥ and

k

k .
W(s, €)= <j>fkj(xs)§J-

ljl=2

Since M/i is a local martingale and X_ ; is caglad, (f(; D; fx(Xs-) dMSf") is a local
martingale, too, for all i € {1, ..., n}. Furthermore, the third and fourth terms on the
right-hand side of (2.15) are predictable processes of finite variation, thus in particu-
lar of locally integrable variation by [15, Lemma 1.3.10]. As fx(X) is a special semi-
martingale, it follows from [15, Proposition 1.4.22] that fé fR" W(s, & )/,LY (ds,d&)
is also of locally integrable variation, since it is of finite variation and for a special
semimartingale, the finite variation part is locally integrable. Therefore, we have by
[15, Proposition I1.1.28] that

t t
/ / W(s, &)u’ (ds, d§) —/ / W(s,&)v(ds,d§)
0 JRr 0 Jrr

is a local martingale. Combining thus (2.15) with (2.14) and using the unique decom-
position of a special semimartingale into a local martingale and a predictable finite
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variation process, we find

r t
mh= [ S isceoamd + [ [ W e (s as) - vids.ae)
0= 0 Jrr
t n
:fk(Xt)_fk(x)_/(; > Dif(Xs-)dBy,
i=1

r n t
33 pasxdc; - [ [ weens.a.
0 0 JR»

ij=1

Therefore

t t N 11 n
/0 gfk(Xs)dS :[0 ZDifk(Xs)st,i +/(; 5 Z Dijfk(Xs—)dCs,ij
i=1

ij=1
t

~|—// W(s,&)v(ds, d§). (2.16)
0 JRe

Consider now (2.16) for |k| =1, i.e., the polynomials f;(x), wherei € {1, ...,n}. In
this case (2.16) reads as

t
/O G fi(Xs)ds = By.i.

Setting b; (x) := G f; (x) therefore implies that b; € P;. Moreover, applying (2.16) to
the quadratic polynomials f(x) = f;;(x) fori, j € {1, ..., n} yields

t t
Cz,ij‘i‘/ / %’,’Ejl)(dS,d‘E)Z/ Cl,'j(Xs)dS (2.17)
0 JR? 0

for some a;; € P, since G f;;j(x) and D; f;; (x)b; (x) = f;(x)b;(x) lie in P>. Hence
we have proved (2.9) and (2.10).

In order to show (2.11), we define A (w) = fot Jgn €17V (@; ds, d&). By the same
arguments as in the proof of [15, Proposition 11.2.9.b], there exists a random measure
K'(w,t;d€) on (R", B(R")) such that v(w; dt,d&) = K'(w, t; d&) dA;(w). More-
over, since

n n t t
D Crii@) + Aj@) =) f aii (Xs (@) ds =: f ag(w)ds
i=l i=170 0

and as Cj;, i € {l,...,n}, and A’ are nonnegative increasing processes, they are
absolutely continuous with respect to Lebesgue measure. Hence, Ref. [15, Propo-
sition 1.3.13] implies the existence of predictable processes ¢;; and H such that
Crii = [y @it ds and A, = [J Hyds. Then K, ,(d&) = H/(0)K' (o, 1; d§) is again
a predictable random measure satisfying v(w; dt,d§) = I?w,,(dé) dt almost surely.
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Having constructed this kernel, (2.17) now becomes

t ~
Ct,ijZ/ (aij(Xs)_/ Siéij,s(dé)) ds,
0 Rn

implying that C;; for i # j is also absolutely continuous with respect to Lebesgue
measure and can therefore be written as C;;; = fo Cs.i jds. Finally, by
[6, Theorem 6.27] we can choose homogeneous versions for the processes ¢ and
K such that ¢t (w) =c(X¢(w)) and K, ;(d&) = K (X;(w), dE).

