ECOLE POLYTECHNIQUE

CENTRE DE MATHÉMATIQUES APPLIQUÉES UMR CNRS 7641

91128 PALAISEAU CEDEX (FRANCE). Tél: 01 69 33 41 50. Fax: 01 69 33 30 11

http://www.cmap.polytechnique.fr/

Finite difference methods for option pricing in jump-diffusion and exponential Lévy models.

Rama CONT & Ekaterina VOLTCHKOVA R.I. N^0 513 Septembre 2003

A finite difference scheme for option pricing in jump diffusion and exponential Lévy models^∗

Rama Cont and Ekaterina Voltchkova

Rapport Interne CMAP Numéro 513, Sept. 2003.

Abstract

We present a finite difference method for solving parabolic partial integro-differential equations with possibly singular kernels which arise in option pricing theory when the random evolution of the underlying asset is driven by a Lévy process or, more generally, a time-inhomogeneous jumpdiffusion process. We discuss localization to a finite domain and provide an estimate for the localization error under an integrability condition on the Lévy measure. We propose an explicit-implicit time-stepping scheme to solve the equation and study stability and convergence of the schemes proposed, using the notion of viscosity solution. Numerical tests are performed with smooth and non-smooth initial conditions. Our scheme can be used for European and barrier options, applies in the case of pure-jump models or degenerate diffusion coefficients, and extends to time-dependent coefficients.

Keywords: parabolic integro-differential equations, finite difference methods, Lévy process, jump-diffusion models, option pricing, viscosity solutions.

∗This work was presented at the Bachelier seminar (Paris, 2003), Workshop on Lévy processes and Partial integro-differential equations (Palaiseau, 2003) and IFIP 2003 (Nice). We thank Yves Achdou, Huyen Pham, Christoph Schwab and Peter Tankov for helpful discussions.

Contents

1 Exponential Lévy models 4 1.1 Lévy processes: definitions . . . . . . . . . . . . . . . . . . . . . . 4 1.2 Exponential Lévy models . . . . . . . . . . . . . . . . . . . . . . 5

2 Partial integro-differential equation for option prices 6 2.1 European options . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2 Barrier options . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.3 Viscosity solutions . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 An explicit-implicit finite difference scheme 17 3.1 Localization to a bounded domain . . . . . . . . . . . . . . . . . 17 3.2 Truncation of the integral . . . . . . . . . . . . . . . . . . . . . . 19 3.3 Explicit-implicit scheme: finite activity case . . . . . . . . . . . . 21 3.4 Explicit-implicit scheme: infinite activity case . . . . . . . . . . . 22

4 Consistency, stability and convergence 24 4.1 Consistency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 4.2 Monotonicity and Stability . . . . . . . . . . . . . . . . . . . . . 25 4.3 Convergence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

5 Numerical results 31

6 Discussion and extensions 35

A Appendix 39

The shortcomings of diffusion models in representing the risk related to large market movements have led to the development of various option pricing models with jumps, where large returns are represented as discontinuities of prices as a function of time. Models with jumps allow for more realistic representation of price dynamics and a greater flexibility in modelling and have been the focus of much recent work. A review of financial modelling with jump processes may be found in [12].

Exponential Lévy models, where the market price of an asset is represented as the exponential S_t = exp(rt + X_t) of a Lévy process X_t, offer analytically tractable examples of positive jump processes which are simple enough to allow a detailed study both in terms of statistical properties and as models for riskneutral dynamics i.e. option pricing models. Option pricing with exponential Lévy models is discussed in [12, 15, 17, 20, 27]. The flexibility of choice of the Lévy process X allows to calibrate the model to market prices of options and reproduce a wide variety of implied volatility skews/smiles. The Markov property of the price allows us to express option prices as solutions of partial integro-differential equations (PIDEs) which involve, in addition to a (possibly degenerate) second-order differential operator, a non-local integral term which requires specific treatment both at the theoretical and numerical level.

In this paper, we discuss the derivation of such PIDEs for European and barrier options and propose a finite difference scheme for solving them. Our numerical solution is based on splitting the operator into a local and a nonlocal part: we treat the local term using an implicit step and the non-local term using an explicit step. This idea, previously used for non-linear PDEs [3], allows for an efficient implementation in terms of speed and stability restrictions. Our scheme extends to infinite activity Lévy processes with singular kernels and does not require the diffusion part to be non-degenerate. We study the consistency and stability of this scheme, show its convergence to a viscosity solution of the partial integro-differential equation and study its numerical performance on two examples, the Merton model with Gaussian jumps and the infinite activity Variance Gamma model. Our scheme can be used for European and barrier options and can also be extended to the case of non-constant coefficients.

Such partial integro-differential equations (PIDEs) have been used by other authors to price options in models with jumps [2, 10, 22, 14] but the derivation of the equation is often omitted or incomplete. In section 2, we discuss the derivation of integro-differential equations for European and barrier options, first giving conditions under which option values can be described in terms of classical solutions followed by a more general result using the notion of viscosity solution. The case of American options has been discussed in [23].

Solving such PIDEs by finite difference methods involves several approximations: localization of the equation to a bounded domain, treatment of the singularity due to small jumps, discretization of the equation in space and iteration in time. We discuss localization errors in section 3.1 and provide an estimate for the localization error under an integrability condition on the Lévy measure. In section 3 we propose an explicit-implicit finite difference scheme and study consistency, stability and convergence of the scheme proposed. To study the convergence of the scheme, we use the notion of viscosity solution, which allows to show uniform convergence to the solution without requiring a priori smoothness of the solution or non-degeneracy of coefficients.

In section 5, numerical tests are performed for smooth and non-smooth initial conditions to assess the effect of various numerical parameters on the accuracy of the scheme. Our scheme can be used for European and barrier options and extends to the case of time-dependent coefficients.

Various numerical methods for solving such parabolic integro-differential equations have been proposed in the recent literature. In the case where the characteristic function of the log-price is known, Carr & Madan [8] propose a method using the Fast Fourier transform for pricing European options. Our scheme extends this approach to cases where analytical expressions may not available and where barriers / boundary conditions may be present. In the case of jump-diffusion models with finite jump intensity, Andersen & Andreasen [2] propose an operator splitting method where the differential part is treated using a Crank-Nicholson step and the jump integral is computed using an explicit time step. Our method applies more generally to models with infinite activity i.e. singular integral kernels; in addition, we propose an analysis of the convergence of our algorithm, which is absent in [2]. Using a variational formulation of the integro-differential equation, Zhang [30, 31] studied a finite difference scheme in the case of jump-diffusion models with finite intensity and possessing all exponential moments. These conditions rule out all models in the literature except the Merton model: our analysis does not require such restrictive conditions. Variations on this scheme are given in [14].

The variational formulation has been recently extended by Matache et al [22] to the infinite activity case using a wavelet Galerkin method. The relation to the literature is discussed again in section 6.

1 Exponential Lévy models

We consider here the class of models where the risk neutral dynamics of the underlying asset is given by S_t = exp(rt+X_t) where X_t is a (time-homogeneous) jump-diffusion ( Lévy ) process.

1.1 Lévy processes: definitions

A Lévy process is a stochastic process X_t with stationary independent increments which is continuous in probability. Without loss of generality we assume that X_0 = 0. The characteristic function of X_t has the following form, called the Lévy-Khinchine representation [25]:

E[e^{izXt} ] = exp tϕ(z) (1.1) = exp{t(− σ^2 2 z^2 + iγz + ∫_∞ −∞ (e^{izx} − 1 − izx1_{|x|≤1})ν(x)dx)} (1.2) where σ > 0 and b are real constants and ν is a positive measure verifying ∫_{+1} −1 x^2ν(dx) < ∞ ∫ |x|>1 ν(dx) < ∞ (1.3) The random process X can be interpreted as the superposition of a Brownian motion with drift and an infinite superposition of independent (compensated) Poisson processes with various jump sizes x, ν(dx) being the intensity of jumps of size x.

In general ν is not a finite measure: ∫ ν(dx) need not even be finite. In the case where λ = ∫ ν(dx) < +∞, the measure ν can be normalized to define a probability measure μ which can now be interpreted as the distribution of jump sizes: μ(dx) = ν(dx) λ (1.4)

The jumps of X are then described by a compound Poisson process with λ as jump intensity (average number of jumps per unit time) and μ(.) as jump size distribution. In this case the truncation of small jumps is not needed and the Lévy-Khinchin representation reduces to: E[e^{izXt} ] = exp{t(− σ^2z^2 2 + ib_0(ν)z + ∫_∞ −∞ (e^{izx} − 1 − iux)ν(x)dx)} (1.5) and γ_0t = EX_t can be interpreted as the drift of the process.

A Lévy process is a Markov process; its infinitesimal generator L : f → Lf is an integro-differential operator defined by the expression :

Lf(x) = lim_{t→0} E[f(x + X_t)] − f(x) t = γ ∂f ∂x + σ^2 2 ∂^2f ∂x^2 + ∫ ν(dy)[f(x + y) − f(x) − y1_{{|y|<1}} ∂f ∂x ](1.6)

which is well defined for f ∈ C^2_0 (R).

1.2 Exponential Lévy models

Let (S_t)_{t∈[0,T} ∗_] be the price of a financial asset modelled as a stochastic process on a filtered probability space (Ω, F, F_t, Q). Under the hypothesis of absence of arbitrage there exists a measure equivalent to Q under which (S_t) is a martingale. We will assume therefore without loss of generality that Q is already a martingale measure.

In exponential Lévy models, the (risk-neutral) dynamics of S_t under Q is represented as the exponential of a Lévy process:

S_t = e^{rt+Xt} (1.7)

Here X_t is a Lévy process with characteristic triplet (σ,γ,ν) and the interest rate r is included for ease of notation. Different exponential Lévy models proposed in the financial modelling literature simply correspond to different choices for the Lévy measure ν, see [12, Chap. 3] for a review. The absence of arbitrage then imposed that Ŝ_t = S_te^{−rt} = exp X_t is a martingale, which is equivalent to the following conditions on the triplet (b,σ,ν): ∫ |y|>1 ν(dy)e^y < ∞ (1.8) γ = γ(σ, ν) = − σ^2 2 − ∫ (e^y − 1 − y1_{|y|≤1})ν(dy) (1.9)

We will assume this relation holds in the sequel. The infinitesimal generator L then becomes: L.f(x) = σ^2 2 [ ∂^2f ∂x^2 − ∂f ∂x ] + ∫_∞ −∞ ν(dy) [f(x + y) − f(x) − (e^y − 1) ∂f ∂x (x)]

The risk-neutral dynamics of S_t is given by

S_t = S_0 + ∫_t 0 rS_{u−}du + ∫_t 0 S_{u−}σdW_u + ∫_t 0 ∫_∞ −∞ (e^x − 1)S_{u−}J̃_X (du dx) (1.10)

where J̃_X is the compensated random measure describing the jumps of X [24]. We will furthermore assume that ∫ |y|≥1 e^{2y}ν(dy) < ∞ (1.11)

This condition is equivalent to the existence of a second moment for the price process S_t. Then Ŝ_t = exp X_t is a square integrable martingale: dŜ_t Ŝ_{t−} = σdW^t + ∫_∞ −∞ (e^x − 1)J̃_X (dt dx) sup_{t∈[0,T ]} E[Ŝ^2_t ] < ∞

(S_t) is also a Markov process with state space ]0, ∞[ and infinitesimal generator: L^S f(x) = rx ∂f ∂x (x) + σ^2x^2 2 ∂^2f ∂x^2 (x) − rf(x) + ∫ ν(dy)[f(xe^y ) − f(x) − x(e^y − 1) ∂f ∂x (x)]

2 Partial integro-differential equation for option prices

The value of an option with terminal payoff H(S_T ) is defined as a discounted conditional expectation of its terminal payoff under risk-neutral probability Q:

C_t = E[e^{−r(T −t)}H(S_T )|F_t]. From the Markov property, C_t = C(t, S) where C(t, S) = E[e^{−r(T −t)}H(S_T )|S_t = S] (2.1) Introducing the change of variable τ = T − t , x = ln(S/K) + rτ where K is an arbitrary constant and defining: h(x) = H(Ke^x) and u(τ, x) = e^{r(T −t)}C(t, S) then

u(τ, x) = E[h(x + X_τ )] (2.2)

If h is in the domain of the infinitesimal generator then we can differentiate with respect to τ to obtain the following integro-differential equation: ∂u ∂τ = Lu, on (0, T ] × R u(0, x) = h(x), x ∈ R (2.3) where L is the infinitesimal generator of X, given by (1.10). Similarly, if u is smooth then using a change of variable we obtain a similar equation for C(t, S): ∂C ∂t (t, S) + L^S C(t, S) − rC(t, S) = 0 C(T, S) = H(S) (2.4) These equations are similar to the Black Scholes partial differential equation, except that the second-order differential operator is replaced by the integrodifferential operators L or L^S.

