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"Start every day off with a smile and get it over with.”

W.C. Fields

Abstract

This thesis is concerned with the calibration of affine stochastic volatility models with jumps.
This class of models encompasses most models used in practice and captures some of the common
features of market data such as jumps and heavy tail distributions of returns. Two questions arise

when one wants to calibrate such a model:
(a) How to check its theoretical consistency with the relevant market characteristics?

(b) How to calibrate it rigorously to market data, in particular to the so-called implied volatility,

which is a normalised measure of option prices?

These two questions form the backbone of this thesis, since they led to the following idea: instead
of calibrating a model using a computer-intensive global optimisation algorithm, it should be more
efficient to use a less robust—hence faster—algorithm, but with an accurate starting point. Hence-
forth deriving closed-form approximation formulae for the implied-volatility should provide a way

to obtain such accurate initial points, thus ensuring a faster calibration.

In this thesis we propose such a calibration approach based on the time-asymptotics of affine
stochastic volatility models with jumps. Mathematically since this class of models is defined via
its Laplace transform, the tools we naturally use are large deviations theory as well as complex
saddle-point methods. Large deviations enable us to obtain the limiting behaviour (in small or
large time) of the implied volatility, and saddle-point methods are needed to obtain more accurate
results on the speed of convergence. We also provide numerical evidence in order to highlight the
accuracy of the closed-form approximations thus obtained, and compare them to standard pricing

methods based on real calibrated data.
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Introduction

”Prediction is very difficult, especially if it’s about the future.” This nugget of wisdom
by Niels Bohr is obviously not to be taken literally but is a serious warning against the uses and
misuses of models. In particular one should not choose a model on the sole ground that past data
can be fitted well. One also needs to identify what is to be predicted in the future, i.e. one needs to
precisely understand the purpose of the model. In financial modelling most models are proposed
as a refinement to the Black-Scholes model which—according to the general opinion—is not a good
model. Depending on the data to be fitted authors and practitioners have different views on which
model to select. Choosing a model amidst the plethora of literature is not an easy task, especially
since each of them has its advantages and drawbacks. The underlying question, which goes slightly
beyond Niels Bohr’s witty quip, boils down to ”What is a good model?”. As we said, Black-Scholes
is not a good model for many reasons. It is however an extremely useful model for possibly even
more reasons, one of them being that it allows for a fast and accurate pricing of (vanilla) options.
A model is by construction an approximation of the reality and the more elaborate, the closer to
the reality but the less useful. The quality of a model hence arises from a subtle balance between
complexity and ease of implementation. The purpose of this thesis is not to discuss at length the
pros and cons of financial models but to provide some tools to make models more useful. We
indeed aim at describing a calibration methodology based on approximations of models. Among
the many models proposed in the literature, affine stochastic volatility models ([30] and [68]) form
a wide class of tractable and realistic models for equity and foreign exchange markets, and we shall
concentrate on these.

In practice (affine) stochastic volatility models are first calibrated on market data, then used for
pricing. Pricing financial products is mathematically tantamount either to solving a PDE problem
with boundary conditions (the final payoff of the product) or to calculating the expectation of this
payoff using probabilistic tools such as Monte Carlo simulation or stochastic integration. For most
models closed-form formulae are scarcely available, and accurate algorithms have been developed
and used such as finite-differences [70] and quadrature [2] methods. The calibration step involves
a proper selection of the data to be fitted by a model. A common practice is to calibrate the
so-called implied volatility rather than option prices directly. The implied volatility is a standard-
ised measure of option prices which makes them comparable even though the underlying assets
are not the same. Since this calibration step is based on optimisation algorithms, the lack of a
closed-form formula for the implied volatility makes it very time consuming. For instance, the
SABR stochastic volatility model has become very popular because a closed-form approximation
formula for the implied volatility was derived in [56] and hence made the model easily tractable.

Likewise, perturbation methods as developed in [44] have proved to be very useful for obtaining



10

a closed-form approximation formula of option prices. Although these methods only hold under

some constraints on the parameters, they provide useful initial reference points for calibration.

