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Abstract

In this article we consider affine generalizations of the Merton jump
diffusion model [7] and the respective pricing of European options. On
the one hand, the Brownian motion part in the Merton model may be
generalized to a log-Heston model, and on the other hand, the jump part
may be generalized to an affine process with possibly state dependent
jumps. While the characteristic function of the log-Heston component is
known in closed form, the characteristic function of the second component
may be unknown explicitly. For the latter component we propose an
approximation procedure based on the method introduced in [1]. We
conclude with some numerical examples.

1 Introduction

The Merton jump diffusion model [7] can be considered one of the first asset
models beyond Black-Scholes that may produce non-flat implied volatility sur-
faces. On the other hand, European options within this model can be priced
quasi-analytically by means of an infinite series of Black-Scholes type expres-
sions. From a mathematical point of view, the logarithm of the Merton model
is the sum of a compound Poisson process an an independent Brownian motion,
and as such can be seen as the sum of two independent degenerate affine pro-
cesses. The goal of this article is to enlarge the flexibility of the Merton model
by generalizing the Brownian motion to a continuous affine Heston model and
replacing the compound Poisson process by another, independent, affine model
that may incorporate both stochastic volatility and jumps. In financial modeling
affine processes have become very popular the last decades, both due to their
flexibility and their analytical tractability. The theoretical analysis of affine
processes is developed in the seminal papers [4] and [3]. Once the characteris-
tic functions of the affine ingredients of our new generalized Merton model are
known, we may price European options by the meanwhile standard Carr-Madan
Fourier based method [2]. For a variety of affine models, such as the Heston
model and several stochastic volatility models with state independent jumps,
the characteristic function is explicitly known. However if, for instance, in an



affine jump model the jump intensity depends on the present state, a closed
form expression for the characteristic function is not known to the best of our
knowledge. Yet, such models make sense in certain applications such as cri-
sis modeling. For example, one may wish to model an increased intensity of
downward jumps in regimes of increased volatility. In order to cope with such
kind of processes numerically, we recap and apply the general series expansion
representation for the characteristic function of an affine process developed in
[1] and present some numerical examples.

2 Merton jump diffusion models

Merton [7] introduced and studied stock price models of the form
St — Soert+Yt,

where Y is the sum of a Brownian motion with drift and an independent com-
pound Poisson process,
Yi=vt+oWi+ Ji, (1)

and r is a constant, continuously compounded risk-free rate. In (1) J may be

represented as
Ny
Jo=Y_ U,
1=1

where Uy, Us, ... are i.i.d. real valued random variables and N; denotes the num-
ber of time marks up to time ¢ that arrive at exponential times with parameter
A, le.

Ny:=#{i:8,<t, s;—si_1~expy, t=12..}
with so := 0, and where 7 ~ exp, denotes an exponentially distributed random

variable with
Plr > s] =e ™ forall s > 0.

From basic probability theory we know that N; is Poisson distributed according
to
(At)"

P[N; = n] = e M2
n!

and that the characteristic function of Y; is given by,

@t(z) —F [eizYt] —_ eizth [eizon} E [ein,,]

i 2t + )\t/ (e'* —1) p(du)} , (2)

. alel
= exp |1zt —

for a certain jump probability measure p on B(R) due to the distribution of U;.

We henceforth assume a risk-neutral pricing measure and due to no-arbitrage
arguments we must have that S;e~" is a martingale under this measure. This
implies that

So =E [Sie™""] = SoE [exp (V3)] = So®¢(—i), hence @¢(—i)=1. (3)



By (2) we then get

o2
=% = [ (= 1)ptan) ()
As an example, with A = 0 (no jumps), v = 7%2 and we retrieve the risk neutral

Black-Scholes model. Merton particularly studied the case where U is normally
distributed and derived a representation for a call (or put) option in terms of
an infinite series of Black-Scholes expressions. In this paper we are interested
in generalizations of (1) of the form

Y; =yt + oW, + X}, (5)
or even,
Y, =+t + H, + X/, (6)

where H is the first component of a log-Heston type model with Hy = 0, whereas
X} is the first component of some generally multidimensional affine (eventually
jump) process X, independent of W and H respectively, with X} = 0. In par-
ticular, the characteristic function of X! is possibly not known in closed form.

