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ERGODICITY OF AFFINE PROCESSES ON THE CONE OF SYMMETRIC
POSITIVE SEMIDEFINITE MATRICES

MARTIN FRIESEN, PENG JIN®, JONAS KREMER, AND BARBARA RUDIGER

ABSTRACT. This article investigates the long-time behavior of conservative affine processes
on the cone of symmetric positive semidefinite d x d-matrices. In particular, for conservative
and subcritical affine processes on this cone we show that a finite log-moment of the state-
independent jump measure is sufficient for the existence of a unique limit distribution. Moreover,
we study the convergence rate of the underlying transition kernel to the limit distribution:
firstly, in a specific metric induced by the Laplace transform and secondly, in the Wasserstein
distance under a first moment assumption imposed on the state-independent jump measure and
an additional condition on the diffusion parameter.

1. INTRODUCTION

An affine process on the cone of symmetric positive semidefinite d x d-matrices S; is a stochas-
tically continuous Markov process taking values in S, whose log-Laplace transform depends in
an affine way on the initial state of the process. Affine processes on the state space S; are first
systematically studied in the seminal article of Cuchiero et al. [I1]. In their work, the generator
of an S;—valued affine process is completely characterized through a set of admissible parame-
ters, and the related generalized Ricccati equations are investigated. Subsequent developments
complementing the results of [I1] can be found in [30} 36} 37, 38]. Note that the notion of affine
processes is not restricted to the state space S;. For affine processes on other finite-dimensional
cones, particularly the canonical one R'" x R", we refer to [2, 5] 6], 12} 13, 14} 26| 30} [32]. We
remark that the above list is, by far, not complete.

The importance of S;—Valued affine processes has been demonstrated by their rapidly grow-
ing applications in mathematical finance. In particular, they provide natural models for the
evolution of the covariance matrix of multi-asset prices that exhibit random dependence, for
instance, the Wishart process [9], the jump-type Wishart process [34], and a certain class of
matrix-valued Ornstein-Uhlenbeck processes driven by Lévy subordinators [7]. Among them,
the Wishart process is the most popular one, and it has been successfully applied to generalize
the well-known Heston model [24] to multi-asset setting, see also [3], [8l 10} 5], 19} 20, 211, 22, 23].
The jump-type Wishar process as introduced by Leippold and Trojani [34] allows jumps which
help the model to fit better to real world interest rates or volatility of multi-asset prices. In [34]
the jump-type Wishart process is used in multi-variate option pricing, fixed-income models and
dynamic portfolio choice. For a more detailed review on financial application of affine processes
on S} we refer to the introduction of [LI], see also the references therein.

In this article we investigate the long-time behavior of affine processes on S}'. First, we
study the existence of limit distributions for these processes. This problem was studied for
particular S;—Valued affine models by Alfonsi et al. [I] in the case of Wishart processes, while
Barndorff-Nielsen and Stelzer 7] studied matrix-valued Ornstein-Uhlenbeck processes driven by
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Lévy subordinators. Our main result (see Theorem below) is applicable to general conserva-
tive, subcritical affine processes on S, and therefore covers the aforementioned results. Having
established the existence of a unique limit distribution for affine processes on S;, our next aim
is to study the convergence rate of the underlying transition probability to the limit distribution
in a suitably chosen metric, for instance, the Wasserstein or total variation distance. While
exponential ergodicity in total variation has been investigated very recently by Mayerhofer et
al. [38], we use two other metrics in the present article: the Wasserstein—l—distanceﬂ and a
metric induced by the Laplace transform. We also provide sufficient conditions for exponential
ergodicity with respect to these two metrics.

The long-time behavior of general affine processes has previously been studied in many dif-
ferent settings, see, e.g., [4, 18, 27, 29, 31], 35, 40]. One application of such a study is towards
the calibration of affine models. In the case of the Wishart process, the maximum-likehood
estimator for the drift parameter was recently studied by Alfonsi et al. [I]. As demonstrated
in their article, ergodicity helps to derive strong consistency and asymptotic normality of the
estimator.

This paper is organized as follows: In Section [2| we introduce Szlr—valued affine processes,
formulate and discuss our main results. The proofs are then given in Sections [3] - [7 Finally,
Section [§]is dedicated to applications of our results to specific affine models often used in finance.

2. MAIN RESULTS

In terms of terminology, we mainly follow the coordinate free notation used in Mayerhofer
[36] and Keller-Ressel and Mayerhofer [30].

Let d > 2 and denote by S; the space of symmetric d x d matrices equipped with the scalar
product (z,y) = tr(xy), where tr(-) denotes the trace of a matrix. Accordingly, || - || is the
induced norm on Sy, that is, ||z|| := (z,z)'/2. Note that | - || is the well-known Frobenius norm.
We list some properties of the trace and its induced norm in Appendix [A] which are repeatedly
used in the remainder of the article. Denote by S;r (resp. S;Jr) the cone of symmetric and
positive semidefinite (resp. positive definite) real d x d matrices. We write z <y if y — x € S;r
andx <yify—z € Sj* for the natural partial and strict order relation introduced respectively
by the cones ST and S7*. Let B(S7\{0}) be the Borel-o-algebra on S7\{0}. An S} -valued
measure 1 on ST\{0} is a d x d-matrix of signed measures on S}\{0} such that n(4) € S}
whenever A € B(S}\{0}) with 0 ¢ A.

In the following we introduce the notion of admissible parameters first introduced in Cuchiero
et al. [II, Definition 2.3]. Here we mainly follow the one given in Mayerhofer [36, Definition
3.1], with a slightly stronger condition on the linear jump coefficient.

Definition 2.1. Let d > 2. An admissible parameter set (o, b, B, m, i) consists of:
(i) a linear diffusion coefficient o € S¥;
(ii) a constant drift b € S} satisfying b = (d — 1)o;
(iii) a constant jump term: a Borel measure m on S7\{0} satisfying

/ (€]l A1) m (d€) < oo
si\{o}

(iv) a linear jump coeflicient y which is an S]-valued, sigma-finite measure on S \{0} satis-
fying

Lo Nl @9 < o,
\{0}

Sq

LAlso known as the Kantorovich-Rubinstein distance.
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where tr(u) denotes the measure induced by the relation tr(u)(A) := tr(u(A4)) for all A €
B(S$\{0}) with 0 ¢ A;
(v) a linear drift B, which is a linear map B : S; — Sy satisfying
(B(z),u) >0 forall z, u €S} with (z,u) = 0.

