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Abstract

We consider local martingales of exponential form M = eX or &(X) where X
denotes one component of a multivariate affine process. We give a weak sufficient cri-
terion for M to be a true martingale. As a first application, we derive a simple sufficient
condition for absolute continuity of the laws of two given affine processes. As a second
application, we study whether the exponential moments of an affine process solve a
generalized Riccati equation.
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1 Introduction

Affine processes play an important role in stochastic calculus and its applications e.g. in
mathematical finance (cf. 13, 4, 16, [7, [14]). Their popularity for modelling purposes is prob-
ably due to their combination of flexibility and mathematical tractability. This paper studies
the following questions concerning exponentials of affine processes.

1. Suppose that the exponential of an affine process is a local martingale. Under what
conditions is it a true martingale?

2. Suppose that two parameter sets of affine processes are given. Do they correspond to
the same process under equivalent probability measures?
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3. Under what condition is the p-th exponential moment of an affine process given as the
solution to a generalized Riccati equation?

The first question is of interest in statistics and mathematical finance, where such expo-
nentials denote density and price processes. General criteria as the Novikov condition or
its generalizations to processes with jumps in [15] and [[17] are generally far from neces-
sary. Less restrictive criteria have been obtained by making subtle use of e.g. the Markovian
structure of the process. In [[11] and [4] it is shown that in the context of bivariate affine
diffusions, any exponential local martingale is a true martingale. Similarly, [18, 5] contain
conditions for the exponential of a diffusion with and without jumps to be a martingale.
Below in Section [3| we present weak sufficient conditions which are taylor-made for affine
processes and easy to verify.

The second question is motivated from statistics and finance as well. Applied to finance,
one law plays the role of the physical probability measure whereas the other is used as a risk-
neutral measure for derivative pricing. In order to be consistent with arbitrage theory, these
laws must be equivalent. In Section 4| we derive sufficient conditions which are based on the
results of Section [3] On the one hand, these extend the results of [12] on Lévy processes.
On the other hand, they resemble results of [3] applied to the affine case, however with
sometimes less restrictive moment conditions.

As a function of ¢, the characteristic function E(exp(iu' X;)), u € R?, of an R?-valued
affine process X solves a generalized Riccati equation as it is shown in great generality
in [6] and [9]. Morally speaking, the same should hold for real exponential moments
E(exp(p' X;)), p € RY. Statements in [6] suggest that this may hold for arbitrary affine
processes but the paper does not seem to provide an applicable condition. We study this
question in Section [5]

We generally use the notation of [12]]. By X ¢ Y we denote the stochastic integral of X
with respect to Y. For any semimartingale X we write &' (X) for the stochastic exponential
of X (cf. [12, 1.4.61]). Moreover, -Z(Y) denotes the stochastic logarithm of a semimartin-
gale Y with Y, Y_ = 0, see [12, 11.8.3]. The identity process is written as I, i.e. I, = t.
When dealing with stochastic processes and Lévy-Khintchine triplets, superscripts generally
refer to coordinates of a vector rather than powers. The set N includes O.

The following section summarizes facts on semimartingales and affine processes that are
needed in the sequel. For more details see e.g. [6, 19, |12} [14]. The appendix contains some
supplementary results in this context.

2 Semimartingale calculus and affine processes

Often affine processes are introduced as Markov processes whose characteristic function
is of exponentially affine form. We study them from the point of view of semimartingale
theory. In this context they correspond to processes with affine characteristics.



2.1 Semimartingale calculus

We call the derivative of semimartingale characteristics in the sense of [[12] differential char-
acteristics:

Definition 2.1 Let X be an R%-valued semimartingale with characteristics (B, C, v) rela-
tive to some truncation function i : R? — R?. If there exist some predictable R%-valued
process b, some predictable R¥*?-valued process ¢ whose values are nonnegative, symmetric
matrices, and some transition kernel F from (Q x R, , &) into (R?, %¢) where & denotes
the o-algebra of predictable sets, such that

Bi=b+1, Ci=c+I, v([0,t]xG)=F(G)-«IforGec %"
we call (b, ¢, F') differential characteristics of X relative to h and we denote them by 0.X.

Recall that b * I, means f(f bsds etc. because I, = t. Differential characteristics of
Markov processes are deterministic functions of the current state of the process. This leads
to the notion of a martingale problem in the following sense.

Definition 2.2 Suppose that P is a distribution on R? and mappings 3 : R x R, — R,
v REX R, — R RYEx R, x B¢ — R, are given. We call (Q,.%,F, P, X)
solution to the martingale problem related to P, and (3,7, ¢) if X is a semimartingale on
(Q,.Z,F, P) such that PX° = Py and 0X = (b, c, F') with

bh(w) = B(Xi—(w)t), 2.1)
Ct(w> = V(Xt— (w)’ t)? (2.2)
Ft(wv G) = SO(th (w)v t7 G) (23)

One may also call the distribution P of X solution to the martingale problem. Since we
consider only cadlag solutions, P~ is a probability measure on the Skorohod or canonical
path space (D%, 2¢,D4) of R?-valued cadlag functions on R, endowed with its natural
filtration (cf. [12, Chapter VI]). When dealing with this space, we denote by X the canonical
process, i.e. Xi(a) = a(t) for a € D9 In any case, uniqueness of the solution refers
only to the law P¥ because processes on different probability spaces cannot reasonably be
compared otherwise.

For later use we consider the effect of stopping on the characteristics and differential
characteristics:

Lemma 2.3 Let 7 be a stopping time and X an R%-valued semimartingale with character-
istics (B, C,v). Then the stopped process X" has characteristics (B",C",v"), where v”
here refers to the random measure given by

lg*v" = lgnpoqg *v, VG e 2.