3 Recap of affine processes and approximate char-
acteristic functions

We consider an affine process X in the state space ¥ C R? d € N, with
generator given by

d . 92 . 9
Af(.%‘) = % Z_l a¥ (x) axlaij + Zl bt (:,E) 89{1 (7)

+ /R [f(x +2) - fla) - zTgi] v(w, dz),

where a* and b’ are suitably defined affine functions in z on R?, and
v(x,dz) =: v°(dz) + z "ol (dz)

with v and v}, i = 1,...,d, being suitably defined locally finite measures on
B(R4\ {0}). Alternatively, the dynamics of X are described by the Ito-Lévy
SDE:

dX, = b(X})dt + o(X,)dW (t) +/ ZN(X,_,dt,dz), Xo==z,  (8)
Rd

where W is a Wiener process in R™ and the function o : R? — R? x R™ satisfies

Z oi(z)ojr(r) = a(z).
k=1



Further, in (8)
]v(as, dt,dz) := ]v(as, dt,dz,w) := N(z,dt,dz,w) — v(x,dz)dt,
is a compensated Poisson point process on R, x R?, such that

thok (z, B)

P[N(z, (0,t], B) = k] = exp(—tv(x, B)) o ,

k=0,1,2,..
for bounded B € B(R%\ {0}). It is assumed that the coefficients in (8) (and so
in (7)) satisfy sufficient conditions such that (8) has a unique strong solution X,
and that X is an affine process with generator (7). For details regarding these
assumptions, in particular the admissibility conditions that are to be fulfilled,
we refer to [1], [3], see also [4].

The characteristic function of X2, with ng =z € R%, is denoted by,

p(t,z,u) :=E [e“ﬁxsﬂ , zeX ueR? t>0. 9)

For a variety of affine processes the characteristic function is explicitly known.
However, in general the characteristic function of an affine process involves the
solution of a multi-dimensional Riccati equation that may not be solved explic-
itly. In particular, for affine jump processes with state dependent jump part a
closed form expression for the characteristic function generally doesn’t exist. In
this section we recall the approach by Belomestny, Kampen, and Schoenmak-
ers [1], who developed in general a series expansion for the log-characteristic
function in terms of the ingredients of the generator of the affine process under
consideration. By truncating this expansion one may obtain an approximation
of the characteristic function that may subsequently be used for approximate
option pricing.

Henceforth, 2 € X is fixed. It is assumed that the characteristic function (9)
satisfies:

Assumption HE: There exists a non-increasing function R : (0,00) > r —
R(r) € (0, 00], such that for any u € R?, the function [0,00) > s — p(s,z,u) € C
has a holomorphic extension to the region

Gy ={2€C:|z]<R(Jul)}Uu{z€C:Rez>0 and |Imz|<R(|lul)}

(cf. Prop. 3.7, 3.8, and Th. 4.1 and Corr. 4.2-4.4 in [1]).
Under Assumption HE, Th. 3.4 in [1] is particularly fulfilled for each w.
Moreover, by taking in [1], Th. 3.4-(ii),

s

N = n([lul]) == m» (10)

we arrive at the log-series representation [1]-(5.12) for the characteristic func-



tion,

Inp(t, z,u) =1n Z B o(u; ) (1 — e ™H™ | +iu'z (11)
r>0
xTELglhAwnw(l—e‘“ﬂr
250 o (win) (1 — emmt)r’

where the coeflicients h,.o(u; ) € Cand by (u; 7y) = [P e, (W 00), ooy Pre, (U3 m)] €
C? with e; := (0ij)j—1... 4 can be computed algebraically from the coefficients
of the affine generator A in a way that is described below.

Alternatively, in [1] a ground expansion of the form

+

weRY t>0,

pltzw) =" Y g(euin)(l—e ™), weR: t>0, (12)
r=0

is derived with
g usme) = Y hey(u5m)27,

[y|<r

and the h, , are computed by the recursion (15) as described below.

Remark 1 Because of Assumption HE, if Th. 3.4-(i) applies for some u, it
applies for any v’ with ||v'|] < ||lul| . As a consequence, one may take in (11)
any 1 = n([lu”l]) with u”{] > [ju] .

In order to outline the construction of the expansion (11), let us denote
fulz) =2, zeR% (13)
Then for each multi-index 8 € N¢ we may compute algebraically

Afu(x)

.— i—l8l
bg(x,u) =1 8u,3 -

=: b (u) + Z b, (u) 2" (14)

K, |k|=1
(in multi-index notation), provided that for the jump part in the generator (7),

i L (et ) = o) -T2 oo

= /Rd (ei"TZ -1- iuTz) 0(dz) + 2" /]Rd (ei“TZ -1- iuTz) vl (dz)

is explicitly known. That is, the cumulant generating functions of v and v},
i =1,...,d, are explicitly known. We note that the expression Af,(z)/f.(x) in
(14) is termed the symbol of the operator A. As such the bg in (14) are, modulo
some integer power of the imaginary unit, derivatives of the symbol of A.