According to our definition, a set of admissible parameters does not contain parameters
corresponding to killing. In addition, our definition involves a first moment assumption on the
linear jump coefficient p.

Theorem 2.1 ([I1]). Let (o, b, B,m,u) be admissible parameters in the sense of Definition
2.1. Then there exists a unique stochastically continuous transition kernel py(z,d§) such that

pi(z,S}) =1 and

/ e~ py(z, d€) = exp (~(t,u) — (B(t,u),2)), >0, zueST, (2.1)
S+

d

where ¢(t,u) and Y(t,u) in (2.1) are the unique solutions to the generalized Riccati differential
equations, that is, for u € Sg,

W) — it w), 60w =0 (2:2)
W) _ Rt w), w00 =u 2.3)

and the functions F' and R are given by

Fu) = (b,u) - /S o O mea),
R(u) = —2uau+ B (u) — /S+\{0} (e_<“’§> - 1) w(dg) .

Here, BT denotes the adjoint operator on Sy defined by the relation (u, B(¢)) = (BT (u),£)
for u, & € S4. Under the additional moment condition (iv) of Definition we will show in
Lemma below that R(u) is continuously differentiable and thus locally Lipschitz continuous
on S:{. This fact, together with the absence of parameters according to killing, implies that the
affine process under consideration is indeed conservative (see [1I, Remark 2.5]).

2.1. First moment. Our first result provides existence and a precise formula for the first
moment of conservative affine processes on Sj{. For this purpose, we define the effective drift

B(u) := B(u) + /S+\{O}<§,u>,u (d¢), forall u € Sy.

Then note that B : Sy — Sy is a linear map. We define the corresponding semigroup (exp(tg))tzo
by its Taylor series exp(tB)(u) = Yoot/ n!B°"(u), where B°™ denotes the n-times composition
of B. For the remainder of the article we write 1 without an index for the d x d-identity matrix,
while 1 4 denotes the standard indicator function of a set A.

Theorem 2.2. Let pi(x,dE) be the transition kernel of an affine process on S} with admaissible
parameters (o, b, B,m, 1) satisfying

[ lelmag) < . (2.0
tlgl>1}

Then, for eacht >0 and x € ST,

/ epy(z, dE) = ¢ m—f—/ g <b+é+\{0}£m(d§)) ds. (2.5)
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In particular, the first moment exists.

Based on methods of stochastic calculus similar results were obtained for affine processes with
state space R, in [5, Lemma 3.4] and on the canonical state space RZ, x R" in [I7, Lemma
5.2]. For affine processes on R>p, i.e., continuous-state branching processes with immigration,
and also for the more general class of Dawson-Watanabe superprocesses an alternative approach
based on a fine analysis of the Laplace transform is provided in [35]. The latter approach has
clearly the advantage that it is purely analytical and does not rely on the use of stochastic
equations and semimartingale representations for these processes. We provide in Section |3| a
purely analytic proof for Theorem as well.

Remark 2.3. Note that the transition kernel pi(x,-) with admissible parameters (o, b, B, m, ) is
Feller by virtue of [I1), Theorem 2.4]. Therefore, there exists a canonical realization (X, (Px)zeg;j)

of the corresponding Markov process on the filtered space (2, F, (Ft)i>0), where @ = ]D)(Sj) 18
the set of all cadlag paths w : R>g — ST and Xy(w) = w(t) for w € Q. Here (Fy)i>o is the
natural filtration generated by X and F = \/,~oF. For z € Sg, the probability measure P,
on §) represents the law of the Markov process X given Xo = x. With this notation, under the

conditions of Theorem[2.4, formula ([2.5) reads

E, [X] = e'Pz + /0 B <b+ /S o) §m<d€>> ds,

where E, denotes the expectation with respect to Py.

2.2. Existence and convergence to the invariant distribution. In this subsection we
formulate our main result. Let py(z,-) be the transition kernel of an affine process on Sz.
Motivated by Thgorem it is reasonable to relate the long-time behavior of the process with
the spectrum o(B) of B. More precisely, an affine process on Sj with admissible parameters
(v, b, B, m, ) is said to be subcritical, if

sup{Re)\EC: )\EO’(E)}<O. (2.6)
Under condition , it is well-known that there exist constants M > 1 and § > 0 such that
HetEH < Me™®, t>0. (2.7)
The next remark provides a sufficient condition for .

Remark 2.4. According to [38, Theorem 2.7], (2.7)) is satisfied if and only if there exists a
v E S;Jr such that —B' (v) € S;Jr. However, in many application the linear drift is of the form

E(:U) = Bx +xB", where B is a real-valued d x d-matriz, see Section @ In this case, it follows
from [38] Corollary 5.1) that (2.7) is satisfied if and only if

sup{ReAeC: A€o (p)} <0,
which in turn holds true if and only if there exists one v € S;Jr such that —(BTv +vp) € Sj{f

Let P(S;) be the space of all Borel probability measures on S7. We call 7 € P(S]) an
invariant distribution, if

/+ pe(x,dé)m(dx) = w(dE), t>0.

Sq

The following is our main result.
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Theorem 2.5. Let pi(x,dE) be the transition kernel of a subcritical affine process on S:{ with
admissible parameters (o, b, B,m, ). Suppose that the measure m satisfies

/ log ||€]| m. (d€) < co. (2.8)
{lI€lI>1}

Then there exists a unique invariant distribution w. Moreover, pi(x,-) — m weakly as t — oo
for each x € S; and m has Laplace transform

/SI e~ (dz) = exp <— /OOOF (¢(s,u)) ds> , uw€eSy. (2.9)

The proof of Theorem is postponed to Section [bl Let us make a few comments. Note that
in dimension d = 1 it holds ST = R>o and affine processes on this state space coincide with
the class of continuous-state branching processes with immigration introduced by Kawazu and
Watanbe [28]. In this case, the long-time behavior has been extensively studied in the articles
[33, Theorem 3.16], [31, Theorem 2.6], and the monograph [35, Theorem 3.20 and Corollary
3.21]. This is why we restrict ourselves to the case d > 2. Theorem establishes sufficient
conditions for the existence, uniqueness, and convergence to the invariant distribution. For affine
processes on the canonical state space RZ, x R" a similar statement was recently shown in [27].

