Finance Stoch (2016) 20:931-972
DOI 10.1007/s00780-016-0304-4 CrossMark

Polynomial diffusions and applications in finance

Damir Filipovi¢! - Martin Larsson?

Received: 26 May 2015 / Accepted: 21 December 2015 / Published online: 14 June 2016
© Springer-Verlag Berlin Heidelberg 2016

Abstract This paper provides the mathematical foundation for polynomial diffu-
sions. They play an important role in a growing range of applications in finance,
including financial market models for interest rates, credit risk, stochastic volatil-
ity, commodities and electricity. Uniqueness of polynomial diffusions is established
via moment determinacy in combination with pathwise uniqueness. Existence boils
down to a stochastic invariance problem that we solve for semialgebraic state spaces.
Examples include the unit ball, the product of the unit cube and nonnegative orthant,
and the unit simplex.
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1 Introduction

This paper provides the mathematical foundation for polynomial diffusions on a large
class of state spaces in R?. A polynomial diffusion is characterized by having a linear
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drift and quadratic diffusion function. In consequence, moments are given in closed
form. Such processes represent an extension of the affine class. They play an im-
portant role in a growing range of applications in finance, including financial market
models of interest rates, credit risk, stochastic volatility, and commodities and elec-
tricity.

An arbitrage-free financial market model is determined by a state price den-
sity, i.e., a positive semimartingale ¢ defined on a filtered probability space
(2, %, %;,P). The model price I1(t, T) at time ¢ of any time T cash-flow Cyr is
given by

H(t,T):é]E[;TCTL%]. (1.1)
We may interpret P as the historical measure, or more generally as an auxiliary mea-
sure possibly different from, but equivalent to, the historical measure. A polynomial
diffusion model consists of a polynomial diffusion X as factor process, along with
a positive polynomial p on the state space. The state price density is specified by
¢ =e % p(X,), where a is a real parameter chosen to control the lower bound on im-
plied interest rates. We let the time T cash-flow of a security be given by Ct = q(X7)
for some polynomial ¢q. The polynomial property of X along with the elementary fact
that pq is a polynomial implies that I71(¢, T)) becomes a rational function in X; with
coefficients given in closed form in terms of a matrix exponential. Polynomial dif-
fusion models thus yield closed form expressions for any security with cash-flows
specified as polynomial functions of X, which makes them universally applicable in
finance. This includes financial market models for interest rates (with Cr = 1), credit
risk in a doubly stochastic framework (with C7 the conditional survival probability),
stochastic volatility (with Cr the spot variance), and commodities and electricity
(with Cr the spot price).

While polynomial diffusions have appeared in the literature since Wong [48], so
far no existence and uniqueness theory has been available beyond the scalar case. This
paper fills this gap and thus provides the mathematical foundation for polynomial
diffusion models in finance.

Our main uniqueness result (Theorem 4.2) is based on the classical theory of the
moment problem. Since the mixed moments of all finite-dimensional marginal dis-
tributions of a polynomial diffusion are uniquely determined by its generator (Theo-
rem 3.1 and Corollary 3.2), uniqueness follows whenever these moments determine
the underlying distribution. This is often true, for instance in the affine case or when
the state space is compact, or more generally if exponential moments exist; Theo-
rem 3.3 provides sufficient conditions. There are, however, situations where the mo-
ment problem approach fails. We therefore provide two additional results based on
Yamada—Watanabe type arguments, which give uniqueness in the one-dimensional
case (Theorem 4.3) as well as when the process dynamics exhibits a certain hierarchi-
cal structure (Theorem 4.4). These uniqueness results do not depend on the geometry
of the state space.

In order to study existence, we assume that the state space is a basic closed semi-
algebraic set, i.e., the nonnegativity set of a finite family of polynomials. Existence
reduces to a stochastic invariance problem that we solve under suitable geometric
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and algebraic conditions on the state space (Theorem 5.3). We also study boundary
attainment. In applications, it is frequently of interest to know whether the trajectories
of a given process may hit the boundary of the state space. In particular, simulating
trajectories becomes a much more delicate task if the boundary is attained; see Lord
et al. [35]. We present sufficient conditions for both attainment and non-attainment
that are tight (Theorem 5.7).

A semialgebraic state space is a natural choice for at least three reasons. First, pos-
itive semidefiniteness of the quadratic diffusion matrix boils down to nonnegativity
constraints on polynomials. Second, polynomial diffusion models in finance involve
polynomials that are required to be positive on the state space. And third, semial-
gebraic sets turn out to be an ideal setting for employing tools from real algebraic
geometry to verify the hypotheses of our existence and boundary attainment results.

We give a detailed analysis of some specific semialgebraic state spaces that do
and will play an important role in financial applications, and that illustrate the scope
of polynomial diffusions. Specifically, we consider certain quadric sets including the
unit ball {x € R? : ||x| < 1}, the product space [0, 1]" x R’} , and the unit simplex
{x e ]Ri :x1 4+ --- 4+ xqg = 1}. We also elaborate on polynomial diffusion models in
finance, and show how to specify novel stochastic models for interest rates, stochastic
volatility, and stock markets.

Polynomial processes have been studied in various degrees of generality by several
authors, for instance Wong [48], Mazet [38], Zhou [49], Forman and Sgrensen [24],
among others. The first systematic accounts treating the time-homogeneous Markov
jump-diffusion case are Cuchiero [9] and Cuchiero et al. [10]. The use of polynomial
diffusions in financial modeling goes back at least to the early 2000s. Zhou [49] used
one-dimensional polynomial (jump-)diffusions to build short rate models that were
estimated to data using a generalized method-of-moments approach, relying crucially
on the ability to compute moments efficiently. A short rate model based on the Jacobi
process was presented by Delbaen and Shirakawa [15], and Larsen and Sgrensen
[33] used the same process for exchange rate modeling. The multidimensional Ja-
cobi process was studied by Gouriéroux and Jasiak [27], who constructed a stock
price model with smooth transitions of drift and volatility regimes. More recently,
polynomial diffusions have featured in the context of financial applications in several
papers; see Filipovic et al. [23, 21] for models of the term structure of variance swap
rates and interest rates, respectively, models, and Cuchiero et al. [10] for variance
reduction for option pricing and hedging, among other applications. There are sev-
eral reasons for moving beyond the affine class. In particular, nontrivial dynamics on
compact state spaces become a possibility, which together with the polynomial prop-
erty fits well with polynomial expansion techniques; see also Filipovi¢ et al. [20].
Also on non-compact state spaces, one can achieve richer dynamics than in the affine
case. Examples of non-affine polynomial processes include multidimensional Jacobi
or Fisher—Wright processes (Ethier [18], Gouriéroux and Jasiak [27]), Pearson diffu-
sions (Forman and Sgrensen [24]), and Dunkl processes (Dunkl [17], Gallardo and
Yor [25]).

The rest of the paper is structured as follows. In Sect. 2, we define polynomial
diffusions. Section 3 is concerned with power and exponential moments. In Sect. 4,
we discuss uniqueness. In Sect. 5, we treat existence and boundary attainment. Sec-
tion 6 contains examples of semialgebraic state spaces. Section 7 outlines various
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polynomial diffusion models in finance. For the sake of readability, most proofs are
given in Appendices A—I. Some basic notions from algebraic geometry are reviewed
in Appendix J.

We end this introduction with some notational conventions that will be used
throughout this paper. For a function f : RY — R, we write {f = 0} for the set
{x e R?: f(x) = 0}. A polynomial p on R? is a map R? — R of the form
Za coéx(f‘1 . -xgd, where the sum runs over all multi-indices @ = («, ..., aq) € Ng
and only finitely many of the coefficients ¢, are nonzero. Such a representation is
unique. The degree of p is the number deg p = max{a; + --- + a4 : cq # 0}. We
let Pol(R?) denote the ring of all polynomials on R?, and Pol,(R¢) the subspace
consisting of polynomials of degree at most n. Let E be a subset of R?. A polyno-
mial on E is the restriction p = g|g to E of a polynomial g € Pol(RY). Its degree is
deg p = min{degqg : p =¢qlEg,q € Pol(R%)}. We let Pol(E) denote the ring of poly-
nomials on E, and Pol, (E) the subspace of polynomials on E of degree at most 7.
Both Pol, (R?) and Pol,, (E) are finite-dimensional real vector spaces, but if there are
nontrivial polynomials that vanish on E, their dimensions will be different. If £ has a
nonempty interior, then Pol, (R?) and Pol,, (E) can be identified. The set of real sym-
metric d X d matrices is denoted Sd, and the subset of positive semidefinite matrices
is denoted Si.

2 Definition of polynomial diffusions

Throughout this paper, we fix maps a : RY — S and b : R — R with
a;j € Poly(RY) and b; € Poly (RY) for all i, j 2.1

and a state space E C R?. Our goal is to investigate the following issues:

(a) For a suitable class of state spaces E, find conditions on a, b, E that guarantee
the existence of an E-valued solution to the stochastic differential equation

for some d-dimensional Brownian motion W and some continuous function
o : R4 — R4 with 6o T =a on E. We shall consider the class of basic closed
semialgebraic sets E, defined using polynomial equalities and inequalities.

(b) Find conditions for uniqueness in law for E-valued solutions to (2.2). By this
we mean that for any x € E and any E-valued solutions X and X’ to (2.2) with
X = X, = x, possibly with different driving Brownian motions, X and X’ have
the same law.

(c) Find conditions for a solution to (2.2) to attain the boundary of E.

(d) Find large parametric classes of a, b, E for which (2.2) admits a solution.

Investigating these issues is motivated by the fact that diffusions as in (2.2) admit
closed form conditional moments and have broad applications in finance, as we shall
see below.
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We consider the partial differential operator ¢ given by
1 2 T
%szTr(aV fH+b Vi (2.3)

In view of (2.1), 4 maps Pol, (Rd) to itself for each n € N. As we work on a state
space E C R¢, we now refine this property. We say that & is well defined on Pol(E)
if 4 f =0on E forany f € Pol(R?) with f =0 on E. In this case, ¢ is well defined
as an operator on Pol(E). This always holds if £ has a nonempty interior.

Definition 2.1 The operator ¢ is called polynomial on E if it is well defined on
Pol(E), and thus maps Pol, (E) to itself for each n € N. In this case, we call any
E-valued solution to (2.2) a polynomial diffusion on E.

It is a simple matter to verify that any second order partial differential operator
that maps Pol,, (E) to itself for each n € N is necessarily of the form (2.1) and (2.3)
on E.

Lemma 2.2 Let gf = 1 Tr@v2f) + ETVf be a partial differential operator for

some maps d : R — S? and b:RY — R, Assume 9 is well defined on Pol(E).
Then the following are equivalent:

@) %maps Pol,, (E) to itself for each n € N.
(i1) ¢ maps Pol,(E) to itself forn € {1, 2}.
(iii) The components of @ and b restricted to E lie in Poly(E) and Pol| (E), respec-
tively.

In this case, @ and b restricted to E are uniquely determined by the action of < on
Poly (E).

Proof The implications (i) = (ii) ang (iii) = (i) are immediate, and the implication
(ii) = (iii) follows upon applying ¢ to the monomials of degree one and two. In
particular, this pins down @ and b on E, and thus also establishes the last part of the
lemma. g

In the one-dimensional case d = 1, one can classify all polynomial diffusions on
intervals E. Indeed, one has a(x) = a + ax + Ax? and b(x) = b + Bx for some
scalars a,a, A, b, B,and E = {x € R: a(x) > 0}. See Forman and Sgrensen [24] and
Filipovi¢ et al. [23] for details.

The multidimensional case is less trivial. For example, let d =2, E =R x {0},
and consider the operator ¥ f(x, y) = %8xx.f(x, ¥) + 9y f(x,y). This operator is
not well defined on Pol(E), since the polynomial f(x, y) = y vanishes on E, but
4 f(x, y) = 1. On the other hand, ¥ is the generator of the diffusion dX; = (dB;, dt),
where B is a one-dimensional Brownian motion. This process immediately leaves E
for any starting point x € E. If, however, an E-valued solution to (2.2) exists for
any starting point x € E, then ¢ is well defined on Pol(E). This follows from the
following basic positive maximum principle.
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Lemma 2.3 Consider f € C*(RY) and suppose X € E is a maximizer of f over E.
If (2.2) admits an E-valued solution with Xo =X, then 4 f (x) < 0.