Let us next consider a fixed u € R? and 7, > 0. Then for each multi-index
7 and integer r > 0 we are going to construct A, = h, (u;n,) as follows. For
|y| > r we set h,, = 0 and for 0 < r < |y|, the h,, are determined by the
following recursion. As initialization we take hgo = 1, and for 0 < r < |y| we
have (cf. [1]-(4.6)),

(v +B
(4 Dby = 3 nul( : )hr,wﬂb% (15)
[B1<r—]v]

q(v—Kk+8
+ Y S 77“1( 5 >hmn+ﬁb}m+rhw

[kl=1, k<y |B|<r+1—|v]

where |y| < r+ 1, and empty sums are defined to be zero. We next set

he(w;nu) = [P, (Uinu)]izl,‘_.’d-
In view of Th. 4.1 in [1] suitable choices of 7, are

Ne 2 14 ||ul®  in case of pure affine diffusions,

Ny 2 eClell ¢ >0, for affine jump processes with thinly tailed large jumps.

In practice the best choice of 7, can be determined in view of the particular
problem under consideration. Generally, on the one hand, 7, should be large
enough to guarantee convergence of the series (11), but on the other hand should
not taken to be unnecessarily large for this would result in series that converges
too slowly.

As a natural approximation to (11) and (12) we consider for K = 1,2, ...,

K
Inpg(t,z,u) =In <Z B0 (u; My ) (1 — e_”'“t)r> +iu' (16)

r=0
K — s
T e (i) (1= e
SR o oy ) (1 — e=mat)r

and the ground expansion based approximation

+ , ueRY t>0,

K
Bt z,u) = "> go(w,um)(1—e ™), weR?, t>0,  (17)
r=0

respectively.

Remark 2 In connection with approzimations (16) and (17) it seems natural
to estimate R, in view of Cauchy’s criterion, and n, according to (10). That
18, we could take

™ i |AR fu ()|

2 K!

Nu &



where the sequence g, (x,u) := A" f,,(x)/ fu(x) can be obtained from the recursion

Grtin = D (A/ ; 5) Irov+603 (18)

|Bl<r—|v|

£ (5 st

[kl=1, s<y |B|<r+1—|v]

with goo =1 (cf [1]-(4.6)).

4 Generalized Merton models

We now consider generalized Merton models of the form (5) and (6). For the
characteristic function of (5) we have,

) ) oo 0,.7;2,...,a:d);1
q)t(z) _ 6tz'ytE61zaWtEelth

: 220 1 2 d
= exp |izyt — 5 t| p(t, (O,ac s T )7(3,07...,0))7 (19)

where X; ! denotes the first component of X;" cf. (2). Firstly, the martingale
condition (3) can now be formulated as

2

o
Y=

5 t~ ' Inp(t, (0,22, ...,2%), (-1,0,...,0)), (20)

that is, v may in principle depend on time t. More generally, the characteristic

function of (6) takes the form,
D (2) = eiz”’tﬁH(t,z)ﬁ(t, (O,xz, e :vd) ,(2,0,...,0)), (21)
with py (¢, z) := E[exp(izH¢)] , and
y=—t"'Inpy(t,—i) —t ' npt, (0,27, ...,2%) , (-,0,...,0)). (22)

In a situation where p in (19) and (21), respectively, is unknown in closed form,
we propose to replace it with an approximation px due to (16) for some level
K large enough. It is convenient to choose X} and H such that exp (X,l) and
exp (H.) are martingales, respectively. Since X¢ = Hy = 0, we then have v = 0
in (22).

Before considering affine processes with really unknown characteristic func-
tion, in the next section we recall the known characteristics of a log-Heston type
model.



4.1 The Heston model
Let us consider for X a log-Heston type model with dynamics
1
dX' = —§a2X2dt +aVX2dW, X'(0)=0, (23)
dX? =k (0 — X2) dt + oVX? (de V1o p2dW) ., X%(0) =0,

for some «,0,k,0 > 0, and —1 < p < 1. Note that the initial value of X? is
taken to be the expectation of the long-run stationary distribution of X2. The
characteristic function X! due to (23) is known as follows (we take Lord and
Kahl’s representation [6], due to the principal branch of the square root and
logarithm?):

Inp(t,0,2) :==Inpt, (0,0),(2,0)) = A(z;t) + B(z;t)0, with (24)

—dt _
A(z;t) == i—’; ((a —d)t — 21neg) )

I—yg
a+d1—edt )
B(ZQt) = 7@ with (25)
d
a:=k—izaop, d:i=+\/a®+a20?(iz+22), g:= a+d’
a_

while abusing notation in (24) slightly. By construction, exp (th) is a mar-
tingale and so it holds that Inp(¢,6, —i) = 0. This can be easily seen from the
Heston dynamics (23) and also by taking z = —i in (25), where we then have
that a = k — zaop € R, so d = |a|. Thus |g| = ccif a >0 and [g| =0if a <0
and for both cases we get that A(—i;¢t) = B(—i;t) = 0. As a consequence we
have v = —02/2 in (20).