For dimension d = 1 it is known that_ is not only sufficient, but also necessary for the
convergence to some limiting distribution, see, e.g., [35, Theorem 3.20 and Corollary 3.21]. To
our knowledge, extensions of this result to higher dimensional state space has not yet been

obtained. In this context, we have the following partial result for subcritical affine processes on
ST,
d

Proposition 2.6. Let pi(x,d§) be the transition kernel of a subcritical affine process on S:{ with
admissible parameters (a, b, B,m, ). Suppose that there exists x € S:{ and T € P(S;) such that
pe(x, ) = 7 weakly as t — oo. If « = 0 and there exists a constant K > 0 satisfying

K&+ B(&) =0, ¢eST, (2.10)

then (2.8) holds.

We note that any linear map B : S; — Sg which leaves Sj{ invariant satisfies condition
for each K > 0. As an example of such a map, let B(z) = fzf' for x € Sy, where 3 is a
real-valued invertible d x d-matrix. Obviously, B defined in this way is admissible in the sense
of Definition and B(S) = S}. Moreover, in view of [4I, Theorem 2], any linear map that
leaves Sj invariant must be of this form.

In order to prove Theorem [2.5] and Proposition [2.6] we first establish in Section [4] precise
lower and upper bounds for (¢,u). Since in dimension d > 2 different components of the
process interact through the drift B in a nontrivial manner on Sj, the proof of the lower
bound is deduced from the additional conditions o = 0 and , which guarantees that these
components are coupled in a well-behaved way.

We close this section with a useful moment result regarding the invariant distribution.

Corollary 2.7. Let pi(xz,dE) be the transition kernel of a subcritical affine process on S; with
admissible parameters (a, b, B,m, ) satisfying (2.4). Let w be the unique invariant distribution.
Then

d

i [ ypledy) = | urn) = [ B (b [ emiag) ) as
oo Jsy 54 0 s3\(0}
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2.3. Study of convergence rate. Noting that § defined by (2.7 is supposed to be strictly
positive, we will see that it appears naturally in the rate of convergence towards the invariant
distribution. In order to measure this rate of convergence we introduce

—(u,z) dz) — / —(u,z) d
€ xr (§ v\axr
JQ; n(dz) st (dz)

Note that this supremum is not necessarily finite. However, it is finite for elements of

dr(n,v) = sup y MV E P(S;—)‘

uesi\foy 1]

PiSH) = {e P+ [ lallotde) < oo}.

Then it is easy to see that dy, is a metric on P (S} ); moreover, (Pi(S}),d.) is complete. Using
well-known properties of Laplace transforms, it can be shown that convergence with respect
to dp, is stronger than weak convergence. The next result provides an exponential rate in dy,
distance.

Theorem 2.8. Let pi(x,dE) be the transition kernel of a subcritical affine process on S} with
admissible parameters (a,b, B,m,u). Suppose that (2.8)) holds and denote by 7 the unique
invariant distribution. Then there exists a constant C' > 0 such that

dr, (pe(z,),m) < C (1 + ||lz)e™®, t>0, z€S]. (2.11)

The proof of this result is given in Section @ Although under the given conditions py(z, -)
and 7 do not necessarily belong to Pi(S}), the proof of implies that dr(p(z,-), ) is
well-defined.

We turn to investigate the convergence rate from the affine transition kernel to the invariant
distribution in the Wasserstein-1-distance introduced below. Given o, o0 € P (S;D, a coupling
H of (p, 9) is a Borel probability measure on S} X S;f which has marginals ¢ and g, respectively.
We denote by H(p, 0) the collection of all such couplings. We define the Wasserstein distance
on P (S)) by

Wiled)=intd [ oyt (dedy) s HEH (D) p.
SHxst
Since ¢ and o belong to P; (S:{), it holds that Wi(p, o) is finite. According to [42, Theorem
6.16], we have that (P(S;{), W1) is a complete separable metric space. Exponential ergodicity
in different Wasserstein distances for affine processes on the canonical state space R x R" was

very recently studied in [17]. Below we provide a corresponding result for affine processes on
ST,
d

Theorem 2.9. Let pi(x,dE) be the transition kernel of a subcritical affine process on S; with
admissible parameters (o, b, B,m, u) satisfying (2.4)). If « =0, then

Wi (pile, ), ) < VM e (||x| + [ |y||w<dy>> 120, zesf  (212)
Sd
The proof of Theorem is given in Section [7| which largely follows some ideas of [I7]. In

contrast to the latter work, for the study of affine processes on S; we encounter two additional
difficulties:

e It is still an open problem whether each affine process on S:{ can be obtained as a
strong solution to a certain stochastic equation driven by Brownian motions and Poisson
random measures. We refer the reader to [37] for some related results. In addition, we
do not know if a comparison principle for such processes would be available.
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e Following [I7], one important step in the proof of Theorem 2.7 therein is based on the
decomposition pi(z, ) = r¢(z, ) *pe (0, -), where r¢(z, -) is the transition kernel of an affine
process on Sj{ whose Laplace transform is given by

/S e Oz, d€) = exp (—((t, u), 7)),

that is, r4(x, -) should have admissible parameters (a,b = 0, B,m = 0, ). Unfortunately,
such transition kernel ry(z,-) is well-defined if and only if (a,b = 0, B,m = 0,u) are
admissible parameters in the sense of Definition This in turn is true if and only if
«a = 0 which is a consequence of the particular structure of the boundary Sg\ij

3. PROOF OF THEOREM

In this section we study the first moment of a conservative affine process on Sz{. In particular,
we prove Theorem Essential to the proof is the space-differentiability of the functions F' and
R as well as ¢ and . To simplify the notation we introduce L(Sq, Sy) as the space of all linear
operators Sy — Sy, and similarly L(Sy, R) stands for the space of all linear functionals S; — R.
For a function G : Sy — S, we denote its derivative at u € Sy, if it exists, by DG(u) € L(Sg,Sq).
Similarly, we denote the derivative of H : S; — R by DH(u) € L(S4,R). We equip L(S4,Sq)
and L(Sg4, R) with the corresponding norm

IIDG(U)HZHSWEIHDG(U)(QE)II and IIDH(U)IIZHSWEIHDH(U)(»T)II-

Let F and R be as in Theorem 2.1 According to [11, Lemma 5.1] the function R is analytic
on S:ﬁ. Below we study the differentiability of F' and R on the entire cone S(J{.
We first give a lemma that slightly extends [36, Lemma 3.3].