It remains to establish (2.12). To this end, notice that (2.16) can be written as

G fi(x) = ZD Ae(0)bi(x) + 5 ZDszk(x)(Cz](x)+ / E&K (x, dé))

i=1 l]l

oAl

Since G fic(x), Di fi(x)b(x) and Dy fi(x)(ci(x) + [ &€ K (x, dE)) lie in Py for
all k = |k| <m, (2.12) simply follows by induction.
Let us now prove the implication (ii) = (iii). For notational simplicity we set

k

k .
> <j)fk—j(x)~§’) K (x,d§).

ljl=3

V(Y. 8) =g (Vs +&) — g(Yy) — > Dig(Yy)é;

i=1

for g € C2. Then, since [ [|&[*K (x,d&) < oo for all k € {2, ..., m}, which is a con-
sequence of (2.10) and (2.12), we have

/Rn |V (Y5, )| K (Xs,dE) < h(Ys) + H(Ys)/w(lléll2 ANIEN™)K (X5, d€) < o0,

where 7 and H denote some positive (finite-valued) functions. Hence, the process
Jo [ V(Ys,d§)K (X, dE)ds is of locally integrable variation and Itd’s formula thus
implies that

MG = g(Y) — g(x) — /Zng(Y)b (X)ds—f ZD,Jg(Y)C,](X)

1]1

t
—// VY5, ) K(Xs,d§)ds (2.18)
0 JR?

is a local martingale (compare also [15, Theorem I1.2.42]). Moreover,

t
—lrp<ny + v ATa) = lp<ryy) — 1 +/ Y lis<r,yds
0

is a martingale, since
t t )
Ex|:1{t<TA} -1 +/ yl{s<TA}ds] =e 7 -1 +/ yeiw ds =0.
0 0
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Denote now by G the right-hand side of (2.13). We need to prove that
# g
MY = g0 g0~ [ X ds
0

is a local martingale. By the definition of G* we have
#
M = M§ — g(0)(Lizy<ry — v (t ATA)),

where M$ is given by (2.18). Since both terms on the right-hand side are local mar-
tingales, the same holds true for M*$.

Finally, (i) follows from (iii) since P, C C2 and since G applied to fi maps Pk
into Py for k € {0, ..., m}, which is due to the assumptions on the characteristics. [J

Since every m-polynomial process satisfies Condition 2.9, the following corollary
is an obvious consequence of Proposition 2.12.

Corollary 2.14 Let X be an m-polynomial process with m > 2. Then the process
(Yy) = (X: 1 <14)) is a special semimartingale satisfying the conditions (2.8)—(2.12),
and its extended generator is of the form (2.13).

When m is an even number, the converse direction also follows easily from The-
orem 2.10 and Proposition 2.12. The general case is treated in the subsequent theo-
rem, where we provide sufficient conditions in terms of the compensator of the jump
measure such that the converse statement holds true. Its proof relies on a maximal in-
equality which can be established for semimartingales whose characteristics satisfy
the conditions (2.9)—(2.12). This is the subject of Lemma 2.17 below.

Theorem 2.15 Let X be a time-homogeneous Markov process with state space S,
and let m > 2. Suppose that (Y;) = (X;1{<r,}) is a semimartingale which satisfies

the conditions (2.8)—(2.12) (with respect to the “truncation function” x(§) =§&) or
equivalently that Ci C Dg and that its extended generator G is given by (2.13). If

E, |:/ IEN" K (X, d&)] <00 foralmostallt >0, (2.19)
Rn

orif
/R IEI" K (X;, d&) <C(1+ 1Y |™), >0, (2.20)

for some constant C, then X is an m-polynomial process.

Proof Similarly as in the proof of Theorem 2.10, it suffices to show that for each f,
x € Sp and every fixed t > 0, Py| f|(x) =E,[| f(X;)|] < oo and

E, |:sup|Msf]] < 00.

s<t
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Due to the assumptions (2.19) or (2.20), this follows from the moment estimate (2.22)
proved in Lemma 2.17 below. |

Remark 2.16 Let us remark that under (2.12), condition (2.20) is always satisfied
when m is an even number (see also Remark 2.13(ii)). In this case E,[sup,, |Msf 1
is always finite, as already shown in the proof of Theorem 2.10. If m > 2 is an odd
number, Condition 2.9 together with (2.19) or (2.20) is sufficient for X to be an
m-polynomial process.