The generator (7) due to the Heston model (23) and its corresponding symbol
derivatives (14), i.e. the ingredients of the recursion (15), are spelled out in
Appendix A.

4.2 Heston model with state dependent jumps

We now consider a generalized Heston model with state dependent jumps in the
first component, henceforth termed the HSDJ model, of the following form:

1
dX' = —Noagdt — (Alal + 202) X2dt + aVX2dW (26)

+ / y (N(X2,dt, dy) — Mopo(y)dydt — X > Xy pa (y)dydt)
R

AX? = 1 (0= X2) dt + oV/X? (pdW + /1= p2dW )

1Roger Lord confirmed to J.S. a typo in the published version and so we refer to the
preprint version.



with X*(0) = 0, X2(0) = 6 and with t suppressed in X;_ (cf. (8)). In this
model N (w,dt,dy) is for each w > 0 a Poisson point process on Ry x R and pg
and p, are considered to be probability densities of jumps that arrive at rate
Ao > 0 and wA; > 0, respectively. Further in (26), ap and a; are non-negative
constants given by

a0 = / (¥ —y— ) po(y)dy and ay = / (@ —y— Dy, (27)

hence in particular it is assumed that the measures associated with po and
i1 have exponential moments. In the HSDJ model the density po may have
support R, for example Gaussian, while the density p; may be concentrated on
(—00,0) for example. In this way A\g and po are responsible for the “normal”
random jumps in (26), while A; and p; are responsible for downward jumps
which, due to the (state) dependence on X2, arrive with increasing intensity as
the volatility X? increases. As such the model covers a stylized empirical fact
observed for several underlying quantities, such as assets, indices, or interest
rates. Since o and p; are assumed to be probability densities, the dynamics of
X1 in (26) may also be written as

1
dx' = ()\0 (mo +ao) — <20<2 + A1 (my + a1)> X2> dt

+aVX2dW + / yN (X2, dt,dy), (28)
R
with
mp ;:/Ryuo(y)dy and my :z/Ryul(y)dy- (29)

One can show rigorously that eXi s a martingale with E [eth ] =1, and so we

may take in (20) v = —02/2 again. Here we restrict our selves to a heuristic
argumentation: From It6’s formula for jump processes we see that for 0 < u < t,

¢ ¢
cont. 1
e Xt _ X :/ eXslfd().’;) b 5/ eXél‘*OéQXSQdS-‘r Z {exj _eng}
u u

u<ls<t
(30)
t
= / eXem ((—)\0 (Mo + ao) — A1 (my +ay) X?) dt + a\/XEdW)
u+
+ R
u<s<t { }



So, heuristically, we have that

1 1 1 1 1
E g {eXs —eXS*} X | = eXu-E E {eXs_Xsf - 1} Xu_
u<s<u+A u<s<ut+A

= [ (@ = Do)y + X2 nA [ @Dy
— eXu- (Ao (mg + ag) + Xo_ A1 (my 4 a1)) A,
for A | 0. Combining with (30) this yields
eXura — eXu eX’i*a\/)?EAW + Cuut+a
with E [y u+a] Xu—] =0.
In Appendix B we spell out the generator, cf. (7), and its corresponding

symbol derivatives (14) corresponding to the HSDJ model (26).

Example 3 In the case where Ay = 0, the characteristic function pxy ., of X*
is simply given by (see (28), (27) and (29))

1nﬁ>\07uo (t, 9, Z) = lnﬁ(t, 0, Z) — t)\o (ao + mo) iz + t)\o’(/)()(z)
=Inp(t,0, z) — tAgtho(—1)iz + tAotho(2),

where

Po(z) = / (e¥* —1) po(y)dy = /e‘yzuo(y)dy -1

follows from the characteristic function of the jump measure and p(t,0,z) is
given by (24). Note that we have lnpy, ., (t,0, —i) = 0 again indeed. For exam-
ple if the jumps are N(c,v?) distributed we have the well known expression

1,22

do(z) = o 1,
hence

Inpy, cr2(t, 0, 2) :=1np(t, 0, z) + tAo (eicz_%”Qz2 —izette 4 o 1) .