However, the above reasoning is heuristic: the payoff function h is usually not in the domain of L and in fact it is usually not even differentiable. For example h(x) = K(1 − e^x)^+ for a put option and h(x) = 1_{x≥x0} for a binary option. For barrier options, the presence of boundary conditions may lead to additional complications.

We will see nevertheless in section 2.1 that under some conditions, the value of European options C(t, S), u(τ, x) defined above are classical solutions of the partial integro-differential equations (2.3)-(2.4). However, these conditions are not always verified, especially in pure jump models. This will lead us to consider the notion of viscosity solution; we show in section 2.3 that under more general conditions, values of European or barrier options can be expressed as viscosity solutions of appropriate PIDEs.

2.1 European options

Consider a European option with maturity T and payoff H(S_T ). The payoff function H is assumed to verify: |H(x) − H(y)| ≤ c|x − y| (2.5) for some c > 0. This condition is of course verified by call and put options with c = 1. The value C_t of such an option is given by C_t = C(t, S_t) where C(t, S) = e^{−r(T −t)}E[H(S_T )|S_t = S] = e^{−r(T −t)}E[H(Se^{r(T −t)+XT −t} )]

Proposition 1 (Backward PIDE for European options). Consider the exponential Lévy model S_t = S_0 exp(rt + X_t) where X is a Lévy process verifying (1.11). If σ > 0 or ∃β ∈]0, 2[, lim inf_{ϵ↓0} ϵ^{−β} ∫_ϵ −ϵ |x|^2dν(x) > 0 (2.6)

then the value of a European option with terminal payoff H(S_T ) is given by C(t, S) where: C : [0, T ]×]0, ∞] → R (t, S) → C(t, S) = E[H(S_T )|S_t = S] is continuous on [0, T ] × [0, ∞[, C^{1,2} on ]0, T [×]0, ∞[ and verifies the partial integro-differential equation: ∂C ∂t (t, S) + rS ∂C ∂S (t, S) + σ^2S^2 2 ∂^2C ∂S^2 (t, S) − rC(t, S) + ∫ ν(dy)[C(t, Se^y) − C(t, S) − S(e^y − 1) ∂C ∂S (t, S)] = 0 (2.7)

on [0, T [×]0, ∞[ with the terminal condition: ∀S > 0 C(T, S) = H(S) (2.8) Proof. The proof involves, as in the Black Scholes case, applying the Itô formula to the martingale Ĉ(t, S_t) = e^{−rt}C(t, S_t), identifying the drift component and setting it to zero.

Equation (2.6) implies that X_t has a smooth C^2 density with derivatives vanishing at infinity (see [25, proposition 28.3]) so C(t, S) is then a smooth function of S. Smoothness in time can be shown by Fourier methods, see [12, Proposition 12.2].

By construction, Ĉ_t = E[H|F_t] is a martingale. Applying the Itô formula to Ĉ_t = e−rtC(t, S_t) and using equation (1.10) we obtain: dĈ_t = e^{−rt}[−rC_t + ∂C ∂t (t, S_{t−}) + σ^2S^2_t 2 ∂^2C ∂S^2 (t, S_{t−})]dt + e^{−rt} ∂C ∂S (t, S_{t−})dS_t + e^{−rt}[C(t, S_{t−}e^{ΔXt} ) − C(t, S_{t−}) − S_{t−}(e^{ΔXt} − 1) ∂C ∂S (t, S_{t−})] = a(t)dt + dM_t (2.9) where a(t) = e^{−rt}[−rC(t, S_{t−}) + ∂C ∂t (t, S_{t−}) + σ^2S^2_{t−} 2 ∂^2C ∂S^2 (t, S_{t−}) + rS_{t−} ∂C ∂S (t, S_{t−})] + ∫_∞ −∞ ν(dx)e^{−rt}[C(t, S_{t−}e^x) − C(t, S_{t−}) − S_{t−}(e^x − 1) ∂C ∂S (t, S_{t−})] and dM_t = e^{−rt} ∂C ∂S (t, S_{t−})σS_{t−}dW_t + ∫ R e^{−rt}[C(t, S_{t−}e^x) − C(t, S_{t−})]J̃_X (dt dx)

Let us now show that M_t is a martingale. Since the payoff function H is Lipschitz, C is also Lipschitz with respect to the second variable: C(t, x) − C(t, y) = e^{−r(T −t)}E[H(xe^{r(T −t)+XT −Xt} )] − e^{−r(T −t)}E[H(ye^{r(T −t)+XT −Xt} )] ≤ c|x − y|E[e^{XT −t} ] = c|x − y| (2.10) since e^{Xt} is a martingale. Therefore the predictable random function ψ(t, x) = C(t, S_{t−}e^x) − C(t, S_{t−}) verifies E[ ∫_T 0 dt ∫ R ν(dx)|ψ(t, x)|^2 ] = E[ ∫_T 0 dt ∫ R ν(dx)|C(t, S_{t−}e^x) − C(t, S_{t−})|^2 ] ≤ E[ ∫_T 0 dt ∫ R c^2(e^{2x} + 1)S^2_{t−}ν(dx)]

using (1.11) ≤ c^2 ∫ R (e^{2x} + 1)ν(dx) E[ ∫_T 0 S^2_{t−}dt] < ∞ so the compensated Poisson integral ∫_t 0 ∫_∞ −∞ e^{−rt}[C(t, S_{t−}e^x) − C(t, S_{t−})] J̃_X (dt dx) is a square integrable martingale. Also, since C is Lipschitz, ∂C/∂S ∈ L^∞ and || ∂C ∂S (t, .)||_L∞ ≤ c so E[ ∫_T 0 S^2_{t−}| ∂C ∂S (t, S_{t−})|dt] ≤ c^2E[ ∫_T 0 S^2_{t−}dt] < ∞ Using the isometry relation for compensated Poisson integrals, we obtain that ∫_t 0 σS_t^{∂C}_{∂S} (t, S_{t−})dW_t is also a square integrable martingale. Therefore M_t is a square integrable martingale. Ĉ_t − M_t is thus a (square integrable) martingale; but Ĉ_t − M_t = ∫_t 0 a(t)dt is also a continuous process with finite variation so, by [18, Theorem 4.13-4.50] we must have a(t) = 0 Q-almost surely which yields the PIDE (2.7).

The condition (2.6) holds for all jump diffusion models with non-zero diffusion component as well as for Lévy densities behaving near zero as ν(x) ∼ cx^{1+β} with β > 0 such as the tempered stable model, but not for the Variance Gamma model [21]. However in the case of the Variance Gamma model, the equation is a first order equation for which one requires only C^1 smoothness.

2.2 Barrier options

Barrier options lead to initial/boundary value problems. Consider for instance an up-and-out call option with maturity T , strike K and (upper) barrier B > K. The terminal payoff is given by

H_T = (S_T − K)^+ if max_{t∈[0,T ]} S_t < B

= 0 if max_{t∈[0,T ]} S_t ≥ B.

The value of the barrier option at time t can be expressed as discounted expectation of the terminal payoff: C_t = e^{−r(T −t)}E[H_T |F_t]. By construction, e^{−rt}C_t is a martingale. Defining H(S) = (S − K)^+1_{S<B} where τ_B is the first exit time from ]0, B] we can introduce a deterministic function C(t, S) = e^{−r(T −t)} E[H(S_{T ∧τB} )|S_t = S] (2.11) Due to the Markov property of S_t, C_t coincides with C(t, S_t) on the set {t ≤ τ_B } i.e. before the barrier is crossed. Therefore, C_{t∧τB} = C(t ∧ τ_B , S_{t∧τB} ) (2.12) for all t ≤ T . Note that outside of the set {t ≤ τ_B } these two objects are different: if the barrier has already been crossed, C_t will always be zero, but C(t, S_t) may become positive if the stock returns to the region below the barrier.

By analogy with the case of European options one can derive a pricing equation in the following way. Assume that the function C(t, S) : [0, T ]×]0, ∞[→ ]0, ∞[ is C^{1,2} i.e. smooth enough for the Itô formula to be applied. Applying the Itô formula to Ĉ_t = exp(−rt)C(t, S_t) we obtain, as in (2.9): dĈ_t = a(t)dt + dM_t where dM_t = e^{−rt} ∂C ∂S (t, S_{t−})σS_{t−}dW_t + ∫ R e^{−rt}[C(t, S_{t−}e^x) − C(t, S_{t−})] J̃_X (dt dx) and a(t) = e^{−rt}[ ∂C ∂t (t, S_{t−}) − rC(t, S_{t−}) + L^SC(t, S_{t−})] From (2.12) we know that Ĉ_{t∧τB} is a martingale. Therefore, its drift part must be equal to zero which means that ∫_{t∧τB} 0 a(t)dt = 0 for all t ≤ T . This implies that with probability 1, a(t) = 0 almost everywhere on [0, τ_B ]: ∂C ∂t (t, S_{t−}) + L^SC(t, S_{t−}) − rC(t, S_{t−}) = 0 which should be verified for almost every t ∈]0, τ_B [ with probability 1 so: ∂C ∂t (t, S) + L^S C(t, S) = rC(t, S) ∀(t, S) ∈ [0, T ]×]0, B[ (2.13) For these arguments to work, we need the smoothness of C which is not obvious, especially at the barrier S = B. It can be shown to hold if σ > 0 [6, Chap. 3]:

Proposition 2 (PIDE for barrier options). Let C(t, S) be the value of a up-and-out call option defined by (2.11) in an exponential Lévy model with diffusion coefficient σ > 0 and Lévy measure ν. Then (t, S) → C(t, S; T, K) verifies ∀(t, S) ∈ [0, T [×]0, ∞[, ∂C ∂t (t, S) + rS ∂C ∂S (t, S) + σ^2S^2 2 ∂^2C ∂S^2 (t, S) − rC(t, S) + ∫ ν(dy)[C(t, Se^y ) − C(t, S) − S(e^y − 1) ∂C ∂S (t, S)] = 0. (2.14)

∀S ∈]0, B[, C(t = T, S) = (S − K)^+ (2.15) ∀S ≥ B, ∀t ∈ [0, T ] C(t, S) = 0 (2.16) The equation can be simplified by going to log-variables: defining f(t, y) = e^{r(T −t)}C(t, S_0e^y) y = ln S S_0 b = ln B S_0