Using the structure of the semimartingale characteristics derived in Proposi-
tion 2.12, we now state the announced maximal inequality and some associated mo-
ment estimates. This result is probably known, but the proof is included for conve-
nience. Similar L? estimates for the case of Lévy-driven SDEs can be found in [16]
and [18]. In the case when jumps are described by

t
// 8(s,§)N(ds, d§),
0 JR

where § denotes some predictable process and N a compensated Poisson random
measure, our result could be deduced from [18, Theorem 2.1 1].2

Lemma 2.17 Fix t > 0 and let m > 2. Let Y be a semimartingale with respect to
82, F, (F1),Py) whose characteristics (B, C,v) associated with the “truncation
function” x(§) = § satisfy the conditions (2.9)~(2.11) given in Proposition 2.12.
Then there exists a constant C such that

t
Ex[supunnm} sc(nxn’"+1+/O EUR ||s||’"K(xs,ds)]ds
s<t n

t
+f IEX[||YS||’"]ds). 2.21)
0

In particular, if one of the conditions (2.19) or (2.20) is satisfied, then there exist finite
constants K and C such that

E, [sup 1Y, ||'"] < KeC, (2.22)

s<t

Proof For notational simplicity we only consider the case where Y is one-dimensional
and thus omit all indices. Due to Proposition 2.12 and the assumptions on the char-
acteristics, Y is a special semimartingale and its canonical decomposition is given by
Y=x+M+ fo b(X,)du, where we write M for M/1. Denote by Z the quadratic
variation of the purely discontinuous martingale part of Y, that is,

t
Z,=Z(AYS)2=/O /Rszuy(ds,ds),

s<t

2We thank Martin Schweizer for pointing out this result to us.
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where  is the random measure associated with the jumps of ¥ . Define furthermore
stopping times

T} =inf{t > 0| |Y,| > jor [Y;—| = j},
T/ =inf{t =012 > jor|Z| = j}

and set T = TJ.Y AT /.Z. We can estimate

SATj
/ b(X,)du
0

where C denotes some constant which may vary from line to line.

Since b € P; we have
SATJ' m - t T
/ b(X,)du| < C(l + / v, |mdu>. (2.23)
0 0

Concerning sup, ., | M. ST 7|, an application of the Burkholder-Davis—Gundy inequality
yields

sup| Yy ’| <C<|x|’”+sup|M "1™ + sup

s<t s<t

m>
)

sup
s<t

x|:sup|M " ]SGEX[[M,M]?ATJ,]SGE [Chr + 2 ] (2.24)

s<t

As C satisfies (2.10), we can estimate it by C; < fot a(Xy)ds, where a € P, is non-

negative, and we get
t
EdCly] < 5(1 +f E.[|¥) |’"]ds).
0

Therefore it remains to handle Z Following the approach of [16], we can write

INT; "

Zhp = Y 2+ 420t - (z,)¢

S<tIAT;
t/\T] m m
Zfo /n<(ZS_+EZ)7 _(Zs—)7>,uy(ds,déj),

due to the fact that Z is purely discontinuous, nondecreasing and AZ; = |AY;|>.
Furthermore, since v is the predictable compensator of MY , we have

AT m "
E t/\T |:/ /n Zs— +§ 7 - (Zsf)f)v(d& dé):| (2.25)

In the sequel, we shall use the inequalities (see [16])

(z+x)P —zP <2P7 (277 1x + xP), (2.26)
14

Plx <ezP + % (2.27)
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forx,z>0,e>0and p > 1. Applying (2.26), (2.25) becomes

tAT m
,AT [/ /27—122 s2+|g|m)v(ds,dg)]