5 Numerical examples

In this section we will price European options by a Fourier based method due
to Carr-Madan [2]. Let the stock price at maturity 7" be given as

Sp = Sper YT
where exp [Y] is a martingale with Yy = 0. If the characteristic function

Op(z):=E [eiZYT]

10



is known, then the the price of a European call option with strike K at time ¢
= ( is given by

+ & < 1- (DT(Z - 1) efizln Ke T

C(K)=(Sy — Ke ")* S0 dz (31)

2 J_o  z(z—1)
(Carr-Madan’s formula). For more general Fourier valuation formulas, see [5].
In general, the decay of the integrand in (31) is of order O(|z|~?) as |z| — oo,

hence relatively slow. We therefore use a kind of variance reduction for integrals
using the formula

BS (So,T,r,05) = (So — Ke ™)™ + dz,

(32)
where BS is the well-known Black-Scholes formula based on the risk-neutral
Black-Scholes model

o0 _ BS 1 . e T
& / 1 ©T (Z 1) 6—12 In & 5 T
27 z(z —1)

— 00

2 .
StB = Spe" T—oBT/24osWr  with

@?3(2) —F [eiz(fU?BT/2+UBWT)} _ 67(z2+iz)0125T/2’

for a suitable but in principle arbitrary op > 0. Next, subtracting (31) and (32)
gives the variance reduced formula

So

C(K) = BS(SO7T7T703) + %/

> 05 (z —i) — (2 — i)e—iz n KeZIT
2(z —1) ’
(33)

— 00

where, typically, the integrand decays much faster than in (31).

5.1 Product of Heston models

We first consider a model where the stock price S; is obtained as the product
of two independent Heston factors, i.e., (6) with X} another Heston model.
Clearly, in this case a closed form expression for the characteristic function of
In S; exists, and therefore the asymptotic expansion presented in this paper is
not needed for pricing. This allows us to easily compute accurate reference
prices, and thus assess the numerical accuracy of prices obtained from the ex-
pansion of the characteristic function. All calculations were done using Mathe-
matica. Using its symbolic capabilities, we have implemented the recursion (15)
in full generality.

The Heston parameters for the components H; and X} are presented in
Tablel. Additionally, we choose Sy = 10 and r = 0.05 for option pricing.
Based on these parameters, we compute the asymptotic expansion px of the
characteristic function using (12) with K = 8, i.e., including the first nine
terms in the expansion.

In Figure 1, we compare the exact and the approximate characteristic func-
tions of the (normalized) logarithm of the stock prices—i.e., with Sy = 1 for

11



H, X}
a| 1.0 1.0
K 1.5 1.5
o | 0.6 0.3
6 | 0.04 0.0225
p| —02 —03
v | 0.04 0.0225

Table 1: Parameters of the Heston+Heston-model. v denotes the initial variance
in both components.

04

\
006f \

\/

= 10 s 5

(c) Real part, t = 2 (d) Imaginary part, t = 2

Figure 1: Exact (blue) and approximate (orange) characteristic functions of the
logarithm of the normalized stock price in the generalized Merton model with
two Heston factors evaluated at time ¢ = 1/2 and t = 2 (years).

12



convenience. We can clearly see that the approximation deteriorates when |u|
becomes large, but then both the exact and the approximate characteristic func-
tions tend to 0. Moreover, the approximation formula is more accurate for small
t.

L | 2 4 8 16 32 64
Exact 0.8350 0.9621 1.1105 1.1832 1.1834 1.884
Approx. | 0.8353 0.9626 1.1111 1.1842 1.1896 1.1896

(Rel. error) | 0.2981 0.1912 0.0665 0.0054 0.0010 0.0010

Table 2: Price of ATM call option with maturity 7" = 1 computed using do-
main of integration [—L, L] for both the exact characteristic function and the
approximate formula, together with the relative error for using the approximate
formula—w.r.t. the most accurate price obtained from the exact formula.

When we come to option pricing, we plug the approximate formula for the
characteristic function into the Fourier pricing formula (33). For the imple-
mentation, we clearly need to replace the infinite domain of integration by a
finite one, i.e., we use (33) integrating from —L to L, L € R. This cut-off is
potentially critical for our approximation procedure, as large integration do-
mains (and, hence, large |u|) may correspond to large errors of the approximate
formula. Fortunately, Table 2 indicates that this effect does not materialize.

Remark 4 At this stage, we would like to highlight once more the heuristic
choice of n proposed in Remark 2. Without a good choice of n, it is very easy to
run into situations, where the approximation error is already too large for the
needed domain of integration.