(2.17)

we obtain a PIDE with constant coefficients in terms of f: ∀(t, y) ∈ [0, T [×] − ∞, b[ ∂f ∂t (t, y) + σ^2 2 ∂^2f ∂y^2 (t, y) + (r − σ^2 2 ) ∂f ∂y (t, y)] + ∫ ν(dz)[f(t, y + z) − f(t, y) − (e^z − 1) ∂f ∂y (t, y)] = 0 (2.18) ∀t ∈ [0, T [, ∀y ≥ b, f(t, y) = 0 ∀y ∈ R f(T, y) = (S_0e^y − K)^+1_{y<b} (2.19) The main difference between this equation and the analogous PDEs for diffusion models is in the ”boundary condition”: (2.16) not only specifies the behavior of the solution at the barrier S = B but also beyond the barrier (S > B). This is necessary because of the non-local nature of the operator L^S : to compute the integral term we need the function C(t, .) on ]0, ∞[ and (2.16) extends the function beyond the barrier by zero. In the case of a rebate, the function would be replaced by the value of the rebate in the knock-out region S > B. The case σ > 0 is not the only case where the barrier price verifies (2.14):

more generally, if C(., .) defined by (2.11) can be shown to be C^{1,2} (or simply C^{1,1} in the case of finite variation models) then C is a solution of the boundary value problem above. Since C(t, S) = e^{−r(T −t)} ∫ p^B_{t,T} (u)H(u)du where p^B_{t,T} is the transition density of the process S_{t∧TB} stopped at the first exit from the barrier, the smoothness of (t, S) → C(t, S) is linked to the smoothness of this transition density. In analytical terms G(t, T, S, u) = e^{−r(T −t)}ρ^B_{t,T} (u) is nothing but the Green function for the operator L^S with boundary conditions (2.16). In the case of pure jump models where σ = 0 smoothness is not obvious: the behavior of the option price at the barrier depends on the local behavior of the Lévy process at the barrier. Some smoothness results may be obtained using Fourier methods, see [7].

This point will not be a problem: in the case where σ = 0 and ν(R) = ∞, as we shall see in section 3, we will approximate the solution of the boundary value problem by the solution of an auxiliary problem with a “numerical viscosity” term σ > 0. More generally, if smoothness of C(., .) is not known it should be seen as a viscosity solution of the PIDE (see below).

2.3 Viscosity solutions

Existence and uniqueness of (classical) solutions for the PIDEs considered above in Sobolev / Hölder spaces have been studied in [6, 16] in the case where the diffusion component is non-degenerate: for a Lévy process this simply means σ > 0 but more generally these results apply to jump diffusion where the diffusion coefficient is bounded away from zero. However many of the models in the financial modelling literature are pure jump models in which σ = 0, for which such results are not available. A notion of solution which yields both existence and uniqueness in this case is the notion of viscosity solution, introduced by Crandall & Lions for PDEs (see e.g. [13] for a review) and extended to integro-differential equations of the type considered here in [26, 28, 1, 4, 23].

Consider the following parabolic integro-differential equation on [0, T ] × R and O = (a, b) ⊂ R an open interval: ∂u ∂τ = Lu, on (0, T ] × O (2.20) u(τ, x) = 0, (τ, x) /∈ (0, T ] × O (2.21) Denote by USC (respectively LSC) the class of upper-semicontinuous (respectively lower semi-continuous) functions v :]0, T ] × R → R and by C_p([0, T ] × R) the set of functions on [0, T ] × R with polynomial growth of degree p at infinity: φ ∈ C_p([0, T ] × R) ⇐⇒ ∃C > 0, |φ(t, x)| ≤ C(1 + |x|^p) (2.22) Under a polynomial decay condition on the tails of the Lévy density, Lφ can be defined for φ ∈ C^2([0, T ] × R) ∩ C_p([0, T ] × R): Lφ(x) = Aφ(x) + ∫ |y|≤1 ν(dy)[φ(x + y) − φ(x) − y ∂φ ∂x ] (2.23) + ∫ |y|>1 ν(dy)[φ(x + y) − φ(x)] (2.24)

The terms in (2.23) are well defined for φ ∈ C^2([0, T ] × R) since |φ(τ, x + y) − φ(τ, x) − y ∂φ ∂x (τ, x)| ≤ y^2 sup_{B(x,1)} |φ^{′′}(tau, .)| while the term in (2.24) is well defined for φ ∈ C_p([0, T ] × R) if ∫ |y|≤1 |x|^pν(dx) < +∞ (2.25)

This condition is equivalent to the existence of a moment of order p for the Lévy process X_t. We will assume in the sequel that it holds for p = 2.

Definition 1 (Viscosity solution). v ∈ USC is a viscosity subsolution of (2.20-2.21) iff for any (τ, x) ∈ [0, T ] × R and any (test function) φ ∈ C^2([0, T ] × R) ∩ C_2([0, T ] × R), if if v − φ has a global maximum at (τ, x): ∀(t, y) ∈ [0, T ] × R, v(τ, x) − φ(τ, x) ≥ v(t, y) − φ(t, y) then ∂φ ∂τ (τ, x) − Lφ(τ, x) ≤ 0, if (τ, x) ∈ (0, T ] × O (2.26) min{ ∂φ ∂τ (τ, x) − Lφ(τ, x), v(τ, x) − h(x)} ≤ 0, for τ = 0, x ∈ O or x ∈ {a, b} and v(τ, x) − h(x) ≤ 0 otherwise (2.27)

v ∈ LSC is a viscosity supersolution of (2.20-2.21) iff for any (τ, x) ∈ [0, T ]× R and any (test function) φ ∈ C^2([0, T ] × R) ∩ C_2([0, T ] × R), if v − φ has a global minimum at (τ, x): ∀(t, y) ∈ [0, T ] × R, v(τ, x) − φ(τ, x) ≤ v(t, y) − φ(t, y) then ∂φ ∂τ (τ, x) − Lφ(τ, x) ≥ 0, if (τ, x) ∈ (0, T ] × O, max{ ∂φ ∂τ (τ, x) − Lφ(τ, x), v(τ, x) − h(x)} ≥ 0, for τ = 0, x ∈ O or x ∈ {a, b} and v(τ, x) − h(x) ≥ 0 otherwise

A function u ∈ C_2([0, T ] × R) is called a viscosity solution of (2.20-2.21) if it is both a subsolution and a supersolution. v is then continuous on ]0, T ] × R and verifies (2.22).

Note that a sub-solution / super-solution need not be continuous and the initial condition is verified in a viscosity sense. Several variations on this definition can be found in the articles cited above. First, one can restrict the maximum/mimimum of u − φ to be equal to zero:

Lemma 1. v ∈ USC is a viscosity subsolution of (2.20-2.21) if and only if for any (τ, x) ∈ [0, T ] × R and any φ ∈ C^2([0, T ] × R) ∩ C_2([0, T ] × R), if v(τ, x) = φ(τ, x) and v(τ, x) ≤ φ(τ, x) on [0, T ] × R then φ verifies (2.26)- (2.27).

Proof. Clearly the definition of a subsolution implies the property above. Inversely, let φ ∈ C^2([0, T ] × R) ∩ C_2([0, T ] × R) be such that v − φ has a global maximum at (τ, x). We can modify φ by adding a constant: φ(t, y) = φ(t, y) + u(τ, x) − φ(τ, x).

ψ then satisfies the following properties: ( ∂ψ ∂τ − Lψ ) (t, y) = ( ∂φ ∂τ − Lφ ) (t, y), ∀(t, y) ∈ [0, T ] × R, (2.28) ψ(τ, x) = u(τ, x), (2.29) and (τ, x) is a strict global maximum point of u − φ. In view of (2.29) it means that ∀(t, y) ∈ [0, T ] × R, (t, y) ≠ (τ, x) ⇒ u(t, y) − φ(t, y) < 0. (2.30)

A similar result holds for supersolutions. Also, as shown in [4], one can replace “maximum” by “strict maximum”. Finally, one can require the test functions to be C^{1,2} or C^∞ instead of C^2. The growth condition at infinity φ ∈ C_p on test functions is essential for Lφ to make sense. It may be replaced by other growth conditions under stronger hypotheses on the decay of the Lévy density.

Since L verifies a maximum principle, one can show that a classical solution u ∈ C^{1,2}([0, T ] × R) ∩ C_2([0, T ] × R) is also a viscosity solution. However, since the definition above only involves applying derivatives to the test functions φ, a viscosity solution need not be smooth: it is simply required to be continuous on ]0, T ] × R.

Remark 1 (Boundary conditions). We noted above that, for classical solutions, “boundary” conditions have to be imposed on R − O and not only on the boundary ∂O = {a, b}. This seems not to be the case here since the non-local integral term only involves the test function and not the solution itself so one can be led to think that conditions on the boundary are enough (see remark in [23, Sec. 5.1.]). However note that the test functions have verify φ ≤ v (resp. φ ≥ v) on [0, T ] × R and not only on [0, T ] × O

Existence and uniqueness of viscosity solutions for such parabolic integrodifferential equations are discussed in [1] in the case where ν is a finite measure and in [4] and [23] for general Lévy measures. Growth conditions other than u ∈ C_2 can be considered (see e.g. [1, 4]) with additional conditions on the Lévy measure ν. The main tool for showing uniqueness is the comparison principle: if u, v are viscosity solutions and u(0, x) ≥ v(0, x) then ∀τ ∈ [0, T ], u(τ, x) ≥ v(τ, x). This property can be extended to sub-solutions and super-solutions in the following sense [1, 19]:

Proposition 3 (Comparison principle for semi-continuous solutions[1, 19]). If u ∈ USC is a sub-solution and v ∈ LSC is a super-solution then u ≤ v on ]0, T ] × R. Proofs and extensions can be found in [1] for the case where ν is a bounded measure; the case of a general Lévy measure has been recently treated in [19].

The following result shows that values of European and barrier options can be expressed as viscosity solutions of (2.20-2.21):

Proposition 4 (Option prices as viscosity solutions). Assume the Lévy density ν(.) verifies the quadratic decay condition (2.22). Then:

• Let u(τ, x) be the (forward) value of a European option defined by (2.2).

If the payoff function H verifies a Lipschitz condition 2.5 and h(x) = H(S_0e^x) has quadratic growth at infinity, u is the (unique) viscosity solution of the Cauchy problem (2.3).

• The forward value of a knockout (double) barrier call or put option f(t, y) defined by (2.17) is the (unique) viscosity solution of (2.18-2.19).

Proof. u is known to be continuous on [0, T ] × R, see e.g. [23]. Since |h(x)| ≤ c(1 + x^2), |u(τ, x)| = |E[h(x + X_τ )]| ≤ CE[ |x + X_τ |^2 ] Using moment estimates on X_t (see e.g. [25] or [23, Lemma 3.1.]) we obtain |u(τ, x)| ≤ c(1 + x^2) hence u ∈ C_2([0, T ] × R).

Similarly, f is continuous on [0, T ] × O where O is the region defined by the barriers. From the definition of f it is easily seen that f(T, y) = h(S_0e^y)1_O(y) and f(t, y) = 0 if (t, y) /∈ [0, T ] × O.