If X admits differential characteristics (b,c, F'), then X7 has differential characteristics
0X™ = (bl[[oﬁ]], clpoA]s F(dx)l[[oﬁ]]).



PROOF. By [[12, 11.2.42] we have A(u) € M. for u € R?, where

T

T . 1 .
A(u) :=e™ XX (z’uTB - EUTCU +/ (™ ® —1 —du"h(x))v(d(t, :17))) .
[0,-] xRd

Since .#),. is stable under stopping, we have A™ € .#),.. Moreover, [12] 1.4.37] yields

AT (U) _ eiuTXT

T oer 1 '
— e X e (i TBT = ZuTCu +/ (eww —1—u"h(x)v7(d(t,)) ) .
2 [0,]xRd

Again by [12, 11.2.42] the characteristics of X7 have the desired form. The second claim
now follows from (bl ) * I = B7, (clpp,) * I = C" and

(F(G)lpm) * L =v7([0,1] x G)

for all G € A°. O

2.2 Time-inhomogeneous affine processes

From now on, we only consider affine martingale problems, where the differential charac-
teristics are affine functions of X;_ in the following sense:

d
ﬁ((xl,...,xd),t) = ﬁo(t)+2$jﬁj(t>, (24)
j=1
d
7((x1,...,xd),t) = 70(2?)—1—2:6]%(75), (25)
j=1
] d
P((@1, . 7a) £, G) = @o(t,G) + > xj0,(t, ), (2.6)
j=1

where (5;(t),v;(t), p;(t)), j =0, ...,d, t € R, are given Lévy-Khintchine triplets on R?. If
the triplets do not depend on ¢, we are in the setting of [[6], where results on affine Markov
processes yield conditions for the existence of a unique solution to this problem (cf. [14]). In
the time-inhomogeneous case we turn to the corresponding results of [9]], namely Theorems
2.13 and 2.14.

However, we require the solution process to be a semimartingale in the usual sense, i.e.
with finite values for all ¢ € R,. In [9] it is established that this is the case if the Markov
process in question is conservative, but it does not contain analogues to the criteria for the
homogeneous case in [6]. Therefore we extend [6, Lemma 9.2] to the time-inhomogeneous
case, which is done in the appendix.

Unlike most results in semimartingale theory, the conditions in [9] depend on the choice
of the truncation function on R%. From now on, we assume it to be of the form h =
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(hy, ..., hg) with

(1A |xk|)|i—:| otherwise.

hi(z) = x(xy) == {

Definition 2.4 Let d € N\{0}. Lévy-Khintchine triplets (3;(t),v;(t), ¢;(t)), 7 = 0,...,d,
t € Ry, are called strongly admissible if there exists m € N, m < d such that, fort € R,

ﬁj’?(t)—/hk(a:)@j(t,dx)zo if 0<j<m, 1<k<m, k+#j;
ei(t, RT xRT™™) =0 if 0<j<my

<oo if 0<j<m, 1<k<m, k#j;

)
,y;cl(t):o if 0<j<m, 1<k/l<m unlessk=1[=j;
ﬁjl;c(t)zo if 7>m+1, 1<k<m;
() =0 if j>m+1;
ot =0 if j2mt1

and if the following continuity conditions are satisfied:
e (3;(t),v;(t) are continuous int € Ry for 0 < j <d,

o hy(x)p;(t,dz) is weakly continuous on (R” x R“™)\{0} for0 < j < d,1 <k <m
with k # 7,

o hy(x)%p;(t, dx) is weakly continuous on (R7" x R*™)\{0} for 0 < j < d and
k>m+1lork =7,

i.e. for s — t € R, and any bounded continuous function f : R¢ — R, we have
/f(fr)hk(x)soj(s,dfv) — /f(ft)hk(x)wj(t,dx) if0<j<d1<k<mk#j
/f(x)hk(x)Qgpj(s,dw) — /f(x)hk(a:)zgpj(t,d:v) if0<j<dk>m+1lork=yj.

Remark 2.5 If the Lévy-Khintchine triplets do not depend on ¢, this definition is consistent
with [[14} Definition 4]. In this case, the attribute strongly can and will be dropped because it
refers to continuity in ¢. In particular, the choice of the truncation function does not matter.
In the time-inhomogeneous case however, the continuity conditions depend on the choice
of the truncation function. Nevertheless, the function i defined explicitly above can be
replaced by an arbitrary continuous truncation function h satisfying |ﬁ| > ¢ > 0 outside of
some neighbourhood of 0.

In view of Lemma below, [9, Theorems 2.13 and 2.14] can immediately be re-
phrased as an existence and uniqueness result for affine martingale problems, which extends
[14, Theorem 3.1] to the time-inhomogeneous case.
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Theorem 2.6 (Affine semimartingales) Let (5;(t),v;(t),¢;(t)), 7 = 0,....,d, t € Ry be
strongly admissible Lévy-Khintchine triplets and denote by 1; the corresponding Lévy ex-
ponents

1
Wt u) = u' B;(t) + §uij(t)u + /(e“Tm — 1 —u"h(z))p;(t,dr).
Suppose in addition that

sup / rrpi(t,dr) < oo forj k=1,....m, VI e€R,. 2.7
te[0,T] J{wp>1}

Then the affine martingale problem related to (3,7, p) and some initial distribution Py on
R x R*™™ has a solution P on (D%, 2%, D?) such that X is R x R*"™-valued. For
0 <t < T the corresponding conditional characteristic function is given by

E(ei’\TXT %) = exp (WO(t, T,i\) + WD TiA)TX,), YAERY,  (28)
where .
WO, Tou) = | abol(s, WD (s, T, u))ds (2.9)
t
and WD .= (W W) solves the following generalized Riccati equations:

d .
YL d(T T u) = u, E\I/J(t,T,u):—z/Jj(t,\I/(l ~~~~~ Dt,T,u)), j=1,..,d (2.10)

Moreover, if (', %' ¥’ P’ X') is another solution to the affine martingale problem, the
distributions of X and X' coincide, i.e. PX' = P.