Lemma 3.1. Let g be a measurable function on S} with ij\{o} lg(&)| tr(p)(d§) < oo. Then
fsj\{o}g(f),u(df) is finite and

‘ / 9(€)u(de)
s3\{0}

Proof. Let p = (pij) and pi; = u;; — pi;; be the Jordan decomposition of pij. Suppose
ij\{o} lg(&)] tr(p)(d§) < oo. Then [36, Lemma 3.3] implies that fS}'\{O} lg(&)|p(d€) is finite

and
/ 19(6) ()
sH\{o0}

Since the ij-th entry of ij\{o} lg(&)|p(d€) is given by

+(d€) — ~(d
/Sd*\{O} Ol ) /sj\{o} 19(E) 155 (dS),

< /S NG

< /S 1 EN )

which is finite, we must have

/ GOlHE) <o and / 9Ol (d€) < 00, Vi€ {1,...d}.
s\{0} sy\{0}

So deJ“\{O} g(&)p(d¢) is finite. Again by [36, Lemma 3.3],

:‘/ g+(f),u(df)—/ g(f)u(df)H
sH\{0} s3\{0}
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< + d - d
<1/ gy Onta0)| ¢ / (Ot
<[ gMouwEo+ [ g @ud)
Sy \{0} S \{0}
< [ gl )
53 \{0}
The lemma, is proved. O
Lemma 3.2. The following statements hold:
(a) Foru€eS;*, h €Sy, we have
DR(u)(h) = —2 (uah + haw) + BT (h) + / (h, €)e=(1E) (de). (3.1)
S7\{0}

Moreover, through (3.1) DR(u) is continuously extended to u € S:{. In particular,
Re Cl(S;{) and (3.1) holds true for all u € S:{, hesSy.
(b) If [2:4) is satisfied, then foru € SJ*, h € Sy,

DF@)(R) = (bh)+ [ (h&e " m(de). (32)
s4\{0}
Moreover, through ([3.1) DF(u) is continuously extended to uw € S}. In particular,
Fe Cl(Sj) and (3.2)) holds true for all u € S;, h € Sy.
Proof. (a) Let u € SJT. Consider h € S, with sufficiently small ||h|| such that u+h € S}. An
easy calculation shows that
R(u+ h) — R(u) = DR(u)(h) + r(u, h),
where

r(u, h) == —2hah —I—/ e (we) (1 —e(h8&) _ <h,£)) p(dg).

S4\{0}
Let us prove that limg_s—o ||7(u, h)[|/]|h]] = 0. Assume ||h[| # 0. First, note that
[2hahl s
< 2f|er] < 2f|er[[[[ ]
17l il

Let M > 0. For ||£|| < M, we have
1
o0 (19— (h,g))| = '<h,§> </ o—lutsh€) s e<u,s>> ‘
0

1
— |(h,€)] - / (et — o)) g
0

< [(h, &), (3.3)

where we used that (u 4+ sh,§) > 0 and the Lipschitz continuity of [0,00) € z — exp(—z) to get
the last inequality. Similarly, for ||£|| > M,

‘e*<u:€> (1-e®8 —n, §>)) < ‘e*@‘@ - e*<“+hvf>‘ + ’e*“@(h, §>’ <2|(h, ).  (3.4)
Combining (3.3)), (3.4) and applying Lemma we get

Il
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1 ’e—<“»§> (1 — e ) _ <h’§>>

<

— Al Jsivqoy

<[]l €)% tr () (dE) +2/ [[€][tr(p)(dE),
} {

{llgll<m ll€l1>M}

tr(p)(d€)

r(u, h
Il < (2||a|| + ||€||2tr(u)(d£)) 2 [ el
{ligli<nr} {ligll>nr}
Note that ij{\{o} I€|Itr (1) (d€) < oo by virtue of Definition (iv). Let € > 0 be arbitrary and
fix some M = M(e) > 0 large enough so that f{||§”>M} |€]Itr(p)(d€) < e/4. Define

1
5=0(c) = (1 ol [ Hgn%rmxds)) :

Then, for ||h|| < 4§, we see that

[[r(u, b 2 °
A 71 T d 0+ = .
vl <2uau 2 N f)) ri<e

This proves (3.1)) for u € SZIH. Finally, the continuity of u — DR(u) in S:{ can be easily obtained
from the dominated convergence theorem.

(b) Similarly as before, we derive F'(u + h) — F(u) = DF(u)(h) + r(u,h) with r(u,h) =
fgi\{o} exp(—(u, &) (1 — exp((h,§&)) — (h,&))m(dE). Let ||h|| # 0. By essentially the same rea-
soning as in (a), we obtain that

h
W < |In lElPm(de) + 2 / € llm(de),
[ {lel<ny {llel>M}

and the second integral on the right-hand side is now finite by (2.4). Hence, we may follow the
same steps as in (a) to see that ||r(u,h)||/||h|| — 0 as ||h]| — 0 and the continuity of DF(u) in
Sy O

Let ¢ and v be as in Theorem We know from [11] Lemma 3.2 (iii)] that ¢(¢, u) and (¢, u)
are jointly continuous on R>o x S7 and, moreover, u — ¢(t,u) and u — 9 (¢, u) are analytic on

S:{Jr for t > 0.

Proposition 3.3. The following statements hold:

(a) D has a jointly continuous extension on R>g X S;r.
(b) If (2.4) is satisfied, then D¢ has a jointly continuous extension on R>q X Sj.

Proof. (a) Noting that s — DR(1(s,u)) € L(Sq,Sq) is continuous, we may define f,(t) as the
unique solution in L(Sy,Sy) to

Jut) =1 —i—/o DR (¢(s,u)) fu(s)ds.

Further, we then define the extension of Dy onto R>g x 8S§ simply by
Dip(t,u) = fu(t), (t,u) € Rxg x IS;.

