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Abstract: We review and discuss the properties of various models that are used to describe the
behavior of stock returns and are related in a way or another to fractional pseudo-differential
operators in the space variable; we compare their main features and discuss what behaviors they
are able to capture. Then, we extend the discussion by showing how the pricing of contingent
claims can be integrated into the framework of a model featuring a fractional derivative in both time
and space, recall some recently obtained formulas in this context, and derive new ones for some
commonly traded instruments and a model involving a Riesz temporal derivative and a particular
case of Riesz—Feller space derivative. Finally, we provide formulas for implied volatility and first-
and second-order market sensitivities in this model, discuss hedging and profit and loss policies, and
compare with other fractional (Caputo) or non-fractional models.

Keywords: option pricing; fractional calculus; stable laws; 1évy processes; Riemann-Liouville deriva-
tive; Riesz—Feller derivative; fractional partial differential equation; fractional diffusion equation

1. Introduction
1.1. Stock Returns and Tempered Stable Lévy Processes

Modeling the behavior of stock returns is a deep and fascinating question, which
has been studied by several fields of science for over a hundred years now. Histori-
cally, the randomness of market returns was initially conceptualized from a probabilistic
perspective, with the pioneering works of Bachelier [1] (normal hypothesis) and Black,
Scholes, and Merton [2,3] (log-normal hypothesis). It was later extended to take into
account other characteristics such as non-constant volatility [4] or existence of jumps [5]
for instance. During the past 30 years, this probabilistic setup has been completed by
several new approaches utilizing tools from statistical physics, such as dynamical (chaotic)
systems, thermodynamics [6], fractals and multi-fractals [7,8], gas theory [9], or complex
networks [10]. Such methods are often referred to as the econophysics approach to financial
modeling, a broad discipline to which the reader will find a complete introduction in the
classical monograph [11].

Particularly important in econophysics is the theory of truncated Lévy flights. These
processes have been introduced in [12] for their physically attractive features, such as the
existence of the second moment (variance) or the transition to a Gaussian process after
a (possibly very high) number of independent events. They were formalized in terms of
their characteristic function in the symmetric case [13], and, some years later, they were
generalized to asymmetric distributions and introduced in quantitative finance under the

Mathematics 2021, 9, 3198. https:/ /doi.org/10.3390/math9243198 https://www.mdpi.com/journal /mathematics


https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-2646-2401
https://orcid.org/0000-0002-5371-5320
https://doi.org/10.3390/math9243198
https://doi.org/10.3390/math9243198
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/math9243198
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math9243198?type=check_update&version=4

Mathematics 2021, 9, 3198

2 0f 24

name of CGMY (Carr-Geman-Madan-Yor) [14], KoBoL [15], or tempered stable Lévy
processes [16].

The popularity that tempered stable Lévy processes have achieved in financial model-
ing stems from their ability to capture phenomena that the log-normal assumption, which
underlies the traditional Black-Scholes-Merton model, fails to describe. Among these phe-
nomena, the presence of extreme events (price jumps) whose existence has been assessed
once again during the COVID-19 crisis. Let us consider, for instance, the Dow Jones Indus-
trial Average and the Standard and Poor’s 500 indices, which lost respectively 2000 points
and 7.6% on 9 March 2020, or the London Stock Exchange “Footsie” index that lost 10.87%
on 12 March 2020. If stock returns (or, as customary considered in quantitative finance,
stock log returns) were normally distributed, the existence of such events with non-zero
probability would be prevented by the absence of excess kurtosis in the distribution.

Alongside jumps, tempered stable processes also capture the asymmetry of the distri-
butions (price drops occur more often than prise rise) or the fact that volatility is not con-
stant over time. Some tempered stable processes, such as the Variance Gamma process [17]
even allow for an interpretation as a time changed Brownian motion, that is, traduce the
fact that the business time driving the market differs from the physical time. A recent
example of such behavior includes, for instance, the “flash crash” of 6 May 2010: The Dow
Jones Index lost 9% in approximately 30 min, and a large part of the loss was recovered
later that day.

1.2. Why Fractional Operators Arise

There is a strong connection between tempered stable Lévy processes and fractional
calculus because, under such models, probability densities and option prices satisfy a
fractional partial differential equation involving a Riemann-Liouville or a Riesz—Feller
derivative [18-21] in the space variable [15,22]. Moreover, as these derivatives nest the
usual local derivatives when their order is an integer, these equations generalize the
traditional equations encountered in the Black-Scholes-Merton framework (parabolic
partial differential equation for the European option, which reduces to the heat equation for
the Gaussian density). Moreover, in some cases, the order of the space-fractional derivative
has a direct interpretation in terms of excess kurtosis for the distribution of returns [23],
and of the magnitude of the model’s randomness [7]. This remarkable connection between
fractional calculus and financial modeling arises notably because the Riesz—Feller derivative
is a pseudo-differential operator whose symbol coincides with the infinitesimal generator
of the characteristic function of the Lévy-stable process [24,25].

Given the importance of space fractional derivatives, it is legitimate to wonder if
time-fractional derivatives can capture interesting features of market returns as well—and
the answer is yes. The first pricing formula involving a fractional temporal derivative in the
Caputo sense was most likely proved in [26], for a model incorporating a distribution for the
arrival of intraday trades (“tick by tick” data) and for the waiting time (“duration”) between
them. This approach is similar to the subordination method first introduced by [27], and
later developed in models based on time changed Brownian motion [28], or random walks
subordinated to renewal processes [29]: All these models, indeed, aim at understanding
stock price dynamics in terms of a business time differing from operational time.

Models have subsequently been developed that incorporate both space and time-
fractional derivatives [30,31]. Such models are based on the so-called space-time fractional
diffusion equation that generalizes the conventional diffusion equation, and combine the
presence of both fat tails (controlled by the order of the space fractional derivative) and
the subordination parameter (controlled by the time fractional derivative, instead of the
variance of the subordinating time process in the Variance Gamma model [17] for instance).
In particular, the order of the temporal derivative determines whether the market is in a
slow or fast diffusion regime and enables a risk redistribution between options” maturities
(the fact that short term options become cheaper while long term options become more
expensive, a phenomenon one can observe in a period of market stress for instance). Let
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us also mention that time-fractional derivatives have also been used in the description of
dynamic memory [32] and that, recently, other types of time-fractional derivatives have
been considered, such as the generalized Hilfer-Prabhakar derivative in [33].