Proof Let X be an E-valued solution to (2.2) with X = X, and assume for contra-
diction that ¢4 f (x) > 0. By the definition of a global maximizer, f(x) < f(x) for all
x € E.Let t =inf{r > 0:¥ f(X,;) <0}, and note that T > 0. Then for 7 € (0, t), we
have f(X;) < f(x) and ¢4 f (X;) > 0, which implies

INT
FXine) — £ — /0 @ F(X.)ds <0

for all # > 0. Thus the left-hand side is a local martingale starting from zero, strictly
negative for all # > 0. This contradiction proves that 4 f (x) < 0. 0

Regarding uniqueness, it is crucial to restrict attention to E-valued solutions. To
illustrate what can otherwise go wrong, consider the stochastic differential equation

dX; = —2\/X>,_ dr + 2\/X>,+ dW;, which is well known to have a unique R -valued
solution: the zero-dimensional squared Bessel process. However, this stochastic dif-
ferential equation admits other solutions that do not remain in Ry, for example
X =Y 1<) —(— 1)21{,>,}, where Y is a zero-dimensional squared Bessel process
with Yy > 0 and t = inf{z : Y; = 0}. Here 7 is finite almost surely.

Note that in Definition 2.1, we require neither uniqueness of solutions to (2.2),
nor that ¢ be the generator of a Markov process on E. There are two reasons for
this. First, existence of E-valued solutions to (2.2) does not in itself imply that those
solutions are Markovian. Second, in the context of Markov processes, the polynomial
property holds if and only if the corresponding semigroup leaves Pol, (E) invariant
for each n € N. However, this fact, properly phrased, does not require the Markov
property. Only Itd calculus is needed. This observation is crucial for our approach
to proving uniqueness. Finally, we remark that a polynomial diffusion that is also a
Markov process is a “polynomial process” in the terminology of Cuchiero et al. [10],
with vanishing killing rate and no jumps.

3 Power and exponential moments

Throughout this section, we assume that ¢ is polynomial on E and let X be an
E-valued solution to (2.2) realized on a filtered probability space (£2, %, %, P).

For any n € N, we let N = N(n, E) denote the dimension of Pol, (E). We fix a
basis of polynomials &1, ..., hy for Pol, (E) and write

-
H@) = (hi(x).....hy@)
Then for each p € Pol,, (E), there exists a unique vector p € R such that

px)=Hx) ' p. (3.1)
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The restriction of ¢ to Pol,, (E) has a unique matrix representation G € RV*N  char-

acterized by the property that G p is the coordinate vector of ¢ p whenever p is the
coordinate vector of p. That is, we have

Gp(x)=Hx) Gp. (3.2)

We now show that E[p(X7) | %] is indeed well defined as a polynomial function
of X;. Recall that we do not assume uniqueness of solutions to (2.2), and we do not
require X to be Markov. The proof is given in Appendix B.

Theorem 3.1 If E[|| Xo||?"] < oo, then for any p € Pol,(E) with coordinate repre-
sentation p € RN, we have

Elp(X7) | F1=HX,) eT 65 1<T.

The following result is a direct consequence of Theorem 3.1. Its statement and

proof use standard multi-index notation: For a multi-index k = (k1, ..., kg) € Nd, we

write K| =k + -+ ky andxk:xf' ~~-x§d.

Corollary 3.2 For any time points 0 < t| < --- < t, and for any multi-indices
k(1), ..., k(m) such that

E[”X0||2|k(1)|+--~+2|k(m)|] <00,
the expectation E[X;(l(l) e X:(m(m)] is uniquely determined by ¢ and the law of Xy.

Proof We prove the result for m = 2; the general case follows by iteration. Set
j=k(1), k=k(2), and n = |j| + |Kk|. Since E[|| Xo|/**!] < oo, Theorem 3.1 yields
X1 EIXE | Z,1= p(X,,) for some polynomial p € Pol, (E) whose coordinate repre-
sentation p only depends on G. Since E[|| X0 "] < oo, another application of Theo-
rem 3.1 yields

E[X}, X351 =E[E[p(X,) | Fol] = E[H (Xo) "e"“g].
This proves the corollary. U

We next provide conditions under which X7 admits finite exponential moments.
This result will be used in connection with proving uniqueness in Theorem 4.2 below,
but is also of interest on its own for applications in finance.! Its proof is given in
Appendix C.

Theorem 3.3 If
]E[e5||x0”] <00  forsomed >0 (3.3)

I'We thank Mykhaylo Shkolnikov for suggesting a way to improve an earlier version of this result.
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and the diffusion coefficient satisfies the linear growth condition
laG)| < C 4+ |1x]) forallx e E (3.4

for some constant C, then for each t > 0, there exists € > 0 with E[esux’u] < 00.

4 Uniqueness

Throughout this section, we assume that ¢ is polynomial on E. We present three
results regarding uniqueness in law for E-valued solutions to (2.2). Recall that this
notion of uniqueness pertains to deterministic initial conditions, as defined under (b)
in Sect. 2.

The first result relies on the fact that the joint moments of all finite-dimensional
marginal distributions of a polynomial diffusion are uniquely determined by ¥; see
Corollary 3.2. Thus uniqueness in law follows if the finite-dimensional marginal dis-
tributions are the only ones with these moments. This property is known as deter-
minacy in the literature on the moment problem, a classical topic in mathematics;
references include Stieltjes [45], Akhiezer [3], Berg et al. [5], Schmiidgen [43], Stoy-
anov [46], Kleiber and Stoyanov [32] and many others.

Lemma 4.1 Let X be an E-valued solution to (2.2). If for each t > 0, there exists
e > 0 with E[exp(e|| X/|)] < oo, then any E-valued solution to (2.2) with the same
initial law as X has the same law as X . In particular, this holds if (3.3) and (3.4) are
satisfied.

Proof For any t > 0 and i € {1, ..., d}, the hypothesis yields E[exp(¢|X; (])] < 00
for some ¢ > 0. As a consequence, the moment-generating function of X; ; exists and
is analytic in (—e¢, €), hence equal to its power series expansion, and thus determined
by the moments of X; ;. By Curtiss [11, Theorem 1], the moment-generating function
determines the law of X; ;, which thus satisfies the determinacy property. Now, ac-
cording to Petersen [40, Theorem 3], determinacy of the (one-dimensional) marginals
of a measure on R™ implies determinacy of the measure itself. It follows that deter-

minacy holds for the law of each collection (X;,...,X;,), 0 <t <--- < t,. By
Corollary 3.2, the corresponding moments are the same for any E-valued solution
to (2.2) with the same initial law as X. This proves the theorem. 0

If X¢ = x is deterministic, then (3.3) holds and Lemma 4.1 directly yields our first
result.

Theorem 4.2 [f the linear growth condition (3.4) is satisfied, then uniqueness in law
for E-valued solutions to (2.2) holds.

Theorem 4.2 assumes the linear growth condition (3.4) to ensure existence of
exponential moments. While valid for all affine diffusions, as well as when E is

compact, this condition excludes some interesting examples, in particular geometric
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Brownian motion.” Uniqueness for the geometric Brownian motion holds of course,
and can be established via the Yamada—Watanabe pathwise uniqueness theorem for
one-dimensional diffusions. Our second result records this fact.

Theorem 4.3 If the dimension is d = 1, then uniqueness in law for E-valued solu-
tions to (2.2) holds.

Proof Since ¢ is polynomial, the drift b(x) in (2.2) is an affine function on E, and
the dispersion restricted to E is of the form o (x) = +/a + ax + Ax? for some real
parameters «, a, A. Hence b(x) is Lipschitz-continuous, and o (x) satisfies

(0(x) =0 () <pa(lx—yl), forallx,ye E with [x|, |yl <n,

where p,(z) = |a + 2nA|z, for any n > 1. A localization argument in conjunction
with Rogers and Williams [42, Theorem V.40.1] shows that pathwise uniqueness
holds for any E-valued solution to (2.2). This in turn implies uniqueness in law;
see Rogers and Williams [42, Theorem V.17.1]. O

Our third result, in combination with Theorems 4.2 and 4.3, yields uniqueness
in a wide range of cases that are encountered in applications. The setup is the
following. We assume that any E-valued solution to (2.2) can be partitioned as
X = (Y, Z), where Y is an autonomous m-dimensional diffusion with closed state
space Ey C R™, Z is n-dimensional, and m + n = d. That is, (Y, Z) solves the
stochastic differential equation

dY; = by (Y;) dt + oy (Y;) dW,, 4.1)
dZ; =bz(Yy, Z;)dt + 07(Yy, Z;) AWy, 4.2)
for polynomials by : R” — R and bz : R™ x R" — R" of degree one, continuous

maps oy : R" — R"*4 and g : R™ x R" — R"*4_and where Y takes values in Ey.
The proof of the following theorem is given in Appendix D.

Theorem 4.4 Assume that uniqueness in law for Ey-valued solutions to (4.1) holds,
and that oz is locally Lipschitz in z, locally in y, on E. That is, for each compact

2For geometric Brownian motion, there is a more fundamental reason to expect that uniqueness cannot be
proved via the moment problem: it is well known that the lognormal distribution is not determined by its
moments; see Heyde [29]. It thus becomes natural to pose the following question: Can one find a process Y ,
essentially different from geometric Brownian motion, such that all joint moments of all finite-dimensional
marginal distributions,
IE[Y;);] -‘-Y;XW:"J, meN, (@,....,am) eEN"0<t <+ <ty <00,

coincide with those of geometric Brownian motion? We have not been able to exhibit such a process.
Note that any such Y must possess a continuous version. Indeed, the known formulas for the mo-
ments of the lognormal distribution imply that for each 7 > 0, there is a constant ¢ = ¢(7) such that
E[(Y; — Ys)4] <c(t— s)2 foralls <t <T,|t —s| <1, whence Kolmogorov’s continuity lemma implies
that Y has a continuous version; see Rogers and Williams [42, Theorem 1.25.2].
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subset K C E, there exists a constant k such that for all (y,z,y',7) € K x K,
loz(y,2) —oz(y, ) <«llz =2l (4.3)

Then uniqueness in law for E-valued solutions to (2.2) holds.

5 Existence and boundary attainment

In this section, we discuss existence of E-valued solutions to (2.2) and give conditions
under which the boundary of the state space is attained. The results are stated and
proved using some basic concepts from algebra and algebraic geometry. Appendix J
provides a review of the required notions.

Existence of a solution to (2.2) with values in R is well known to hold under
linear growth conditions; see for instance Ikeda and Watanabe [31, Theorem IV.2.4].
The problem at hand thus boils down to finding conditions under which a solution
to (2.2) takes values in E. This is a stochastic invariance problem. In Appendix A, we
discuss necessary and sufficient conditions for nonnegativity of certain It6 processes,
which is the basic tool we use for proving stochastic invariance.

We henceforth assume that the state space E is a basic closed semialgebraic set.
Specifically, let &2 and 2 be finite collections of polynomials on R?, and define

E={xeM:p()=>0forall pe &},

where
M:{xe]Rd:q(x):Oforallqu}. (GR))

In particular, if 2 = ¢ then M = R?. The following result provides simple necessary
conditions for the invariance of E with respect to (2.2).

Theorem 5.1 Suppose there exists an E-valued solution to (2.2) with X¢ = x, for
any x € E. Then

(1) aVp=0and 9 p >0on EN{p =0}, for each p € P,
(i) aVg=0and 9q =0on E, for each q € 2.

Proof Pickany p € &, x € EN{p =0}, and let X be a solution to (2.2) with Xy = x.
Then p(X,) = [y 9 p(Xs)ds + [ Vp(Xs) "o (Xy) dWy and p(X) = 0, so (i) follows
by Lemma A.1(ii). To prove (ii) for ¢ € 2, simply apply the same argument to ¢
and —q. O

The necessary condition aV p = 0 states, roughly speaking, that at any boundary
point of the state space, there can be no diffusive fluctuations orthogonally to the
boundary. The necessary condition ¢ p > 0 can be interpreted as “inward-pointing
adjusted drift” at the boundary. The following example shows that this cannot be
replaced by a simple “inward-pointing drift” condition.