For the first part, we then have due to the assumption on v that

AT m 1
U /27—122 v(ds,dé)}
_]Exf Loy (f 5K<Xs,ds>> }
0

lATj m_y m_q
S]Ex/ 22772 a(Xy)ds
0

tINT; ,,, 1+|Y|m
S]Ex/ C eZ —i—i ds |,
LJO g77!

where we use that Z is nonnegative, a € P> and (2.27). Estimating

E

which follows from the fact that Z; is nondecreasing and Z;_ < j for s < T}, we
finally obtain

m - tAT} 5
B[z}, ]<Cen [ /\ZZAT]+IEX[/O 8,5—](1+|Ys|’”)ds}

INT "
Ex[/ ' / 221|§|’”K(Xs,d§)ds}.
0 n

: _ 1
Choosing ¢ = Tl leads to

m m

1 1
2]E [Zz ] E [thAT] ZE [12 /\ZMT]

AT
t
< CE, |:/ <1 + |YSTJ |m +/ |E|mK(XsATJ-»d§)> ds:|-
0 R”
Combining this with the estimates (2.23) and (2.24), we find
T; m ~ !
Ex|sup|Ys’|" | <C |x|m+1+[ E. / [E|" K (Xgna1;,dE) |ds
s<t 0 R
! Ti\m
+/ E[|Ys| ]ds). (2.28)
0
By monotone convergence we obtain (2.21).
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Concerning (2.22), note that under the conditions (2.19) or (2.20), we can deduce

from (2.28) that
T; ~ (! T;
E, [sup!Ys ' !’”] <K+ c/ E, [supmf |'"} ds
s<t 0 U=<s

for some finite constants K and C. Since the right-hand side is finite due to the
conditions (2.19) or (2.20) and the estimate

sup|Yu " < |x|™ + j" +Ei[|AY ;"]

SAT
< |x|’"+j'”+Ex[/ / |§|’"K(Xs,ds)ds}

Gronwall’s lemma yields
x|:sup|Y | i| < KeC!
for all j € N and the result follows from monotone convergence. g

Remark 2.18 (i) It is important to note that the characteristics of ¥ = (X;1;<7,)) in
the above statements are always specified with respect to the “truncation function”
x (&) = &. While C and v do not depend on this choice, the characteristic B does
depend on . So if one chooses another truncation function x’, the difference between
B and B’ is given by fot fR,,\{O}(X’(S) — x(&))v(ds, d€). Thus, the requirement that
C and v are as in Theorem 2.15 and

1

(b(Xz) +/Rn\{0}(x(§) - X'(E))K(Xz,d5)> = > o fuX1) (2.29)

k|=0

is an equivalent condition guaranteeing that X is m-polynomial.
(i) We now give two examples of kernels K (x, d§) which satisfy the conditions
of Proposition 2.12 as long as ¢;; € P, and b satisfies (2.29).

(a) The first one essentially requires K (x, d&€) to be a quadratic polynomial in x, that
is,

00 (d) io(d§) ij (dg)
K (x,d&) = xix
(a9 (nsan Z TeP ATt 2 ’||s||2A1)

i<j

where all u;; are finite signed measures on R” such that K (x, -) is a well-defined
Lévy measure for every x € S. In view of Remark 2.13, it is necessary to require

/ IENI™ (1 (dE) + i (dE)) = / €1 |ij (@€)] < o0,
I&1>1 l1>1
where ;L;;, y{j denotes the Jordan decomposition of p;;.
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(b) Alternatively, K can be specified as the pushforward of a Lévy measure under an
affine function. Let d > 1 and let

piSxRI SR (x,y) > plx,y) = p*(y) = H)x +h(y),

be an affine function in x. Here, H : RY — R"*" and h : RY — R”" are assumed
to be measurable. We define K then by

K (x,d§) := (p*), n(d§),

where for each x € S, (p*),u denotes the pushforward of the measure p under
the map p*. Moreover, 4 is a Lévy measure on R integrating