1.3. Pricing Contingent Claims

Contingent claims are financial instruments whose payoff depends on the price trajec-
tory of one (or several) underlying asset(s). A prominent example of contingent claims is
the broad family of options, which give their owner the right to buy a certain quantity of
some financial asset (a stock, an index, an exchange rate) at a certain price (the option’s
strike). The payoff delivered by the option can be determined uniquely by the asset’s
terminal price (path-independent option) or depend on its full realization throughout
the option’s life (path-dependent instruments). Path independent options include Euro-
pean, digital, power, or log options, for instance, while path-dependent options include
American, Asian, or barrier options [34].

Of course, the value of an option depends on the model one chooses for the under-
lying stock returns. When only space fractional derivative is involved (i.e., in the case
of tempered stable processes), Fourier and Fast Fourier transform methods, and their
refinements [35-38] are very popular, notably because most characteristic functions are
known under a simple form. Furthermore, when a fractional partial differential equation is
available (like for European instruments in the CGMY case), then it can be advantageous to
utilize a discretization of the integral operators [22]. As these operators are non-local, the
procedure is more subtle than the usual finite difference methods; efficient discretization
techniques include, for instance, convolution quadrature schemes such as the ones utilized
in [39,40] in the context of phase-field separation (Cahn-Hilliard) models featuring non-
local memory effects. Fourier-based methods have also been successfully applied to the
analysis of a fractional differential equation: For instance in [41], a time fractional partial
differential equation is transformed into a sequence of ordinary differential equations via a
Fourier expansion along the space coordinates; Fourier pseudospectral methods have also
been used for the analysis of multidimensional partial differential equations [42,43], and
homogenization functions have been proposed for the analysis of nonlinear time fractional
wave equations [44]. Last, for models based on fractional diffusion in both the space
and time coordinates, it is possible to use a Mellin—Barnes representation for the density
function [45] and to evaluate the arising complex integrals using an appropriate grid [31].

Recently, a new analytical approach has been proposed for models based on the
fractional diffusion equation, when the time-fractional derivative is a Caputo derivative.
This technique utilizes a Mellin—Barnes representation for the whole convolution operator
(instead of the density only) and its evaluation via residue calculus. It allows to express
option prices under the form of fast converging series and has been applied to European
options [46], digital options [47], or exotic path independent options [48]. The method has
also been successfully implemented in other financial models that do not belong to the
tempered stable family [49].

1.4. Contributions of the Paper

In this paper, our objective is two-fold: To propose a review of some existing market
models that involve fractional derivative in space and/or time, and to introduce a specific
model whose properties had not been explored in details so far in the existing literature.
For this particular model, we will focus on establishing analytical tools for option pricing,
volatility modeling (in some specific cases), and for measuring porftolio performance. In
detail, we investigate and provide details on the following key points:

- Review the various models in the tempered stable family that involve a fractional
derivative in the space and/or time variable, and explain the link between order of
fractional derivatives a model properties (state of randomness, time subordination,
diffusion regime);
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- By analogy with the probabilistic approach, define the fundamental concepts needed

for option pricing (convexity adjustement, risk-neutral expectation) in the context of a
space-time diffusion;

- Focus on a fractional diffusion model involving a Riesz time fractional derivative,

and establish closed form expression for the convexity adjustment and the price of
several options (European, digital, power, log). These formulas are new and come
as a complement to the formulas previously obtained in the case of a Caputo time
fractional derivative;

- Derive closed form expression for at-the-money implied volatility and market sensi-

tivities, and deduce some practical considerations for hedging policies and profit and
loss of portfolios.

1.5. Structure of the Paper

In Section 2 we will recall some theoretical aspects of Lévy processes and option
pricing that will be needed for the rest of the paper. Then, in Section 3, we will introduce
the class of a tempered stable Lévy process, showing why these processes are strongly
linked to several types of spatial fractional derivatives, and discuss their main features
and properties. We will extend this approach in Section 4 by letting the time derivative be
fractional as well in the equation governing the densities, and, focusing on a Riesz temporal
derivative, establish a factorized formula for the price of an arbitrary path independent
claim under this model. Specifying this formula to usual payoff functions and using residue
calculus will allow us to obtain, in Section 5, the price of several commonly traded contracts.
In Section 6 we will provide some practical tools for the determination of implied volatility
and market sensitivity (Delta and Gamma) and discuss how the presence of fractional
derivatives affects the hedging policy and profit and loss of strategies; we will also compare
the results with other fractional or non-fractional models. Section 7 will be dedicated to
conclusive remarks, while main notations and main properties of special functions are
summarized in Appendices A and B respectively.

2. Principles of Option Pricing with Exponential Lévy Motions

Let us start by recalling some essential principles on Lévy processes and some practical
details regarding their implementation for option pricing purposes. For more details
regarding theoretical details on Lévy processes and their financial applications, we refer to
the classical monographs [50-52].

2.1. Basics of Lévy Processes

Recall that, given a filtered probability space, a Lévy process, X(t), t > 0, is a stochas-
tically continuous process with stationary and independent increments, such that X(0) = 0
almost surely. Such a process is often specified by its Lévy symbol or characteristic ex-
ponent ¢(x) := logE[exp(ixX(1))], allowing to express the characteristic function as a
one-parameter semigroup:

]E[eiKX(t)} =) >0, @

The Lévy symbol itself is entirely determined by the Lévy—Khinchine representation
theorem, which states that:

+o0
P(x) =aix — %bzxz + / (ei"x -1- in]l{‘xKl})H(dx), 2)
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where 4 is the drift and b is the Brownian (or diffusion) component. The measure IT(dx),
assumed to be concentrated on R\ {0} and to satisfy:

+o0
/ min(1, ¥*)IT(dx) < oo

is called the Lévy measure of the process, and determines its tail behavior and the distribu-
tion of jumps. In detail, when IT(R) < oo, one speaks of a process with finite activity (or
intensity). This, for instance, is the case of the so-called jump-diffusion processes, whose
applications to option pricing include the Kou Model [53] and the Merton model [54].
When IT(R) = 400, one speaks of a process with infinite activity (or intensity), and an infi-
nite number of jumps can occur on any finite time interval; furthermore when b = 0 then
one speaks of a pure jump or purely discontinuous process. Among the most prominent
processes with infinite activity are the Finite Moment Log Stable (FMLS) process [23], the
Variance Gamma (VG) process [17], and the Normal Inverse Gaussian (NIG) process [55].
Let us also mention that, if II(R_) = 0 (i.e., the Lévy measure is supported by the posi-
tive real axis and the process has only upward jumps), one says that the process X(t) is
spectrally positive; this is the case of the so-called subordinators, which are almost surely
non-decreasing processes. If —X(t) is spectrally positive, then X(t) is said to be spectrally
negative (this is, for instance, the case of the FMLS process).