@ Springer



Polynomial diffusions and applications in finance 941

Example 5.2 Consider the bivariate process (U, V) with dynamics
dUt = dW][, UOGR’
dV; = adt 4+ 2V, dWy, Vo e Ry,

where (W1, W») is a Brownian motion and « > 0. In other words, U is a Brownian
motion and V is an independent squared Bessel process. The state space is R x R.
Now consider the process (X,Y)=(U,V —U 2y 1Its dynamics is

dX; = dWy,

dY, = (@ — 1)dt —2X; dWy; 4+ 2/ X? + Y, AWy,
and its state space is E = {(x, y) € R? : x> 4y > 0}, the epigraph of the function —x2.
The drift of (X, Y) is b(x, y) = (0, @ — 1), which points out of the state space at every
boundary point, provided o < 1. Nonetheless, with p(x, y) = x4+ y, a calculation
yields ¥ p(x,y) =a > 0.

As a converse to Theorem 5.1, we now give sufficient conditions for the existence
of an E-valued solution to (2.2). The proof of the following theorem is given in
Appendix E.

Theorem 5.3 Suppose E satisfies the following geometric and algebraic properties:

(G1) Vr(x), r € 2, are linearly independent for all x € M,
(G2) the ideals generated by 2 U {p} and M N {p = 0} are equal, i.e., we have
(LU{ph = MnN{p=0}),foreach p € &,

and the maps a and b satisfy

(A0) a €S on E;
(A1) aVp=0onMN{p=0}and 9p > 0 on EN{p =0}, for each p € &,
(A2) aVg=0and 9q =0o0n M, for each g € 2.

Then 9 is polynomial on E, and there exists a continuous map o : R? — R4*4 with
oo =a on E and such that the stochastic differential equation (2.2) admits an
E-valued solution X for any initial law of X¢. This solution can be chosen so that it

spends zero time in the sets {p =0}, p € &. That is,
t
/ 1px,)=0;ds =0 forallt>0andall pe P. (5.2)
0

Conditions (A1) and (A2) should be contrasted with the necessary conditions of
Theorem 5.1. The latter are somewhat weaker, since they only make statements about
a and b on E rather than M, and since the inequality in Theorem 5.1(i) is weak. Theo-
rem 5.3 can be generalized to allow a weak inequality in (A1), at the cost of allowing
absorption of the process at the boundary. We do not consider this generalization
here.
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Condition (G1) implies that M is an algebraic submanifold in R4 of dimension
d — |2)|. The least obvious condition is arguably (G2). The crucial implication of
(G2) is that any polynomial f that vanishes on M N {p = 0} has a representation
f =hp on M for some polynomial 4. In conjunction with (A1), this implies that
a(x)V p(x) decays like p(x) as x € E approaches the boundary set E N {p = 0}, for
p € &. This allows one to prove that the local time of p(X) at level zero vanishes,
which makes Lemma A.1 applicable; see Appendix E for the details.

Condition (G2) is also the least straightforward to verify. We therefore present two
sufficient conditions that are easier to check in concrete examples. The first condition
is useful when M =R?, in which case each ideal appearing on the left-hand side in
(G2) is generated by a single polynomial. This covers many interesting examples, yet
yields conditions that are easy to verify in practice. A proof of the following result
can be found in Bochnak et al. [6, Theorem 4.5.1].

Lemma 5.4 Let p € Pol(RY) be an irreducible polynomial and ¥ (p) its zero set.
Then (p) = (¥ (p)) if and only if p changes sign on R?, that is, p(x) p(y) < 0 for
some x,y € RY.

The second condition applies when the ideals generated by the families 2 U {p}
with p € & are prime and of full dimension.

Lemma 5.5 For p € &, assume that the ideal (2 U {p}) is prime with dimension
d —1—|2|, and that there exists some x € M N {p = 0} such that the vectors Vr(x),
r € 2U{p}, are linearly independent. Then (2 U {p}) = (M N {p =0}).

Proof This follows directly from Bochnak et al. [6, Proposition 3.3.16]. d

Remark 5.6 Stochastic invariance problems have been studied by a number of au-
thors; see Da Prato and Frankowska [12], Filipovi¢ et al. [22], among many others.
The approach in these papers is to impose an “inward-pointing Stratonovich drift”
condition. This breaks down for polynomial diffusions. Indeed, consider the squared
Bessel process

dX[ =qadt +2\/ Xl dW[,

which is an R -valued affine process for o > 0. The stochastic integral cannot al-
ways be written in Stratonovich form, since VX fails to be a semimartingale for
0 < o < 1. If nonetheless one formally computes the Stratonovich drift, one obtains
o — 1, suggesting that o > 1 is needed for stochastic invariance of R . However, it is
well known that o > 0 is the correct condition. Our approach is rather in the spirit of
Da Prato and Frankowska [13] who however focus on stochastic invariance of closed
convex sets.

Apart from existence, Theorem 5.3 asserts that X spends zero time in the sets
{p=0}, p e &, which roughly speaking correspond to boundary segments of the
state space. It does not, however, tell us whether these sets are actually hit. The pur-
pose of the following theorem is to give necessary and sufficient conditions for this

@ Springer



Polynomial diffusions and applications in finance 943

to occur. The proof is given in Appendix F. The vector & of polynomials appearing
in the theorem exists if (G2) and (A1) are satisfied.

Theorem 5.7 Let X be an E-valued solution to (2.2) satisfying (5.2). Consider
p € & and let h be a vector of polynomials such that aV p = hp on M.

(1) Assume there exists a neighborhood U of E N {p = 0} such that
29p—h'Vp=>0 on ENU.

Then p(X;) > 0 forallt > 0.
(i) Assume (G2) holds and

29p—h'Vp=0 onMn{p=0}.

Then p(X;) > 0 forallt > 0.
(iii) Letx € E N {p =0} and assume

Gp@) >0 and 29p(E) —h(x) VpE) <O0.

Then for any T > 0, there exists ¢ > 0 such that if || Xo — X|| < € almost surely,
then p(X;) = 0 for some t < T with positive probability.

As a simple example, we may apply Theorem 5.7 to the scalar square-root dif-
fusion dX; = (b + BX;)dt + o/X;dB; with parameters b,o > 0 and 8 < 0, and
where B is a one-dimensional Brownian motion. In this case £ =R, and & con-
sists of the single polynomial p(x) = x. We have a(x) p'(x) = o2x = o2 p(x), so that
h(x) = o2, and thus

29 p(x) —h(x)p'(x) =2(b + Bx) —o>.

It is well known that X; > O for all # > 0 if and only if the Feller condition 2 > o2
holds. Theorem 5.7(iii) gives the necessity of the Feller condition. Theorem 5.7(i)
and (ii) together give the sufficiency of the Feller condition. Indeed, if 2b > o2, then
Theorem 5.7(i) applies, while the condition in Theorem 5.7(ii) is not satisfied. Theo-
rem 5.7(ii) in turn applies when 2b = o2, while Theorem 5.7(i) does not.

6 Examples of semialgebraic state spaces

We now discuss examples of semialgebraic state spaces of interest, where our results
are applicable.

6.1 Some quadric sets
Let Q € S? be nonsingular, and consider the state space E = {x € R?:xTQx <1}
Here & consists of the single polynomial p(x) =1 — x " Qx, and M = R?. After a

linear change of coordinates, we may assume Q is diagonal with Q;; € {41, —1}. We
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also suppose Q;; = 1 for at least some i, since otherwise E = R¢. State spaces of this
type include the closed unit ball, but also non-convex sets like {x € R2: xl2 — x% <1},
whose boundary is a hyperbola. One can also consider complements of such sets; see
Remark 6.3 below. One interesting aspect of the state spaces investigated here is
that they do not admit non-deterministic affine diffusions; this follows directly from
Proposition 6.1 below, which shows that a is either quadratic or identically zero. This
is in contrast to the parabolic state spaces considered by Spreij and Veerman [44].

The following convex cone of polynomial maps plays a key role. Recall that a
polynomial r € Pol(RY) is called homogeneous of degree k if r(sx) = s*r(x) for all
x € R? and 5 > 0. We define

w0 _ ) pd_ sl cij € Pol,(R?) is homogeneous of degree 2 for all i, j -
+ * and c(x)Qx =0 for all x € R?

Note that the condition ¢(x) Qx = 0 is equivalent to c¢(x)V p(x) = 0, meaning that all
eigenvectors of c¢(x) with nonzero eigenvalues are orthogonal to V p(x). The proof
of the following proposition is given in Appendix G.

Proposition 6.1 Conditions (G1) and (G2) hold for the above state space E. More-
over, the operator 9 satisfies (A0)—(A2) if and only if

a(x)=(1—x"0x)a +c(x), 6.1)
b(x) =8+ Bx

for some o € sS4, Be RY, BeR¥™ gnd c € ‘5_8 such that
T TpT 1
B Ox+x' B QOx+ 3 Tr (c(x)Q) <0 forall x € {p =0}. (6.2)

Remark 6.2 If c(x) satisfies the linear growth condition |c(x)|| < C(1 + ||x]|) for all
x € E, then a(x) satisfies (3.4) and uniqueness in law for E-valued solutions to (2.2)
holds by Theorem 4.2. In particular, this holds if Q is positive definite, i.e., Q = 1d,
so that E is the unit ball and hence compact.

Remark 6.3 The conditions of Proposition 6.1 can easily be modified to cover state
spaces of the form E = {x € R? : xT Qx > 1}. This amounts to replacing p by —p
above, and includes for example the complement of the open unit ball. With this
modification, Proposition 6.1 is still true as stated, except that —« should lie in Si,
and the inequality in (6.2) should be reversed.

A question that is not addressed by Proposition 6.1 is how to describe the set %f
in more explicit terms. We now provide a class of maps ¢ € %_FQ, which yields a large
family of polynomial diffusions on E that we expect to be useful in applications.

Let Sy, k=1,...,d(d — 1)/2, be a basis for the linear space of skew-symmetric
d x d matrices. Using the skew-symmetry of the S; together with the fact that
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Q? =1d, it is easy to check that any map c of the form

d(d—1)/2
cx)= Y yeQSixx'S/ 0, (6.3)

k=1

where I' = (yr¢) € Si(d_l)/z, lies in ‘5+Q For any c(x) of the form (6.3), condi-
tion (6.2) then becomes

,BTQx +)CT<BTQ+Z]//<[S;—QS[>X <0 for all x € {p =0}.
k.t

6.2 The product space [0, 17" x ]R:‘_

Consider the state space E = [0, 1]™ x R}. Here d = m + n, and the generating
family of polynomials can be taken to be

P={xi:i=1,....m+n;1—x;:i=1,...,m}.

To simplify notation, introduce index sets I ={1,...,m}and J ={m+1,...,m+n},
and write x; (resp. x ) for the subvector of x € R consisting of the components with
indices in [ (resp. J). Similarly, for a matrix A € RdXd, we write Ajy, Ay, etc. for
the submatrices with indicated row and column indices. The proof of the following
proposition is given in Appendix H.