(a) Relative error. (b) Absolute error.

Figure 2: Relative and absolute errors of European call option prices.

Let us consider option prices and the corresponding errors for maturities from
1/2 to 5 years and for strike prices between 7 (deep in) and 13 (deep out of) the

13



money. Figure 2 shows that errors remain small (< 2% ATM) for maturities up
to 2 years. For (deep) OTM options, it seems to be more reasonable to look at
absolute instead of relative errors, which give a similar impression.

Finally, the implied volatility in this model is plotted in Figure 3. Con-
siderable deviations between the exact and the approximate formula are only
observed for higher maturities.

Figure 3: Implied volatility of the generalized Merton model based on two
Heston factors based on exact (blue) and approximate (orange) characteristic
functions.

5.2 Generalized Merton model with state-dependent jumps

Let us consider a generalized Merton model of the form (6) where X! is an affine
jump process with state-dependent jump-intensity In the sense of (26). The
parameters corresponding to the diffusive parts of both H and X! are chosen
as in Table 1. Regarding the jump part of X!, we set A\g = 0, po = 0, thereby
turning off the jumps with constant, i.e., not state dependent, intensities. The
jump parameters of X' are chosen according to Table3.

X
A1 10
M1 (y) 1y<0pepy
P 4.48

Table 3: Jump parameters of X!

This means that jumps in the log-price have exponentially distributed mag-
nitude and negative sign. The mean jump of the log-price is around 0.22, i.e., in
case of a downward jump (“crisis”), the stock loses about 20% of its value. The
intensity A\; seems excessively high, but recall that this intensity is multiplied by
the instantaneous variance of the Heston component, which is started at 0.04.

14
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0.04
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0.0 0.2 0.4 0.6 0.8 10

Figure 4: Sample path of S; in the generalized Merton model with state-
dependent jumps (first panel), volatility (more precisely, the square root of
the sum of both variance components) of S; (second panel), and of the variance
component of the second Heston factor. A jump occurs shortly after time 0.75.
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By (34), and (35) below, we obtain
Yo(§) =0, mo + ag = o(—i) =0,

0 .
0@ = [ @ -peray=— e ma =)=

(a) Real part, t =1 (b) Imaginary part, t = 1

Figure 5: Approximate characteristic function (orange) of the logarithm of the
normalized stock price in the generalized Merton model with one Heston factor
and one Heston factor with jumps evaluated at time ¢t = 1/2 (year). Comparison
with the characteristic function computed by a Monte Carlo simulation (blue).

Figure 5 shows the approximate characteristic function including jumps at
time t = 1/2, compared with the exact characteristic function without jumps.
As expected, the jumps lead to a considerable change in the characteristic func-
tion. We compare the characteristic function to another numerical approxima-
tion based on Monte Carlo simulation. Both approximations lead to very close
results especially in the real part. The results are less close for the imaginary
part, but notice that the graphical representation exaggerates the differences as
the scale is much smaller in the second plot (from —0.1 to 0.1 instead of 0 to 1).

These changes in the distribution have the expected changes in the option
prices. In particular, the implied volatilities become larger, and also the smile
becomes much more pronounced, comparing Figure 6 with Figure 3.

K |7 8 9 10 11 12 13

Monte Carlo 3.2719 2.3688 1.5511 0.8888 0.4427 0.2006 0.0884
Asym. formula | 3.2279 2.3276 1.5144 0.8583 0.4217 0.1880 0.0818

Rel. error 0.0134 0.0174 0.0237 0.0343 0.0476 0.0627 0.0744
MCstat.error 10,0018 0.0023 0.0031 0.0044 0.0067 0.0106 0.0166

Table 4: Option prices for maturity 7' = 1/2 for various strike prices in the Hes-
ton model plus jumps. We compare prices obtained by the asymptotic expansion
of the characteristic function with prices obtained by Monte Carlo simulation.

Finally, let us directly compare the price for some European call options with
reference prices obtained by Monte Carlo simulation, see Table 4. Once again,
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Figure 6: Implied volatility of the generalized Merton model with one Heston
factor and one Heston factor with jumps (orange), compared with the implied
volatilities computed with the exact characteristic function in Figure 3.

we used Sy = 10 and r = 0.05. The Monte Carlo prices are based on 100,000
trajectories with 1000 time-steps each, the statistical error, i.e., the standard
deviation divided by the square root of the number of samples, is considerable
smaller than the observed difference.

Unfortunately, the results of Table 4 are not as convincing as the accuracy
of the approximation in the pure diffusion case suggested, compare Table 2
and Figure 2. We suspect a combination of slow decay of the characteristic
function, sub-optimal choice of the damping parameter 7 and higher truncation
error of the asymptotic characteristic function, see the conclusions below for
some further comments.