PROOF. This follows from [9, Theorems 2.13, 2.14] and Lemma/[A.T| below along the lines
of the proof of [14, Theorem 3.1]. O

As is well known, the stochastic exponential of a real-valued Lévy process X with
AX > —1 is the ordinary exponential of another Lévy process and vice versa. A simi-
lar statement holds for components of affine processes:

Lemma 2.7 Let X be an R-valued semimartingale with affine differential characteristics
relative to strongly admissible Lévy-Khintchine triplets (5;(t),v;(t),p;(t)), 0 < j < d,
t € R,. Leti € {1,...,d}. Then the differential characteristics of

(X, X") = (X, ZL(exp(X?))

are affine with m = m, d = d + 1, relative to strongly admissible Lévy-Khintchine triplets
(8i(£),7(1), ©;()), 0 < j < d+1, & € Ry, where (Bas1(t), Va1 (1), Para(t)) = (0,0,0)



and

B = 5(75)
B0 = (g4 a0+l = 1)~ o))
Y(t) for k,l=1,...,d,
SR yilt)  fork = d+1 l=1,...,d,
i) = V() fork=1,....d, l=d+1,
Yi(t)  fork,l= d—|— 1
oi(t,G) = /1@(17,6 Dp;(t,dz), VG e B,

for 0 < j < d. Furthermore we have exp(X") = exp(X{)&(X?).

PROOF. The characteristics can be computed with [[14, Propositions 2 and 3]. Strong admis-
sibility of the triplets (3;,7;, ¢;) follows immediately from strong admissibility of (3;,v;, ¢;)

because the mapping z +— % is bounded and continuous on (R7 x R*™)\{0}.
U

3 Exponentially affine martingales

In this section we provide criteria for the exponential of a component of an affine process
to be a martingale. We start with a general sufficient condition which is proved in Section
In Sections and 3.4 we apply this general result to the time-homogeneous case and
to processes with independent increments, respectively.

3.1 Time-inhomogeneous exponentially affine martingales

Let X be an Rvalued semimartingale with affine differential characteristics relative to
strongly admissible Lévy-Khintchine triplets (3;(t),7v;(t), »;(t)), 0 < j < d,t € Ry. The
following result is proved in Section

Theorem 3.1 Suppose that for some 1 < i < dand'T € R the following holds:
L pj(t,{z eRY:z; < —1})=0 forj=0,....,m, Vtel0,T]
2. f{xi>1} zip;(t,dr) < oo forj=0,...,m, Vtel0,T]
3. 65(t) + [(ws — hi(2))p;(t,dx) =0 forj=0,...,d, Vte[0,T],

4. the measure hy,(x)z;p;(t, dx) on (R x R©™)\{0} is weakly continuous int € [0, T
forj=1,.... mandk=1,...,d.

5. SUP;c(o] f{xk>l} (14 2)p;(t,de) < oo forjk=1,...,m

Then the stopped process &(X") is a martingale.
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Condition 1 ensures that &(X*) does not jump to negative values. Condition 2 is needed
for the integral in Condition 3 to be finite. Condition 3 in turn means that (X %) and hence
also &(X Z')T have zero drift, i.e. they are o-martingales (cf. [13, Lemmas 3.1 resp. 3.3]).
The continuity condition 4 is needed to apply the results of [9]. It holds automatically in
the time-homogeneous case (cf. Corollary [3.9). The crucial nontrivial assumption is the last
one. The origin of this moment condition is discussed in Section[3.2]

From Theorem 3.1l we can obtain a similar result on the entire real line:

Corollary 3.2 Suppose that for some 1 <1 < dandallt € R, the following holds:
L pj(t,{z eRY:z; < —1})=0 forj=0,....,m, VteR,
2. f{zi>1} zip;(t,dr) < oo forj=0,...,m, VteR,,
3. 0 —I—f x))pi(t,dr) =0 forj=0,...,d VteRy,

4. the measure hy(x)z;p;(t,dx) on (RT x RI™™)\{0} is weakly continuous in t for
j=1,....mandk=1,...,d.

5. Supseio f{mk>1} (1 4+ x;)pi(t,dr) <oo  forj,k=1,...,m VI €R,.
Then &(X*) is a martingale.

PROOF. By Theorem[3.1 &(X?)” is a martingale for all T’ € R, which implies that & (X?)
is a martingale as well. U

Example 3.3 If X is continuous, Conditions 1-5 above reduce to ﬁ; =0,5=0,...,d,
i.e. essentially to assuming that & (X*) is a local martingale. This applies e.g. to the asset
price in the stochastic volatility model introduced by Heston [10] (cf. [[14] for the differential
characteristics).

We also obtain an analogue of Theorem [3.1| for ordinary exponentials:

Corollary 3.4 Suppose that for some 1 <1 < dandT € R the following holds:
1. E(e%0) < oo,
2. f{xi>1} e"ipi(t,dr) < oo, j=0,....,m, Vtel0,T]
3. 61( ;%” )+ [ =1 —hi(z))p;(t,dx) =0, j=0,....d Vtel0,T]

4. the measure hi(z)(e™ — 1)p;(t,dz) on (R x RT™)\{0} is weakly continuous in
te[0,T)forj=1,....mandk=1,...,d,

5. SUPepo.1] f{xk>1} zpetip;(t,dr) < oo  forjk=1,...,m

Then the stopped process (¢X')T is a martingale.