Proposition 6.4 Conditions (G1) and (G2) hold for the above state space E. More-
over, the operator 9 satisfies (A0)—(A2) if and only if

(i) the matrix a is given by

aii(x) =yixi(1 —x;) Gel),
aij(x) =0 (iel, jelUJ,i#)),
ajj () = ajx; +xj(¢) + v +ayxg) (e,
a;jj(x) = ajjxix; G, jed, i#))
for some y € R, some Yy € R", some m(;y € R} with n(j) ; =0, some

¢ € R" with ¢; > (W(;))Tl, and some o = (@;j)i jes € S" such that we have

o + Diag(IT " x;) Diag(x;)~! € S4 for all x; € R, where IT € R"™" is the
matrix with columns 7(j);
(ii) the vector b is given by

Br + Brix;
b(x) = 6.4
) <,31 + Byrx; + BJJxJ> ©4

for some B € R? and B € R¥*? such that (B;I\{i})l < Bi < —Bii — (B:',\{i})l
oralliel, B; > (B; or a €J,and Byj € as positive off-
iel, Bj > (B;1 Il jeJ,and B R™ ™ has positi

diagonal entries.
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Remark 6.5 In the following two cases, we get uniqueness in law of E-valued solu-
tions to (2.2); cf. Theorem 4.2. First, if « = 0 and 7(;) = 0 for all j, then the linear
growth condition (3.4) is satisfied and uniqueness follows by Theorem 4.2. Second, if
Y (j) =0and 7r(;y = 0forall j and ¢ =0, then the submatrix a;;(x) only depends on
xy and can be written ay; = 05505, where oy5(xy) = Diag(x])oz]/2 is Lipschitz-
continuous. Since also X; is an autonomous m-dimensional diffusion on [0, 1],
uniqueness follows from Theorem 4.4 in conjunction with Theorem 4.2. Note that
X7 and X are coupled only through the drift in this case.

A natural next step is to consider the state space [0, 1]" x R} x R, d=m+n+2.
In this case, one readily continues the above argument to deduce that the diffusion
matrix is of the form

arf(x;) 0 ajk (xp)
a(x)=1{0 ajj(x;p,x5) ajg(xr,xy) ,
ark () agk (e, x)) " agk (xr,xg, xK)

where K = {m +n + 1,...,d}, the matrices ay; and ay; are given by Proposi-
tion 6.4(i), we have ajk (xy) = Diag(x;)(Id — Diag(x;))P for some P R”*! and
ajk(xy,xy) =Diag(x;)H(x;, x;) for some matrix H of polynomials in Pol; (£), and
ak k has component functions in Pol, (E). Regarding the drift vector b= (b;, by, bk),
the last part b is unrestricted within the class of affine functions of x, whereas
(by, by) must satisfy Proposition 6.4(ii). With this structure, we have (A0)—(A2) if
and only if a € Si on E. This of course imposes additional restrictions on P, H
and ag k. Stating these restrictions explicitly is cumbersome, and we refrain from
doing so here.

6.3 The unit simplex

Let d > 2 and consider the unit simplex E = {x € R‘i :X1 4+ -+ xq = 1}. Here
P ={x;:i=1,...,d} consists of the coordinate functions and .2 consists of the
single polynomial 1 — 1T x. The proof of the following proposition is given in Ap-
pendix I.

Proposition 6.6 Conditions (G1) and (G2) hold for the above state space E. More-
over, the operator 9 satisfies (AQ)—(A2) if and only if
(i) the matrix a is given by

aii(x) =) ajxix;,

J#i
ajj(x) = —a;jxix; @ #J)
on E for some a;j € Ry such that o;; = aj; for all i, j;

(i) the vector b is given by

b(x) =g+ Bx,
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where g € R? and B € R9*4 satisfy B"1+ (8" 1)1 =0and B; + Bj; > 0 for all
iandall j #i.

Remark 6.7 Since E is compact, Theorem 4.2 yields uniqueness in law for E-valued
solutions to (2.2).

Remark 6.8 In the special case where o;; = o2 for some o > 0 and all i, j, the
diffusion matrix takes the form

aii(x) = o2x;(1 — x;),
aij(x) = —o?xix; (i #J).

The resulting process is sometimes called a multivariate Jacobi process; see for in-
stance Gouriéroux and Jasiak [27].

Remark 6.9 Alternatively, one can establish Proposition 6.6 by considering polyno-
mial diffusions Y on the “solid” simplex {y € R‘j__l :y1+ -+ ys—1 < 1}, and then
set X =(X1,....,.Xg)=,1 =Y —---—Y;_1). In this case 2 =0, and it would
be enough to invoke Lemma 5.4 rather than Lemma 5.5.

7 Polynomial diffusion models in finance

We now elaborate on various polynomial diffusion models in finance, following up
on the introduction about (1.1). Let the state price density ¢ be a positive semi-
martingale on a filtered probability space (2, .%, .%;, P). This induces an arbitrage-
free financial market model on any finite time horizon 7*. Indeed, let S Lo . sm
denote the price processes of m fundamental assets. According to (1.1), we have
& Sf =E[¢r+ S;,‘ | Z#;]. Assuming that S Lis positive, we choose it as numeraire. This
implies an equivalent measure Q! ~ P on %7+ by

d(@l o ;T*S%‘*
dP g8y

. . i .
Discounted price processes S—] are Q'-martingales, because

S dQ'|  _ Sias! _uS

SHAP g St oSt qsy

This implies that the market {S 1., S™} is arbitrage-free in the sense of no free
lunch with vanishing risk; see Delbaen and Schachermayer [14].

Now let X be a polynomial diffusion on a state space E C R¢. Fix n € N, and let
p € Pol,(E) be a positive polynomial on E with coordinate representation p with
respect to some basis H(x) = (h1(x), ..., hn ()T for Pol, (E). The state price den-
sity is specified by ¢, = e~ p(X;), where « is a real parameter. This setup yields an
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arbitrage-free model for the term structure of interest rates. The time ¢ price P(¢, T)
of a zero coupon bond maturing at 7', corresponding to Ct =1 in (1.1), can now be
computed explicitly, using Theorem 3.1, as

—a(T—1) E[p(XT) | yz‘] _ e—a(T—t) H(XI)TC(T_t)Gﬁ

P(t, T) =¢c =y ’
p(Xy) H(X)"p
where G € RV*V is the matrix representation of ¢ on Pol, (E). The short rate is
obtained via the relation r, = —dr log P(¢, T') | 7=, and is given by
H(X)'Gp
ry=uo — v T2 -
H(X)'p

This expression clarifies the role of the parameter o adjusting the level of inter-
est rates. Such models show great potential. The linear case with p of the form
p(x) = ¢ + ¥ " x has been studied in Filipovié et al. [21], including an extensive em-
pirical assessment. The parameter ¥ is chosen such that E lies in the positive cone
{x e R?: ¢ Tx > 0}. A specific example is E = R?, as discussed in Sect. 6.2.

One attractive feature of the polynomial framework is that it yields efficient pricing
formulae for options on coupon bearing bonds. This includes swaptions, which are
among the most important interest rate options. The generic payoff of such an option
at expiry date T is of the form

Cr=(co+cP(T.T) ++ +ew P(T. T)) *

for maturity dates T < T} < - -- < T, and deterministic coefficients co, ..., ¢ . For-
mula (1.1) for the time ¢ price of this option boils down to computing the .%;-con-
ditional expectation of

+
m
{TCT — (H(XT)T Zcie—ﬂlTie(Ti—T)Gl—)') ,

i=0

which is the positive part of a polynomial in X7. Efficient methods involving the
closed form .%;-conditional moments of X7 are available; see Filipovic et al. [20].

Polynomial diffusions can be employed in a similar way to build stochastic volatil-
ity models. We now interpret P as risk-neutral measure, and specify the spot variance
(squared volatility) of an underlying stock index by v; = p(X;). The variance swap
rate for period [¢, T] is then given in closed form by

1 L -
ﬁ,} = H(X)" (/ e=N0 ds) p.
—t P

Such models have been successfully employed in Filipovi¢ et al. [23] and Ack-
erer et al. [2]. Both papers consider the quadratic case, which falls into the setup
of Sect. 6.1, with a quadric state space E = {x € R : x" Qx < 1} and spot vari-
ance v; = p(X;) for a polynomial p of the form p(x) =¢ + 1 — x " Qx, where
¢ > 0 denotes the minimal spot variance. While Filipovi¢ et al. [23] study un-
bounded state spaces, Ackerer et al. [2] focus on the compact case, where Q is

1 T
VS([, T):T—t]E |:/ USdS
- t
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positive definite. They derive analytic option pricing formulae in terms of Hermite
polynomials for European call and put options on an asset with diffusive price pro-
cess dS; = S;r dt + S;/v, dW/*, where r denotes the constant short rate and W* is a
Brownian motion, which is possibly correlated with W in (2.2).

An application of the unit simplex in Sect. 6.3 is obtained as follows. Consider
a stock index, such as the S&P 500, whose price process is given by a semimartin-
gale Z. As above, we interpret [P as risk-neutral measure and assume a constant short
rate r such that (e7"*Z,) is a martingale. Let d be the number of constituent stocks,
and let X be a polynomial diffusionon E = {x € Ri 1X1 4 +x4 =1} which is in-
dependent of Z. We fix a finite time horizon 7* and define the E-valued martingale,
fort <T*,

Y, =E[X7+ | F].

Since X is polynomial, Y; is a first degree polynomial in X; whose coefficients can
be determined by an application of Theorem 3.1. Specifically, with § and B being
the drift parameters of X as given in Proposition 6.6, one finds

T
Y, =®&(T*—t) + ¥ (T* — )X, with@(r):/ e’BBds and ¥ (r) =™,
0

We now define the constituent stocks’ price processes Si=YZ i=1,...,d, such
that S'+- - .4 59 = Z. Assume that the price of the European call option on the index
with maturity 7 and strike K is given in closed form, C(7T, K), for some analytic
function C. The price of the call option on stock i with maturity 7 and strike K is
then given by

Ci(T,K) =E[Y,C(T, K/Yh)].

This price can be efficiently computed in three steps. First, compute £ C(T, K /§) for
a finite set of grid points &£ € [0, 1]. Second, apply some polynomial interpolation
scheme, for example using Chebyshev polynomials, to obtain a polynomial approxi-
mation of degree n, say ¢(T, K,&),of EC(T, K/&) in & € [0, 1]. Third, approximate
the option price C;(T, K) by H(Xo)"e"% p;(T, K), where p;(T, K) is the coordi-
nate representation of the polynomial p(x) =q (T, K, ®;(T* —T)+ (W (T* —T)x);)
in x with respect to some appropriately chosen basis of polynomials for Pol,, (E). Ex-
tensions to basket and spread options on the stocks S!, ..., S¢ are straightforward.
This is work in progress.

An application of polynomial diffusions on a compact state space to credit risk is
given in Ackerer and Filipovié [1].
Acknowledgements The authors wish to thank Damien Ackerer, Peter Glynn, Kostas Kardaras,
Guillermo Mantilla-Soler, Sergio Pulido, Mykhaylo Shkolnikov, Jordan Stoyanov and Josef Teichmann
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Appendix A: Nonnegative Itd processes

The following auxiliary result forms the basis of the proof of Theorem 5.3. It gives
necessary and sufficient conditions for nonnegativity of certain Itd processes.
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Lemma A.1 Let Z be a continuous semimartingale of the form

t t
Zt:ZO+/ Msds+/ vy dBy,
0 0

where Zo > 0, u and v are continuous processes, and B is a Brownian motion. Let
LO be the local time of Z at level zero.

() Ifu>00n{Z=0}and L° =0, then Z > 0 and f(; 1iz,—0yds =0.
(i) If Z =0, then on {Z = 0}, we have u > 0 and v = 0.

Proof After stopping we may assume that Z;, fé s ds and fot vy dBy are uniformly
bounded. This is done throughout the proof.

We first prove (i). By [41, Theorem VI.1.7] and using that u > 0 on {Z = 0}
and L% = 0, we obtain 0 = LY = LY + 2f0t 1{z,=oyusds > 0. In particular,
fot 1(z,—0yds =0, as claimed. Furthermore, Tanaka’s formula [41, Theorem VI.1.2]
yields

B t 1 t t
Z; = —f 1iz,<0ydZs — §L9 = —/ 1z, <ojps ds — f 1z, <oyvsdB;. (A.D)
0 0 0

Define p = inf{t >0:Z, <0} and v =inf{t > p:u; =0} A(p+1). Using that
Z~ =0on {p = oo} as well as dominated convergence, we obtain

ElZ; ] =E[Z; ip<oo}] — E[Z; 1{p<oey] (n — 00).