Let us now show that f is a sub-solution of (2.18-2.19). The proof for u is similar so we shall only give the arguments in the case of a bounded domain (barriers). Consider (t_0, y_0) ∈ [0, T [×O; define (Y_t)_{t≥t0} by Y_t = y_0 + r(t − t_0) + X_{t−t0} and denote by τ the first exit time of Y_t from O:

τ(t_0, y_0) = inf{t ≥ t_0, y_0 + r(t − t_0) + X_{t−t0} /∈ 0}

and let τ = T ∧τ(t_0, y_0). Consider a test function φ ∈ C^2([0, T ]×R)∩C_2 ([0, T ]× R) such that φ(t_0, y_0) = f(t_0, y_0) and φ(t, y) ≥ f(t, y) on [0, T ] × R Since τ is then a bounded stopping time, applying the sampling theorem to the martingale M_t = f(t, Y_t) we can rewrite, for 0 ≤ δ ≤ T − t:

f(t_0, y_0) = E[M_τ |Y_{t0} = y_0] = E[f(t_0 + δ ∧ τ, Y_{(t0 +δ)∧τ} )|Y_{t0} = y_0] ≤ E[φ( (t_0 + δ) ∧ τ, Y_{t0 +δ ∧τ} )|S_{t0} = S_0]

Note that X can jump over the boundary at the first exit time so we need to impose φ ≥ ϕ not only on [0, T ] × O but on [0, T ] × R. Applying the Ito formula to the smooth function φ(t, S_t) between t_0 and (t_0 + δ) ∧ τ we obtain:

f(t_0, y_0) ≤ E[φ(t_0, y_0) + ∫_{(t0 +δ)∧τ} t_0 ( ∂φ ∂t + L^X φ + r ∂φ ∂y )(t, Y_{t−})dt ] + E[ ∫_{(t0+δ)∧τ} t_0 ∂φ ∂y (t, Y_{t−})σdW_t + ∫_{(t0+δ)∧τ} t_0 (φ(t, Y_{t−} + z) − φ(t, Y_{t−}) ) J_X (dt dz)] (2.31)

The stochastic integral in the is a martingale if E[A_{T ∧τ} ] < ∞ where

A_s = ∫_s t_0 | ∂φ ∂y (t, Y_{t−})|^2dt + ∫_s t_0 dt ∫_∞ −∞ ν(dz)|φ(t, Y_{t−} + z) − φ(t, Y_{t−}) |^2 Let us distinguish two cases:

• O is bounded (double barrier option): in this case φ and ∂φ/∂y are bounded on [0, T ] × O so both integrands are bounded a.s. since Y_{t−} ∈ O for t_0 ≤ t ≤ τ. Therefore E[A_{T ∧τ} ] < ∞ and the stochastic integral is a martingale with zero expectation: E[ ∫_{(t0 +δ)∧τ} t_0 ∂φ ∂y (t, Y_{t−})σdW_t+ ∫_{(t0+δ)∧τ} t_0 (φ(t, Y_{t−}+z)−φ(t, Y_{t−}) )J_X (dt dz)] ≤ 0 • O is bounded (European or single barrier option): in this case either a = −∞ or b = ∞ and φ and ∂φ/∂y are not bounded on [0, T ] × O. Consider the sequence of times θ_n = inf{t ≥ t_0, A_t ≤ n } for n ≥ 1. Since (A_t)_{t≥t0} is left-continuous, A_{t∧θn} is bounded by n so the stochastic integral stopped at θ_n is a martingale with zero expectation: E[ ∫_{(t0 +δ)∧τ ∧θn} t_0 ∂φ ∂y (t, Y_{t−})σdW_t+ ∫_{(t0+δ)∧τ ∧θn} t_0 (φ(t, Y_{t−}+z)−φ(t, Y_{t−})J_X (dt dz)] = 0 By Fatou’s lemma we conclude that: E[ ∫_{(t0 +δ)∧τ} t_0 ∂φ ∂y (t, Y_{t−})σdW_t+ ∫_{(t0+δ)∧τ} t_0 (φ(t, Y_{t−}+z)−φ(t, Y_{t−})J_X (dt dz)] ≤ 0 Therefore, in all cases E[ ∫_{(t0+δ)∧τ} t_0 ∂φ ∂y (t, Y_{t−})σdW_t + ∫_{(t0+δ)∧τ} t_0 (φ(t, Y_{t−} +z)−φ(t, Y_{t−})J_X (dt dz)] ≤ 0 Since f(t_0, y_0) = φ(t_0, y_0) we finally obtain 0 ≤ E[ ∫_{t0+δ∧τ} t_0 ( ∂φ ∂t + L^X φ + r ∂φ ∂y )(t, Y_{t−})dt ] Dividing by δ and taking δ → 0^+ we obtain: ∂φ ∂t + L^X φ + r ∂φ ∂y ≥ 0 on [0, T [×O

u is thus a sub-solution. Similarly, if φ ∈ C^2([0, T ] × R) is such that φ(t_0, y_0) = f(t_0, y_0) and φ ≤ f(t, y) on [0, T ] × R one can show that ∂φ ∂t + L^X φ + r ∂φ ∂y ≤ 0 on [0, T [×O

which shows that f is a super-solution.

The hypotheses above on the payoff function applies to put options, singlebarrier knockout puts, double barrier knockout options and also to the logcontract. One can then retrieve call options by put-call parity.

3 An explicit-implicit finite difference scheme

In this section we present a numerical procedure for solving the initial/boundary value problem ∂u ∂τ = Lu, (0, T ] × O (3.1) u(0, x) = h(x), x ∈ O u(τ, x) = 0, x /∈ O where Lu = σ^2 2 ( ∂^2u ∂x^2 − ∂u ∂x ) + ∫ ν(dy)[u(τ, x + y) − u(τ, x) − (e^y − 1) ∂u ∂x (τ, x)]. The main idea of our method is based on splitting the operator L into two parts: ∂u ∂τ = Du + J u, where D and J stand for the differential and integral parts of L respectively. We replace Du with a finite difference approximation, J u with the trapezoidal quadrature approximation and use the following explicit-implicit time stepping scheme: u^{n+1} − u^n Δt = Du^{n+1} + Ju^n.

We treat the integral part in an explicit time stepping in order to avoid the inversion of the dense matrix J. Therefore, the scheme is conditionally stable but we will show that the stability condition is weaker than the usual CFL condition for diffusion equations.

Before applying discretization, the equation must be localized bounded domain; we first discuss estimated for the localization error using a probabilistic approach. We then describe the space discretization and the time-stepping scheme in the case of a jump-diffusion model where the jump intensity is finite. Finally, we discuss how to deal with the singular case ν(R) = +∞.

3.1 Localization to a bounded domain

To solve numerically the Cauchy problem (3.1) we first truncate the space domain to a bounded interval x ∈ (−A, A). Usually, this leads to define some boundary conditions at x = −A and x = A. As noted above because of the integral part, the operator is non-local. Thus, we need to extend the function u(τ, ·) outside the domain: more precisely, to {x + y | x ∈ (−A, A), y ∈ supp ν} which in most examples is equal to the whole real line R.

Extending the solution by zero beyond the boundary will give a localized problem of the form (2.20)-(2.21) and lead to a probabilistic interpretation. Although this may not be the best choice in all cases -another extension is given by the payoff function which is asymptotically close to the solution at infinitywe will see that it already leads to an exponentially decreasing localization error which serves as an upper bound for more refined choices of boundary conditions. Let us define u_A(τ, x) as the solution of the localized problem with zero boundary conditions: ∂u_A ∂τ = Lu_A, (0, T ] × (−A, A) (3.2) u_A(0, x) = h(x), x ∈ (−A, A) u_A(τ, x) = 0 x /∈ (−A, A) The following proposition states that the localization error decays exponentially with the domain size A.

Proposition 5. Assume that h is bounded ||h||_∞ < ∞ and ∃α > 0, ∫ |x|>1 e^{α|x|}ν(dx) < ∞ (3.3) Let u(τ, x) and u_A(τ, x) be the solutions of Cauchy problems (3.1) and (3.2) respectively. Then |u(τ, x) − u_A(τ, x)| ≤ 2C_{τ,α}||h||_∞e^{−α(A−|x|)}, ∀x ∈ (−A, A). (3.4) where the constant C_{τ,α} does not depend on A.

Proof. The proof is based on the probabilistic representation of the solutions of (3.1) and (3.2). Let us define M^x_τ = sup_{t∈[0,τ ]} |X_t + x|. Then, u(τ, x) = E[h(X_τ + x)], u_A(τ, x) = E[h(X_τ + x)1_{{M} x_{τ <A}}], where τ(x) = inf{t ≥ 0, |X_t + x| ≥ A} is the first exit time of X_t + x from [−A, A]. Subtracting u_A from u gives: |u(τ, x) − u_A(τ, x)| = |E[h(X_τ + x)1_{{M} x_{τ ≥A}}]| ≤ 2||h||_∞Q(M^x_τ ≥ A) (3.5) Theorem 25.18 of [25] together with (3.3) implies C_{τ,α} = Ee^{αM 0τ} < ∞. (3.6) Therefore, Chebyshev’s inequality applies and we obtain Q(M^0_τ ≥ A) ≤ C_{τ,α}e^{−αA}. (3.7) Now, to pass from M^0_τ to M^x_τ we use the following implications: sup |X_t + x| ≤ sup |X_t| + |x| ⇒ (sup |X_t + x| ≥ A ⇒ sup |X_t| + |x| ≥ A) ⇒ Q(M^x_τ ≥ A) ≤ Q(M^0_τ ≥ A − |x|) ≤ C_{τ,α}e^{−α(A−|x|)} by (3.7) Combining the last inequality with (3.5) gives the desired result.

In the case of a put option ‖h‖_∞ = 1, and the proposition applies. For the call option, the payoff is unbounded but using put-call parity one can transform the problem into pricing a put in order to obtain a smaller localization error.

Remark 2. An exponential bound on localization error in L_2-norm is given in [22] using analytical methods. The advantage of the probabilistic approach is to provide a local (pointwise) estimate. For instance, our estimate (3.4) reflects the intuitive fact that the localization error is more pronounced near the boundary.

The above result implies that, for any point not too close to the boundary i.e. for |x| ≤ (1 − δ)A where 0 < δ < 1 the localization error decreases with the domain size: |u(τ, x) − u_A(τ, x)| ≤ ke^{−αδA} The hypothesis (3.3) means that the tails of ν have to decrease exponentially, which is true in all examples considered in the option pricing literature (except Carr & Wu’s log-stable model [9]). Note that in an exponential Lévy model we already have ∫_{+∞} 1 e^{αx}ν(dx) < ∞ for all α ≤ 1, because of the martingale condition so (3.3) is a condition on the negative jumps.

3.2 Truncation of the integral

To compute numerically the integral term, we need to reduce the region of integration to a bounded interval; in terms of the jump process, this amounts to the truncation of large jumps. We will now give an estimate for the error resulting from this approximation. Recall that the solution of (3.1) is

u(τ, x) = E[h(x + X_τ )], (3.8)

where X_τ is a Lévy process with the triplet (γ, σ, ν). Let us define a new process X̃_τ characterized by the Lévy triplet (γ̃, σ, ν1_{x∈[Bl,Br ]}), where γ̃ is determined by the martingale condition: γ̃ = − σ^2 2 − ∫_{Br} B_l (e^y − 1 − y1_{|y|≤1})ν(dy). We define now:

ũ(τ, x) = E[h(x + X̃_τ )], (3.9)

and we estimate the difference between ũ and the true solution u.