PROOF. By [14, Proposition 3] and [13, Lemma 3.1] the process exp(X*)? is a o-mar-
tingale. From [13| Proposition 3.1] it follows that it is a supermartingale, in particular it is
integrable. We have exp(X?) = ¢X0&(X") for X' as in Lemma &(X")T is a martingale
by Theorem Since eX0 is integrable, we have

E(eXf) = E(eXéE(@ﬁ()N(i)Aﬁo)) = E(eXé) < 00.

This yields that eXi is a martingale as well. U

Of course an analogue of Corollary [3.2/holds for ordinary exponentials as well.

3.2 Proof of Theorem 3.1

Set M := &(X")T. In view of [13, Lemma 3.1], Conditions 2 and 3 imply that X* is a o-
martingale. By [13, Lemma 3.3] this shows that M is a o-martingale, too. Condition 1 im-
plies AX* > —1on [0, T], which in turn yields M > 0. Since any nonnegative o-martingale
is a supermartingale (cf. [13] Proposition 3.1]), it remains to show that £'(Mr) = 1. Since
this property only depends on the law of X, we can assume without loss of generality that
X is the canonical process on the canonical path space.

If M is a martingale, we can use it as the density process of a locally absolutely contin-
uous measure change and employ Girsanov’s theorem to calculate the characteristics of the
canonical process under this new measure. In this proof the fundamental idea is to work in
the opposite direction: we define the triplets as motivated by Girsanov and prove that there is
a probability measure () that endows the canonical process with these characteristics. There
we need the crucial moment condition 5. Next, we establish that this new measure is locally
absolutely continuous with respect to the original probability measure, by using a certain
uniqueness property of the martingale problems in question. Hence a density process exists.
The final step of the proof is to show that this density process coincides with /. Related
approaches are taken e.g. in [4} 15 [11} [18]].

Lemma 3.5 Forj=0,...,dandt € R, set

Bi(t) = Bt AT)+~(tAT) —i—/:cih(x)goj(t/\T, dx), 3.1)
%) = AT, (32)
S(t,G) = /1G(x)(1+xi)goj(t/\T,dm), VG € B (3.3)

Under Conditions 1-4 of Theorem [3.1| this defines strongly admissible Lévy-Khintchine
triplets. If Condition 5 holds as well, then there is a unique solution () to the correspond-
ing affine martingale problem on (D¢, 2% D) with any fixed initial distribution Qg on
R™ x R4,

PROOF. In view of Condition[5|and Theorem 2.6} it suffices to show that (3} (t), v} (t), ¢;(t))
are strongly admissible Lévy-Khintchine triplets. Let 0 < ¢ < 7. By Condition 2 the

9



integral in (3.1)) exists. The equivalence of (¢, dx) and ¢;(t, dr) implies ¢3({0}) = 0 and
we have

/(1/\|x|2)<p;(t,dx):/(1/\|x|2)goj(t/\T,dx)+/(1/\|x]2)xig0j(t/\T,dx) < o0

because ¢;(t) is a Lévy measure and by Condition 2. Therefore (37(t),v;(t), ¥;(t)) are
Lévy-Khintchine triplets. Now let 0 < j < m, 1 < k <m, k # j. Then

540~ [ @)ei(tde) = B¢ AT) ~ [ uog(t,de) 0

because of the first and fourth admissibility condition for the original triplets (3, v;, ¢;).
From the second admissibility condition and by equivalence of ¢;(t, dz) and (¢, dz) we
obtain ¢ (t, (RT x R*"™)°) = 0. Moreover, Condition 2 and the third condition on the
original triplets yield

/hk(a:)go;(t,dx) = /hk(x)(l +z;)p;(t AT, dx) < 0.

We have thus established the first three admissibility conditions, the remaining four being
obvious. Since the map t — ¢ A T is continuous, v* and, due to Condition 4, also 5* are
continuous in ¢. Finally, Condition 4 and the continuity conditions for the original triplets
imply weak continuity of

hi(2)p;(t, dx) = hp(2)p;(t AT, dx) + hi(z)zip5(t AT, dix)
forl1 <k <m,k # j, and of
hi(@)?03 (¢, dx) = hy(x)?0;(t AT, dx) + hi(x)20;(t AT, da)

for k > m + 1 or k = j. Therefore (37,7, go;“) are strongly admissible. U

The next step is to work towards local absolute continuity of () with respect to P. In
view of [12, Lemma III.3.3], we do this by constructing a localizing sequence (7},),en for
M under P such that 7;, T oo holds under () as well. In the continuous case this can always
be achieved by considering the hitting times 7}, = inf{t € R, : |[M;| > n}. This approach
does not work in the presence of jumps, yet here a similar explicit construction is possible.

Lemma 3.6 Let (5;(t),7;(t),¢;(t)), j = 0,...,d, t € Ry be strongly admissible Lévy-
Khintchine triplets. Assume that a solution P to the corresponding affine martingale prob-
lem on (D¢, 2, DY) exists. Then the stopping times (T, )necn given by

T, =inf{t > 0: | X,_| > nor|X, >n}

satisfy T,, T oo. If Condition 4 in Theoremholds and M = &(XYT is a local martingale
forsomel <i<dandT € Ry, then (T,)nen is a localizing sequence for M.
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PROOF. T,, T oo follows immediately from the cadlag property of X. Since .#,. is stable
under stopping, we know that M € ... By [12, 1.1.47¢] it remains to show that M is
of class (D), i.e. {Mg : S finite stopping time} is uniformly integrable. It suffices to show

E ( sup |MTnAt|> < 00 (3.4)

te[0,7

because M/ is constant for t > T. Let (B, C,v) be the characteristics of M. By Lemma
2.3| the stopped process M7 admits the stopped characteristics (BT, CT», vT). Since it is
a local martingale, [12} I1.2.38] yields its canonical decomposition

M = MB (M) s (i — o)
— M(?" + (MT”)C + (%1{|$|§1}) * (/LT" — VT") + (ZEl{‘x|>1}> * (MT” — VT”).