Here Z; is well defined on {p < 0o} since T < oo on this set. On the other hand,
by (A.1), the fact that [; 1z, <ojts ds = [ 1{z,—oj s ds = 0 on {p = oo} and mono-
tone convergence, we get

AR TAR
E(Z;,,]1=E [—/ 1z, <0y s dS] =E [—/ 1z, <0y s dsl{p<oo}}
0 0

T
—E |:—/ 1z, <oy 1us dsl{p<oo}] asn — oQ.
0

Consequently,

T
E[Z 1pcoe)] =E [—fo Liz,<opts dsl{p<oo}} : (A2)

The following hold on {p < o0}: T > p; Z; = 0 on [0, p]; ur > 0 on [p, T); and
Z; < 0 on some nonempty open subset of (p, 7). Therefore, the random variable
inside the expectation on the right-hand side of (A.2) is strictly negative on {p < 00}.
The left-hand side, however, is nonnegative; so we deduce P[p < co] = 0. Part (i) is
proved.

The proof of Part (ii) involves the same ideas as used for instance in Spreij and
Veerman [44, Proposition 3.1]. We first assume Zy = 0 and prove wg > 0 and vg = 0.
Assume for contradiction that P[g < 0] > 0, and define T =inf{t > 0: u, >0} A 1.
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Then 0 < E[Z;] = IE[fOT Usds] < 0, a contradiction, whence ug > 0 as desired.
Next, pick any ¢ € R and consider an equivalent measure dQ = &(—¢ B)1 dP. Then
B;@ = B; + ¢t is a Q-Brownian motion on [0, 1], and we have

t t
zt=/0 (us—¢vs>ds+f0 vsdBY.

Pick any ¢ > 0 and define o = inf{¢t > 0 : |v¢| < e} A 1. The first part of the proof
applied to the stopped process Z? under Q yields (1o —pvo)ls>0y = O forall ¢ € R.
But this forces o = 0 and hence |vg| < €. Since ¢ > 0 was arbitrary, we get vy =0 as
desired.

Now consider any stopping time p such that Z, =0 on {p < co}. Applying
the result we have already proved to the process (Z,4/1{p<o00})r=0 With filtration
(Fpt+: N{p < 00})r>0 then yields p, >0 and v, =0 on {p < oc}. Finally, let
{p, : n € N} be a countable collection of such stopping times that are dense in
{t : Z; = 0}. Applying the above result to each p, and using the continuity of u
and v, we obtain (ii). Il

The following two examples show that the assumptions of Lemma A.1 are tight in
the sense that the gap between (i) and (ii) cannot be closed.

Example A.2 The strict inequality appearing in Lemma A.1(i) cannot be relaxed to a
weak inequality: just consider the deterministic process Z; = (1 — 1)>.

Example A.3 The assumption of vanishing local time at zero in Lemma A.1(i) cannot
be replaced by the zero volatility condition v = 0 on {Z = 0}, even if the strictly pos-
itive drift condition is retained. This is demonstrated by a construction that is closely
related to the so-called Girsanov SDE; see Rogers and Williams [42, Sect. V.26]. Let
Y be a one-dimensional Brownian motion, and define p(y) = |y|~2% v 1 for some
0 < o < 1/4. The occupation density formula implies that

t o0
/ P (Y, ds =/ (¥l v LY (V) dy < 00
0 —00

for all # > 0; so we may define a positive local martingale by

t t
R,=exp(/0 p(mdn—%fo p(mzds).

Let T be a strictly positive stopping time such that the stopped process R? is a
uniformly integrable martingale. Then define the equivalent probability measure
dQ = R, dP, under which the process B; =Y, — (;M p(Ys)ds is a Brownian mo-

tion. We now change time via
t
<pt=/ o(Ys)ds, A, =inf{r > 0: ¢; > u},
0
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and define Z, = Y,,. This process satisfies Z, = B4, + u A o, where 0 = ¢;. De-
fine then B, = 0” ,o(Zu)l/2 dBj4,, which is a Brownian motion because we have
(B.B)u=Jy p(Zy)dA, = u. This finally gives

u
Zy =/ (1Zy|* A1)dBy +u Ao
0

This process starts at zero, has zero volatility whenever Z; = 0, and strictly positive
drift prior to the stopping time o, which is strictly positive. Nonetheless, its sign
changes infinitely often on any time interval [0, ¢) since it is a time-changed Brownian
motion viewed under an equivalent measure.

Appendix B: Proof of Theorem 3.1
We first establish a lemma.

Lemma B.1 For any k € N such that E[||Xo|?] < oo, there is a constant C such
that

E[1+ 11X, 11* | Zo] < (1 + 11X01%*)e",  r>0.

Proof This is done as in the proof of Theorem 2.10 in Cuchiero et al. [10] via
Gronwall’s inequality. Specifically, let f € Polyx (E) be given by f(x) =1+ llx |12,
and note that the polynomial property implies that there exists a constant C such
that |¥ f(x)| < Cf(x) for all x € E. For each m, let 1, be the first exit time of
X from the ball {x € E : ||x|| <m}. We can always choose a continuous version of
t = E[f(Xtar,) | -Zol, so let us fix such a version. Then by It6’s formula and the
martingale property of fé”’” V(X)) To(Xg)dWy,

INTm
ELf (Xtnz,) | Fol = f(Xo) + E [/0 9 f(Xs)ds

|

ATy
< f(Xo)+ CE [ / F(Xy)ds
0

|
t
= f(Xo) +C/O E[f (Xsnr,) | Folds.

Gronwall’s inequality now yields E[ f(X;ar,,) | Fol < f(Xo)eC’. Sending m to in-
finity and applying Fatou’s lemma gives the result. d

We can now prove Theorem 3.1. For any p € Pol,, (E), Itd’s formula yields

p(Xa) = p(X0) + / G p(Xy)ds + / Vp(Xy) o (Xy) dW;.
t

t
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The quadratic variation of the right-hand side satisfies

T T
/ VpTaVp(X,)ds < cf (141X, 2 ds
0 0

for some constant C. This right-hand side has finite expectation by Lemma B.1, so the
stochastic integral above is a martingale. Let p € RY be the coordinate representation
of p. Then (3.1) and (3.2) in conjunction with the linearity of the expectation and
integration operators yield

PEIH(X,) | Z]=Elp(X,) | F]= p(X,) + E[/ G p(Xs)ds
t

=p H(X,)+ (Gﬁ)TE[ f ' H(X;)ds
t

Fubini’s theorem, justified by Lemma B.1, yields

u
pIFw)=p"H(X,)+ ZFGTf F(s)ds, t<u<T,

t

where we define F(u) =E[H(X,)|.%#:]. By choosing unit vectors for p, this gives
a system of linear integral equations for F'(x), whose unique solution is given by
Fu) = e=nGT H(X,). Hence

Elp(X7) | F1=F() p=H(X,) eT5p,

as claimed. This completes the proof of the theorem. g

Appendix C: Proof of Theorem 3.3
Theorem 3.3 is an immediate corollary of the following result.
Lemma C.1 Consider the d-dimensional Ito process X with representation
dX; = b+ BXy)dt + o (X)dWy,

where o satisfies a square-root growth condition

lo(X)IP <CA+X:)  forallt =0 (C.D
for some constant C. If

E[e‘S“XOH] <00 for some & > 0, (C.2)

then for each T > 0, there exists ¢ > 0 with

E[ef1¥71] < co. (C.3)
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Proof Fix T > 0. Variation of constants lets us rewrite X; = A; + e #T=Dy, with
t
A =eP X+ / P pds
0

and
t t
Y, =/ PT=96 (X )d W, =/ ol dws,
0 0
where we write U,Y =ePT D5 (A, + e PT-Dy,). By (C.1), the dispersion process
oV satisfies
lo 11> < Cy (1 + 1Y) (C4)

for some constant Cy.
Now let f(y) be a real-valued and positive smooth function on R? satisfying
f(y) =1+ |yl for ||y|| > 1. Some differential calculus gives, for y # 0,

2 1 1. L
V||y||:i o<yl _ W’T;}EW’ i=],
0y; 0y 1Yy .,
Iyl Yioy;j TR i
Hence
V) L
Y)=——
2T+ Iyl
and
2
’ Ly
Pro_ L woy L ppoappe =
dy;dy; 4 1+||y||3 Iyl iyl 2T+ 1y _%‘Vy% it

for ||y|| > 1, while the first and second order derivatives of f(y) are uniformly
bounded for ||y|| < 1. Itd’s formula for Z; = f(Y;) gives

dZ, = ptdt 4+ ofdw,
with drift and dispersion processes

d

1 P f ) T
; ZoroY z T vy
M0 2 Ty, @ o=V AL

2
In view of (C.4) and the above expressions for V f(y) and %a(}yj), these are bounded,

pi<sm and o <p.
for some constants m and p. Hajek [28, Theorem 1.3] now implies that

E[®(Zp)]<E[@(V)]
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for any nondecreasing convex function @ on R, where V is a Gaussian random vari-
able with mean f(0) + m7 and variance p2T. Hence, for any 0 < ¢’ < 1/(2p%T),
we have E[eg/vz] < 00. We now let @ be a nondecreasing convex function on R
with @ (z) = e?'? for z > 0. Noting that Z7 is positive, we obtain E[eS/Z%] < 00. As
F2(y) =1+ |y for |y|| > 1, this implies E[ef "7 < 0o. Combining this with the
fact that | X7|| < ||Arl|l + ||Yr |l and (C.2), we obtain using Holder’s inequality the
existence of some ¢ > 0 with (C.3). Il

Appendix D: Proof of Theorem 4.4
We first provide a lemma.

Lemma D.1 Assume uniqueness in law holds for Ey-valued solutions to (4.1). Let
YL, Y2 be two Ey-valued solutions to (4.1) with driving Brownian motions wl, w2
and with YO1 = 02 =y forsomey € Ey. Then XY, Wb and (Y2, W?) have the same
law.

Proof Consider the equation
dY, =Dy (Y;) di + 5y (¥,) dW,,

where Z)\y(y) = by (y)1g, (y) and oy (y) = oy (y)1g,(y). Since Ey is closed, any
solution Y to this equation with Yy € Ey must remain inside Ey. To see this, let
T =inf{r : Y; ¢ Ey}. Then there exists ¢ > 0, depending on w, such that Y; ¢ Ey for
all T <t <t + ¢. However, since Z;y and oy vanish outside Ey, Y, is constant on
(t, 7 +¢). Since Ey is closed this is only possible if 7 = oo.

The hypothesis of the lemma now implies that uniqueness in law for R?-valued
solutions holds for d¥; = by (Y,) dt + Gy (Y;) dW,. Since (Y!, Wi), i = 1,2, are two
solutions with Yé = Yg =y, Cherny [8, Theorem 3.1] shows that (W!, Y1) and
(W2, Y?) have the same law. [l

The proof of Theorem 4.4 follows along the lines of the proof of the Yamada—
Watanabe theorem that pathwise uniqueness implies uniqueness in law; see Rogers
and Williams [42, Theorem V.17.1]. Let (Wi, Yi, Zi), i =1,2, be E-valued weak
solutions to (4.1), (4.2) starting from (yg, z9) € E C R” x R". We need to show
that (Y!, Z!) and (Y 2 Zz) have the same law. Since uniqueness in law holds for
Ey-valued solutions to (4.1), Lemma D.1 implies that wl Yl) and (Wz, Y?) have
the same law, which we denote by m(dw, dy). Let Qi(dz; w,y), i = 1,2, denote
a regular conditional distribution of Z’ given (W!,Y’). We equip the path space
C(Ry,R?Y x R™ x R" x R") with the probability measure

P(dw, dy, dz, dz') = 7(dw, dy)0'(dz; w, y) 0*(dZ; w, y).