Conclusions From the examples we conclude that for times being not too
large the approximation procedure based on [1] performs rather well. More
specifically, if no jumps are in the play the procedure works very good, but with
incorporated (state dependent) jumps the accuracy is somewhat less. In order
to resolve this issue one could investigate different directions. One reason for
less accuracy may be a diminished effect of the Black-Scholes ingredients in the
Fourier pricing formula (33) in the presence of state dependent jumps. This
in turn might require a larger integration range where that approximation gets
worse at the upper and lower end, respectively. As a way out, it looks natural
to replace the role of the Black-Scholes ingredients in (33) by an affine model
with state independent jumps for which the characteristic function is known,
leading to a representation of the form

& /oo 1 _ (I)l,z(_‘nown’(z _ 1) e—iz n KCS:;T
27 J_ oo z(z —1)

SO o] (I)known(z _ i) _ (I)apPY(Z _ i) R Ke—TT
T T —izln .
— e S0 dz = Ixnown + Lappr-

CPP(K) = (S — Ke ™) T + dz

2 J_ o z(z —1)
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The integral Iihown can be computed with any desired accuracy while for the
integral I,ppr a relatively small integration range may be sufficient.

Other reasons for the decreased accuracy in Section 5.2 for instance, may be
a too small 7 chosen due to Remark 2, or not enough iterations. However, we
leave all these investigations for further research, since this article is considered
merely a first guide on numerical implementation of the method in [1].

A Generator and bs for the Heston model

By conferring (7), (8), and (23), the generator of the Heston model is given by

1 1 1
A= 750421028%1 + k(0 —x2) O, + §a2x23$1$1 + aoproOyy v, + 5025023@@-

It thus follows with f,(z) = e'*' @ that

%fing) = —%a%ziul + k(0 — x2)iug — %oﬁxguf — oaprati Uy — %Uszug
with first order derivatives w.r.t. u,
Ouy /}ﬁg) = —%(123:2’1 — a?zouy — aopraus,
Ou,y f}ﬁ(xx)) =k (0 —xz2)i — aoprous — o2 xous.
For the second derivatives we get
Ouru m = —a’py, 8u2uQ/ﬁ$ = —o’xy, 8UIU2A(;?:—L:: = —aopza,

and the third order ones vanish. Thus, in multi-index notation we have by (14)
for || =0,

1 1 1
bo(x,u) = KBiug + o <—20z2iu1 — Kiug — 504211% — QopuUIUy — 202u§) ,

whence

by (u) = Kbiug,

L 5. . 1 1
b, (u) =0, bj,, (u) = —§a21u1 — Kiug — §a2u% — aopuius — 5021@

with e; := (1,0), e := (0,1). For |3] =1, (14) yields
1
b1,0)(z,u) = —5042%‘2 + &?zousi + aoprausi,

bo,1)(z,u) = K (0 — 22) + aoprousi + o2 zausi,
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whence
[’(()1,0) (u) = b:(Ll,O),el(u) =0, [’:(11,0)@ (u) = —%az + @?upi + aopugi
and
b?o’l)(u) = Kb, b%o’l)’el(u) =0, [J%O’l)’62 (u) = —k + aopuii+ ougi
Next, for |8| = 2, (14) yields
b2,0)(,u) = a’za, by (x,u) =0z, b1 (7,u) = acprs,

whence

[’?2,0) (u) = 2,0),e1(u) =U, 6%270),62 (u) = o?,

by 0
[’?0,2) (u) = 6%0,2),.31(“) =0, [’:(Lo,2),e2 (u) = o,
[’?1,1)(“) = 6%1,1),61(1‘) =0, 5%1,1),62 (u) = aop,
and for 5] > 3, we trivially find
bs(z,u) =0.

B Generator and bg for the HSDJ model

By conferring (7), (8), and (26), we have in fact
v(x,dz) = 1°(dz) + 2 "o (dz) = Nopo(21)00(22)dz1dza + 2o A1 g1 (21)00(22)dz1 d2zo

with §p being the Dirac delta function, that is the (singular) density of the Dirac
probability measure R concentrated in {0}. Thus, the generator of the HSDJ
model is given by

1
Af (Z‘l,.rg) = (—)\an — (2a2 + )\1@1) .132) 8£1f + K (9 — .132) 812f
1 1
+ Ea%gamlf + 0o P90y, 5, [ + 5023328962392]?

+ /R [f(x1 + 21, 22) — f(21,22) — 210z, ] (Nopro(21)dz1 + z2 A1 (21)d21) -

Since we are dealing with jump probability densities rather than infinite jump
measures, as in the case of infinite activity processes, the generator may be
written as