It remains to verify the joint continuity of Di(t,u) on R>q x Sz{ extended in this way. By
the Riccati differential equation (2.3 we have

Dy(t,u) =1+ /t DR (¢(s,u)) DY(s,u)ds, t>0,u€ S;.
0
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Using that u — R(u) is continuous on Sj and 1 is jointly continuous on R>q x Sj, forall T > 0
and M > 0, there exists a constant C'(7', M) > 0 such that

sup DR (¢(s,w))|| =: C(T, M) < oo.
s€[0,7],ueS], lull<M

Hence, for each u € S} with ||u|| < M, we obtain

t
1Dt w)|| < 1+ C(T, M)/O 1D (s, u)|ds.

Applying Gronwall’s inequality yields
1Dy (¢, w)]| < ST =2 K(T, M) < o0,

for all t € [0,T] and u € S with [ul| < M. Because D¢ is jointly continuous in R>g x S}, it
is enough to prove continuity at some fixed point (t,u) € R>g x S, where 88:{ = S:{\S;r.

Without loss of generality we assume ¢ € [0,T] and u € 9S;} with ||u]| < M. Let s € R>( and
v €S with s € [0,T] and |lv|| < M. We have

DY (t,u) = Dip(s, v)[| < [[DY(t,u) — Dip(s, u)| + [[Dip(s, u) — Dy(s, ). (3.5)
We estimate the first term on the right-hand side of (3.5]) by

1Dw(t, ) — Dip(s, u)]| < H [ DRt Dotrar — [ DR (0t 0) Do war

< o(T, M) / | D4, )| dr
[s,t]UIt,s]
< C(T, M)K (T, M)|t — s|. (3.6)

Turning to the second term, for v € SZIH with ||v|| < M, Dy(s,u) = fu(s), and Dy(r,u) = fu(r),
we obtain

D (s, u) — Dip(s,v)|| < /08 DR (3(r,u)) Dy(r,u) — DR (¢(r,v)) Dy (r,v)|| dr
< /0 CIDR@(r, ) — DR ((r,0) | [ D (r,0)] dr
+ /S DR (3 (r,w)) || | Dy (r,u) — Dyp(r,v)| dr
0
T
< K(T.M) [ IDR@(r ) = DRGw(ro))] dr
+O(T, M) / D (r, 1) — Dib(r, v)]| dr
0
— K(T, M)az(v,w) + C(T, M) /0 D (r,u) — D(r,v)] dr,
Wh(gedaT(v, u) = fOT |IDR(¢(r,u)) — DR(3(r,v))||dr. Using once again Gronwall’s inequality,

| D3 (s,u) — Dip(s,v)|| < K (T, M)ar (v, u)e?@T. (3.7)

Noting that R € C(S}) and ¢(r,0) = 0 by [11, Remark 2.5], by dominated convergence
theorem, we see that ap(v,u) tends to zero as v — u. Consequently, the right-hand side of
tends to zero as v — u. Combining (3.5) with and , we conclude that D1 extended
in this way is jointly continuous in (¢,u) € R>¢ X S;r.
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(b) We know from the generalized Riccati equation ) that &(t,u) fo ))ds.
Noting that F' € C 1(S'F) due to (| -, the chain rule comblned with the dominated convergence
theorem implies the assertion. O

We are ready to prove Theorem
Proof of Theorem[2.3. Let € > 0. We have
0 0
I —(ew,€) d - —p(t,eu)—(z1h(t,eu))
de /S:e P, dg) ¢
= — (Dg(t,eu)(u) + (z, Dy (t,eu)(u))) e~ A=)~ (rvtew)

— (Do(t,0)(u) + (x, D(t,0)(u))) ase—0,

where we used that the functions D¢ and D1 have a jointly continuous extension on Rx>q X S
in accordance with Proposition [3.3 E On the other hand, noting |(u, £) exp(—(eu, §))| < e_le_1
and applying dominated convergence theorem, we get

0
—(ew,§) - _ —(eu,€) . N
e /Sl_iF € pt(IE? dg) - /S:; <U, £>e pt(l', dg) /S;; <’LL, €>pt($, dg) as € 0.

Note that the limit on the right-hand side is finite. Indeed, using Fatou’s lemma, we obtain

/S (1, &)pr(x, d€) < lim in / (1, €)e~ 4 E) py (2, d€) = D(t, 0)(w) + (&, DY(t, 0)(u)) < o0

e—0
d
for all u € S;. So
| t0.6m1(a.06) = D(2.0) 1) + (. Dis(t.0) ) (38)
d
In what follows, we compute the derivatives D¢(t,0) and D1 (t,0) explicitly. By means of the
generalized Riccati equation ([2.3)), we have
t
Y(t,u) —u= / R(Y(s,u))ds, t>0,ueS].
0
According to Lemma and Proposition we are allowed to differentiate both sides of the
latter equation with respect to u € SZ{ and evaluate at v = 0, thus, using the dominated
convergence theorem,

t
Dt )|, —Td = /0 DR (4(s, 1)) Dib(s, u)],,_gds, &3>0,

where Id denotes the identity map on S}. From [1I, Lemma 3.2 (iii)] we know that (¢, u) is
continuous in R>¢ x S} and noting that 1(s,0) = 0 (see [11, Remark 2.5]), we get

t
Dy(t,0) — Id = / DR (0) Dy(s,0)ds, t>0.

0
From this and the precise formula for ¢ (¢, h) we deduce that
t

Dip(t,0) = ePEO) and  Dg(t,0) = / DF(0)e*PRO) g,
0
We use Lemma [3.2] to get that

DR(0)(u) = B'(u) and DF(0)(u) = (b+ /S+\{O}§m(d§),u>.



12 MARTIN FRIESEN, PENG JIN, JONAS KREMER, AND BARBARA RUDIGER

Finally, combining this with (3.8 yields

[ wema.a) = [ 0FO) PO @as + (P50
S 0

‘ t -
:/ (e%B <b+/ fm(df)) ,udds + (eBx, u).
0 54 \{0}

Since the equality holds for each u € 837 the assertion is proved. O

4. ESTIMATES ON (¢, u)

We fix an admissible parameter set (a, b, B, m, ) and let ¥ be the unique solution to ([2.3)).
In this section we study upper and lower bounds for . Let us start with an upper bound for

W(t,u).
Proposition 4.1. Let i be the unique solution to . Then

1 (¢, )| < Mulle™, >0, (4.1)
where M and § are given by .