/ (IHO|* + ) [ uidy) forallke(l,...,m).
R4\(0)

3 Examples
In order to apply Theorem 2.15 to the following examples, we assume m > 2.

Example 3.1 (Affine processes) Every affine process X on S =]Rf_ x R"™P is
m-polynomial if the killing rate is constant and if the Lévy measures u; for
i€{0,1,..., p} satisfy

/ I€1"™ wi(d§) < oo. 3.1
lgl=1

For details on affine processes see e.g. [7] and [17]1.3

Proof Since the differential characteristics of ¥ = (X,;1{,.r,)) are affine functions in
X and since (3.1) ensures that condition (2.20) is satisfied, that is,

P
fR EI"K (Xr,d8) = /R g (Mo(dé) + th,,-mus))

i=1

<C(1+1vl) <C(1+1YIm)
for some constant C and m > 2, the assertion follows from Theorem 2.15. O

Let us remark that affine processes are defined via their characteristic function,
which is of the form

Ex [e(iu,X,)] — e¢(t,iu)+(1/f(t,iu),x)

for some function ¢ and . This definition then implies affine semimartingale charac-
teristics, from which the polynomial property can easily be seen due to Theorem 2.15.

3We write here 1o for the constant part of the jump measure in contrast to [7], where it is denoted by m.
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Note also that the explicit knowledge of ¢ and v is not necessary to compute the
moments of an affine process. Simply the knowledge of its characteristics, which de-
termine the linear map A given in Theorem 2.7(ii), is enough (see Sect. 4). Moreover,
for affine processes, it has not been proved so far that the existence of the moments of
the Lévy measures automatically implies the existence of the moments of the process
itself. We can conclude this simply from the more general statement of Lemma 2.17.

Example 3.2 (Exponential Lévy models) Exponential Lévy models are of the form
X = xel, where L is a Lévy process on R with triplet (b, ¢, ). Under the integrabil-
ity assumption f‘y|>1 ™ u(dy) < oo, which guarantees the existence of E,[|X,|™],

exponential Lévy models are m-polynomial, since we have E, [x"e"L1] = x™ !V (™)
where 1 denotes the cumulant generating function of the Lévy process.

Example 3.3 (Lévy-driven SDEs) Let L denote a Lévy process on R? with triplet
(b, c, ). Suppose furthermore that Vi,..., Vy are affine functions, i.e., we have
Vi:S—>R" x+> Hjx + h;, where H; € R"*" and h; € R". A process X which
solves the stochastic differential equation

d
dX, =) Vi(X;-)dL,;. Xo=xE€S,
i=1

and leaves S invariant is m-polynomial if the Lévy measure satisfies the moment
condition

f Iyl mn(dy) < oo. (3.2)
lyll>1

Proof For C,%—functions g and general Lipschitz-continuous functions Vi, ..., Vy,
the extended generator of X with respect to some truncation function x is given by

d n
1 ’
<Z Vi(o)bi. Vg(x>> 3 2 (Vi) Va)e(Vio) - Va0) ), Dijg )

i=1 i,j=1

d d
+ f (g (x +y° Vi(x)yi> —g(x) — <Z Vi) xi (), Vg(X)>>M(dy)-
i=1 i=1

Concerning the compensator of the jump measure K (x,d§), this example corre-
sponds to the situation of Remark 2.18(ii) (b) with

d
PG, y)=Hy)x +h(y) =Y Hiyix +hiyi.

i=1

Condition (2.20), that is,

/ €17 K (X, dE) :/
R» Rr

m

n(dy) < C(1+ X1

d
D HiyiX: + hiyi
i=1
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for some constant C , is satisfied due to (3.2). Hence Theorem 2.15 yields the asser-
tion. O