Af (l’l,zg) = <)\0 (m() + ao) — (;O&Q + )\1 (m1 + al)) IQ) 8T1f

+r(0 —x2) O, f + %oﬁxgazlzlf + @opro0y, 2y f + %02:828352952]’
o / @1+, 22) — (@1, 22)] po(v)dy
R

+TaM /R [f(z1 +y,z2) — f(z1,22)] 11 (y)dy,
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using (29).
With f,(z) = € @ we so obtain,

Pt = (vt (go7 o) o)

. 1 1
+5 (0 — x2)iug — 5042:5215% — QO prau Uy — §U2x2u§

+Xo%o(u1) + z2 X191 (u1)

with
@)= [ (=) mdy. i=0.1 (34)
Note that we have
The first order derivatives w.r.t. u are,
Af,(x . 1 .
8ul ff(.gj)) = 7)\0 (mo + ao) 1— (2Oé2 + )\1 (m1 + a1)> |84))
— o?xouy — aoprouy + A00u, Yo(u1) + oA Oy, 11 (ur)
Af,(z .
8u2ff(§:)) =Kk (0 —x2)i — aoprous — a2 xous.
u
For the second order derivatives we have
Af.(x
Ouyuy ff(a(v)) = —a’zy + A00u; us Yo (u1) + 22X 0yquy 1 (u1)
61/, u = - 5 au us " N y
1U2 fu(x) Qo pr2 2U2 fu(x) 0 T2

and for multi-indices 8 with |3 > 3, i.e. the higher order ones,

Afu(x) _ { /\oﬁuwlﬁﬂ/io(ul) +1172>\13u|1ﬁ|1/)1(ul) for B =(8],0),
" fulz) 0 if B+#(|8],0).

Hence the ingredients (14) of the recursion (15) are in multi-index notation as
follows.

6l =0:

Dy

bo(x,u) = —Ag (Mg + ag) tug + KBiug + Aoto(uq)

2 2

1 . 1 1
+xo (Alwl(ul) - <a2 + A1 (mg + al)) i — Kiug — §a2u% — aopuiug — 702ug

whence

bo(u) = — Ao (mg + ag) iuy + Kbiug + Aot (ur),

1 .
b(%,el (U) = 0, b(1)762 (U) = )\11/)1(7.L1) — <2OZ2 + )\1 (m1 + (ll)) 1y

. 1 1
— Kiug — §a2u% — aopuiug — *UQ'U%.

2
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For |8] =1, (14) yields

. 1
6(1’0)(1:,u) = —Xo (Mg + ag) — AoOu, Yo (u1)i — <2Oé2 + A (my + a1)> T2

+ a?zoui 4+ aopraousi — X9 A10u, Y1 (u)i

beo,1)(z,u) = K (0 — 22) + aoprausi + o2 zausi,
whence
b1 0y (1) = —Xo (Mo + a0) — AoBu, Yo (ur)i, by g, (1) =0,
5%170)762 (u) = — <;0¢2 + A1 (my + a1)> + Q?uii 4 aopugi — A0y, Y1 (ur)i
and
b(0 1)(“) = k0, [’%0,1),(51 (u) =0,
b(o 1,65 (W) = =K + aopuri+ o2 usi.
Next, for |8| = 2, (14) yields

b(2,0) (%, u) = a®23 — Aouyu, Yo(u1) — T2A10u, 0, Y1 (1),
b1 (2, 4) = a0,

6(072) (SU, U) = 021'2

whence
(2 0) (u) = Ouyus Yo(ur), b%Z,O),el (u) =0,
(2 0),e2 (u) = - >\1 vy 1 (1),
b(1 1)(“) 1 1), el( u) =0, 5(171)762 (u) = aop,
b(0 2) (u) = (0 2), el( u) =0, b%0,2),@ (u) = o”.

For multi-indices 8 with |3| > 3 we get

b _ { Aot~ |5|8 \5\¢0(u1)—|—1}2>\11 |5|@ \[3\1/11(1“) for ﬂ = (‘,8|,0),
glx,u) =

0 it B#(|8],0),
whence
60 (u) = /\Oi_lﬁlau\lﬂ\wo(ul) for B=(|g],0),
’ 0 if B+ (8,0,
and
bé,el(u) = O,
bl ( ) _ Aliilﬁlau\lﬂ\wl(ul) for ﬂ = (|B| ’0)7
P 0 it B (181,0).
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