Proposition 6. Let h(x) be an almost everywhere differentiable function with ‖h^′‖_{L∞} < ∞. Assume that ∃ α_r, α_l > 0, such that ∫_∞ 1 e^{(1+αr )y}ν(dy) < ∞, and ∫_{−1} −∞ |y|e^{αl|y|}ν(dy) < ∞. If u and ũ are defined by (3.8) and (3.9) respectively, then |u(τ, x) − ũ(τ, x)| ≤ ‖h^′‖_{L∞} τ(C_1e^{−αl|Bl|} + C_2e^{−αr |Br |}). (3.10)

Proof. Denoting R_τ = X_τ − X̃_τ we have |u(τ, x) − ũ(τ, x)| = |E[h(x + X̃_τ + R_τ )] − E[h(x + X̃_τ )]| = |ER_τ ∫_1 0 h^′(x + X̃_τ + uR_τ )du| ≤ ‖h^′‖_{L∞} E|R_τ |. (3.11) The Lévy triplet of R_τ is (γ − γ̃, 0, ν1_{x /∈[Bl,Br ]}) with γ − γ̃ = − ∫ y /∈[B_l,B_r ] (e^y − 1)ν(dy).

One can write R_τ = P_τ + N_τ , where P_τ and N_τ are characterized by ( ∫_{Bl} −∞(1 − e^y)ν(dy), 0, ν1_{x>Br} ) and (− ∫_∞ B_r (e y − 1)ν(dy), 0, ν1_{x<Bl} ) respectively. We assume without loss of generality that B_l < −1, B_r > 1^1. Since P_τ has nonnegative drift, no Brownian component, and only positive jumps bounded from below by B_r > 0, we have P_τ ≥ 0 (recall that P_0 = 0). Conversely, N_τ has only negative jumps (bounded from above by B_l < 0) and non-positive drift. In consequence, N_τ ≤ 0. Therefore, E|R_τ | ≤ E|P_τ | + E|N_τ | = EP_τ − EN_τ = τ [∫_{Bl} −∞ (1 − e^y − y)ν(dy) + ∫_∞ B_r (e^y − 1 + y)ν(dy) ]

≤ τ [ 2 ∫_{Bl} −∞ |y|ν(dy) + 2 ∫_∞ B_r e^yν(dy) ] . (3.12)

Using the hypotheses on ν we obtain E|R_τ | ≤ τ ( 2e^{−αl|Bl|} ∫_{Bl} −∞ |y|e^{αl|y|}ν(dy) + 2e^{−αr |Br |} ∫_∞ B_r e^{(1+αr )y}ν(dy) )

≤ τ(C_1e^{−αl|Bl|} + C_2e^{−αr |Br |}), that we substitute into (3.11).

Remark 3. The hypotheses on ν in Proposition 3.10 are a little stronger than (3.3). We require them to obtain an exponential decay of the truncation error. However, we can use directly estimate (3.12). In other words, existence of the integrals in (3.12) suffices to obtain a convergence of ũ to u as |B_l| and |B_r| grow to infinity, but this convergence does not necessarily occur at an exponential rate.

1Clearly, if (3.10) is true for such values, it is true for all B_l, B_r , up to change of the constants. On the other hand, this estimate is not useful if ν has a bounded support. For example, if there are only negative jumps, we will take B_r = 0, but in this case ν1_{x≤Br} = ν, and there is no truncation error due to B_r .

Remark 4. The requirements are different for the left tail of ν and the right one. For example, in the Variance Gamma model with ν(x) = a exp(−η_±|x|)/|x| one needs η_+ to be greater than 1, and η_− only positive. Proposition 3.10 then applies with α_l < η_− and α_r < η_+ − 1.

Using Propositions 5 and 3.10 we can fix in advance [−A, A] and [B_l, B_r] to have a given bound on the respective errors. Therefore we will assume this has been done and concentrate ourselves on numerical solving of the localized problem.

3.3 Explicit-implicit scheme: finite activity case

We suppose here that ν(R) = λ < +∞. Then the integro-differential operator can be written as Lu = σ^2 2 ∂^2u ∂x^2 − ( σ^2 2 + α ) ∂u ∂x + ∫_{Br} B_l ν(dy)u(τ, x + y) − λu, (3.13) where α = ∫_{Br} B_l (e y − 1)ν(dy). We introduce a uniform grid on [0, T ] × R: τ_n = nΔt, n = 0 . . . M, x_i = −A + iΔx, i ∈ {0, .., N}, with Δt = T/M, Δx = 2A/N. Let {u^n_i } be the solution of the numerical scheme, to be defined below.

To approximate the integral terms we use the trapezoidal quadrature rule with the same resolution Δx. Let K_l, K_r be such that [B_l, B_r] ⊂ [(K_l − 1/2)Δx, (K_r + 1/2)Δx]. Then: ∫_{Br} B_l ν(dy)u(τ, x_i + y) ≈ K_r∑

j=K_l ν_j u_{i+j} , λ ≈ λ̂ = K_r∑

j=K_l ν_j ,

α ≈ α̂ = K_r∑

j=K_l (e^{yj} − 1)ν_j , where ν_j =

∫_{(j+1/2)Δx} (j−1/2)Δx ν(dy). (3.14)

Notice that for computing the integral term we need to extend the solution to x ∈ [−A + B_l, A + B_r]: in the sequel we assume that it is extended by zero outside [−A, A]. For knockout barrier options this is a natural choice; for European options one might choose to extend the solution using the payoff function h on the band [−A + B_l, −A] ∪ [A, A + B_r] and by zero beyond.

The space derivatives are discretized using finite differences: ( ∂^2u ∂x^2 ) i ≈ u_{i+1} − 2u_i + u_{i−1} (Δx)^2

, (3.15) ( ∂u ∂x ) i ≈ {_{ui+1−ui} Δx , if σ^2/2 + α̂ < 0 u_i−u_{i−1} Δx , if σ^2/2 + α̂ ≥ 0.

(3.16)

The choice of approximation for the first-order derivative is determined by stability requirement and will be discussed later (Section 4.2). Since the two cases are treated similarly, let us suppose without loss of generality that σ^2/2+α̂ < 0.

Using (3.14)–(3.16) we obtain Lu ≈ Du + Ju, where

(Du)_i = σ^2 2 u_{i+1} − 2u_i + u_{i−1}

(Δx)^2 − ( σ^2 2 + α̂ ) u_{i+1} − u_i Δx , (3.17)

(Ju)_i = K_r∑

j=K_l ν_j u_{i+j} − λ̂u_i. (3.18)

Finally, we replace the problem (3.2) with the following time-stepping scheme:

Initialization :

u^0_i = h(x_i), i ∈ Z (3.19) (S) For n = 0, . . . , M − 1 : u^{n+1}_i − u^n_i Δt = (Du^{n+1})_i + (Ju^n)_i, if i ∈ {0, . . . , N} (3.20) u^{n+1}_i = 0, i /∈ {0, . . . , N}. (3.21) 3.4 Explicit-implicit scheme: infinite activity case

If ν(R) = +∞ this method cannot be applied directly. The idea is to come down to a non-singular case by approximating the process X_τ by an appropriate finite activity process with a modified diffusion coefficient.

The procedure is similar to the one described in Section 3.2, but this time we deal with small jumps. Given ε > 0 let us define a process X^ε_τ characterized by the Lévy triplet (γ(ε), √ σ^2 + σ^2(ε), ν1_{|x|≥ε}), where

σ^2(ε) = ∫_ε −ε y^2ν(dy), and γ(ε) is determined by the martingale condition: γ(ε) = − σ^2 + σ^2(ε) 2 − ∫ |y|≥ε (e^y − 1 − y1_{|y|≤1})ν(dy). This means that we replace small jumps of size ≤ ε by a Brownian motion σ(ε)W_τ . Obviously, X^ε_τ has jumps of finite activity.

The function u^ε defined as

u^ε(τ, x) = E[h(x + X^ε_τ )] (3.22)

satisfies the following Cauchy problem: ∂u^ε ∂τ = L^εu^ε, (0, T ] × R (3.23) u^ε(0, x) = h(x), x ∈ R where L^εf = σ^2 + σ^2(ε) 2 ∂^2f ∂x^2 − ( σ^2 + σ^2(ε) 2 + α(ε) ) ∂f ∂x + ∫ |y|≥ε ν(dy)f(x + y) − λ(ε)f(x), (3.24) and α(ε) = ∫ |y|≥ε(e y − 1)ν(dy), λ(ε) = ∫ |y|≥ε ν(dy). The next proposition gives an estimate of the approximation error.

Proposition 7. Let h(x) be an almost everywhere differentiable function with ‖h^′‖_{L∞} < ∞. Let u and u^ε be defined by (3.8) and (3.22) respectively. Then |u(τ, x) − u^ε(τ, x)| ≤ C‖h^′‖_{L∞} ∫_ε −ε |y|^3ν(dy) σ^2(ε)

. (3.25)

Proof. We essentially use [12, Proposition 6.2] with the only difference that we also adjust the drift parameter γ of X to preserve the martingale property. Let us define Y_τ = X_τ − (γ − γ(ε))τ. Then, |u(τ, x) − u^ε(τ, x)| = |E[h(x + X_τ )] − E[h(x + X^ε_τ )]| ≤ |E[h(x + Y_τ )] − E[h(x + X^ε_τ )]| + + |E[h(x + Y_τ + (γ − γ(ε))τ)] − E[h(x + Y_τ )]|. (3.26) By [12, Proposition 6.2] we have |E[h(x + Y_τ )] − E[h(x + X^ε_τ )]| ≤ K‖h^′‖_{L∞} ∫_ε −ε |y|^3ν(dy) σ^2(ε)

(3.27)

with K < 16.5. The second term may be estimated as follows: |E[h(x + Y_τ + (γ − γ(ε))τ)] − E[h(x + Y_τ )]| = |(γ − γ(ε))τ ∫_1 0 h^′(x + Y_τ + s(γ − γ(ε))τ)ds| ≤ ‖h^′‖_{L∞} |γ − γ(ε)|τ where |γ − γ(ε)| = | σ^2(ε) 2 − ∫ |y|<ε (e^y − 1 − y)ν(dy)| = | 1 2 ∫ |y|<ε ν(dy) ∫_y 0 e^s(y − s)^2ds| ≤ e^ε 6 ∫_ε −ε |y|^3ν(dy). (3.28)

Since σ^2(ε) → 0 as ε → 0, (3.28) converges faster than (3.27), and therefore may be neglected.

Remark 5. If lim_{x→0} ν(x)|x|^{1+β} = a > 0 , with 0 ≤ β < 2, then (3.25) gives |u(τ, x) − u^ε(τ, x)| ≤ C(β)‖h^′‖_{L∞} ε so the approximation error is proportional to ε. This case includes all practical examples as variance gamma, stable tempered processes and others.

4 Consistency, stability and convergence

We study in this section some properties of the finite difference scheme presented

above. First, we show that the scheme is locally consistent, stable and monotone

under a condition on the time step Δt. Under this condition we show that the

solution of the scheme converges to the viscosity solution of the PIDE i.e. the

option price as Δx, Δt → 0.