2.2. Exponential Lévy Markets

We assume a filtered probability space (Q, F, { F; }+>0, Q) under which valuations are
made, and in particular E[-] = E2[-]. We let X(#) be an arbitrary Lévy process, admitting a
Lévy symbol ¢(x).

Assumption 1. For T > t > 0 and under the measure Q, we assume the stock price model:
S(T)=S(t)exp((r —g+tw)t+X(7)), w=—9p(-i), ®)
wherer € R,q > 0 are the interest and dividend rates, T = T — t, and IE[eX(T)] < 0.

We note that the so-called convexity adjustment w in Assumption 1 ensures that the
price process is a Q-martingale, where E[eX(7)] = e¥(=)7 < co; it follows that:

E[S(T)[S(£)] = e"S(t). )

For that reason, Q is often said to be the risk-neutral, or martingale measure. Note
that if we assume that X(t) admits a density f(x,t) with respect to the Lebesgue measure,
then we can rewrite the convexity adjustment as:

w = —log / e*f(x,1)dx (5)

which is nothing else than the cumulant generating function evaluated when the Laplace
variable p is equal to 1.

Example 1. If X(t) = W(t) is a Wiener process such that E[W(t)] = 0 and E[W(t)?] = ¢?t,
then Assumption (1) can be re-written in terms of the stochastic differential equation:

— = (r—q)dt+dW(t), t<T (©)
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which is the usual formulation of the Black—Scholes—Merton model BSM (o) [2]. In this approach,
o represents the market volatility and quantifies the fluctuations of the price process around its
mean. Note that it is well known that:

2

E {eixw(t)} — ot (o) )

and therefore the Lévy symbol in this specific case is 5 (x) = —(0?k) /2, leading to the Gaussian
convexity adjustment wy = —(—i) = —c?/2 (subscript “2” will be explained later). Let us
also remark that the probability density f(x,T) of the Wiener process, namely the heat kernel, is
known to satisfy the heat equation:

i+wa—2 flx,T)=0 (8)
ot Poxz )T
which is the simplest particular case of the fractional model that we will introduce in Section 4.

Last, we recall that the price C(t) of a contingent claim (e.g., an option) whose payoff
P depends on the terminal market price of the stock price S(T) and, possibly, on other
deterministic parameters (such as strike or trigger prices, leverage ratio, etc.) is equal to
the expectation of the discounted payoff given the initial price, that is:

C(t) =E[e"P(S(T))[S(1)]. ©)

Equation (9) is often referred to as the risk-neutral, martingale, or arbitrage approach
to option pricing (see details in classical references such as [34]). If the process X(t) has a
density f(x,t), then, using Assumption 1, one can rewrite the expectation (9) as:

C(ty=e" 7073 (e(r_qu“’)T”)f(x, T)dx. (10)

—00

3. Tempered Stable Processes, Fractional Partial Differential Equations, and Measures
of Randomness

Let us now introduce a class of Lévy measures that are of particular interest in fi-
nancial modeling and, among many interesting properties (time change, magnitude of
randomness), illustrate the connection between option pricing and fractional calculus.

3.1. Tempered Stable Densities and Subordination

Tempered Stable (TS) processes have a Lévy measure whose most general form reads:
—Agx —A_|x|

cpe c_e

e o) T Loy | 4 (1)

I(dx) =
where ¢, c- € R, A;,A_ > 0, and typically, ay,a_ € (0,2). These processes are also
known as “truncated Lévy flights” and were constructed by [12,13] originally for a physical
purpose in the fully symmetric case (c+ = c—, Ay = A_, ay = a_ # 1), and were later
considered in capital market modeling and extended to more interesting sub-cases of (11) in
CGMY (Carr-Geman-Madan-Yor) [14] or KoBoL [15] models. In particular, in the CGMY
formulation, the Lévy measure writes:

—Mx e—Glxl

e
H(dX) =C W:ﬂ.{x>0} + Wﬂ{x<0} dx (12)
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forC > 0,G,M > 0,and Y < 2. Parameter C measures the overall level of activity of the
process, while G and M control the exponential tempering of the tails” decay; the process is
symmetric when G = M.

Remark 1. The Lévy symbol for the CGMY model has been derived in [14,15] and can be written:
p(x) = CT(Y) ((M — i) =M + (G +ix)Y — GY). (13)

The convexity adjustment follows immediately:
w= —CF(Y)((M—l)Y—MY—i—(G+1)Y—GY). (14)

Among the most famous CGMY processes, one of the most popular is undoubtedly
the Variance Gamma (VG) process [17]. In the VG process, the Y parameter is set to 1, and
the other are re-written as:

1 1

1
U’ /922 2 6/ 622 2 9,
1% gV 1% 1% gV 1%

where o is the scale (volatility) parameter, 6 is the asymmetry (skewness) parameter, and
v is the kurtosis parameter. The symmetric VG process, corresponding to the situation
G = M or, equivalently, 6§ = 0, was introduced earlier in [56]; it recovers the usual Brownian
motion in the v — 0 limit.

In addition to its realistic features, such as fat tails and asymmetry of the distributions,
the VG process also allows for an interesting interpretation in terms of time changed
Brownian motion (see a discussion in [28]). Namely, if X(t) is a VG process then one
can write:

C

(15)

X(t) = 0G(t) + eW(G(1)) (16)

where G(t) is a Gamma process of mean parameter 1 and variance parameter v, and
W(t) ~ N (0, t) is a standard Wiener process. The Gamma process here plays the role of
a business time (also called stochastic clock [57]), which differs from the physical time
and, in financial modeling, is interpreted as a measure of the trading activity that can vary
greatly inside a chosen business period. Let us note that the choice of a Gamma process to
materialize the passage of time is justified because it is a non-decreasing process, that is, as
defined before, a subordinator (hence the terminology of time subordination): This ensures
that time can not go backward. Note also that it follows from (16) that the VG process is a
particular case of a so-called variance mean mixture [58]; when the mixing distribution is
no longer a Gamma process but an Inverse Gaussian process (which is also a subordinator),
then we are in the presence of a Normal Inverse Gaussian (NIG) process. Like the VG
process, the NIG process allows for the presence of fat-tailed and skewed distributions, as
well as the interpretation in terms of time subordination; the main difference lies in the
fact that the NIG process is not a tempered stable Lévy process, as the tempering of its
Lévy measure is no longer induced by an exponential function but by a Bessel function
(see details for instance in [49,55]).