In this thesis we provide closed-form approximations for the implied volatility in this large
class of models, with a particular emphasis on the Heston model—the canonical continuous-path
instance of affine models—since it is one of the most widely used models in financial modelling
(see [49], [73]). The idea supporting these results is the following: suppose one wants to calibrate
a (stochastic volatility) model to market data. This can be performed in two different ways: (i)
one uses a global optimisation algorithm, which involves computing the implied volatility at each
observed point until the algorithm converges; (ii) one specifies an initial set of parameters for the
model and runs a local optimisation algorithm such as the least-squares method. The latter solu-
tion is the most widely used in practice since it is less computer-intensive. However its robustness
heavily relies on the initial set of parameters to be specified. Simple closed-form approximations
for the model make this choice robust and accurate. One first calibrates the approximation to
market data—which is straightforward since this is a closed-form—then one uses this calibrated

set of parameters as a starting point in the whole calibration process.

In the first part of the thesis we introduce the main tools and notations we shall need later on.
In particular we recall the asymptotic methods on which our analysis is based. These methods
are based on a probabilistic, complex-analytic and geometric approach to the same problem, i.e.
minimising a distance (in the Riemannian sense) between two points. We also recall the definitions
and main properties of affine stochastic volatility models and hint on popular extensions of these

as well as calibration techniques in use.

We then move on to the application to these asymptotic methods to affine stochastic volatility
models. Part [[Il is concerned with the large-maturity asymptotics of the implied volatility smile.
We first start (Chapter @) with a pure probabilistic approach and express the large-time behaviour
of the implied volatility in terms of the rate function determining the large deviations principle for
the affine process. Assumptions have to be made concerning the regularity of the process for large
times and we shall explain the different possible behaviours. In Chapter [B] we focus on the Heston
model and use complex saddlepoint methods to provide more accurate option price and implied
volatility asymptotics. We also provide numerical evidence for these closed-form approximations.
In Part [Illwe first derive a geometric characterisation of the implied volatility when the maturity is
small. We are not able to state this result in full generality and only assume a certain (restrictive)
form for the system of stochastic differential equations satisfied by the model. However we believe

this simple case (i) sheds a light on a different approach to be pursued further and (ii) bridges
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the gap between the p

robabilistic approach based on large deviations principle and the geometric

methods already derived in [57] and in [I1]. In Chapter [{l we prove a large deviations principle for

the extended Heston model (defined in Part[l)) and use it to derive the asymptotic behaviour of the

implied volatility smile as the maturity tends to zero. We also give some indications on the diffi-

culties that arise when one wants to add jumps to the models. Finally Chapter [ parallels Part [T}

Chapter Bl and refines

small.

Notations

the implied volatility expansion in the Heston model when the maturity is

interior of a set A.

closure of a set A.

Cumulative distribution function of the standard Gaussian distribution.
Black-Scholes Call option price with moneyness x, volatility 3 and maturity ¢.
Call option price under a given model with moneyness x.

Implied volatility with maturity ¢ and moneyness x.

Implied volatility with maturity ¢ and moneyness xt.

dv/dt for a curve (v(1));>q -

imaginary part of a complex number z.

f(t)

lim —= = 1; the context makes it clear at which point the limit is taken.

g9(t)

max{0,x} for x € R.

Space of smooth functions on [a,b].
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Chapter 1

Review of asymptotic methods

1.1 Large deviations and the Gartner-Ellis theorem

We provide here a brief review of the key concepts of large deviations for a family of (possibly
dependent) random variables (Z;);>1 taking values in R and state the Gértner-Ellis theorem (The-
orem [[LTT)). A general reference for all the concepts in this section is [28] Section 2.3]. Let the
cumulant generating function A7 (u) := log E (e“Zt) be finite on some neighbourhood of the origin.
Assume that for every real number u the following limit exists as an extended real number

A(u) := lim t~'AZ (ut). (1.1.1)

t—oo

Let Dy :={u € R : |A(u)| < oo} be the effective domain of A and assume that
0eDg, (1.1.2)

where DY denotes the interior of Dy (in R). Since the function AZ is convex by Hélder’s inequality
for every ¢, the limit A is also be convex and the set D, is an interval. Since A(0) = 0, the convexity
implies that for any u € R we have A(u) > —oo. The function A : R — (—o0,o0] is said to be
essentially smooth if (a) it is differentiable in D} and (b) it satisfies lim,, . |[A'(uy)| = oo for
every sequence (up)nen in DY that converges to a boundary point of Df. A cumulant generating
function A which satisfies (b) is called steep.