Example 3.4 (Quadratic term structure models [4]) Consider for r a quadratic term
structure model, specified as nonnegative quadratic function of a one-dimensional
Ornstein—Uhlenbeck process Y, i.e.,

re=Ro+ Ri1Y; + RyY?
for appropriate R; € R. Here, Y is given by
dYt = (b+ﬂYt)dt +0'th,

where W is a standard Brownian motion. The joint process X = (Y, r) then satisfies
the dynamics

avy\ b B 0
(drt> - ((Rlb + Ryo? — 2R0,3> + (2R2b - R1,3> Yi+ <2ﬂ> ”) dt

(o2
+ ((R1 + 2R2Y,)a> Wi

and is therefore clearly a polynomial process with

! 1 R 0 2R 0 0
_ 2 1 2 2 2 2
= (2 (a &)+ ok amin) 77 (0 amg) %) o

Example 3.5 (Jacobi process) Another example of a polynomial process is the Jacobi
process (see [14]), which is the solution of the stochastic differential equation

dX,:—,B(X,—Q)dt—i—G\/X,(l—X,)th, X():.XE[O, 1],

on S = [0, 1], where 6 € [0, 1] and B, o > 0. This example can be extended by adding
jumps, where the jump times correspond to those of a Poisson process with intensity
A and the jump size is a function of the process level. Indeed, if a jump occurs, then
the process is reflected at % so that it remains in the interval [0, 1]. The extended
generator is given by

d 1
Gs) =P =N 4 Jo2 (1 - )

d?g(x)
dx?

+ (g1 —x) —g(x)).
In terms of Remark 2.18(ii) (b), we have p(x, y) = —2yx + y and u(dy) = A51(dy).

Example 3.6 (Pearson diffusions) The above Example 3.5 (without jumps) as well
as Ornstein—Uhlenbeck and Cox—Ingersoll-Ross processes, all of them with mean-
reverting drift, can be subsumed under the class of so-called Pearson diffusions,
which are the solutions to SDEs of the form

dX; = —B(X, —6)di +\/(a +a0X; +an X2 dW,. Xo=ux,

@ Springer



Polynomial processes and their applications to mathematical finance 735

where § > 0 and «1¢, @11 and a are specified such that the square root is well defined.
In view of Theorem 2.15, it is thus obvious that these processes are polynomial.
Forman and Sgrensen [10] give a complete classification of the different types of the
Pearson diffusion in terms of their invariant distributions.

Example 3.7 (Dunkl process) The extended generator of the so-called Dunkl process
(see [8, 11]) is given by

d? A d
Gatry = 189 —fﬂg(g(eré) ) —E%)t?—zx(dé)

dx? 2x2
_d’g(x) | Adg(x) L M) — ()
Todx? x dx 2x2 '

Since K (x, d€) = 3585, (d€) and

A2X, ™
R RCE P ot

t

for all m > 2, we derive from Theorem 2.15 that the Dunkl process is a polynomial
process.

4 Applications

By Theorem 2.7, we know that there exists a linear map A such that moments
of m-polynomial processes can simply be calculated by computing ¢'4. Indeed,
by choosing a basis (eq,...,ey) of P,, the matrix corresponding to this lin-
ear map, which we also denote by A = (Ax¢)k e=1,...n, can be obtained through
Aey = Z?]:] Apyoep. Writing f as 211(\1:1 ayey, we then have

A
Plfz(al"'-’aN)e[ (elv"'aeN)/a

which means that moments of polynomial processes can be evaluated simply by com-
puting matrix exponentials.
By means of the one-dimensional Cox—Ingersoll-Ross process

dX[:(b+ﬁX[)dt+G\/X[dWl, b,G€R+, ,BER,

we exemplify how moments of order m can be calculated. Its extended generator is
given by
2, d°g(x) dg(x)

1
Ag(x):iax e + (b + Bx) e

@ Springer



736 C. Cuchiero et al.

Applying A to (x°, x!, ..., x™) yields the (m + 1) x (m + 1) matrix

0
b B 0
0 2b+0? 28 0

A=1o 0 3b+302 3B 0
0 mb—l—@a2 mp

Hence, Ex[Xf‘] =Pxk=(0,...,1,...,00e" A0, ..., xk, ... x™).