3.2. CGMY Model, Riemann—Liouville Derivatives

Tempered stable densities and, more particularly, CGMY processes are strongly linked
to fractional calculus. Indeed, taking the Fourier transform of (10), using the Lévy sym-
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bol (13), and taking the inverse transform shows that the price of a European style option
satisfies the following Fractional Partial Differential Equation (FPDE):

Ot (@) I Cr (=) (MDY (oMY () o0 DY (Y (7))

— (r +CT(=Y)(MY + GY)) Vix,7) (17)

where w is the convexity adjustment (14) (see details in [22] or in [15] for the alternative
KoBoL formulation). The fractional derivatives in (17) are the left and right Riemann-—
Liouville derivatives, which are defined as the following integro-differential operators (see
all details in classical monographs such as [18-21]):

X

D) = oy 5 [0y 0= 18)
and ,
) = por g [ 0= 3"y, 0= 1], 19

X

where the ceiling function [v] denotes the lowest integer larger or equal to v. Recall also
that, when the lower bound in the Riemann-Liouville derivative is sent to —oo (like in the
derivative of the e“*V(x, T) function in the FPDE (17)), then it coincides with the Riesz
derivative, which is generally simply denoted by Dy:

DY = _«Dy. (20)
Further details on this derivative will be discussed in the next subsection.

3.3. FMLS Model, Riesz—Feller Derivative and the “States of Randomness”
Stable (or a-stable) densities correspond to tempered stable Lévy measures (11) but
with AL = A_ =0and o+ = a_ = g, thatis:

c

C+ —
H(dx) = W:ﬂ.{x>0} + Wl{x<0} dx. (21)

In this context, it is customary to use the Feller parametrization:

ot o= —(c++c,)r(—oc)cosﬂ
2 22
"oyt

where o > 0 is called the scale (volatility) parameter, « > 0 is the stability (kurtosis)
parameter, and p € [—1,1] is the skewness parameter (when f < 0, the distribution is
skewed to the left and, when § > 0, it is skewed to the right). The corresponding Lévy
process defined by this measure is generally denoted by L, g(t) and often called Lévy
stable processes. It has broad financial applications as it allows for the existence of several
states of randomness (following the terminology of [7]). These states are measured by the
powers of the moments E[L, g (t)N]V/N for N > 1 (scale factor), and are as follows:

- For « = 2, the Lévy stable process degenerates into the centered Brownian motion
of variance 20%t whatever the skewness B, and all standardized moments (skewness,
excess kurtosis) are null from N > 3. This situation, which underlies the BSM model,
corresponds to a (proper) mild randomness state;

- When a > 2, the scale factor becomes infinite for N > 2 and one speaks of pre-wild
randomness;
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- By far the most interesting situation from the point of view of financial modeling
occurs for & € (1,2); in this case, all moments for N > 2 are infinite, but the mean
(N = 1) can be finite for some choice of asymmetry (see discussion below), a config-
uration known under the name of wild randomness. Note that stable distributions
with the stability parameter in (1,2) are said to be Paretian [59] and famously arose
after Mandelbrot’s initial calibration giving & = 1.7 for the cotton market [60];

- If « = 1 (Cauchy distribution) or is lower than 1, moments are infinite for all N, and
we are in a case of extreme randomness. This situation, however, is not desirable for
pricing purposes because this divergence prevents achieving finite option prices via
the risk-neutral expectation (9).

In the Paretian case, an interesting configuration allowing for the existence of the
moment generating function is when f = —1, i.e,, for the totally asymmetric (or totally
skewed) stable process L, _1(t). In this case, c; = 0 (the distribution has only a left fat
tail), and, using the Feller parametrization (22) and the Lévy symbol (13), we can write the
bilateral Laplace transform as (see details in [61]):

E |:epLa,—1(t):| — o~ wap"t (23)

where the convexity adjustment is defined by:

0—-0{
= — 24
Wa cos 5 (24)

Remark 2. When, in assumption 1, one chooses X(T) = Ly _1(T), the one speaks of the Finite
Moment Log Stable model FMLS(«). This model was introduced in [23], notably for its ability to
capture some specific behavior of volatility surfaces for long horizons (T > 1 year). Note that it
follows from (23) and the Laplace inversion formula that we can express the density of the FMLS(«)

model as:
c+ico

it 4

ga(x, f_-) = / e pX—wWyp' tﬁ (25)
c—100

for any ¢ > 0. We remark that the FMLS(«) model degenerates into the BSM(c\/2) model when

w = 2and that Ly _1(t) ~ N(0,20°t); this is why we have used the notation w, in Example 1.

From (23), we see that the density g, (x, T) of the L, _1(T) process satisfies the follow-
ing FPDE:

0
(81’ + wa"‘_zD;'é)ga(x, T)=0 (26)

where the *~2D% operator is a particular case of the Riesz-Feller derivative, defined in its
Fourier image by [18-21]:
FDf] 0 = —pL0FIFI0,  40) = fefreisenions @)

for « € (0,2] and |0 < min{a,2 — a}. The Riesz derivative defined in (20) corresponds
to the symmetric operator defined for 6 = 0, that is, D} := ODZ . In the literature, the
Riesz-Feller operator is also defined under the name of Lévy pseudo-differential operator
(and -y (x) is said to be its multiplier, or symbol), while the Riesz derivative is also called
fractional Laplacian and written as:

. aZ 3
Dy = — (_ax2> (28)

which traduces the fact that the symbol can be written —|x|" = —(x2)"/? in that case.
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The FPDE (26) is called the space fractional diffusion equation. It is important to
remark its main properties:

- It establishes a direct correspondence between order of the space fractional derivative
and randomness of the model, as both are controlled by the parameter «;

- It extends the traditional diffusion equation which is obtained for &« = 2, thus recover-
ing the heat Equation (8) in that case;

- Note also that 8 = a — 2 turns out to be the fractional calculus analogue to the
probabilistic condition § = —1.

In the following section, we will introduce a model that allows for an even deeper
generalization, by letting the time derivative be fractional as well.

4. A Space-Time Fractional Diffusion Model for Option Pricing

This section will introduce a model based on space-time fractional diffusion and define
its financial meaning by using analogies with the models defined above. We will then be
able to obtain a formula for the model’s convexity adjustment and a practical representation
for the pricing of contingent claims.