Proof. The proof is divided into three steps.
Step 1: Denote by q;(z,d§) the unique transition kernel of an affine process on S:{ with
admissible parameters (o, b, B,m = 0, 1), that is, for each u, z € S, we have

/+ e 8 g, (x, d€) = exp <— /Ot<b,zp(s,u))ds - <x,w(t,u)>> . t>0. (4.2)

Sq

Applying Jensen’s inequality to the convex function ¢ — exp(—t) yields

e {wlq, (z, >exp | — u, £)qe(x,
e ate.ae) > p( |t d@)

d d

t -
= exp (—/ (e*Bb,u)ds — (eth,u)> ,
0
where the last identity is a special case of Theorem Using (4.2)) we obtain
t - t -
(x,(t,u)) +/ (b,ah(t,u))ds < (P, u) +/ (e*Bb,u)ds, for all u, x € Sy, t>0. (4.3)
0 0

Step 2: Let a € S} be fixed. We claim that holds not only for b »= (d — 1)« but also for
any b € S;{. Aiming for a contradiction, suppose that there exist tg > 0 and &, xg, ug € Sj such
that

to ~ to .
I := (w0, 9(to, uo)) + / (6,4 (s,u0))ds — (2, ¢” ug) / (& e*? ug)ds > 0.
0 0

We now take an arbitrary but fixed by > (d — 1)a. Noting that

to to
8= [0 vt s = [ e uo)ds
0 0
is finite, we find a constant K > 0 large enough so that KI + A > 0, i.e.,
to ~ to ~
(o, b0, u)) + [ oo+ KE (s, u)ds > (Ko, u) + [ b+ Ke, e uds. (4.)
0 0

Now, since by + K& = (d — 1)a, we see that (4.4) contradicts (4.3) if we chose b = by + K&,
x = Kxg, u = ugp, and t = tg. Hence (4.3)) holds for all b € Sz{.
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Step 3: According to Step 2, we are allowed to choose b = 0 in , which implies
(w0 (t,w) < (@,e'P )
forallt >0 and z, u € SZ{. This completes the proof. O
We continue with a lower bound for ¢ (¢, u).

Proposition 4.2. Let ¢ be the unique solution to (2.3 and suppose that o = 0 and ([2.10)) is
satisfied. Then, for each u, € € ST,

(& v(tu) > e M u), >0 (4.5)

>e
Proof. Fix u € S} and define Wy (u) := 9(t, u) —exp(—Kt)u. Using that exp(—Kt)u = ¢(t,u) —
Wi (u) we obtain

M) — Rt w) + Kbt w) ~ KWiw).

Since Wy(u) = 0, the latter implies

Wi(u) = /0 e KU=9) (Kap(s,u) + R(¥(s,u))) ds.

Fix € € S:{, then

(& Wi(w)) = /0 e K= (K (€, v (s,u)) + (£, R(¥(s,u)))) ds. (4.6)

In the following we estimate the integrand. For this, we write (£, R(¢(s,u))) = I + Iz, where
L = (& B (Y(s,u)) and L= - / (=29 1) (¢, wdC)),
si\{0}
and estimate I; and Iy separately. For I7, by (2.10]) we get
I = <B(€)7 w(& U)> > _K<§7 1/1(57 U)>,

where we used the self-duality of the cone S; (see [25, Theorem 7.5.4]). Turning to I, we simply
have

b= /S+\{0} (1 a eiws’um) (& p(dC)) = 0.

Collecting now the estimates for I; and Is, we see that

(K&, ¥(s,u)) + (& R(¥(s,u)))) 2 0
and, thus, (£, Wi(u)) > 0 by . This proves the assertion. O

5. PROOF OF THE MAIN RESULTS

In this section we will prove Theorem Proposition and Corollary Let pi(z,d€) be
the transition kernel of a subcritical affine process on S:{ with admissible parameters («, b, B, m, )

and 0 > 0 be given by (2.7).
We note that F(u) > 0 for all u € S}. Based on the estimates on 1 (¢,u) that we derived in

the previous section, we easily obtain the following lemma.
Lemma 5.1. Suppose that (2.8)) holds. Then there exists a constant C > 0 such that
F(Y(s,u)) < Cllulle™®, s>0, ue Sy. (5.1)

Consequently,

/OOO F((s,u))ds < %HUH, u€es;. (5.2)
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Proof. We know that

F(sp(s,)) = (b, (s, ) + /

s7\{0}
= (b, (s, u)) + I(u).
Now, first note that, by (4.1)),
(b, 0(s,w)) < [Bll19(s, w) | < [[bllf[ufje™. (5.3)
We turn to estimate I(u). Using once again (4.1), we obtain

I(u) = /S o (1 - e*<¢(87“>v€>) m(de)

< [ min {1, (s, b m(de)
§7\{o}

(1 _ ef<w<s,u>,s>) m(de)

: —sd
< /Sj\{o}mln{l,MHHUHG b mde).

For all @ > 0 it holds 1 A a < log(2)~!log(1 + a), hence

1 1
I — “Om(dg) + — 1 —*0) m(d
W) = 0e@) /{5||§1} &lleale™ m(de) + 2o /{||5>1} 0g (1+ €1]lulle )m( £)

=: Jl(u) + JQ(u)

Let C' > 0 be a generic constant which may vary from line to line. Since m(d§) integrates
€11 Lg)e)<1y by definition, we have

Ji(u) < Cllufe™*.