Remark 4.1 (i) Note that A is a lower triangular matrix, whose eigenvalues are the
diagonal elements. Since in this case they are all distinct, the matrix is diagonalizable.
Of course, there are many efficient algorithms to evaluate such matrix exponentials
(see for example [13, 19]).

(ii) If n > 1, one has to apply well-known techniques from linear algebra of poly-
nomials, in order to enumerate efficiently a basis of P, and to exploit sparsity prop-
erties of A; see for instance [21].

4.1 Moment estimation—generalized method of moments (GMM)

In view of this easy and fast technique of moment calculation for polynomial pro-
cesses, the generalized method of moments (GMM) can be applied for parameter
estimation. If we are given a stationary polynomial process X, then typical function-
als applied for parameter estimation are of the form

X:ll Xﬁ—ls - EX[X:” thfi-ls]
f(X,0)= : , ni,m; €N, 1<i<gq,
X7 X — Bl X X
where 6 is the set of parameters to be estimated. This functional is indeed sim-
ple to evaluate, since E,[X} X[\ ] = E,[X} Ex,[X{']] can also be computed eas-
ily. The usual technology of equating time averages to expectations applies for f and
leads to efficient calibration methods. In the case of one-dimensional jump-diffusions,
Zhou [23] already uses this method for GMM estimation.

4.2 Model calibration

In model calibration—in contrast to estimation of parameter values of a stationary
process from time series data—parameters are chosen such that derivatives’ prices
are best explained. Here also the polynomial structure can be very helpful. Assume a
polynomial process X, where derivatives’ prices are known from the market. Deriva-
tives’ prices are expectations E,[ f (X;)] for sufficiently many time points ¢ > 0 and
sufficiently many payoffs f, such that we can estimate the curves ¢ — P;g(x) for
today’s initial value x and several polynomials g. In other words, we need as many
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derivatives’ prices as necessary to calculate (estimate) the prices of some payoffs,
which are polynomials in the underlying.

Once we have those curves ¢t — P;g(x), it is often an easy task to read off para-
meter values which explain this curve. This will be worked out in a follow-up paper.

4.3 Pricing—variance reduction

The fact that moments of polynomial processes are analytically known also gives rise
to new and efficient techniques for pricing and hedging.

Let X be an m-polynomial process and G : S — R" a deterministic measurable
map such that the discounted price processes are given through S; = G(X;) under a
martingale measure. Typically G = exp if X are log-prices. We denote by F = ¢ (St)
a bounded measurable European claim for some maturity 7 > 0, whose (discounted)
price at ¢ > 0 is given by the risk-neutral valuation formula

pl =E[6(SD)| 7] =Ex,[(¢ 0 G)(X1)].
Obviously, claims of the form
F=foG ' (S) 4.1
for f € P, are analytically tractable, since we have

pl=E(fo GNP | F]=Proif(GT'(S)) =T D4 f(G71(S))

for 0 <t < T, where A is the previously defined linear map on P,,. Although claims
are in practice not of the form (4.1), the explicit knowledge of the price of polynomial
claims can be used for Varlance reductlon techniques based on control variates. In-
stead of using the estimator 7[0 =7 Zl 1(¢ 0 G)(X’) in a Monte Carlo simulation,
where X%, e, XL are L samples of X7, we can use

h' |

L
Z((¢ 0 GO)(X]) — (F(XP) ~E:lF (X)),

where f € P, is an approximation of ¢ o G and serves as control variate. Both
estimators are unbiased and the second clearly outperforms the first since we have
Var(ﬁ(f ) < Var(ﬂ(;p ), where the ratio of the variances depends on the accuracy of the
polynomial approximation.