4.1. Main Idea and Fundamental Analogies

By the Riesz-Feller Fractional Diffusion (RFFD) equation of parameters «, 8, and y
RFFD (a, 0, v) we mean the following equation:

(D;’ + w%fg)g(x, ) =0 (29)

where the temporal derivative is a Riesz derivative (as defined in (20)) and the spatial
derivative is a Riesz—Feller derivative (as defined in (27)). The parameters a and -y in (29)
are restricted as follows: a € (0,2], v € (0, a], while the asymmetry parameter 6 belongs to
the so-called Feller-Takayasu diamond || < min{a,2 — a}; the scaling exponent is defined
by Q) = /a. The fundamental solution (Green function) of Equation (29), corresponding to
the boundary condition g(x,0) = dp(x), has been derived in [45] when the time derivative
is a Caputo derivative, and extended to the case of a Riesz derivative in [31]. It can be
expressed under the form of the following Mellin—Barnes integral:

c1+ico

ry) M- —s) ( x ) s
a )] - — (30
o= L e ()i ) \ "

for any x > 0. It extends to the negative axis via the symmetry relation:

ga,e,y(x,t) = gtx,fe,’y(_xrt)' (31)

In order to attribute a financial meaning to the RFFD(«, 6, v) equation, we proceed by

analogies with the probabilistic approach. More precisely:

- By analogy with (26), we restrict ourselves to « € (1,2] and we choose § = a« — 2
(maximal asymmetry hypothesis) and we denote the corresponding diffusion equation
in that case by RFFD(«, v) =RFFD(a,a — 2, 7).

- By analogy with the risk-neutral formula (10), we define the price at time ¢ of a
contingent claim delivering a payoff P(S(T)) at its maturity T to be:

—+o00

C(ty=e" / 77(S(t)e(rf”’Jr“’)T*x)gaﬂ(x, T)dx. (32)

—00

where we have defined gy (¥, T) = Sua—2, (X, T).
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- The convexity adjustment is defined by analogy with (5) as:

—+o0
w = —log /exgaﬁ(x,l)dx. (33)

The RFFD(x, v) model extends the FMLS FPDE (26) by allowing the time derivative
to be fractional as well, and mixes two components of a different nature:

- First, the order of the spatial derivative «, that controls the kurtosis of the left fat
tail of the distribution of returns, and the magnitude of the model’s randomness.
When « € (1,2), the distribution decays according to a power law in 1/|x|1** when
x — —oo, and we are in a situation of wild randomness according to the terminology
defined above. If # = 2 then the Green function (30) degenerates into the normal
distribution and one recovers the mild randomness configuration of the BSM model.

- Second, the order of the temporal derivative < that acts as a fractional calculus
analogue to the time subordination in the VG and NIG models. Variations of v allow
a switch between regimes (y < 1 is called the slow diffusion regime, and v > 1 the
fast diffusion regime) and a temporal redistribution of risk (typically, v < 1 makes
short-term options more expensive and long-term options cheaper, a situation that
occur in case of market crash, sell off, or brutal price moves). For parameter calibration
and further discussion, we refer to [31].

Remark 3. A similar model but with temporal Caputo derivative has been introduced in [30,31],
and closed form pricing formulas have been obtained for European instruments in [46] and for
more exotic path independent contracts in [47,48]. The RFFD(a,y) model has been introduced
in [31], but so far no closed formula had been derived, neither for option prices nor for the convexity
adjustment.

4.2. Particular Cases
The RFDD(«, ) model recovers several other option pricing models:

- Taking v = 1 recovers the FMLS(a) model [23]; in that case there is no temporal
subordination, and only a (left) fat tail measured by the kurtosis parameter a« which
coincides with the order of the Riesz-Feller space derivative;

- Taking & = 2 defines a “subordinated Black-Scholes model” sub-BSM(+y), in the sense
that there is no fat tail but a subordination parameter induced by the order of the
Riesz time derivative. A similar model had already been introduced in [48] but in the
case of a Caputo time derivative.

- Taking « = 2and y = 1 recovers the usual Black-Scholes—-Merton model BSM(cv/2) [2].
In that case. the process is purely Gaussian, there is no fat tail nor temporal subordi-
nation and the RFFD Equation (29) degenerates into the usual heat Equation (8).

- Let us also mention that the case & = 7 (or equivalently () = 1) corresponds to the
so-called neutral diffusion, but is only of limited financial interest.

Remark 4. In principle, it is possible to extend the FPDE (29) to more than one dimension. In
a financial context, it corresponds to options written on several assets, such as spread options for
instance (interestingly, no closed pricing formula exist for such instruments in general, even in the
basic BSM (o) model). However, in the case of a process with more than one spatial dimension, the
set of parameters (x, 6, 7y) that preserve positivity of the solution is more complicated (see e.g., [62])
and we would have to divide the results into two separate cases, i.e., for one-dimensional space and
for more-dimensional space.
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4.3. Convexity Adjutment

Before deriving a formula for w in terms of a Mellin-Barnes integral and expressing it
as a sum of residues, let us recall that the Green function of the RFFD(«, v) model can be
separated as an integral composition of two kernels (see e.g., [31]):

gm“* / (t,y)&u(x,y)dy (34)
0

By using the relation (A12) in Appendix B.2 we can write:

+ 1
Sy (%X, T) 7 / va ga y,x)dy, (35)

where M, (z) denotes the Wright M-function.

Proposition 1. The convexity adujstment w of the REFD(a, y) model can be written as:

w = —log (36)

T(7+1 (IT(E) w2 ds
F’ys—’y—l-l) Y 2im

c—ioco

where wy is the FMILS («) convexity adjustment (24), and where ¢ € (0,2).