Let (W,Y,Z,Z) denote the coordinate process on C(Ry, RY x R™ x R" x R").
Ihen the law under P of (W, Y, Z) equals the law of (Wl, Yl Zl), and the law under
P of (W, Y, Z’) equals the law of (Wz, Y2, Zz). By well-known arguments, see for
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instance Rogers and Williams [42, Lemma V.10.1 and Theorems V.10.4 and V.17.1],
it follows that

t t
Y,=yo+/0 by<Ys>ds+/O oy (V) dW,,

t

t
ZtZZO+/ bZ(YS7ZS)dS+/ oz (Ys, Zs) dWy,
0 0

t

t
Z;=ZO+/ bZ(YS,Z;)ds+/ oz (Ys, Z,) dW;.
0 0

By localization, we may assume that bz and oz are Lipschitz in z, uniformly in y.
A standard argument based on the BDG inequalities and Jensen’s inequality (see
Rogers and Williams [42, Corollary V.11.7]) together with Gronwall’s inequality
yields P[Z’ = Z] = 1. Hence

Law(Y', Z') = Law(Y, Z) = Law(Y, Z') = Law(Y?2, Z?),
as was to be shown. O

Remark D.2 Theorem 4.4 carries over, and its proof literally goes through, to the
case where (Y, Z) is an arbitrary E-valued diffusion that solves (4.1), (4.2) and where
uniqueness in law for Ey-valued solutions to (4.1) holds, provided (4.3) is replaced
by the assumption that both bz and oz are locally Lipschitz in z, locally in y, on E.
That is, for each compact subset K C E, there exists a constant « such that for all
(y,z,y,7) e K xK,

b2y, 2) —bz(y', I+ lloz(y,2) —oz(Y, Il = kllz = 2|

Appendix E: Proof of Theorem 5.3

The proof of Theorem 5.3 consists of two main parts. First, we construct coefficients
a=206" and b that coincide with @ and b on E , such that a local solution to (2.2),
with b and o replaced by b and &, can be obtained with values in a neighborhood of
E in M. This relies on (G1) and (A2), and occupies this section up to and including
Lemma E.4. Second, we complete the proof by showing that this solution in fact
stays inside E and spends zero time in the sets {p = 0}, p € &. This relies on (G2)
and (Al).

Letn:S? — Si be the Euclidean metric projection onto the positive semidefinite
cone. It has the following well-known property.

Lemma E.1 For any symmetric matrix A € S? with the spectral decomposition
A=SAST, we have w(A) = SATST, where A% is the element-wise positive part

of A.
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Proof This result follows from the fact that the map  : S¢ — R? taking a symmetric
matrix to its ordered eigenvalues is 1-Lipschitz; see Horn and Johnson [30, Theo-
rem 7.4.51]. Indeed, for any B € S‘i, we have

1A = SATST|| = A(A) = (AT < [A(A) = A(B)]| < IA — B].

Here the first inequality uses that the projection of an ordered vector x € R? onto the
set of ordered vectors with nonnegative entries is simply x7. U

We use the projection m to modify the given coefficients a and b outside E in
order to obtain candidate coefficients for the stochastic differential equation (2.2).
The diffusion coefficients are defined by

ax)=moa(x), Sx)=aw)?.
In order to construct the drift coefficient Z)\ we need the following lemma.

Lemma E.2 There exists a continuous map b:RY— RY withb = b on E and such
that the operator 4 given by

s?f:%Tr(avzf)+ETVf
satisfies fé\f =9%fonkE and??q =0on M forallg € 2.

Proof We first prove that there exists a continuous map ¢ : RY — R¢ such that
| R
c=0onE and Vq'c= -3 Tr ((@—a)V3q) on M, forallg € 2. (E.1)

Indeed, let a = SAST be the spectral decomposition of a, so that the columns S; of
S constitute an orthonormal basis of eigenvectors of a and the diagonal elements A;
of A are the corresponding eigenvalues. These quantities depend on x in a possibly
discontinuous way. For each g € 2,

d
Tr (@ —a)V?q) =Te(SA™S'V?q) = 17 S Vs (E2)
i=1
Consider now any fixed x € M. For each i such that A;(x)™ # 0, S;(x) lies in the
tangent space of M at x. Thus we may find a smooth path y; : (—1,1) — M such
that ; (0) = x and yl.’(O) = S;(x). For any ¢ € 2, we have ¢ =0 on M by definition,
whence

d2
0=—5(qoy) O =Tr (V2 () v Oy 0 T) + Vg ) Ty (0),

or equivalently, S; (x)TVZq(x)Si (x)=—Vgq (x)Tyi/ (0). In view of (E.2), this yields

d
Tr ((a(x) - a(x))qu(x)> = Vg Y M) YO  forallge 2.

i=1
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Letqy, ..., gm be an enumeration of the elements of 2, and write the above equation
in vector form as
Tr((@(x) — a(x))V3qi(x)) Va )T\ 4
: =— : > a7 ¥ (0).
Tr((@(x) — a(x))V2gm (x)) Vam(x)" ) =1

The left-hand side thus lies in the range of [Vqi(x)--- Vg, (x)]" for each x € M.
Since linear independence is an open condition, (G1) implies that the latter matrix
has full rank for all x in a whole neighborhood U of M. It thus has a Moore—Penrose
inverse which is a continuous function of x; see Penrose [39, page 408]. The desired
map c is now obtained on U by

Vi) T\ " [ Tr(@x) — a(x) Vg (x))

c(x)=—=

’

V()" Tr((@(x) — a(x) Vigm (x))

where the Moore—Penrose inverse is understood. Finally, after shrinking U while
maintaining M C U, c is continuous on the closure U, and can then be extended to
a continuous map on R4 by the Tietze extension theorem; see Willard [47, Theo-
rem 15.8]. This proves (E.1). R
The extended drift coefficient is now defined by b=b+c,and the operator ¢ by

—~ 1 ~
Gf=3 Tr@v>f)+b' Vf.
In view of (E.1), it satisfies g?f =% f onE and
7 L (G V20 4 TV —
Yq=%q+ 2Tr((a a)Vog)+c' Vg=0
on M for all g € 2, as desired. O
We now define the set
Eo=Mn{|b-b| <1}.
Note that E C E since b=bonE. Furthermore, the linear growth condition
I@COI + 1B < la@) I+ Ib)l + 1< CA + Ixl),  x € Ep, (B3)
is satisfied for some constant C. This uses that the component functions of a and b
lie in Pol, (R9) and Pol; (R?), respectively. R
An Ey-valued local solution to (2.2), with b and o replaced by b and &, can now be

constructed by solving the martingale problem for the operator & and state space Ej.
We first prove an auxiliary lemma.

LemmaE.3 Let f € C*®°(RY) and assume the support K of f satisfies K N M C Ey.
Let xo be a maximizer of f over Eg. Then 9 f (xg) < 0.
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Proof Let y : (—1,1) = M be any smooth curve in M with y (0) = x¢. Optimality
of x¢ and the chain rule yield

d
0=— (/o)) =V i) yO),

from which it follows that V f(xg) is orthogonal to the tangent space of M at xg.
Thus

Vfxo)= ) ¢qVq(x0) (E.4)

qe2
for some coefficients c,. Next, differentiating once more yields
a2
0= (£ 0O =T (V2f (x)y' ©)r'©) ) + Vf(xo) 'y"(0).
Similarly, for any ¢ € 2,
d2
0= o) =Tr(Vg(x0)y'©)y'©)") + Vg (x0) 'y (0).
In view of (E.4), this implies
Tr <<V2f(XO) -3 cquq(xm)y/(ow%w) <0. (E.5)

qe2

Observe that Lemma E.1 implies that ker A C ker 7 (A) for any symmetric matrix A.
Thus a(x¢)Vg(xg) =0 for all ¢ € 2 by (A2), which implies that a(xp) =), u,-u;r
for some vectors u; in the tangent space of M at xg. Thus, choosing curves y with
y'(0) = u;, (E.5) yields

Tt ((V2f<xo) -> quzq(xo)>5(xo)) <0. (E6)
qe2
Combining (E.4), (E.6) and Lemma E.2, we obtain
~ 1, ~ ~
G f (x0) = 5 Tr (@o) V2 f (x0) +b(x0) 'V f (x0) = Y ¢qFq(x0) =0,
qe2

as desired. 0

Let Co(Ep) denote the space of continuous functions on Ey vanishing at infinity.
Lemma E.3 implies that 7 is a well-defined linear operator on Co(Ep) with domain
CX°(Ep). It also implies that & satisfies the positive maximum principle as a linear
operator on Co(Ep). Hence the following local existence result can be proved.
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Lemma E.4 Let i be a probability measure on E. There exists an R¢-valued cadlag
process X with initial distribution |y that satisfies

t t
X,=X0+/ b(Xs)ds+/ G(X,)dW, (E.7)
0 0

forallt < t,where t =inf{t > 0: X; ¢ Eo} > 0, and some d-dimensional Brownian
motion W.

Proof The conditions of Ethier and Kurtz [19, Theorem 4.5.4] are satisfied, so there
exists an EOA-Valued cadlag process X such that Ntf =f(X)—f(Xo)— fot gf(Xs) ds
is a martingale for any f € CS°(Ep). Here EOA denotes the one-point compactifica-
tion of Ey with some A ¢ Eyp, and we set f(A) = ?\f(A) = 0. Bakry and Emery
[4, Proposition 2] then yields that f(X) and N f are continuous.? In particular, X can-
not jump to A from any point in E, whence 7 is a strictly positive predictable time.

A localized version of the argument in Ethier and Kurtz [19, Theorem 5.3.3]
now shows that on an extended probability space, X satisfies (E.7) for all t < 7
and some Brownian motion W. It remains to show that X is non-explosive in the
sense that sup, . [| X;|| < oo on {r < 0o}. Indeed, non-explosion implies that either
T =00, or R? \ E( # @ in which case we can take A € R? \ Ey. In either case, X is
R?-valued. To prove that X is non-explosive, let Z, =1 + || X, |% for ¢ < 7, and ob-
serve that the linear growth condition (E.3) in conjunction with It&’s formula yields
Z, < Zop+ Cfot Zsds + N, for all t < t, where C > 0 is a constant and N a local
martingale on [0, 7). Let Y; denote the right-hand side. Then

t
e €7, <e7CY, =7y + c/

t
e 3C(Zy — Yy)ds + / e*CdN,
0 0

t
<Z +/ e*¢ dNj
0

for all + < 7. The right-hand side is a nonnegative supermartingale on [0, 7), and we
deduce sup; _, Z; < oo on {r < oo}, as required. O

Let X and t be the process and stopping time provided by Lemma E.4. We now
show that T = oo and that X; remains in E for all # > 0 and spends zero time in each
of the sets {p =0}, p € 2. This will complete the proof of Theorem 5.3, since @ and
b coincide with @ and b on E.

We need to prove that p(X;) >0forall0 <t <t and all p € &Z.Fix p € & and
let L” denote the local time of p(X) at level y, where we choose a modification that
is cadlag in y; see Revuz and Yor [41, Theorem VI.1.7]. 1t6’s formula yields

t t
p(X) = p(x) + f Fp(Xy)ds + / Vp(X)TE (X)) 2aw,, 1<t
0 0

3Note that unlike many other results in that paper, Proposition 2 in Bakry and Emery [4] does not require
% to leave C2°(Ey) invariant, and is thus applicable in our setting.
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We first claim that L? = 0 for t < t. The occupation density formula [41, Corol-
lary VI.1.6] yields

| " Vp'avp(X;)
-1 oLydy:/ e e px,)=0) ds.
Koo y =01 0 p(Xs) (pXs)>0}

By right-continuity of L} in y, it suffices to show that the right-hand side is finite.
For this, in turn, it is enough to prove that (Vp'aVp)/p is locally bounded on M.
To this end, let a = SAST be the spectral decomposition of a, so that the columns S;
of § constitute an orthonormal basis of eigenvectors of a and the diagonal elements
A; of A are the corresponding eigenvalues. Note that these quantities depend on x in
general. Since aVp =0 on M N {p =0} by (A1), condition (G2) implies that there
exists a vector h = (hy, ..., hy) " of polynomials such that

aVp=hp on M.

Thus 4;S'Vp = STaVp = S hp, and hence 1;(S; Vp)? = ST VpS. hp. In con-
junction with Lemma E.1, this yields
Vplavp=Vp SATSTVp=> ailp-0)(S VP> =Y 14,08 VpSThp.
i i
Consequently,

Vp'avp <Ipl Y ISPVl

Since ||S;|| =1 and V p and & are locally bounded, we deduce that (VpWin)/p is
locally bounded, as required. Thus LY =0 as claimed.