The definition of 7}, and [12} 1.4.61] yield

sup M/" < sup exp((X'){") <™ (3.5)
t€[0,7) te[0,T]

For the jump at ¢ we obtain
AMM™ = A (:El{mgl} * (u' — I/T"))t +A (xl{\x\>1} * (u — I/T"))t (3.6)
because (M) is continuous and M is constant. By [12, I1.1.27] we have

sup A (21)y<1y * (u' — VT"))t = sup AM/"1 ganmm<y < 1 (3.7)
te[0,7) t€[0,7]

Furthermore, we obtain

sup A (21qzsy * (" = v)), < Z ‘AMtTnHﬂAM?“bl} = | Laj>1) * Hr-
te[0,7 t<T

By [12, I1.1.8] we have

T NT
B (oo ) = [ [ palRM
0 {lz[>1}

where FM denotes the local Lévy measure of M in the sense of Definition We can
compute the differential characteristics of M through [14} Proposition 2]. With G; = {z €
R?: M, _|x;| > 1} and the definition of T}, this yields

To AT TouNT
/ / 2| FM (da)dt = / My |z g0(t, dz)dt
0 |z|>1} 0 Gt

m . T,AT
—1—2/ Mt || 0, (t, da) X_dt

T, AT
<ne" Z/ / |zi|p;(t, dx)dt.
{lzil>33}
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Since |1/h;]| is bounded on {|z;| > +} and since it has a positive, bounded and continuous
extension & to RY, it follows from Condition 4 in Theorem 3 . 1| that

wp [ o) < swp | Rl ) < o
xT; >;

t€[0,T) t€[0,7] JRd
for 7 = 0,..., m. Combining the above results yields
E ( sup A (x1{|x|>1} * (ptm — yT"))t) < 0. (3.8)
te[0,7)

In view of M;™ = M/ + AM/™ and (3.5{3.8) we have that (3.4) holds as well. This proves
the assertion. g

Applying the previous result we get the following

Corollary 3.7 Under the assumptions of Theorem (T},)nen defined as in Lemma is
a localizing sequence for M under P and we have T,, T 0o, in particular ()-a.s.

PROOF. M is a o-martingale by Conditions 2 and 3 in Theorem [3.1]as derived above. Since
it is nonnegative by Condition 2, it is a supermartingale and in particular a special semi-
martingale. Hence it is a local martingale by [13, Corollary 3.1]. The claim then follows
immediately from Condition 4 in Theorem [3.1]and from Lemmas [3.5]and O

Now we can prove that Q)| 20, 1s locally absolutely continuous with respect to P| 7.
Here, ¢ denotes the o-field generated by all maps o — a(s), s < t on D%, The filtration
(2))ter, is needed to apply [12] Theorem II1.2.40].

Lemma 3.8 Under the assumptions of Theorem|3.1|we have Q|z0 < P|g.

PROOF. Since My = 1, M > 0 and (7},).en is a localizing sequence for M € .
under P, we can define probability measures ()" < P, n € N with density processes
M™». We now show that the stopped canonical process X" has differential charac-
teristics (b*1jo.z, 77, ¢ Lo, mont]> £ 10,1, A77) under both @ and Q", where (b*, ¢*, F*) are
defined in (2.112.3), (2.4H2.6) but relative to (35,7}, ;) instead of (3;,7;, ;).

By construction and Lemma XTnT has the required characteristics under ). Since
Q™ < P, we can use [[14, Proposition 4] to calculate the characteristics of X 7»T" under )".
By X € .#,. and [12, 11.2.38] we have

X=X 4e* X4 a* (u* —v)

where e; = (0,...,0,1,0,...,0) denotes the i-th unit vector. [14, Proposition 4] yields that
XT»"T has the desired characteristics under Q" as well.

The martingale problem corresponding to (b*, ¢*, F**) and arbitrary initial law on R’} x
R4 has a unique solution by Lemma Since the solution process is Markovian and
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by [12, Theorem III.2.40], local uniqueness in the sense of [12, II1.2.37] is implied by
uniqueness of the martingale problem. [12, V1.2.10] yields that the stopping times 7;, A T,
n € N are strict in the sense of [12, II1.2.35]. Hence Q”\@%MT = Q|@%LAT. By construction
we have Q"|zp < Plgg . which implies Q|gp < Plgy . Let A € 2. with
P(A) = 0. From

AN{T, >T} € 2} N D) =D} \r

it follows that Q(AN{T,, > T'}) = 0 for all n € N and hence Q(A) = 0 by Corollary
This proves the claim. U

If Q™ denotes the probability measure with density process M7 as in the proof of
Lemma we have My, = “fg—;. Since My, = Mr,ar is 29, ,,-measurable, it is also
the density on the smaller o-field @%L AT» 1.€. we have

Qo4 _ oy, _
dP|go  dP|g 7"

Tp AT T AT

T, —

where the second equality is shown in the previous proof. Note that (Z,,),cn is the martin-
gale generated by Zo, := dQ|g9 /dP| 9 on the discrete-time space (DY, 29, (2%, \r)nen, P).
The martingale convergence theorem yields My, = Z, — Z, a.s. forn — oo. Since we
have My, = My rr — My a.s. for n — oo, this implies My = Z, a.s. and it follows that
E(Mr) = E(Zy) = 1, which proves Theorem (3.1

3.3 Time-homogeneous exponentially affine martingales

We now apply the results of Section [3.1|to the homogeneous case. Throughout, let X* with
1 < i < d be a component of an R%valued semimartingale X admitting affine differen-
tial characteristics relative to admissible Lévy-Khintchine triplets (3;,v;, ¢;), j = 0, ...,d,
which do not depend on ¢. Corollary [3.2]now reads as:

Corollary 3.9 The process &(X") is a martingale if the following conditions hold:
I pj{zeR:z; < —1}) =0, j=0,...,m,
2. f{wi>1} zipj(dr) <oo, j=0,...,m,
3.6+ [(x — hi(x))p;(dz) =0, j=0,...,d,
4. f{xk>1} rp(1+z)p;(dx) < oo, jk=1,...,m.