Proof. By inserting the composition rule (35) into the definition of the convexity adjust-
ment (33) and switching the order of integration, we have:

w = —log

—00

T(y+1) / yMy(y) / exga(x,y)dxdy]- (37)
0

The x-integral is nothing else than the bilateral Laplace transform of the asymmetric
stable distribution and, as such, equals (see Equation (23)) e~“=¥" . Introducing the Mellin—
Barnes representation (A11) for the Wright M-function, we obtain:

c+ico )
B I'(s) 1= —wny® 4., 48
c—ico 0
for ¢ > 0. Performing the y integral, which converges for Re(s) < 2, yields (36). [
Corollary 1. The convexity adjustment w of the REFD(w, 7y) model can be written as:
d (an+2)  (—wy)"
= —1 1 .
“ og Iy + ; tx'yn+’y+1) n! 39

Proof. Consider a contour closing the vertical line of integration in (36) right of the line

Re(s) = 2; in this half plane there is a series of simple poles induced by the analytic

continuation of the T'(%= —) function, occurring at s = an + 2, n € N. From the singular
behavior of the Gamma function (see Appendix B.1), the residues are:
[(s)T(%s s=2 —1)"

Res[ ()T (%) LU Tent2)

“,s = 2
Wa (S =8Nt n! T(ayn —y+1)

I(ys—7+1)

(40)

Summing all residues and simplifying yields (39). O
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Remark 5. Let us remark some interesting particular cases of (39):
- If one takes v = 1 in (39) then:
o [ n
w = —loglz (Fwa) w'a) ] = —loge " = w, (41)
= n!
and one recovers the FMLS convexity adjustment in this case;
- Using the usual Taylor expansion for log(1 + u), we can write:
I(y+1)T'(a+2) 2
= ) . 42
«“ Tlay+9+1) Wa ot (w"‘) (42)
- Taking o = 2 in (42) yields, at first order,
6I'(y+1)
W= _———w 43
T3y +1) "7 43
and when furthermore -y = 1 we are left with w = —0? which is the usual adjustment in the
BSM(c+/2) model.
4.4. Pricing Formula in the Mellin Space
Let us introduce the function:
I'(1-s1)
*
§1) = ———~ (44)
S (1) T(y—21s1)

which exists and is analytic in the whole half-plane {Re(s1) < 1}. Let us also assume that
the payoff function is supported by the real positive axis only, that is:

supp (x — P(S(t)e(rfﬁ“’)”x)) C Ry, (45)

and denote its Mellin transform by:
pi(st) = [ P(S(Eel 1T Ty (46)
0

which is assumed to converge in a domain of C of the form {a_ < Re(s1) < a4 }. Then, as
a consequence of the pricing formula (32) we have the following proposition:

Proposition 2 (Pricing formula). In the RFFD(a, ) model, the price at time t of a contingent
claim delivering a payoff P(St) at its maturity T can be written as:

c+ioo
_T N N _sids
e(t) = e [ gt s ) (—rn) 2L )
Cc—100

forany c € (a_,a4) N (—oo,1), and where the intersection is assumed to be nonempty.

Remark 6. Extension to negatively supported payoff functions is straightforward, via the symmetry
relation (31).

5. Application to Vanilla and Exotic Path Independent Options
In this section we apply Proposition 2 to several commonly traded options.
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5.1. Digital

Digital options are either asset or nothing (a/n) or cash or nothing (c/n); in this
subsection we only discuss the a/n option, as the c¢/n option price will be obtained as a
corollary in the next subsection.

An a/n call pays one unit of the underlying stock S(T) at maturity, on the condition
that it ends up higher that some pre-determined strike price K. We can write the payoff as:

Pasn(S(T)) = S(T) Lk, +0) (S(T))- (48)

Remark 7. Introducing the (log forward) moneyness:

kzlog%—k(r—q—kw)r (49)
allows us to write:
Puga (S-15) = KL (), &

and therefore the positive support condition (45) is equivalent to the condition k < 0. Options
satisfying this condition are said to be Out of the Money (OTM), while options with k > 0 are said
to be in the money (ITM). k = 0 corresponds to the at the money (ATM) situation. We will only
detail the proof in the OTM case, because the extension to the ITM case can be made thanks to the
symmetry relation (31) and with the same result than in the OTM case.

Proposition 3. In the RFFD(a, ) model, the value at time t of an asset or nothing call option is:

Ke " T(y) & k" —ry -+
KT e (51)

C,/y(t) =
a/n( ) I 177130 nl!r(')’"i_')’T)

Proof. Using (50) and a Mellin-Barnes representation for the exponential term (see (A8) in
Appendix B.1), we can write the Mellin transform (46) as:

cp+ioco 0
p*(s1) = K / (—1)"T(sy) /(k+x)752x51752’1dx%. (52)
szioo —k

Assuming k < 0, performing the x-integral and using proposition 2, we get the asset
or nothing price:

Cosut) = ke EUT)

c1+io0 cp+ico

[ R B e ) R 6

¢1—100 cp—ico

which is analytic in the polyhedron:

{(sl,sz) € C%,0 < Re(sy) < 1,Re(—s1 +52) > 0} c (54)
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Outside this polyhedron, we know from the singular behavior of the gamma function
around negative integers (see Appendix B.1) that the integrand has poles when (s1,s7) =
(ny —np, —ny), nq1, 1z € N, and by summing the associated residues, we obtain:

Ca/n(t) = I<e_rTm X

14

3 e D —nq+n

Z (_1)712( 1)‘ , r(,ly—FnZ) (—k)nl(—wfy)%‘ (55)
nl/nZZO nl‘nZ' ]-—‘(’)/ - E(nl — ]’lz))

Simplifying (recall that I'(1 4 ny) = ny!) completes the proof. [

5.2. European

One of the most traded option contracts is the so-called European option, which pays
the difference between the maturity price S(T) and the strike price K, on the condition that
the difference is positive. The payoff can therefore be written as:

Peur(S(T)) = (S(T) = K)L(k +00) (S(T)) = [S(T) = K] (56)
Similarly to (50), we can write:

Pgur (S(t)e(rqurw)Ter) - K(€k+x - 1)]]'(—k,+00) (x>/ (57)

and, using the Mellin-Barnes representation (A9) for the ¥** — 1 term and proceeding
exactly like in the proof of Proposition 3, we obtain:

Proposition 4. In the RFFD(a, y) model, the value at time t of a European call option is:

Ke™"T'(7)
o

k™ —nq+ny

(—wt") e . (58)

agk:

Conr) = =y

o m!T(y+y=—2
1

n
ny

Remark 8. Observe that the only difference between the pricing formulas for the a/n calls and
the European call lies in the summation index ny, which starts at 0 in the a/n case and at 1 in the
European case. This is a direct consequence of the contour deformation between representations (A8)
and (A9), which modifies the polyhedron of analyticity (54) accordingly.