Next, since gp = ¥p on E, the hypothesis (Al) implies that gp >0 on a
neighborhood U, of E N {p = 0}. Shrinking Ey if necessary, we may assume that
EyCEU Upeﬁ U, and thus

Gp>0  onEyn{p=0}.
Since L? = 0 before 7, Lemma A.1 implies
p(Xy) >0 forallt <.
Thus the stopping time 7 = inf{r: X, ¢ E} < t actually satisfies g = 7. This im-
plies T = oco. Indeed, X has left limits on {r < oo} by Lemma E.4, and Ej is a
neighborhood in M of the closed set E. Thus 7 < T on {t < 0o}, whence this set is

empty. Finally, Lemma A.1 also gives fé 1{p(x,)=0) ds = 0. The proof of Theorem 5.3
is complete. U

Appendix F: Proof of Theorem 5.7

The proof of Theorem 5.7 is divided into three parts.
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Proof of Theorem 5.7(i) The following argument is a version of what is sometimes
called “McKean’s argument”; see Mayerhofer et al. [37, Sect. 4.1] for an overview
and further references. Suppose first p(Xo) > 0 almost surely. It6’s formula and the
identity aVh = hp on M yield

logp(X;) — log p(Xo)

_ /’(%(Xs) _ 1VpTan(Xs)) ds /f Vplo(Xy) 4w
o \ P(Xy) 2 p(Xy)? " Jo p(Xy) ' (ED

_ / 29p(Xs) —h Vp(Xy) | /f VpTo(Xy)
0 ZP(XS) 0 p(Xs)

for t < 7 =inf{s > 0: p(X;) = 0}. We now modify log p(X) to turn it into a local
submartingale. To this end, define

dw;

t
1
V:/ 1x, 129 p(Xs) —h ' Vp(Xs)|ds.
t 0 {X'(;EU}p(XS) P(As P(As

We claim that V; < oo forall ¢ > 0. To see this, note that the set ENU° N {x : ||x|| <n}
is compact and disjoint from {p = 0} N E for each n. Thus

g, =min{p(x):x € ENU, ||x]| < n}

is strictly positive. Defining o, = inf{z : || X;|| > n}, this yields

t
Ving, < =— max |29 p(x) —h'Vp(x)| < oco.

T 2g, lxli<n

Since 0;,, — oo due to the fact that X does not explode, we have V; < oo forall ¢t > 0
as claimed. It follows that the process

t
1
A= 1 29p(Xs) —h'Vp(Xy))d
‘ /0 {XxséU}p(Xs)( p(Xs) p(Xy))ds

is well defined and finite for all # > 0, with total variation process V.

Now define stopping times p, = inf{r > 0 : |A;| + p(X;) > n} and note that
pn — 00 since neither A nor X explodes. Consider the process Z =log p(X) — A,
which satisfies

'
1 T
Z; =log p(Xo) +/0 1{XSeU}m(2gP(Xs) —h VP(Xs)) ds
/’ Vplo(Xy)
0

p(Xs)

Then —Z#" is a supermartingale on the stochastic interval [0, t), bounded from be-
low.* Thus by the supermartingale convergence theorem, lim;4; Z;4p, exists in R,
which implies T > pj,. Since p,, — oo, we deduce t = oo, as desired.

dWs.

4Details regarding stochastic calculus on stochastic intervals are available in Maisonneuve [36]; see also
Mayerhofer et al. [37], Carr et al. [7], Larsson and Ruf [34].
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Finally, suppose P[p(Xo) = 0] > 0. The above proof shows that p(X) cannot
return to zero once it becomes positive. But due to (5.2), we have p(X;) > 0 for
arbitrarily small ¢ > 0, and this completes the proof. O

Proof of Theorem 5.7(ii) As in the proof of (i), it is enough to consider the case where
p(Xo) > 0. By (G2), we deduce 29p —h'Vp =ap on M for some o € Pol(R%).
However, we have deg¥ p < deg p and degaV p < 1+deg p, which yields degh < 1.
Consequently degap < deg p, implying that « is constant. Inserting this into (F.1)
yields

@ ['VploXy)

log p(x,) =log p(xo) + 51+ [ 22 S5 aw,

2 0 p(Xy)
for t < =inf{r : p(X;) = 0}. The process log p(X;) — at/2 is thus locally a mar-
tingale bounded from above, and hence nonexplosive by the same “McKean’s argu-
ment” as in the proof of part (i). This proves the result. O

Proof of Theorem 5.7(iii) The proof of relies on the following two lemmas.

Lemma F.1 Let b : RY — RY and o : R? — R4 pe continuous functions with
1612 + lo@)]1? < k(1 + ||x||>) for some k > 0, and fix p > 0. Let Y be a
d-dimensional Ito process satisfying Y = Yo + fé b(Ys)ds + fot o (Yy)dWs. Then
there exist constants cy, cy > 0 that only depend on k and p, but not on Yy, such
that

IP’[Suplle — Yol < p} > 1 —ter(1+E[| Yol*D), r=c.

s<t

Proof By Markov’s inequality,

P[sup IY; — Yol < p} >1 _p—zE[sup Y, — Yollz]
t<e

t<e

Let 7, be the first time ||Y;|| reaches level n. A standard argument using the BDG
inequality and Jensen’s inequality yields

ATy
E[ sup ||Ys—Y0||2:|§262E|:/0 (||o(YS>||2+||b(Ys>||2)ds]

S<IAT,

for t < c¢p, where ¢; is the constant in the BDG inequality. The growth condition
yields

tAT,
E[ sup [|¥s — Yollz} < ZCzidE[/ 1+ IIYsIIZ)dS]
0

S<IAT,

t
§4Cz/<(l+]E[||Yo||2])l+4C2K/ E[ sup ||Yu_YO||2] ds,
0

U<sAT,
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for t < ¢y, and Gronwall’s lemma then gives E[supsimm Y, — Y0||2] < cyreteart
where ¢3 = 4cac (1 + E[||Yo|%]). Sending # to infinity and applying Fatou’s lemma
concludes the proof, upon setting ¢; = 4cz/ce4C%" A 3. O

LemmaF.2 Let0 <a <2 andz >0, and let Z be a BESQ(«) process starting from
7> 0. Let P, denote its law. Let 19 = inf{t > 0 : Z; = 0} be the first time Z hits zero.
Then for any ¢ > 0,

limP,[tg > e] =0
z—0
Proof By Going-Jaeschke and Yor [26, Eq. (15)], we have

00 1 Z\P
P = =) e ¥/ qr,
oo > €] /g ) (2t> €

where I'(-) is the Gamma function and vV =1 — /2 € (0, 1). Changing variables to
s = z/(2t) yields P, [tg > €] = ﬁlf 2/ Q8) (p-lg—s ds, which converges to zero as
z — 0 by dominated convergence. 0

We may now complete the proof of Theorem 5.7(iii). The hypotheses yield
0<29pE) <hX@) ' VpX).

Hence there exist some 8 > 0 such that 24 p(x) < (1 — 28)h(X) T V p(X) and an open
ball U in R? of radius p > 0, centered at X, such that

29p<(1—8)h'Vp and h'Vp>0 onENU.

Note that the radius p does not depend on the starting point Xj.
Forallt <t(U)=inf{s >0: X; ¢ U} AT, we have

t t
p(X)) — p(Xo) — /0 Yp(Xy)ds = /O Vpo(Xs)dW,
t
2/ vV VpTaVp(Xs)dBs
0
! 1/
22/0 VP(XS)E thp(Xs)st

for some one-dimensional Brownian motion, possibly defined on an enlargement of
the original probability space. Here the equality aV p = hp on E was used in the last
step. Define an increasing process A; = fé %hTVp(XS) ds. Since hTVp(Xt) > 0 on
[0, T(U)), the process A is strictly increasing there. It follows that the time-change
vu =inf{t > 0: A; > u} is continuous and strictly increasing on [0, A (y)). The time-
changed process Y, = p(X,,) thus satisfies

_ " 49 p(Xy,)
Yu—p(X0)+/0 ARV, (X),L)d +2/ \/_dﬁva u<Ar(U)-
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Consider now the BESQ(2 — 2§) process Z defined as the unique strong solution to
the equation

zu:p<xo)+(2—28)u+2/ VZ, dB,.
0

Since 49 p(X,)/h "V p(X;) <2 — 26 for t < t(U), a standard comparison theo-
rem implies that Y, < Z, for u < A;(y); see for instance Rogers and Williams
[42, Theorem V.43.1]. It is well known that a BESQ(«) process hits zero if and only
if o < 2; see Revuz and Yor [41, page 442]. It thus remains to exhibit ¢ > 0 such
that if || Xo — X|| < € almost surely, there is a positive probability that Z, hits zero
before X,, leaves U, or equivalently, that Z,, = 0 for some u < A;(y). To this end,
set C =sup, ¢y h(x)TVp(x)/4, so that A;yy) > Ct(U), and let n > 0 be a number
to be determined later. We have

P[n <Ay and inf Z, = O]
u<n
> Py < Arw ] — P[gg Zu> 0]

P[pCc~! U)|—P| inf Z, >0
2P[nC™ < 1(U)] [;2,7 >] (F2)

=IF’|: sup || X; —X| < p:| —]P’[ inf Z,, > O]
t<nC-! u=n

> IP[ sup [|X; — Xoll < ,0/2] - IP’[ inf Z, > 0],
t<nC-! u=n

where we recall that p is the radius of the open ball U, and where the last inequality
follows from the triangle inequality provided || X¢ — X|| < p/2. By Lemma F.1, we
can choose > 0 independently of X so that P[sup, -, c-1 | X; — Xoll < p/2] > 1/2.
Then by Lemma F.2, we have P[inf, <, Z, > 0] < 1/3 whenever Zy = p(Xy) is suf-
ficiently close to zero. This happens if X is sufficiently close to X, say within a
distance p’ > 0. Thus, setting ¢ = p’ A (p/2), the condition || Xo — X|| < o' A (p/2)
implies that (F.2) is valid, with the right-hand side strictly positive. The theorem is
proved. O

Appendix G: Proof of Proposition 6.1

Condition (G1) is vacuously true, so we prove (G2). If d = 1, then {p =0} = {—1, 1},
and it is clear that any univariate polynomial vanishing on this set has p(x) = 1 — x>
as a factor. Thus (G2) holds. If d > 2, then p(x) =1 — xTQx is irreducible and
changes sign, so (G2) follows from Lemma 5.4.

Next, it is straightforward to verify that (6.1), (6.2) imply (A0)—(A2), so we
focus on the converse direction and assume (A0)—(A2) hold. We first prove that
a(x) has the stated form. Write a(x) = o + L(x) + A(x), where a = a(0) € S%,
L(x) € S is linear in x, and A(x) € S? is homogeneous of degree two in x.
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Since a(x)Qx =a(x)Vp(x)/2=0 on {p = 0}, we have for any x € {p =0} and
€ € {—1, 1} that

O=ca(ex)0Ox = e(an + A(x)Qx) + L(x)Ox.

This implies L(x) Qx = 0 for all x € {p = 0}, and thus, by scaling, for all x € R?. We
now argue that this implies L = 0. To this end, consider the linear map T : & — &
where

Z = {all linear maps RY — §9),

% = {all second degree homogeneous maps RY — Rd},

and TK € % is given by (TK)(x) = K(x)Qx. One readily checks that we have
dim 2" =dim% =d*(d + 1)/2. Thus if we can show that T is surjective, the rank-
nullity theorem dim(ker T') + dim(range7') = dim .2~ implies that ker T is trivial. But
the identity L(x)Qx = 0 precisely states that L € ker T, yielding L = 0 as desired.
To see that 7T is surjective, note that % is spanned by elements of the form

©,...,0,xx;,0,...,0)"

with the kth component being nonzero. But all these elements can be realized as
(TK)(x) = K(x)Qx as follows: If i, j, k are all distinct, one may take

Kii Kij Kix 1 (0 —xxj\ (Qi 0 O
Kji K;jj Kjx |(x)= 2 —xr 0 x; 0 Qj; 0],
Kii Kij Kk xj x 0 0 0 Ok

and all remaining entries of K (x) equal to zero. If i = k, one takes K;;(x) = x; and
the remaining entries zero, and similarly if j = k. If i = j # k, one sets

(Kii Kik>(x) _ <—xk xi) <Qii 0 )
Kri Kk xi 0 0 Ow)’
and the remaining entries zero. This covers all possible cases, and shows that T is
surjective. Thus L = 0 as claimed.