It is worth mentioning that the previous pricing algorithm has also important
consequences for hedging, since the Greeks for “polynomial claims” F = f(X7)
can also be calculated explicitly and efficiently. The coefficients of the polynomial
x > Ex[f(X7)] can be computed using matrix exponentiation, and taking deriva-
tives of this polynomial is then a simple algebraic operation. To be more precise, the
sensitivities of the price process with respect to the factors X can be calculated by

Vol =VPr_ f(GT1(SH) VG ().
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Assuming a complete market situation, the claim ¢ (S7) = ¢ o G(Xr) can be repli-
cated by a trading strategy n, i.e.,

T
$(Sr) =E[p(S1)] + /0 neds;.

Similarly, the polynomial claim f(X7) can be replicated by the delta-hedging strat-
egy Vp! and we conclude that

T
$(ST) — f(X1) = Ex[¢(SP)] — Ex[ £ (X1)] + /O (n—VpF)ds,.

Therefore, if we assume that ¢(St) — f(X7) has small variance, then also the
stochastic integral representing the difference of the cumulative gains and losses of
the two hedging portfolios, namely the one built by the unknown strategy n and the
one built by the known strategy V p’, is small.

Concerning the approximation of ¢ o G by a polynomial, let us consider the case
St = G(X;,1) with G : R — R, meaning that we only have one asset which de-
pends on the first component of the polynomial process X as it is usually the case in
stochastic volatility models. If the Hamburger moment problem for the law of X7 1,
say jt, admits a unique solution, then the set of all polynomials is dense in L2 () (see
[1, Theorem 2.3.3]) and hence also in L' (x). A sufficient conditions for the unique-
ness of a solution to this moment problem is

k!

xSl <C
for some constants C > 0 and R > 0 (see [20, Example X.4]). This condition can
be assured by the existence of exponential moments of X7 ; around 0, that is, the
moment generating function E[e*XT.1] should be finite for all u € (—e, &), which is
often satisfied in financial applications.

For illustrative purposes, we have implemented the following affine stochastic
volatility model which was initially proposed by Bates [2]. The price process is spec-
ified as S; = SpeX* with dynamics

X\ (r=Y% -V, [,(ef — 1)Fdg)
o(v)= (7, @

T ) ()9
op/Vi o1 —p2/V;) \dB; > 0 )’
where B is a 2-dimensional Brownian motion and Z a pure jump process in R with
jump intensity Av and exponentially distributed jump sizes, i.e., F(§) = %e‘é , for
some parameter ¢ € R . Figure 1 illustrates the comparison between the Monte Carlo
simulation for European call prices with and without variance reduction. In this ex-
ample we use the parameters as given in Table 1.

The polynomial which we take to approximate the payoff function is of degree
10 and is chosen such as to minimize the approximation error in a certain interval
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Table 1 Model parameters -
So Vo Strike r b B o p A c

10 01 9 0.04 008 07 003 0 15 0.05

22 T T T

European call price - Heston type model

———Monte Carlo

Monte Carlo with _
' Variance Reduction

! 10* 10°

Number of Iterations {logarithmic scale}

08 L PR S A |

Fig.1 Comparison: Monte Carlo simulation for European call prices with and without variance reduction

(depending on the support of the probability distribution). Concerning computation
time, we remark that beside the one-time calculation of the matrix exponential, the
only additional computational effort resulting from the use of the control variates
is the evaluation of a polynomial in each loop. In our MATLAB code, this causes
an increase of computation time of less than 50 % per replication. Observing that
one can achieve the same accuracy by using 100 times fewer replications through the
polynomial control variates, the computation time (in our MATLAB implementation)
can be decreased by a factor of more than 65.

Let us finally remark that our variance reduction technique is of particular interest
for affine models for which the generalized Riccati ODEs (see [7]) determining the
characteristic function cannot be explicitly solved. Moreover, it can also be applied
to derivatives involving several assets, provided that their dynamics are described by
a polynomial process. This can simply be done by approximating European payoff
functions depending on several variables with multivariate polynomials.
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