Let us also introduce the cash or nothing (c/n) call option (which is also itself a digital
option); this option pays a constant amount (say 1) if and if only the terminal price ends up
above the strike:

Pe/n(S(T)) = Lk, 100 (S(T)) (59)

We can notice that the ¢/n call is a linear combination of a/n and European call

options, namely: .
Pe/n(S(T)) = 2

and, from Propositions 3 and 4, we obtain:

Pa/n(S(T)) _Peur(S(T))r (60)

Corollary 2. In the REFD(«,y) model, the value at time t of a cash or nothing call option is:

—rtr 0 K .
e () ) o (—wt?) . (61)
o=y mIT(y =)

CC/n(t) =
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5.3. Power

A power option is a non-linear version of the European call, which delivers the payoff:
Ppow(S(T)) = [S(T)* — I (62)

for some positive number a. We can therefore write:
Prowo (S(H)el 1) — K(e bt — 1)1y (), 63)

where we have introduced the modified moneyness:

t
k, = log i(l) +(r—g+w)t (64)

which coincides with the usual moneyness k when a = 1. Proceeding like for the European
option, we immediately obtain:

Proposition 5. In the REFD(«,y) model, the value at time t of a power call option is:

Ke™"'T(7) &
Cpow(t) = P Z T

(—wt?) 2, (65)

5.4. Log

Log options (see [34]) are options written directly on the stock’s log returns:
[log S(T) — log K] ™. (66)

Let us also mention that the log put option pays Pjoe put (S(T)) := [log K — log S(T)]*
and that the log contract is obtained by being long of a log call and short of a log put; a
delta hedged log contract is called a variance swap.

Proposition 6. In the REFD(a,y) model, the value at time t of a log call option is:

e "T(7) &
L

im0 T (7 +7152)

Clog = (_wT(y)T' (67)

Proof. Let us note that:
Plog (S(4)e =17 T) = [+ x)* (68)

therefore, the Mellin transform (46) for the payoff function can be computed directly:

*(s1) = 7(k+x)xsl_1dx _ T (69)
P v f _Sl(l—i‘sl).
Using Proposition 2 and the functional relation I'(1 — s;) = —s1I'(—sq), the option
price is:
e T'(7) e I'(—s1) 1 ds
Cro(t) = —— 17 / _ —-1 AT yy—2 .1 70
log() o ' (1_’_51)1-(,)/_7%)( ) ( wT ) 2imt ( )
C1—100

which converges for Re(s;) < —1. The analytic continuation of the integrand in the right
half-plane has:
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- A simple pole in 51 = —1 with residue:
(cwtn): 71
W! ( )
e
- A series of poles at every positive integer s; = n with residues:
—-1)" 1 n
- =D () (), 72)

(n+D!IT(y — %)

Summing the residues (71) and (72) for all n and re-ordering yields the announced
result. [

6. Impact on Volatility Modeling and Hedging Policies

Let us now discuss some interesting features of the RFFD(«a, y) model in terms of
volatility modeling, delta hedging, and profit and loss calculation, and compare with
another time fractional model and with the classical Black-Scholes-Merton model.

6.1. At the Money Forward Price and Volatility
An interesting situation occurs when stock price is at the money forward (ATMF), that
is when S(t) = S(t) where: B
S(t) =Ke '". (73)
Taking only the leading term (17 = 0, n = 1) in the European price series (Proposition
4), we can approximate the ATMF call price by:

Co(t) = SO _TO_ (ot 74

Taking & = 2 (sub-BSM(7y) model) and using the approximation (43) for the convexity
adjustment, we obtain:

_ _ T(y) [3T(7+1) _\?
Cew(t):S(t)r(%>(zr(;y+1)ﬂ) o 75)

and, therefore, we have a compact formula for the ATMF implied volatility:

E:

Cor () T(H) (BL(y+1) L\
c ( )7) ) (76)

5() T() \2TBy+1

Letting vy — 1 in (76) we recover the formula for the ATMF implied volatility in the
Black-Scholes—Merton BSM((T\@) model (recall that I'(3/2) = \/71/2):

_ Cour(t) |
(% - = . 77
BSM = 5y VT (77)
Remark 9. A similar implied volatility formula was derived in [63] in the case where the time
fractional derivative is of a Caputo type, instead of a Riesz type, and reads:

— éeur v ~1
Fo = S(t()t)r(l + %) <2F(2iy+1)> : (78)

In Figure 1 we plot the implied volatility in the sub-BSM(vy) model, either with a Riesz
temporal derivative (Equation (76) or a Caputo temporel derivative (Equation (78)), and the BSM
implied volatility (Equation (77)), for -y € (0,2). We can observe the sharper volatility behavior in
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the Riesz case, with a lower implied volatility than in the Caputo case in the slow diffusion regime
(v < 1), but a higher one in the fast diffusion regime (v > 1). Of course all models lead to the same
implied volatility in the non-fractional regime (7y = 1).

10
0.8 1
=
E
—_— D E .
2
=
o
=
E 041
=
= y
0.2 4 sub-BSM [Riesz)
sub-B5M (Caputo)
BSM
0.0

000 025 050 0.75 100 125 150 175 200
Temporal subordination

Figure 1. At the money forward (ATMF) implied volatility in two subordinated Black-Scholes-Merton
(BSM) models (via a Riesz derivative or a Caputo derivative), and in the BSM model. As expected,
they all coincide when the order of the temporal derivative is equal to 1. Parameters: K = 4000,
r=2%,q9=1%,and t = 1.

6.2. Delta Hedging

The derivative of an option with respect to the underlying stock price is generally
denoted by A (Delta). It is a crucial measure for portfolio management as it quantifies the
sensitivity of the contract to underlying market moves. Deriving Proposition 4 with respect
to S(f) and re-arranging the terms, it is straightforward to obtain the Delta of the European
call in the RFFD(«, v) model:

! —nmtnp

(—wt?) 7w . (79)

KeT'"T(y) &
A:
S(t)  « m,nZz;:o my T (y + y=1LH2)

In the ATMF situation (S(t) = Ke™'T), we have, at first order:

_F() 1 1
A_TXW_&' (80)

Equation (80) is remarkable because it shows that the order of the time-fractional
derivative 7y plays no role (at least at first order) in the value of the option’s delta, which is
entirely governed by the tail parameter «. In other words, it suffices to be the long (buyer)
of one unit of the stock S(t) and short (seller) of « units of an option C(t) to protect the
portfolio against market moves, whatever the subordination parameter y. Remarkably too,
a similar behavior had been noted in the case of a temporal Caputo derivative in [63], and
is therefore preserved in the case of a Riesz derivative. This behavior is summarized in
Table 1, alongside the impacts of the parameters on implied volatility, profit, and loss (see
following subsection) and on the model’s randomness and regimes.
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Table 1. The RFFD(«, ) model: Impacts of the fractional parameters.