At this point, we have shown that a(x) = o + A(x) with A homogeneous of degree
two. Next, since aV p = 0 on {p = 0}, there exists a vector & of polynomials such that

aV p/2 = hp. By counting degrees,  is of the form h(x) = f 4 Fx for some f € R?,
F e R%*4 Forany s > 0 and x € R? such that sx € E,

2 Ox + s2A(x)Ox = 2—1sa(sx)Vp(sx) =1 —s>"0x)(s" f + Fx).

By sending s to zero, we deduce f =0 and ax = Fx for all x in some open
set, hence F = . Thus a(x)Qx = (1 — x " Ox)aQx for all x € E. Defining
cx)=alx)—( —xTQx)a, this shows that c¢(x)Qx = 0 for all x € R?, that
¢(0) =0, and that c(x) has no linear part. In particular, ¢ is homogeneous of degree
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two. To prove that ¢ € %2, it only remains to show that c(x) is positive semidefinite
for all x. For this we observe that for any u € R? and any x € {p =0},

uTc(x)u = uTa(x)u > 0.

In view of the homogeneity property, positive semidefiniteness follows for any x.
Thus c € ‘é_Q and hence this a(x) has the stated form. Furthermore, the drift vector is
always of the form b(x) = 8 + Bx, and a brief calculation using the expressions for
a(x) and b(x) shows that the condition ¢4 p > 0 on {p = 0} is equivalent to (6.2). [

Appendix H: Proof of Proposition 6.4

Condition (G1) is vacuously true, and it is not hard to check that (G2) holds.

Next, it is straightforward to verify that (i) and (ii) imply (A0)-(A2), so we focus
on the converse direction and assume (A0)—(A2) hold.

We first deduce (i) from the condition aVp =0 on {p = 0} for all p € & together
with the positive semidefinite requirement of a(x). Taking p(x) =x;,i =1,...,d,
we obtain a(x)Vp(x) = a(x)e; =0 on {x; = 0}. Hence the ith column of a(x) is a
polynomial multiple of x;. Similarly, with p =1 — x;, i € I, it follows that a(x)e; is
a polynomial multiple of 1 — x; for i € I. Hence, by symmetry of a, we get

viixi(1 —x;) = aji(x) = ajj(x) = h;j (x)x; (iel, jelUJ)

for some constants y;; and polynomials /;; € Pol;(E) (using also that dega;; < 2).
For i # j, this is possible only if g;j(x) = 0, and for i = j € [ it implies that
aii(x) = yix; (1 — x;) as desired. In order to maintain positive semidefiniteness, we
necessarily have y; > 0.

Now consider 7, j € J. By the above, we have a;j(x) = h;j(x)x; for some
hij € Polj (E). Similarly as before, symmetry of a(x) yields

hij(x)xj =aij(x) = aji(x) = hji(x)x;,

so that for i # j, h;; has x; as a factor. It follows that a;;(x) = a;;x;x; for some
aij eRI i = j, we get a;;(x) = ajjsz. + xj(¢; + wg)xI + JT(—E)XJ) for some
ajj €R, ¢; e R, ¥ € R", ;) € R" with 7(;) ; = 0. Positive semidefiniteness
requires a;;(x) > 0 for all x € E. This directly yields 7, € R’}. Further, by set-
ting x; = 0 for i € J \ {j} and making x; > O sufficiently small, we see that
o + lﬁ&)xl > 0 is required for all x; € [0, 11, which forces ¢; > (wG))Tl. Fi-
nally, let oo € S" be the matrix with elements o;; for i, j € J, let ¥ € R™*" have
columns ¥y, and IT € R"*" columns 7( ;). We then have

sfza”(xI, sxj) = Diag(x;)a Diag(xy)
+ Diag(x,) Diag (s ' (¢ + ¥ Tx;) + T x),

so by sending s to infinity we see that o + Diag(/T " x;) Diag(x;) ™' must lie in St
for all x; € R} , . This proves (i).
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For (ii), note that ¥ p(x) = b;(x) for p(x) = x;, and ¥p(x) = —b;(x) for
p(x) =1—x;. In particular, if i € I, then b;(x) cannot depend on x;. This estab-
lishes (6.4). Next, for i € I, we have 8; + B;;x; > 0 for all x; € [0, 1] with x; =0,
and this yields 8; — (B;I\{l.})l > 0. Similarly, B8; + B;;x; < 0 for all x; € [0, 1]" with
x; =1, so that 8; + (Bi'f,\{i})l + B;; <0. For j € J, we may set x; = 0 to see that
By + Byrx; R, forall x; € [0, 1]™. Hence ; > (B;I)l for all j € J. Moreover,
fixing j € J, setting x; = 0 and letting x; — oo for i # j forces Bj; > 0. The proof
of (ii) is complete. Il

Appendix I: Proof of Proposition 6.6

Since 2 consists of the single polynomial ¢ (x) = 1 — 17 x, it is clear that (G1) holds.
To prove (G2), it suffices by Lemma 5.5 to prove for each i that the ideal (x;, 1—1Tx)
is prime and has dimension d — 2. But an affine change of coordinates shows that this
is equivalent to the same statement for (x1, x2), which is well known to be true.

Next, the only nontrivial aspect of verifying that (i) and (ii) imply (A0)—(A2) is
to check that a(x) is positive semidefinite for each x € E. To do this, fix any x € E
and let A denote the diagonal matrix with a;;(x),i =1, ..., d, on the diagonal. Then
for each s € [0, 1), the matrix A(s) = (1 — s)(A + Id) + sa(x) is strictly diagonally
dominant® with positive diagonal elements. Hence by Horn and Johnson [30, Theo-
rem 6.1.10], it is positive definite. But since S‘i is closed and limg_, | A(s) = a(x),
we geta(x) € Si.

We now focus on the converse direction and assume (A0)—(A2) hold. We first
prove (i). As the ideal (x;, 1 — 17 x) satisfies (G2) for each i, the condition a(x)e; = 0
on M N {x; = 0} implies that

aji (0) = xihji () + (1 = 1T2)g;i (x) (L1)
for some polynomials 4 j; and g;; in Pol; (R9). Suppose j # i. By symmetry of a(x),
we get
xjhij () = xihji (o) + (1= 1720 (g (x) = 81 (x).

Thus h;; =0 on M N {x; =0} N {x; # 0}, and, by continuity, on M N {x; = 0}. An-
other application of (G2) and counting degrees gives h;; (x) = —a;;x; + (1 — lTx)yi j
for some constants o;; and y;;. This proves a;;(x) = —a;;x;x; on E for i # j, as
claimed. For i = j, note that (I.1) can be written as

aii (x) = —eiix; + xi (@i + ¥, x) + (1= 17x)g; (x)

for some constants «;;, ¢; and vectors ;) € R? with Y¥(i),i = 0. We need to iden-
tify ¢; and ;. To this end, note that the condition a(x)1 =0 on {I — 1Tx =0}

5 A matrix A is called strictly diagonally dominant if |A;;| > Y i |A;j| for all i; see Horn and Johnson
[30, Definition 6.1.9].
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yields a(x)1 = (1 — 17x) f(x) forall x € RY, where f is some vector of polynomi-
als f; € Polj (RY). Writing the ith component of a(x)1 in two ways then yields

d
Xi < — Zai.,'x.; + ¢ + w(—ir)x> =(1- lTx)(f,- (x) — g,-i(x))
j=1 1.2)

= (1—1"x)(n; + (Hx);)

for all x € R? and some n € RY, H € RY*?, Replacing x by sx, dividing by s and
sending s to zero gives x;¢; = lims_,¢ s_lm + (Hx);, which forces n; =0, H;; =0
for j i and H;; = ¢;. Substituting into (I.2) and rearranging yields

d
xi(—Zainj —i—w(—ir)x—}-qb,-lTx) =0 (1.3)

j=1

for all x € R?. The coefficient in front of )cl.2 on the left-hand side is —«;; + ¢;
(recall that yr(;y ; = 0), which therefore is zero. That is, ¢; = «;;. With this in mind,
(I.3) becomes x; Z#i(—au + Y@, +aii)x; =0 for all x € RY, which implies
Y(iy,j = o;j — a;;. At this point, we have proved

aii (x) = =i x; +xi <Oéii + ) (i — Olii)xj) =aiixi(1=17Tx) + Y aijxix;
J#i J#i
on E, which yields the stated form of a;;(x). It remains to show that «;; > 0 for

all i # j. To see this, suppose for contradiction that «;; < 0 for some (i, k). Pick
5s€(0,1) and set x;y =s,x; = (1 —s)/(d — 1) for j # k. Then

1—s
aii(x)zxiZaijxj:x,~<a,-ks+d_1 Z Ol,'j).

J#i ik

For s sufficiently close to 1, the right-hand side becomes negative, which contradicts
positive semidefiniteness of a on E. This proves (i).

For (ii), first note that we always have b(x) = 8 + Bx for some B € R? and
B € R4*4 The condition ¥g =0on M for g(x) =1—1Tx yields fT14+x"BT1=0
on M. Hence by Lemma 5.4, ,BTI +x"BT1=«(1 —1Tx) forall x € R¢ and some
constant «. This yields 71 =« and then BT1= —«1= —(8T1)1. Next, the condi-
tion ¥ p; > 0on M N {p; =0} for p;(x) = x; can be written as

d
min{ﬁi —}-ZBJ‘,'X]' i X eRd,lTx:I,x,- :O} >0,
j=1
which in turn is equivalent to
min{ﬁi + ZBjixj X € Rf{_, ij = l} > 0.
J#i J#
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The feasible region of this optimization problem is the convex hull of {e; : j # i},
and the linear objective function achieves its minimum at one of the extreme points.
Thus we obtain 8; + Bj; > 0 for all j # i and all 7, as required. O

Appendix J: Some notions from algebraic geometry

In this appendix, we briefly review some well-known concepts and results from alge-
bra and algebraic geometry. The reader is referred to Dummit and Foote [16, Chaps. 7
and 15] and Bochnak et al. [6, Chap. 4] for more details.

An ideal I of Pol(Rd ) is a subset of Pol(R¥) closed under addition and such that
f eI and g € Pol(R?) implies fg € I. Given a finite family % = {r{,...,rpy} of
polynomials, the ideal generated by %, denoted by (%) or (r1,...,ry), is the ideal
consisting of all polynomials of the form fir{ +-- -+ f,rm, with f; € Pol(R?). Given
any set of polynomials S, its zero set is the set

V() ={xeR?: f(x)=0forall f €S}

The zero set of the family % coincides with the zero set of the ideal I = (%), that
is, V' (#) = ¥ (I). For example, the set M in (5.1) is the zero set of the ideal (2).
Given a set V C RY, the ideal generated by V, denoted by . (V), is the set of all
polynomials that vanish on V. It follows from the definition that S € .#(7#'(S)) for
any set S of polynomials. A basic problem in algebraic geometry is to establish when
an ideal I is equal to the ideal generated by the zero set of 7,

1=29(V)). .1

If the ideal I = (%) satisfies (J.1), then that means that any polynomial f that van-
ishes on the zero set ¥ (I) has a representation f = firy + -+ + fyurm for some
polynomials fi, ..., fm.

An ideal I of Pol(]Rd) is said to be prime if it is not all of Pol(Rd) and if the
conditions f, g € Pol(R?) and fg € I imply f € I or g € I. The dimension of an
ideal I of Pol(R?) is the dimension of the quotient ring Pol(R?)/1; for a definition
of the latter, see Dummit and Foote [16, Sect. 16.1].
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