4.1 Consistency

Proposition 8 (Consistency). The finite difference scheme (3.20) is locally

consistent with equation (3.2): for all v ∈ C^∞_0 ([0, T ] × R) and for all (τ_n, x_i) ∈

[0, T ] × R we have | | | | v^{n+1}_i − v^n_i Δt − (Dv)^{n+1}_i − (Jv)^n_i − ( ∂v ∂τ − Lv ) (τ_n, x_i) | | | | = r^ni (Δt, Δx) → 0,(4.1)

when (Δt, Δx) → 0. Moreover: ∃c > 0, |r^n_i (Δt, Δx)| ≤ c(Δt + Δx) Proof. Using a second order Taylor expansion we obtain: | | | | v^{n+1}_i − v^n_i Δt − ∂v ∂τ (τ_n, x_i) | | | | = | | | | Δt 2 ∂^2v ∂τ^2 (τ̃ , x_i) | | | | ≤ Δt 2 ‖ ‖ ‖ ‖ ∂^2v ∂τ^2 ‖ ‖ ‖ ‖_∞ (4.2)

Consider now the terms in Jv.

|α − α̂| = | | | | | ∫_{Br} B_l (e^y − 1)ν(dy) − K_r∑

j=K_l (e^{yj} − 1)ν_j | | | | | = | | | | | K_r∑

j=K_l ∫_{(j+1/2)Δx} (j−1/2)Δx (1 − e^{yj −y})e^yν(dy) | | | | | ≤ Δx | | | | | K_r∑

j=K_l ∫_{(j+1/2)Δx} (j−1/2)Δx e^yν(dy) | | | | | = Δx ∫_{Br} B_l e^yν(dy) ≤ Δx ∫ e^yν(dy). (4.3)

We have used that |1 − e^{yj −y}| ≤ Δx as Δx ≤ 1, because |y_j − y| ≤ Δx/2. | |(Dv)^{n+1}_i − (Dv)(τ_n, x_i) | | = | |(Dv)^{n+1}_i − (Dv)(τ_{n+1}, x_i) + Δt(Dv)(τ̃ , x_i) | | = | | | |Δt(Dv)(τ̃ , x^i) + σ^2 2 Δx^2 24 [ ∂^4v ∂x^4 (τ_{n+1}, ξ_1) +

∂^4v ∂x^4 (τ_{n+1}, η_1) ] + ( σ^2 2 + α̂ ) Δx^2 3 [ ∂^3v ∂x^3 (τ_{n+1}, ξ_2) −

∂^3v ∂x^3 (τ_{n+1}, η_2) ] + (α − α̂) ∂v ∂x (τ_{n+1}, x_i) | | | | ≤ C_1Δt + C_2Δx (4.4)

|(Jv)^n_i − (J v)(τ_n, x_i)| = | | | | | K_r∑

j=K_l v_{i+j} ν_j − ∫_{Br} B_l v(τ_n, x_i + y)ν(dy) | | | | | = | | | | | K_r∑

j=K_l ∫_{(j+1/2)Δx} (j−1/2)Δx (v(τ_n, x_i + y_j ) − v(τ_n, x_i + y))ν(dy) | | | | | = | | | | | K_r∑

j=K_l ∫_{(j+1/2)Δx} (j−1/2)Δx (y_j − y) ∂v ∂x (τ_n, x_i + ξ)ν(dy) | | | | | ≤ Δx 2 λ ‖ ‖ ‖ ∂v ∂x ‖ ‖ ‖ ∞ (4.5)

therefore

r^n_i (Δt, Δx) ≤ C_1Δt + C_2Δx → 0. (4.6)

4.2 Monotonicity and Stability

Two properties which are important for showing convergence to viscosity solutions are the monotonicity and stability of the scheme.

Definition 2 (Stability). Scheme (S) is stable iff for a bounded initial condition the solution does exist and is bounded independently on Δt, Δx, uniformly on [0, T ] × R: ∃C > 0, ∀ Δt > 0, Δx > 0, i ∈ Z, n ∈ {0, . . . , M} : |u^n_i | ≤ C. (4.7) We will say that vector v (or matrix M) is positive if all its elements are positive. We write u ≥ v if u − v ≥ 0.

Proposition 9 (Stability and discrete comparison principle). If Δt ≤ 1/λ̂, scheme (S) is stable and verifies the discrete comparison principle: if u^0, v^0 are two bounded initial conditions then

u^0 ≥ v^0 ⇒ [ ∀n ≥ 1, u^n ≥ v^n].

Proof. We start with rewriting the equation (3.20) in the following form:

− cΔtu^{n+1}_{i−1} + (1 + aΔt)u^{n+1}_i − bΔtu^{n+1}_{i+1} =

= (1 − Δt ∑ j≠0 ν_j )u^n_i + Δt ∑ j≠0 ν_j u^n_{i+j} , (4.8) where^2 a = σ^2 (Δx)^2 − ( σ^2 2 + α̂ ) 1 Δx ≥ 0, b = σ^2 2(Δx)^2 − ( σ^2 2 + α̂ ) 1 Δx ≥ 0, c = σ^2 2(Δx)^2

≥ 0, (4.9)

Notice that a = b + c, and 1 − Δt ∑ j≠0 νj ≥ 1 − λ̂Δt ≥ 0 by the hypothesis.

Stability. We have a tri-diagonal linear system on {u^{n+1}_0 , . . . , u^{n+1}_N }. It has a unique solution because the main diagonal is dominant: 1 + aΔt ≥ cΔt + bΔt.

We will show that, if h is a bounded initial condition, ‖h‖_∞ < ∞, then ∀ n, ‖u^n‖_∞ ≤ ‖h‖_∞. (4.10) Let us proceed by induction. By definition of u^0 we have ‖u^0‖_∞ ≤ ‖h‖_∞. Let (4.10) hold for n. Suppose that ‖u^{n+1}‖_∞ > ‖h‖_∞. This means that ∃ i_0 ∈ {0, . . . , N}, such that |u^{n+1}_{i0} | = ‖u^{n+1}‖_∞, and ∀ i ∈ Z, |u^{n+1}_i | ≤ |u^{n+1}_{i0} |.

Therefore we have

‖u^{n+1}‖_∞ = |u^{n+1}_{i0} | = −cΔt|u^{n+1}_{i0} | + (1 + aΔt)|u^{n+1}_{i0} | − bΔt|u^{n+1}_{i0} | ≤ −cΔt|u^{n+1}_{i0 −1}| + (1 + aΔt)|u^{n+1}_{i0} | − bΔt|u^{n+1}_{i0+1}| ≤ | − cΔtu^{n+1}_{i0−1} + (1 + aΔt)u^{n+1}_{i0} − bΔtu^{n+1}_{i0+1}|.

Together with (4.8) this gives

‖u^{n+1}‖_∞ ≤ (1 − Δt ∑ j≠0 ν_j )‖u^n‖_∞ + Δt ∑ j≠0 ν_j ‖u^n‖_∞ ≤ ‖h‖_∞, (4.11) which contradicts our assumption. Thus, ‖u^{n+1}‖_∞ ≤ ‖h‖_∞, and the proof is completed.

Monotonicity. Let u^n and v^n be two solutions of (S) corresponding to the initial conditions h(x) and g(x) respectively, and h(x) ≥ g(x), ∀ x ∈ R. Let us define w^n = u^n − v^n. We have to show that w^n ≥ 0, ∀ n ≥ 0.

We proceed similarly as in the previous proof. By construction, we have w^0_i = h(x_i) − g(x_i) ≥ 0, ∀ i ∈ Z. Let w^n ≥ 0, and suppose that inf_{i∈Z}w^{n+1}_i < 0. Since ∀ i ∈ Z\{0, . . ., N}, w^{n+1}_i = h(x_i) − g(x_i) ≥ 0, this implies that ∃ i_0 ∈ {0, . . . , N}, such that w^{n+1}_{i0} = inf_{i∈Z}w^{n+1}_i . Using (4.8) we obtain that

inf_{i∈Z}w^{n+1}_i = w^{n+1}_{i0} = −cΔtw^{n+1}_{i0} + (1 + aΔt)w^{n+1}_{i0} − bΔtw^{n+1}_{i0}

≥ −cΔtw^{n+1}_{i0 −1} + (1 + aΔt)w^{n+1}_{i0} − bΔtw^{n+1}_{i0 +1} = (1 − Δt ∑ j≠0 ν_j )w^n_{i0} + Δt ∑ j≠0 ν_j w^n_{i0 +j} ≥ 0, (4.12)

2We recall that the case σ^2/2 + α̂ < 0 is considered. If σ^2 /2 + α̂ ≥ 0 we change the approximation of the first-order derivative (see (3.16)) to have a, b, c ≥ 0, which is needed for stability and monotonicity.

which contradicts the assumption. Therefore, inf_{i∈Z}w^{n+1}_i ≥ 0, and, in consequence, w^{n+1} ≥ 0.

The discrete comparison principle has an important financial interpretation: it is equivalent to saying that the option values computed using the scheme verify arbitrage inequalities: inequalities between payoffs lead to inequalities between values of options. Thus, the discrete comparison principle is a desirable property for our numerical scheme.

The restriction on Δt has an intuitive interpretation: time step cannot be greater than jumps frequency. Otherwise, the process has (on average) more than one jump between τ_n and τ_{n+1}.

Remark 6 (Other notions of stability). Various definitions for the stability of numerical schemes can be found in the literature: for example, the “von- Neumann stability” studied for a similar scheme in [2] represents u^n as a discrete Fourier transform and requires the corresponding Fourier coefficients to be stable. This is essentially equivalent to stability in L^2 norm with periodic boundary conditions and simply controls a global error in the least square sense but does not control the error on the value of a given option. Moreover it does not allow to capture the effect of boundary conditions when they are non-periodic, which is the case here.

4.3 Convergence

In the usual approach to the convergence of finite difference schemes for PDEs, consistency and stability ensure convergence under regularity assumptions on the solution. This approach is not feasible here because, as discussed in sec. 2.3, solutions may be non-smooth and higher order derivatives may not exist. For example, in the Variance Gamma model the value of a call option is C^1 in the price variable but not C^2.

This is where viscosity solutions come to the rescue: in the case of secondorder parabolic PDEs verifying a strong uniqueness principle as in proposition (3), Barles & Souganidis [5] show that, for elliptic/parabolic PDEs, any locally consistent, stable and monotone finite difference scheme converges uniformly on each compact subset of [0, T ] × R to the unique continuous viscosity solution, even when solutions are not smooth. We will now show the convergence of the solution of the scheme considered above to a viscosity solution of (3.1). To make shorter the notations and show the connection with [5] let us rewrite (3.20) in an equivalent form: 1 Δt S(Δt, Δx, n + 1, i, u^{n+1}_i , ũ) = 0, n ≥ 0, i ∈ {0, . . . , N} (4.13) where ũ = {u^{n+1}_{i−1} , u^{n+1}_{i−1} , u^n}, and S(Δt, Δx, n + 1, i, u^{n+1}_i , ũ) = (1 + aΔt)u^{n+1}_i − cΔtu^{n+1}_{i−1} − bΔtu^{n+1}_{i+1} − − (1 − Δt ∑ j≠0 ν_j )u^n_i − Δt ∑ j≠0 ν_j u^n_{i+j} .

Coefficients a, b, c ≥ 0 depend on Δx and are given by (4.9).

If 1 − Δt ∑ j≠0 νj ≡ 1 − Δtλ̂ ≥ 0, we have the monotonicity property:

• If u^{n+1}_i = v^{n+1}_i , and ũ ≤ ṽ, then S(Δt, Δx, n + 1, i, u^{n+1}_i , ũ) ≥ S(Δt, Δx, n + 1, i, v^{n+1}_i , ṽ). (4.14) The consistency (4.1) reads as: • ∀ φ ∈ C^∞([0, T ] × R), ∀ (τ, x) ∈ [0, T ] × [−A, A], 1 Δt S(Δt, Δx, n + 1, i, φ^{n+1}_i , φ̃) → ( ∂φ ∂τ − Lφ ) (τ, x), (4.15)

as Δt, Δx → 0, and (τ_{n+1}, x_i) → (τ, x).

• Notice also that if ξ is a constant function on the grid, we have S(Δt, Δx, n + 1, i, u^{n+1}_i + ξ, ũ+ ξ) = S(Δt, Δx, n + 1, i, u^{n+1}_i , ũ). (4.16) In fact one can see from the definition that the scheme is linear and a constant function is always a solution.