Moreover, noting that m(d§) integrates log ||| 1y¢|>13 by assumption, for Jo(u) we use the
elementary inequality (see [I7, Lemma 8.5])

log(1+a-c¢) < Cmin{log(l+a),log(l+c)}+ Clog(l+ a)log(l+ c)
< Clog(l+a)+ Calog(1l+c)
< Ca(1l+log(l+c))

for a = ||u|| exp(—sd) and ¢ = ||€|| to get

Ja(u) < CHUHG_S‘;/ (1 +1log (1 +[I&]1)) m(d€) < Cllulle™

{llgl>1}
Combining the estimates for Jj(u) and Jo(u) yields
I(u) = Jy(u) + Ja(u) < C|ul|e™. (5.4)
So, by (5.3) and (5.4), we have (/5.1]) which proves the assertion. O

We are now able to prove Theorem
Proof of Theorem [2.3. Fix x € S}. By means of Proposition we see that

t
lim | e py(2,d€) = lim exp (— /0 F<w<s,u>>ds—<x7¢<t,u>>>

Y.
~ exp (— | P u))ds) |

and the limit on the right-hand side is finite according to Lemma Clearly, by (5.2), we also
have that u — [;° F(¢(s,u)))ds is continuous at u = 0. Now, Lévy’s continuity theorem, cf.
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[11, Lemma 4.5], implies that p;(x,-) — 7 weakly as t — co. Moreover, 7 has Laplace transform
(2.9). It remains to verify that 7 is the unique invariant distribution.
Invariance. Fix u € S; and let ¢ > 0 be arbitrary. Then

/S; o~ (u:) (/S; pt(x,dﬁ)ﬂ(d:U)) = /Sj[ (/s; e (w8 p, (z, d§)> (dz)
_ oot /S; exp (—(z, ¥ (t, u))) 7(dz).

Noting that v satisfies the semi-flow equationﬂ due to [11, Lemma 3.2] and using that the Laplace
transform of 7 is given by (2.9)), for each u € S}, we obtain

/S ; o) ( /S ) pt(a:,df)W(dx)> — o) xp < /0 " F @ (s, 0(t0)) ds)

d — e 9 o <_ /O OOF(w(t—i-s,u))ds)
_ om0 e <— /t T F (05, w) ds)

= exp <— /Ooo F ((s, ) ds>

:/ e @ (da).
S4
Consequently, 7 is invariant.
Uniqueness. Let m’ be another invariant distribution. For fixed u € Sj{ and t > 0 we have

/SI e_<”’“>7r’(dx) _ /Sjl_ e (w8 (/Sji_ iz, df)w/(d:E))

— [ exp(-a(t.) ~ fo0(tu) (o).

Sq

Letting ¢ — oo shows that 7" also satisfies (2.9). By uniqueness of the Laplace transforms, it
holds that 7’ = 7. O

Proof of Proposition[2.6, Let z € S and m € P(S,) be such that p;(x,-) — 7 weakly as t — occ.
It follows that

lim e~ WO p, (2, dE) :/ e~ WVn(dy), wue Sy,

and we obtain from ([2.1])

t
lim exp (—/ F(w(s,u))ds) = lim e{®¥(tu) /+ e~ W8 p,(x, dE) :/ e~ WY r(dy).
0 S S

t—o00 t—o00 +
d d

In particular, this implies

/Oo F(¢(s,u))ds < oo, u€S].
0

2Ie., it holds that 1(t + s, u) = 1 (s,(t,u)) for all ¢, s > 0.
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Fix u € S;*. Assume that o = 0 and (2.10) holds. By definition of F we have F(u) >
fS:{(l —exp(—(u, &)))m(d€) and thereby

Pt = /{<£ w1} (1 - eieiK%w) m(dg),

where we used (4.5)). Integrating over [0, c0) and using a change of variable r := exp(—Ks)(§, u)
with ds = —1/K - dr/r yields

o 1 w7
/ F(y(s,u))ds > / / drm(d¢)
0 K Jgew>1yJo r

1 <£7u> 1 _ T
> / / ° drm(dg)
K Jiew>1y 11 r

Lo log((¢, u))m(de)
K Jiews1y ’ ’

where we used in the last inequality that 1 — exp(—r) > 1 —exp(—1) > 0 for > 1. This leads
to the estimate

K 0
1—8_1 0

/ log({€, u))m(d€) < F(y(s, u))ds < oo,
{(¢uy>1}
Letting u = 1 € S]* gives (£, 1) = tr(&) > [|€] so that
/ log (|/¢]]) m(de) < / log ({€, 1)) m(d€) < co.
{llg]>1} {{&1)>1}

This completes the proof. O
Proof of Corollary[273. Using that || exp(tB)| < M exp(—6t), where 4 is given by (2.7), we have

lim ypt(:c,dy):/ B b+/ Em(dE) dsESZ{.

It remains to verify that lims o fS; ype(z,dy) = [s+ ym(dy). To do so, we can proceed similar
to the proof of Theorem Indeed, by Lemma we estimate

sup [ oty < supte ( [yl | < Vsup
t>0 s:lr t>0 s;r t>0

Therefore, applying the Lemma of Fatou yields

/ lylr(dy) < sup / lyllpe(z, dy) < oo.
st t>0 Js}

< Q.

/ ypi(x, dy)
S

Some Py (S;). Now, let € > 0. By dominated convergence theorem, we see that
) 1 — e—{ewy)
ty [ = [ wn(a)
Moreover, Noting that, by Proposition [4.1
1—e W) < (y(s,eu), &) < |[¢][leulle,
we can use once again the dominated convergence theorem to obtain
1 — e~ {Ewy) oo

1
li - ady)=lm- | F d
lim - ———7(dy) tim 2 (1(s,eu))ds
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oo — e W(&Eu) 7£>
— lim b, L E Wy gy / Lo Y de) | ds
eNO0 Jo I3 Sj\{o} IS

- /0 (b, Dip(s,0) (1)) ds + /0 /S oy P00, (a0

= /0 (e <b + /S o 5m<dg>) Ju)ds,

where we used that D (s,0)(u) = exp(sBT )u (see the proof of Theorem [2.2). Since the latter
identity holds for all u € S;, we conclude with our proof. O

6. PROOF OF THEOREM
Proof of Theorem[2.8. Suppose that (2.8) holds. By definition of dj,, we have
dL (pt (CL‘, d§)7 W(dg))

1

il —(u,€) ,de) — —(wér(q
ue;g{){o} T /S;e pe(x, dE) /S;e 7( 5)‘

1 t [e'e)
e (- [ Pessmas— ) —e (- Fw(s,u))ds)\.