Of course a counterpart to Corollary [3.4 can be derived similarly.
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Example 3.10 Consider the stochastic volatility model of [2], which generalizes the model
of [1]] by allowing for jumps in the asset price X and in the volatility v:

X = Xo + pt + Ly, + 07,
d‘/; = Ut_dt,
dUt = —/\vt_dt + dZt

Here, i, o, A are constants and L, Z denote independent Lévy processes with triplets
(bE, ', FL) and (b7, 0, F7), respectively. In addition, Z is supposed to be increasing. The
affine structure of the differential characteristics of (v, X') can be calculated as in [14} Sec-
tion 4.4]:

bZ
o= (u + 0b” + [(h(oy) — @h(y))FZ(dy)) » W=0
¢mw=/14%wW%@>VGe%%

b= <_L/\) = (8 COL) , w(G) = /1G(O>y)FL(d?J) VG € A,
(Ba2; 72, p2) = (0,0,0).

These triplets are admissible with m = 1. If moment conditions

/ e FZ(dy) < oo, eV FE(dy) < oo
{oy>1} {y>1}

and drift conditions

0=p+o0b” + /(egy —1—oh(y))F?(dy), 0=0b"+ %cL + /(ey —1— h(y))F*(dy)

are satisfied, Corollary [3.4|yields that e* is a martingale. These conditions are equivalent to
el and e#! 9% being martingales, where I denotes the identity process I, = t.

The following example shows that even in the homogeneous case with AX" > —1,
Corollary [3.9)does not generally hold without the crucial moment condition 4.

Example 3.11 Let

(607 Yo, SOO) = (07 07 0)7

8 = ﬁ%foooh(y)y‘%(lj y)dy =0
VT ) — gy i)ty T

©01(G) = ﬁ /OOO La(y, y)y 2 (1 +y) ldy,

(B2, 72, 2) == (0,0,0).
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This defines admissible Lévy-Khintchine triplets on R? satisfying (2.7)), but violating Con-
dition 4 in Corollary [3.9|for ¢ = 2. By Theorem [2.6]there exists a probability measure P on
(D?, 22, D?) such that X is a semimartingale with affine differential characteristics relative

to these triplets and X, = (1, 1) P-almost surely. Computing the differential characteristics
(bM M MY of M = &(X?) with [[14, Proposition 2] yields ¢ = 0 and

M = / (h(z) — z)FM(dz) and / 2| FM (dz) < o0.

{lz|>1}

By [13, Lemma 3.1] it follows that M is a positive local martingale. Now suppose M were a

1
true martingale. In view of Lemma|A.2|we could then define a probability measure () LP

with density process M. Since M = & (x4 * (u* — 1)), an application of [14} Proposition
4] yields the differential characteristics 0X! = (b, ¢, F') of X' under (), namely

_ th—
2T Jan(o,00)
Hence X' coincides in law under () with the process in [6, Example 9.3], which explodes

in [0, 1] with strictly positive probability. Since this contradicts Q]%z < P ]912, we conclude
that M = &(X?) is not a martingale.

t3de VG c A.

by = / @) F(dz), =0, Fi(G)

Recall that Conditions 1-3 in Corollary essentially mean that & (X?) is a non-negative
local martingale. Condition 4, on the other hand, is not needed for strong admissibility of
(87,75, ;) in (3.143.3). Hence we know from [6, Theorem 2.7] that there exists a unique
Markov process whose conditional characteristic function satisfies (2.8) with respect to
(85,7}, %;). Butin order to ensure that it does not explode in finite time and hence is a
semimartingale in the usual sense, we must also require this process to be conservative (cf.
[6, Theorem 2.12]). To establish conservativeness, one generally has to resort to the suffi-
cient but not necessary criteria in [0, Proposition 9.1 and Lemma 9.2], which is precisely
what is done in the proof of Theorem [3.1]

3.4 Processes with independent increments

Instead of time-homogeneity we consider now deterministic characteristics. The following
result slightly generalizes a parallel statement in the proof of [8, Proposition 4.4] by drop-
ping the assumption of absolutely continuous characteristics. Hence we also incorporate
processes with fixed times of discontinuity.

Proposition 3.12 Let X be a semimartingale with independent increments (a PII in the
sense of [12l]) satisfying AX > —1. Then &(X) is a martingale if and only if it is a local
martingale.

PROOE. For the proof of the nontrivial implication suppose that &'(X) is a local martingale.
Without loss of generality we can assume X, = 0. Denote the characteristics of X by
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(B,C,v). From X € M, [13, Lemma 3.1] and [[12} 11.5.2] it follows that there exists a
PII Y with triplet (B*, C*, v*) given by

B} = B+ Cy + zh(x) vy, Cf =Cy, v(dt,dz) = (14 x)v(dt,dz).

Its law is uniquely determined. We now choose () equal to the law of Y and proceed almost
literally as in the proof of Thereom [3.1} Lemma [3.§] is derived as above by using [12]
I1.3.24] or [[13, Lemma 5.1] rather than [14, Proposition 4]. Moreover, the proof of Lemma
3.6/ must be slightly modified. O

4 Locally absolutely continuous change of measure

In the context of measure changes, Theorems [3.|can be used to derive a sufficient condition
for local absolute continuity of the law of an affine processes relative to another, similar to
[12, IV.4.32] for processes with independent increments.