Let us define a piecewise interpolation of the solution to the scheme (S):

u^{(Δt,Δx)}(τ, x) = u^n_j , if τ ∈ [τ_n, τ_{n+1}), x ∈ [x_{j−1/2}, x_{j+1/2}). (4.17)

Proposition 10 (Convergence of the finite difference scheme). Let h be a bounded continuous initial condition, ‖h‖_∞ < ∞. If Δt ≤ 1/λ̂, then the solution u^{(Δt,Δx)} of the numerical scheme converges uniformly on each compact subset of [0, T ] × R to the unique viscosity solution of the problem (3.1).

Proof. Define

u(τ, x) = lim inf (Δt,Δx)→0 (t,y)→(τ,x) u^{(Δt,Δx)}(t, y) (4.18)

u(τ, x) = lim sup (Δt,Δx)→0 (t,y)→(τ,x) u^{(Δt,Δx)}(t, y) (4.19)

By construction, u ≤ u. We will show that u and u are respectively viscosity subsolution and supersolution to the problem (3.1). If it is true, then the comparison principle for semi-continuous solutions (Proposition 3) implies that u ≥ u. We conclude that u = u = u is a viscosity solution of (3.1). We will now show that u is a viscosity subsolution of (3.1).

First, we remark that u is uniformly bounded. In fact, by Proposition 9, |u^{(Δt,Δx)}(τ, x)| ≤ ‖h‖_∞ for all positive Δt, Δx, and all (τ, x) ∈ [0, T ] × R. Therefore, by construction, u is bounded by the same constant.

We formulate the next property as a lemma. The proofs of lemmas used in this proposition are given in the Appendix.

Lemma 2. u is upper semi-continuous: ∀(τ, x), lim sup (t,y)→(τ,x) u(t, y) ≤ u(τ, x). Finally, we will show that ∀(τ, x) ∈ [0, T ] × R, (i) if x /∈ [−A, A], we have u(τ, x) = 0, (4.20)

(ii) if x ∈ [−A, A] , φ ∈ C^2([0, T ] × R) such that u(τ, x) = φ(τ, x) and u < φ on [0, T ] × R − {(τ, x)} then ∂φ ∂τ (τ, x) − Lφ(τ, x) ≤ 0, if (τ, x) ∈ (0, T ] × (−A, A), (4.21) min{ ∂φ ∂τ (τ, x) − Lφ(τ, x), u(τ, x) − h(x)} ≤ 0, if τ = 0 or x = ±A, (4.22) which clearly implies (2.26)–(2.27).

Property (i) is an immediate consequence of (3.19) and (3.21). Indeed, if x /∈ [−A, A] then by construction ∃ε > 0, such that for Δt, Δx < ε and |(t, y) − (τ, x)| < ε we have u^{(Δt,Δx)}(t, y) = h(x), so (4.20) follows from the definition of the upper limit.

Let us take (τ, x) and φ as in (ii). Let Ω ⊂ R be a bounded interval containing [−A + B_l, A + B_r].^3 Lemma 3. There exist Δt_k, Δx_k → 0, and n_k, i_k, such that (τ_{nk} , x_{ik} ) → (τ, x), (4.23) u^{(Δtk,Δxk)}(τ_{nk} , x_{ik} ) → u(τ, x), as k → ∞, (4.24) and for all k, (τ_{nk} , x_{ik} ) is a global maximum point of u^{(Δtk ,Δxk)}(·, ·) − φ(·, ·) on the grid inside [0, T ] × Ω: max (τ_n,x_j )∈[0,T ]×Ω {u^{(Δtk,Δxk)}(τ_n, x_j ) − φ(τ_n, x_j )} = u^{(Δtk,Δxk )}(τ_{nk} , x_{ik} ) − φ(τ_{nk} , x_{ik} ). (4.25) We take a sequence from this lemma. Denoting by ξ_k the right-hand side of (4.25), and u^{(Δtk,Δxk )}(τ_n, x_i) ≡ (u^{Δk} )^n_i we have ξ_k → 0, as k → ∞, (4.26) (u^{Δk} )^{nk}_{ik} = φ^{nk}_{ik} + ξ_k, (4.27) (u^{Δk} )^n_i ≤ φ^n_i + ξ_k, ∀(τ_n, x_j ) ∈ [0, T ] × Ω. (4.28)

3By the definition of [−A, A] and [B_l, B_r ], the values of any functions outside [0, T ] × Ω are not involved in our computations.

If x ∈ (−A, A), from (4.23) it follows that x_{ik} ∈ (−A, A) for all k greater than some k_0. Therefore, from the definition of u^{(Δtk,Δxk)} as a solution of the scheme, we have 0 = 1 Δt_k S(Δt_k, Δx_k, n_k, i_k, (u^{Δk} )^{nk}_{ik} , ũ^{Δk} ) ≥ 1 Δt_k S(Δt_k, Δx_k, n_k, i_k, φ^{nk}_{ik} + ξ_k, φ̃ + ξ_k) by (4.27)–(4.28) and (4.14) = 1 Δt_k S(Δt_k, Δx_k, n_k, i_k, φ^{nk}_{ik} , φ̃) by (4.16) → ( ∂φ ∂τ − Lφ ) (τ, x) by the definition of Δt_k, Δx_k, n_k, i_k and (4.15)

which is the desired result.

If (τ, x) lies on the boundary, that is τ = 0 or x = ±A, there are two possibilities:

(1) there exists a subsequence of (4.23) such that ∀k, (τ_{nk} , x_{ik} ) ∈ (0, T ] × (−A, A); (2) ∃k_0, such that ∀k > k_0, τ_{nk} = 0 or x_{ik} = ±A.

In the first case we apply the same arguments and obtain^{∂φ}_{∂τ} (τ, x)−Lφ(τ, x) ≤ 0. In the second case we have (u^{Δk} )^{nk}_{ik} = h(x_{ik} ). Taking limits in (4.27) we obtain h(x) = φ(τ, x) = u(τ, x) Obviously, in the two cases (4.22) is satisfied.

We have proven that u is a viscosity subsolution of (3.1). By exactly the same type of arguments it can be shown that u is a viscosity supersolution of this problem. By construction u ≥ u so using the comparison principle for semicontinuous solutions [1] we conclude that u = u = u is a continuous viscosity solution. Using a variation on the proof of Dini’s theorem one can show, as in [5], that the convergence is uniform on all compact subsets of [0, T ] × R.

Readers used to convergence results for finite difference schemes should note that the requirements on the scheme are quite weak: we have only used local consistency whereas the usual conditions for convergence using the Lax theorem require global consistency i.e. the convergence in (4.1) must not be pointwise but with respect to some global norm, which requires knowing in advance in what function space the solutions live. This shows the flexibility of the notion of viscosity solution. The price to pay is the loss of information about the order of convergence. Of course in cases where smoothness of the solution can be shown by other means, e.g. under condition (2.6), one can discuss the order of convergence using classical methods and higher order schemes can be used. But in absence of information on the smoothness of the solution, the justification of higher-order schemes is not clear.

5 Numerical results

We now illustrate the performance of the scheme proposed above in two examples. The computations were done in variance Gamma models with Lévy density ν(x) = a exp(−η_±|x|) |x| and two sets of parameters a = 6.25, η_− = 14.4, η_+ = 60.2 (VG1) and a = 0.5, η_− = 2.7, η_+ = 5.9 (VG2) and a Merton model with Gaussian jumps in log price with Lévy density

ν(x) = 0.1 e^{−x2/2} √ 2π and volatility σ = 15%

for a put of maturity of T = 1 year. Both of these models satisfy the hypotheses of section 2.3 and 3: the Lévy densities have exponentially decreasing tails. The Black Scholes implied volatilities computed from prices of put options are shown in figure 1: as expected, they display a “smile” (convex) feature as a function of the strike of the option, which flattens out with increasing maturity. These two models have been chosen since in each case there is an alternative method for computing the solution of the PIDE: in the Merton model the solution can be expressed as a series expansion and in the Variance Gamma model a closed form expression for the characteristic function is available so one can use Carr & Madan’s Fast Fourier method [8]. Comparing our finite difference solution to these alternative solutions (computed with high precision) allows to study the behavior of various error terms in relation with the parameters of the scheme.

The numerical examples in this section compare the results of the finite difference scheme to these alternative methods in the case of a put option h(x) = (1 − e^x)^+. The error metric which is relevant from the point of view of financial applications is the error in terms of Black-Scholes implied volatility:

ε(τ, x) = |Σ^{PIDE}(τ, x) − Σ^{FFT}(τ, x)| in %.

where Σ denotes the Black Scholes implied volatility computed by inverting the Black Scholes formula with respect to the volatility parameter and applying it to the computed option price. We have computed both pointwise errors at x = 0 (i.e. forward at-the-money options) and uniform errors on the computational range x ∈ [2/3, 2]. This range contains all options prices quoted on the market.

The localization error is shown in figure 2 for the Merton model: domain size A is represented in terms of its ratio to the standard deviation of X_T . An acceptable level is obtained as soon as this ratio is of order ≃ 5. Figure 3 shows the same analysis for the Variance Gamma model: though the behavior is similar, to achieve the same error level one must choose larger domains since the tails of the Lévy measure decay at a slower rate than in the Merton model.

Figure 1: Black-Scholes implied volatilities for call options, as a function of strike and maturity. Above: Variance Gamma model. Below: Merton jump-diffusion model.

Figure 2: Influence of domain size on localization error for the explicit-implicit finite difference scheme. Left: smooth initial condition h(x) = sin(x) in Merton jump-diffusion model. Right: put option in Merton jump-diffusion model.

Figure 3: Influence of domain size on localization error for the explicit-implicit finite difference scheme: put option in Variance Gamma model.

Figure 4: Numerical precision for a put option in the Merton model. Left: Influence of number of time steps M. Δx = 0.05, Δt = T/M. Right: influence of number of space steps N, Merton jump-diffusion model.

Figure 5: Decrease of error with maturity in the Merton model. Left: nonsmooth initial condition (put option) h(x) = (1 − e^x)^+. Right: smooth initial condition h(x) = e^x.

Figure 4 illustrated the decay of numerical error when Δt, Δx → 0 i.e. when the number of time steps / space steps is increased. The behavior is quite similar to the case of the Black Scholes model.

Figure 5 illustrated the behavior of the error (for a fixed grid size) as a function of maturity for two initial conditions a smooth one (forward contract) and a non-smooht one (put option). We observe that a non-smooth initial condition leads to a lack of precision for small T . This phenomenon, which is not specific to models with jumps, can be overcome using an irregular time-stepping scheme which exploits the smoothness in time of the solution. Matache et al. [22] have suggested to use irregularly (logarithmically) spaced time stepping, more refined near maturity, in order to improve this convergence. Notice that as soon as this ratio is ≥ 3 the uniform and pointwise errors are quite close to each other, indicating that we are out of the zone of influence of the numerical boundary conditions.

In the case of infinite activity models an additional parameter which influences the solution is the truncation parameter ε for the small jumps. Choosing this parameter as small as possible is not necessarily a good idea: figure 6 shows that, for a given Δx > 0 the minimal error is obtained for a finite ε which in this case is larger than Δx. The optimal choice of ε is not universal and depends on the growth of the Lévy density near zero. In all cases, the numerical diffusion term σ(ε) significantly improves the convergence by introducing a “numerical viscosity” so even when the underlying model is a pure jump Lévy process, this numerical diffusion term plays a regularizing effect.