(6.1)

Let C > 0 be a generic constant that may vary from line to line. Using then (j5.1]), we have, for
each t > 0,

o (= [ P ds— o) - (- | TP as)]
< fexp (~(ovtt. ) ~ 11 exp - [ tF<w<s,u>>ds)]

exp <— /OtF(d}(s,u))ds> ~exp <— /OOOF(@b(s,u))dsN

< @ (s, )] + \ [ F s

_.I_

oo
< Mz [[ulle™® + CHUII/ e *ds
t

< C (L Jl2fl) ulle™,
which when plugged back into (6.1)) implies (2.11]). O

7. PROOF OF THEOREM

Proof of Theorem[2.9. Note that m € Py (S;) by Corollary Let g(x,d&) be transition kernel
for the conservative, subcritical affine processes with admissible parameters (o« = 0,b = 0, B,m =
0, ). Using the particular form of the Laplace transform for p(z, -) (see (2.1)) it is not difficult
to see that pi(z,-) = q(x,-) * pe(0,-), where ‘*” denotes the convolution of measures. Let H be
any coupling with marginals J, and m, i.e., H € H(d,, 7). Using the invariance of 7, together
with the convexity of W (see [42, Theorem 4.8]) and [16, Lemma 2.3], we find

Wl (pt(l’, '))7‘-) = Wl </+ pt(y7 )5ﬂc(dy)7 /+ pt(y/7 )W(dy/)>

Sq Sq
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/ /
</ Wi (pe(y, ), pe(y', ) H(dy, dy')
Sixs}

<[ W@l ) Hdydy)
Sixs}
The integrand can now be estimated as follows

Wi (a:(y; ), @y, ) < / |z — 2/||G(dz,dz)
Stxs¥

< / l=llar(y, dz) + / 1y, d2')
+ st

Sq

< MVde™ (|ly]l + [ly'll) +
where G is any coupling of (¢:(y, ), q:(v,-)) and we have used Lemma to obtain

/S+ llz]lq:(y,dz) < tr (/S* th(y,dz)>

d d

=tr (etéy>
< V||
< MVde ?|y].

Combining these estimates, we obtain

Wi, )om) < MV [ (gl + /1) H(dysdy)

d X4

e | ||z ™
< MV (u I+ [, ol <dy>>,

d

which yields (2.12)). O

8. APPLICATIONS

Let (Wy)i>0 be a d x d-matrix of independent standard Brownian motions. Denote by (J;)i>0
an Sg—valued Lévy subordinator with Lévy measure m. Suppose that these two processes are
independent of each other. Following [37], the stochastic differential equation

(8.1)

{dXt = (b4 B8X; + X,87)) dt + VX dW,E + S TdW, VX, +dJ; t>0,
Xo=2x€ S+,

has a unique weak solution if b = (d—1)X "X and X, 3 are real-valued d x d-matrices. Moreover,
according to [37, Corollary 3.2], if b = (d + 1)X T3, then a unique strong solution also exists.
The corresponding Markov process X = (X;)¢>0 is a conservative affine process with admissible
parameters (o, b, B,m,0) with diffusion o = 7% and linear drift B(z) = Bz + 23". The
functions F' and R are given by

Fu) = (b,u) + /

s7\{0}

(1 - e_<u’5>> m(d§)

and
R(u) = —2uau +uf + ' u.
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The generalized Riccati equations are now given by

aottw = e+ [ (109 mag),

Bup(t, ) = =20(t, w)arp(t, u) + 9 (t, u)B + BT (t,u),
with initial conditions ¢(0,u) = 0 and (0, u) = u. Let at : ST — S be given by

af(:ﬁ) = 2/ eﬁsxeﬁTSds, t>0.
0

According to [36], Section 4.3], we have

o(t, u) b/wsuds //s+\{0} 1_e (WP(su).€ ) m(d€)ds

ot,u) = T (u - of(@) e

Since B(z) = B(z), Remark implies that X is subcritical, provided S has only eigenvalues
with negative real parts. If the Lévy measure m satisfies (2.8]), then Theorem implies
existence, uniqueness, and convergence to the invariant distribution = whose Laplace transform
satisfies

/Oooe—m / b(s, u)ds) exp( / /s+\{0} 1,e ((s) € ) m(d€)d )

Moreover, if in addition f{||§H>1} |€|lm(d€) < oo, then we infer from Corollary [2.7] that

lim E, [X,] = | e Bls = .
Jim B[] = [ <b+ /Sg\{ofm(d@>e ds = [ y(ay)

d

We end this section by considering the following examples.

Example 8.1 (The matrix-variate basic affine jump-diffusion and Wishart process). Take b =
2kX TS with k > d —1 in (8.1]). This process is called matriz-variate basic affine jump-diffusion
on ST (MBAJD for short), see [36], Section 4]. Following [36, Section 4.3], ¢(t,u) is precisely
given by

o(t, u)—klogdet ]l+uat / / 1—e (lsu).€ ) m(d€)ds
S+\{0}

and Theorem [2.5 implies that the unique invariant distribution is given by

/000 e~ WO (da) = (det (]l + ago(a)u B exp ( / /S*\{O} 1 _ e (W(su)g ) m(d€)d )

where o () = Iy exp(sB)aexp(sBT)ds.
The well-known Wishart process, introduced by Bru [9], is a special case of the MBAJD with
m = 0. Ezistence of a unique distribution was then obtained in [I, Lemma C.1]. In this case

1s a Wishart distribution with shape parameter k and scale parameter ago(oz).

Example 8.2 (Matrix-variate Ornstein-Uhlenbeck type processes). For b =0 and ¥ = 0, we
call the solutions to the stochastic differential equation matriz-variate Ornstein- Uhlenbeck
(shorted OU) type processes, see [1]. Properties of the stationary matriz-variate OU type pro-
cesses were investigated in [39]. Provided f{llfH>1} |€|lm(d€) < oo, Theorem implies that the
matriz-variate OU type process is also exponentially ergodic in the Wasserstein-1-distance.
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APPENDIX A. MATRIX CALCULUS

For a d x d square matrix z, recall that tr(x) = Z?Zl x;i. The Frobenius norm of z is given

by ||z|| = tr(zz)'/? = (Z‘ij:l |2;j|%)!/2. Let us collect one property of this norm.

Lemma A.1. Let x € S;, then

2] < tr(z) < Vdllz].

Proof. Write & = u ku, where u is orthogonal and & is diagonal with its entries being given by
Ai(x), i,...,d, the eigenvalues of x. We have

|z||? = tr (uTH2U> = Z ()2

=1

Since z € S}, it holds that A\;(z) > 0,4 =1,...,d. Then

11.

12.

13.

14.

15.

16.

17.

d 1/2 d d 1/2
EERDIPHE <) i) < VAN (@) = Vd|z|.
=1 =1 =1
O
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