Theorem 4.1 LetY and 7 be R%-valued semimartingales admitting affine differential char-

acteristics relative to triplets (0;(t),v;(t),p;(t)) and (B;(t),7,(t), ¢;(t)), 7 = 0,...,d,
loc

t € R,, which satisfy the conditions in Theorem We have P? < PY if there exist

continuous functions H : R, — R and W : R, x R? — [0, 00) such that, for j =0, ...,d

andallt € Ry,

L[ [(1— /W (s,2))2p;(s,dx)ds < o,

9, G) = [1g(x)W (t, x)p;(t,dx), VG e B,

[\

9%

- S IR@) (W () = 1)@, da) < o0,
4. Bi(t) = B5(6) + H7;(t) + [ h(@)(W (1, 2) = D)y (¢, da),

5. 79;(t) = 5(),

6. the measure x (W (t, ) — 1)(W (t,x) — 1)g;(t, dz) is weakly continuous in t.

PROOF. As before, we denote the canonical process by X. In view of the proof of [12,
I1.1.33d], Condition 1{implies that the measure in Condition 6 is finite. Condition |l|and [[12}
11.1.33] with the stopping times from Lemma[3.6]yield W — 1 € Gjoc(1) under P¥. Since
H 1is continuous, it follows that

N=H¢+*X“+(W—1)x(u* —v%)
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is a well defined local martingale. The differential characteristics of (X, V) under P¥ are
affine relative to

B;(t) = Ai(h) ) ,

(f(X(W(t,l“) — 1) = W(t, ) + 1)p;(t, d)

() pH,
7(t) = (Htwj(t) H;%(t)Ht) ’

3t ) = / Lol W(t,2) — Dg;(t,de), VG e B\ {0}, 0<j<d,
(B\d+17/'77d+17 @Hl) = 0.

These triplets are strongly admissible: the first seven admissibility conditions are obviously
satisfied, the eighth follows from Condition 6, the weak continuity conditions for ¢; and
the continuity of . The ninth condition is clear and the last is again a consequence of
Condition 6. Moreover, Conditions 1-5 in Thereom [3.1] hold for ¢ = d + 1: Condition 4 in
Theoremis a consequence of the strong admissibility of (5;,7;, ;). (Bj, ¥;, ¢;) and the
continuity of H. Condition[I]above implies Condition 2 in Theorem [3.Tand Condition 3 is
obviously satisfied. Condition 5 in Theorem [3.1] holds by

/ k(1 + 2441);(t, dx) = / W (t, z)p,(t,dx) = / z;(t, dx),
{zk>1} {zk>1} {zp>1}
which is uniformly bounded on [0, T'] by Condition (2.7)) in Theorem [2.6

By Theorem [3.1| we have that & (V) is a martingale. Since it is positive, we can use it

loc
as a density process to define a probability measure Q < PY on (D¢, 2 D?) (cf. Lemma
[A.2). By [14, Proposition 4] the differential characteristics of the canonical process under
Q and PZ coincide. Therefore Theorem[2.6]yields @ = PZ, which proves the claim. [

Conditions 1-5 also appear as necessary and sufficient conditions in [[12, IV.4.32] in the
case of PII. Our proof is based on the results of [9]. Since the latter are only formulated
for continuous triplets, we require the additional continuity condition 6. This property holds
in the time-homogeneous case. Consequently, the remaining conditions for each triplet
coincide with those for Lévy processes in [[12, IV.4.39] in this case, except for Assumption
in Theorem [2.6] which is an additional moment condition on the Lévy measures ¢;,
j=1,...,m.

Corollary 4.2 Let Y and 7 be R%-valued semimartingales with affine differential charac-
teristics relative to triplets (3;,7;, ;) and (Bjﬁj, ©;), 7 = 0,...,d, respectively, which
satisfy the conditions of Theorem Suppose there exist H € R? and a Borel function
W :R? — [0, 00) such that, for 0 < j < d, we have

1. [ /W(@)p,(de) < oo,
2. 3/(G) = [ 1a(@)W(@)p,(dr), VG € 2
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3. [IM@)(W(z) — 1)|p;(dr) < oo,
4. B =B+ H v+ [ h(z)(W(x) — 1)g;(dz),
5% =

Then we have P? < P,

Similar results could be derived from [5, Theorem 2.4] applied to the affine case. Due
to our heavy use of [9], we end up with continuity conditions in the time-inhomogeneous
case, whereas [5] only require measurability and a certain uniform boundedness for /7 and
W. However, our moment conditions are sometimes less restrictive than the corresponding
criterion in [5, Remark 2.5]. We give an example arising from a practical application.

Example 4.3 As in Example [3.10, we consider the stochastic volatility model of [2]. From
Corollary with H € R, W(x) = ¥ " we obtain that the distribution corresponding to
the transformed triplets is locally equivalent to the original one if we have

/ eHTx%-(dx) <oo, j=0,1.
{l=[>1}
For the application of [5], one needs the slightly stronger moment condition

/{| | }(HTx)eHT“”goj(dx) <oo, 7=0,1.
z|>1

S Exponential Moments

Let X be a semimartingale with affine differential characteristics relative to strongly admis-
sible Lévy-Khintchine triplets (3;(t),v;(t), ¢;(t)), 7 =0,...,d,t € Ry. In[6, Propositions
6.1 and 6.4] (respectively [9, Propositions 4.1 and 4.3] for the time-inhomogeneous case), it
is shown that a solution to the generalized Riccati equations from Theorem [2.6|always exists
for initial values v € C™ x {R%™™. Theorem 2.16 in [6] then asserts that if there exists an
analytic extension of this solution to an open convex set containing p € R¢, the exponential
moment E(exp(p’ X7)) can be obtained by inserting the value p into the formula for the
characteristic function.