6 Discussion and extensions

We have discussed in this work the computation of option prices in jumpdiffusion and exponential Lévy models via the solution of integro-differential equations involving an integral term with a possibly singular kernel (Lévy density). After establishing a precise relation between the option prices and the solutions of such equations, we have proposed an explicit-implicit finite difference scheme for solving them. Some difficulties arise due to the non-local character of the integral operator, the non-smoothness of initial conditions, the singularity at zero of the integral kernel and the possible degeneracy of the diffusion coefficient. We have proposed approximation which resolve these difficultes and provided error estimates in each case, under hypotheses which are easily verified on the Lévy density.

For European call options, the finite difference method proposed here required more operations than than the Fast Fourier transform method of Carr & Madan [8]; however, our method is applicable in a more general context: it does not require a closed form expression for the characteristic function of the log-price and can handle barrier options.

While other finite difference methods have been proposed in the literature for such equations [2, 14, 29] a comparable analysis of consistency, stability and convergence is absent from these studies. Moreover, by appealing to the

Figure 6: Influence of truncation of small jumps on numerical error in various Variance Gamma models. Put option.

formalism of viscosity solutions, our analysis allows fairly general hypotheses on the model. In particular it does not require the diffusion part to be nondegenerate and thus includes models based on pure-jump Lévy processes such as the Variance Gamma model, hyperbolic models, NIG models etc.

Another approach is based on the variational formulation of the PIDE [6]: studied by Zhang [30] for the Merton model, this approach has been recently extended by Matache et al [22] to the infinite activity case using a wavelet Galerkin method. This method requires to know the analytical form of the Lévy density ν, whereas our finite difference method also accomodates a numerical representation of the Lévy measure; for example, ν can be the result of a calibration to option prices as in [11]. The finite difference scheme is also simpler to implement while retaining the flexibility of separating the local and the non-local part of the operator.

The finite difference method described here is also applicable when the local characteristics σ(t), ν_t of the process are time-dependent, as is the case in timeinhomogeneous jump-diffusion models [12]; it also applied in the case where the diffusion coefficient depends on the price as in [2], without any non-degeneracy requirement on the diffusion coefficient. However empirical studies on performance of risk neutral jump-diffusion models [11] seem to indicate that this feature is redundant with jumps and leads to highly ill-posed calibration problems so the usefulness of combining local volatility models with jumps is far from being clear.

It may be interesting to investigate generalizations of this method to cases where non-linearities are present in the equation such as the valuation of American options or problems with transaction costs.

References

[1] O. Alvarez and A. Tourin, Viscosity solutions of non-linear integrodifferential equations, Annales de l’Institut Henri Poincaré, 13 (1996), pp. 293–317.

[2] L. Andersen and J. Andreasen, Jump diffusion models: Volatility smile fitting and numerical methods for pricing, Review of Derivatives Research, 4 (2000), pp. 231–262.

[3] U. Ascher, S. Ruuth, and B. Wetton, Implicit-explicit methods for time dependent partial differential equations, SIAM J. Numer. Anal., 32 (1995), pp. 797–823.

[4] G. Barles, R. Buckdahn, and E. Pardoux, Backward stochastic differential equations and integral-partial differential equations, Stochastics and Stochastic Reports, 60 (1997), pp. 57–83.

[5] G. Barles and P. E. Souganidis, Convergence of approximation schemes for fully nonlinear second order equations, Asymptotic Anal., 4 (1991), pp. 271–283.

[6] A. Bensoussan and J.-L. Lions, Contrôle Impulsionnel et Inéquations Quasi-Variationnelles, Dunod, Paris, 1982.

[7] S. I. Boyarchenko and S. Z. Levendorskiĭ, Non-Gaussian Merton- Black-Scholes theory, World Scientific, 2002.

[8] P. Carr and D. Madan, Option valuation using the fast Fourier transform, Journal of Computational Finance, 2 (1998), pp. 61–73.

[9] P. Carr and L. Wu, The finite moment logstable process and option pricing, Journal of Finance, 58 (2003), pp. 753 – 778.

[10] T. Chan, Pricing contingent claims on stocks driven by Lévy processes, The Annals of Applied Probability, 9 (1999).

[11] R. Cont and P. Tankov, Calibration of jump-diffusion option pricing models: a robust non-parametric approach, Rapport Interne 490, CMAP, Ecole Polytechnique, 2002. Forthcoming in: Journal of computational finance.

[12] , Financial modelling with jump processes, Chapman & Hall / CRC Press, 2003.

[13] M. Crandall, H. Ishii, and P. Lions, Users guide to viscosity solutions of second order partial differential equations, Bulletin of the American Mathematical Society, 27 (1992), pp. 1–42.

[14] Y. d’Halluin, P. Forsyth, and G. Labahn, A penalty method for american options with jump diffusion processes, working paper, University of Waterloo, March 2003.

[15] E. Eberlein, Applications of generalized hyperbolic Lévy motion to finance, in Lévy Processes - Theory and Applications, O. E. Barndorff- Nielsen, T. Mikosch, and S. Resnick, eds., Boston: Birkhauser, 2001, pp. 319–336.

[16] M. Garroni and J. Menaldi, Second Order Elliptic Integro-Differential Problems, Research Notes in Mathematics, CRC Press, 2001.

[17] H. Geman, Pure jump Lévy processes for asset price modeling, Journal of Banking and Finance, 26 (2002), pp. 1297–1316.

[18] J. Jacod and A. N. Shiryaev, Limit Theorems for Stochastic Processes, Springer, Berlin, 2002. 2nd edition.

[19] E. Jakobsen and K. Karlsen, A maximum principle for semicontinuous functions applicable to integro-partial differential eqautions, working paper, Dept. of Mathematics, University of Oslo, 2003.

[20] D. Madan, Financial modeling with discontinuous price processes, in Lévy Processes - Theory and Applications, O. E. Barndorff-Nielsen, T. Mikosch, and S. Resnick, eds., Birkhauser, Boston, 2001.

[21] D. B. Madan and E. Seneta, Simulation of estimates using the empirical characteristic function, Internat. Statist. Rev., 55 (1987), pp. 153–161.

[22] A. Matache, T. von Petersdorff, and C. Schwab, Fast deterministic pricing of options on lévy driven assets. Working Paper, ETHZ ., 2003.

[23] H. Pham, Optimal stopping of controlled jump-diffusion processes: a viscosity solution approach, Journal of Mathematical Systems Estimation and Control, 8 (1998), pp. 1–27.

[24] P. Protter, Stochastic integration and differential equations, Springer, 1990.

[25] K. Sato, Lévy Processes and Infinitely Divisible Distributions, Cambridge University Press, 1999.

[26] A. Sayah, Equations d’hamilton jacobi du premier order avec termes integro-differenitels: Parties i et ii, Comm. Partial Differential Equations, 16 (1991), pp. 1057–1093.

[27] W. Schoutens, Lévy processes in finance: pricing financial derivatives, Wiley, 2003.

[28] H. Soner, Jump Markov processes and viscosity solutions, vol. 10 of IMA Volumes in mathematics and applications, Springer Verlag, 1986, pp. 501– 511.

[29] D. Tavella and C. Randall, Pricing financial instruments: the finite difference method, Wiley, 2000.

[30] X. Zhang, Analyse Numérique des Options Américaines dans un Modèle de Diffusion avec Sauts, PhD thesis, Ecole Nationale des Ponts et Chaussées, 1994.

[31] , Valuation of American options in a jump-diffusion model, in Numerical methods in finance, Publ. Newton Inst., Cambridge Univ. Press, Cambridge, 1997, pp. 93–114.

A Appendix

Proof of Lemma 2.

Proof. We need to show that ∀ε > 0, ∃ U(τ, x) a neighbourhood of (τ, x), such that ∀(t, y) ∈ U(τ, x), u(t, y) < u(τ, x) + ε. Suppose this is not true, that is ∃ε > 0, ∃(t_k , y_k) → (τ, x) : ∀k, u(t_k, y_k) ≥ u(τ, x) + ε. (A.1) For a fixed k we have by construction: u(t_k, y_k) = lim sup (Δt,Δx)→0 (s,z)→(t_k ,y_k ) u^{(Δt,Δx)}(s, z). Therefore, we can find Δt_k, Δx_k , s_k, z_k in the 1/k-neighborhood of (0, 0, t_k, y_k), such that u^{(Δtk,Δxk)}(s_k, z_k) > u(t_k, y_k) − 1 k . (A.2) Combining (A.2) with (A.1) we obtain u^{(Δtk ,Δxk)}(s_k, z_k) > u(τ, x) + ε − 1 k . (A.3) By construction, we have (Δt_k , Δx_k, s_k, z_k) → (0, 0, τ, x), therefore lim sup k→∞ u^{(Δtk,Δxk)}(s_k, z_k) ≤ lim sup (Δt,Δx)→0 (t,y)→(τ,x) u^{(Δt,Δx)}(t, y) = u(τ, x). Taking the upper limit in (A.3) as k → ∞ gives u(τ, x) ≥ u(τ, x) + ε, which is impossible. This contradiction implies that (A.1) is not verified, and u(τ, x) is usc.

Proof of Lemma 3.

Proof. The existence of Δt_k, Δx_k , n_k, i_k satisfying (4.23)–(4.24) follows from the definition of the upper limit. Let us take such a sequence and consider for each k the function u^{(Δtk,Δxk)} − φ. Since there is a finite number of grid points on [0, T ] × Ω, the maximum in (4.25) is reached at a point (τ_{mk} , x_{jk} ).

Sequence {(τ_{mk} , x_{jk} )}_{k∈N} is bounded, therefore one can extract a converging subsequence (for simplicity we will take the same notation): (τ_{mk} , x_{jk} ) → (τ^∗, x^∗) as k → ∞. Let us show that (τ^∗, x^∗) = (τ, x). Suppose this is not true. Then, using the definition of u, the continuity of φ and the fact that u < φ on on [0, T ] × R − {(τ, x)} we obtain

lim sup k→∞ ( u^{(Δtk ,Δxk)}(τ_{mk} , x_{jk} ) − φ(τ_{mk} , x_{jk} ) ) ≤ ≤ lim sup (Δt,Δx)→0 (t,y)→(τ ∗ ,x∗) u^{(Δt,Δx)}(t, y) − lim_{k→∞} φ(τ_{mk} , x_{jk} ) = = u(τ^∗, x^∗) − φ(τ^∗, x^∗) < 0. (A.4)

On the other hand, from the definition of (τ_{mk} , x_{jk} ) as a maximum point, and properties (4.24) and (2.29) it follows that

lim sup k→∞ ( u^{(Δtk ,Δxk)}(τ_{mk} , x_{jk} ) − φ(τ_{mk} , x_{jk} ) ) ≥ ≥ lim sup k→∞ ( u^{(Δtk,Δxk)}(τ_{nk} , x_{ik} ) − φ(τ_{nk} , x_{ik} ) ) = u(τ, x) − φ(τ, x) = 0, which contradicts (A.4). Therefore, (τ^∗, x^∗) = (τ, x).

From the last inequality we obtain, in particular, that

lim sup k→∞ u^{(Δtk,Δxk)}(τ_{mk} , x_{jk} ) ≥ φ(τ, x) = u(τ, x). From the definition of u we have

lim sup k→∞ u^{(Δtk ,Δxk)}(τ_{mk} , x_{jk} ) ≤ u(τ, x). Therefore, this upper limit is equal to u(τ, x), and there exists a subsequence u^{(Δtk,Δxk)}(τ_m′_k , x_j′_k ) → u(τ, x), which satisfies by construction the desired properties (4.23)–(4.25).