Space Derivative « Time Derivative v
Yes :
Randomness Wild randommness if « € (1,2) No
Mild randomness if & = 2
Yes :
Regime No Slow diffusion if y < 1
Fast diffusion if y > 1
ATM prices/volatility Yes Yes
Yes :
Delta hedging Long 1 stock S(t) No
Short « call options Ceyy ()
Delta hedged P&L Yes Yes

6.3. Profit and Loss

Similarly to the Delta, we define the I' (Gamma) of an option as the second derivative
of the option’s price with respect to the stock price S(t). The market profit and loss (P& L)
between two trading days #; and f; can therefore be written as:

marketP&L = A(AS:) + ST(AS(),  AS(1) 1= S(k2) — (1) 81)

Assuming that the portfolio has been delta-hedged, we are left with:

2
market P&L = $T <ASS(§§)> (82)

where the Dollar Gamma, or Gamma cash, has been defined by $I" := %S (t)zr; relation (82)
is very popular in portfolio management, because it allows to express the returns of a

portfolio in terms of the realized variance of the underlying returns. By deriving (79) with
respect to S(t), we obtain the Gamma of the European call:

Ke " T(y) & K"

SO & mrG = T+ ) )

I =

which, remarkably, can be represented as a sum over one index only (because of the
simplification of all terms for n, > 0 when differentiating the series (79)).

In the ATMF situation and if « = 2, using the approximation (43) for the convexity
adjustment and usual formulas (Legendre duplication) for the Gamma function, we get:

212 (a1 [6T(y+1) .\ 2
I = — T v 84
VTS(t)o ( 2 >(F(3v+1)r) &9

and the Gamma cash:

1

A Y1\ 6I(y+1) .\ 2
o 25141 (k) ®

Note that, as expected,
S(t)

r = 86
r— 4o0+\/tT (86)

thus recovering the usual Gamma cash is the BSM(cv/2) model.
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Remark 10. In the case of a Caputo time derivative, a formula has also been derived for the Gamma
in [63] and reads in that case:

S(t) VI(1+2y) 1
402 T(1-73) 1%

In Figure 2, we compare the behavior of the Gamma cash in the case of a Riesz time derivative,
Caputo time derivative and non-fractional BSM(c/2) model. Again, all models coincide for y = 1,
but the behavior of the two subordinated models is very different, Gamma cash (and, therefore,
market P&L) being either an increasing or a decreasing function of the subordination parameter <.
Note that the characteristic shape of the Gamma cash in the Caputo case, with its inflexion at y =1,
had already been noted in [47].

$Tc = (87)

In Table 1 we summarize the observations we made in this section on volatility
modeling, delta hedging policy, and Gamma cash (P&L), as well as the impact of the order
of fractional derivatives of the model’s randomness and regimes as defined in Sections 3
and 4.

G000

5000 4

4000 4

3000 1

Gamma cash
+

2000

sub-B5M [Riesz)
sub-B5M (Caputo)
B5M

1000 1+ -+

D T T T T T T T
000 025 050 075 100 125 150 175 200

TEmporal subordination

Figure 2. Gamma cash in the 2 subordinated BSM models (Riesz or Caputo fractional derivative) vs.
Gamma cash in the BSM model. Parameters: K = 4000, r = 2%, q = 1%, 0 =0.2,and 7 = 1.

7. Conclusions

In this paper, we proposed a review of the market models linked to space-fractional
derivatives and showed how the order of these derivatives could be interpreted as a
measure of randomness of the model. Moreover, the fractional formulation also allows for
a natural extension in terms of time-fractional derivatives, whose order is interpreted as a
subordination parameter controlling the temporal redistribution of risk across maturities,
for instance.

We were also able to define the fundamental concepts of option pricing in the frame-
work of a model-driven by the space-time fractional diffusion, and we applied this setup
to the case of a Riesz temporal derivative. Although this model was introduced earlier
in the literature, no analytical tools had been derived for option pricing and hedging
so far; in the present work, we have therefore established closed-form formulas for the
price of several options (European, digital, power, and log) and of the model’s convexity
adjustment. As these formulas are simple sums of powers of the model’s parameters (such
as moneyness and convexity adjustment), they do not call for sophisticated numerical tools
to be estimated in practice. We have also studied the impact of the order of both space- and
time-fractional derivatives on implied volatility, delta hedging, and profit and loss; maybe
the most interesting result is that the delta hedging policy was shown not to be affected by
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the time-fractional derivative but governed by the space derivative only, while profit and
loss are affected by both parameters. A similar behavior had been noted in the previously
studied fractional diffusion models that involved a Caputo derivative. The shape of the

profit and loss function is, however, very different between the two models.

Future works should include the extension to other types of options or fractional
derivatives. We would also like to apply the space-time fractional diffusion approach to
other fields of quantitative finance, such as default modeling.
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ATM

At the money

ATMF At the money forward

BSM
IT™
BSM

Black-Scholes-Merton
In the money
Black-Scholes-Merton

sub-BSM  Subordinated Black-Scholes-Merton

O™ Out of the money

P&L Profit and loss

RFFD Riesz-Feller fractional diffusion
VG Variance Gamma

Appendix A. Notations

Fourier transform:
“+o00
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Left Riemann-Liouville derivative:
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Right Riemann-Liouville derivative:
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Riesz—Feller derivative:
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Appendix B. Special Functions
Appendix B.1. Gamma Function

The Gamma function (or Euler integral of the second kind) is defined for Re(s) > 0
by:

I'(s) = /e_xxs_ldx. (A6)
0
Integrating (A6) by parts shows that the Gamma function satisfies the functional
relation T'(s + 1) = sI'(s); as T(1) = 1, it follows that:

I'n+1)=n!, neN (A7)

and that the analytic continuation of I'(s) to the negative half-plane is singular at every neg-

ative integer —n with residue (711,)” . Note that if follows from (A6) that the Gamma function

is actually the Melin transform of the e~* function, from which we get the representations
(see details in [64] and any monograph on integral transformas):

c+ico i
s
—x __ —s Wo
et = / I'(s)x 2 €7 0 (A8)
c—100
and ‘
c+100
et 1= / M), _1<c<o. (A9)
‘ 2im
Cc—100

Appendix B.2. Wright M-Function

The M, (z) function (see details in [65]) is defined on the whole complex plane by the

infinite series: o (—2)n
—z
My (z) = ng) nL(—vn —v+1) (10

and admits the Mellin-Barnes representation:
c+ico
_ () . ds
M(z) = / [(vs —v+ 1)Z 2imt

c—ioo

(Al1)

for all ¢ > 0. It is also linked to the density of the fully asymmetric stable distribution via
the relation:

vXx X
gu(x,t) = WMV(TV). (A12)
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