The existence of this extension, however, may be difficult to verify, even for models
without jumps. Using the results from Section [3, we show that F(exp(p' Xr)) or, more
generally, E(exp(p' X7)|.%;) can typically be obtained by solving the generalized Riccati

equations (2.9] [2.10) with initial value p.

1,d) ()T .
]' f{‘I|>1} e\II (t) 90.7<t7 d.’lf) < 00, j = 07 te 7d’ Vt € [07 T]’
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4. E(exp(TL-D(0)T Xy)) < o0,

- Sup Tr€ Pt ar) < o0, <7k <m.

5 +e[0.7] (o1} gLy d)(t)Tm ; td L<ik<
Then we have

E(ePTXT‘L%) = exp (‘Ifo(t) + Pl d)(t>TXt)7 vi<T. 1)

Since W9 is continuously differentiable, all U7 are of finite variation. Hence [W7, X7] =

0 and
X —Xo\ 1 0 b%
N — Ny T Apde, d)(]) %\I’O(I> + XT%\I/(l ..... d)(]) I

by the fundamental theorem of calculus and partial integration in the sense of [12, 1.4.45].
From this representation we obtain the differential characteristics O(X, N) by using [14}
Propostion 2]. They are affine relative to time-inhomogeneous triplets (/3;,7;, ¢;) given by

. Bi(t)
Bi(t) = FV () + WD ()T B;(t) + ,
+ [ (D)) — DO () () oy (¢, da)
o (1) 75 () WD (2)
VJ(t)_<\IJ(1 ,,,,, d)(t)T’yj(t) \If(l ..... d)(t)—r’yj(t)\lf(l ..... d)(t))’

forj =0,...,dand

(Bat1, Yar1, Pav1) = (0,0,0).
From admissibility of the original triplets (3;,7;, ¢;) and continuity of U7, j = 0, ..., d, we
infer that (Bj, 4j, ;) are strongly admissible. The prerequisites of Corollary are satisfied
for i = d + 1: the first follows immediately from Condition 4. The second is a consequence
of Condition || and the fact that all ; are Lévy measures, while the third follows from the

For t < T' the martingale property yields
E(epTXTL%) = E(exp(Np)|. %) = exp(N;) = exp(V0(t) 4+ T D ()T X,),

which proves the claim. U
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Condition 1 is only needed for the ordinary differential equation in Condition 2 to be
defined. It is automatically satisfied if the Lévy measures (; have compact support, i.e. if X

with initial value p. In the common situation that X is deterministic, Condition 4 obviously
holds. The moment condition 5 is crucial. It holds e.g. if the Lévy measures ¢; have compact
support or if i1, . .., ¢, are concentrated on the set {z € R?: x; = ... = z,, = 0}. This is
the case for many affine stochastic volatility models as e.g. the time-changed Lévy models
proposed by [2]. The proof of Theorem shows that the theory of time-inhomogeneous
affine processes can become useful even in the study of time-homogeneous processes.

A Appendix

In this appendix we state a time-inhomogeneous version of [6, Lemma 9.2], i.e. a sufficient
criterion for an affine Markov process to be conservative. Moreover, we recall a statement
on the existence of probability measures on the Skorohod space which are defined in terms
of their density process.

Let (5;,7;,%4), J = 0,...,d, be strongly admissible Lévy-Khintchine triplets in the
sense of Definition [2.4, Then by [9, Theorem 2.13] there exists a unique Markov process
with state space D = R™ x R?~™ and transition function (p; r(z, d€))i<7<so such that

where f,(z) = exp(u'z) for u € {R? and the mappings WO, U4 = (¥l W) are
given as the unique solutions to the generalized Riccati equations (2.9) and (2.10).

By [9, Theorem 2.14], this Markov process is a semimartingale in the usual sense and the
unique solution to the affine martingale problem corresponding to (3;,7;,¥;),j =0,...,d,
if it is conservative, i.e. if pyr(z,D) = 1forall0 < ¢ < T < oo and z € D. In view of

A sufficient condition, which extends [6, Lemma 9.2] to the time-inhomogeneous case, is
provided in the following

Lemma A.1 Let (5;,7;,¢;), 7 =0,...,d, be strongly admissible Lévy-Khintchine triplets.
Then if

sup / zrp;(t,dx) < oo, forj k=1,...,m, (A.2)
t€[0,7] J{x)>1}
the corresponding affine Markov process is conservative.

PROOF. The proof is a modification of Lemma 9.2 and the first part of Lemma 9.1 in [6].
Let

R™:={z € R™: Re(x;) <0, Vi}, R™ :={x e R™:Re(z;) <0, Vi}.
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Apparently, the function g = 0 is an R™-valued solution of the initial value problem

5090 = (T =1, (9(1),0)), 9(0) =0, (A3)

implies WO(¢,T,0) = 0 for t < T, which proves the assertion. d

Lemma A.2 Let (D%, 29, D¢, P) denote the Skorohod space of cadlag functions endowed
with some probability measure P and Z some nonnegative martingale on that space with

loc
E(Zy) = 1. Then there exists a probability measure () < P with density process Z.

PROOF. For any ¢ € R, there exists a probability measure ); on Z¢ with density Z;. The
family (Q;)icr, is consistent in the sense that Q)| g4 = Qs for s < t. The assertion now
follows from [16, Theorem V.4.1] by using that (D%, 2¢) is a standard Borel space, since
it is isomorphic to the Skorokhod space D?([0,t]) of R%-valued cadlag functions on [0, ¢]
equipped with its Borel o-algebra, which is a standard Borel space by e.g. [16, Theorem
VIL6.3]. 4
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