The Fenchel-Legendre transform A* : R — R, of A is defined by the formula

A" (z) :=sup{uzr — A(u) : we R}, forallzeR, (1.1.3)

with an effective domain Dy« := {& € R : A*(2) < oo}. Under certain assumptions A* is a good
rate function. By definition this means that A* is lower semicontinuous (since it is a supremum
of continuous functions), A*(R) C [0,00] (since A(0) = 0) and the level sets {x : A*(z) < y}

are compact for all y > 0 (see [28, Lemma 2.3.9(a)]). In general a Fenchel-Legendre transform

13
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can be discontinuous and Dp« can be strictly contained in R (see [28] Section 2.3] for elementary
examples of such rate functions). We say that the family of random variables (Z;);>1 satisfies the
large deviations principle (LDP) with the good rate function A* if for every Borel measurable set
B in R the following inequalities hold

1 1
— inf A*(z) < hminf; logP (Z; € B) < limsup ZlogP(Zt € B) < — inf A*(z), (1.1.4)

zeB° t—oo t—o0 zEB

where the interior B° and the closure B of the set B are taken in the topology of R and inf () = co.
It is clear from definition (I.T4) that if the family (Z;);>1 satisfies the LDP and A* is continuous
on B, then limy .ot 'logP(Z; € B) = —inf {A*(x) : # € B}. An element y € R is an exposed
point of A* if there exists u, € R such that

yuy, — A" (y) > zu, — A" (2), for all x € R\{y}. (1.1.5)

Intuitively the exposed points are those at which A* is strictly convex (e.g. the second derivative
is continuous and strictly positive). The segments over which A* is affine are not exposed. Note
that (LX) can only hold for y € Dy and, if A is differentiable in D, then w, is the unique solution
of the equation A’(u) = y. We now state the Gértner-Ellis theorem, the proof of which can be
found in [28], Section 2.3].

Theorem 1.1.1. Let (Z;);>1 be a family of random variables and assume that the function A :
R — (—o0,00] defined by (LI satisfies (LI2). Let F be a closed set and G an open set in R.
Then the following inequalities hold

limsupt 'logP(Z; € F) < —inf {A*(2) : = € F}, (1.1.6)
t—o0
litminft_1 logP(Z, € G) > —inf {A*(z) : 2 € GNEY, (1.1.7)

where £ := {y € R : y satisfies (LLE) with u, € DY}. Furthermore if A is essentially smooth and

lower semicontinuous, then the LDP holds for (Z;);>1 with the good rate function A*.

We have so far considered large deviations using the sole knowledge of the Laplace transform
of a process. It is also possible to consider large deviations for the paths of the process itself.
Let n be an integer. We shall from now on denote Cy ([0,1]) the space of continuous functions
mapping [0, 1] to R™ such that the origin is a fixed point, and equipped with the supremum norm.
We also denote H the space of absolutely continuous functions with square integrable derivatives.
The basic result in this direction is the following Schilder’s theorem for the paths of a standard

Brownian motion.

Theorem 1.1.2. (Schilder’s theorem, see [28, Theorem 5.2.5])

Let (Wt)te[o,l] denote a standard Brownian motion on R™ and let ¢ > 0. Define the process



1.2. The complex analytic approach: saddlepoint methods 15

(W)
Then the family (ve) satisfies in Co ([0,1]) a LDP with good rate function Iy characterised by

tejo) by Wi = VeW, for all t € [0,1] and let v. denote the induced probability measure.

Iw (v) = ;/01 ‘W)rdt’ if Y € H,
00,

otherwise.

This theorem has been generalised to form the basis of the Freidlin-Wentzell theory which states

a large deviations principle for a diffusion process satisfying the following SDE on R™
dX; =b(X;)dt + Veo (X7)dW,, forallte[0,1], and X§j=uz€R",

where the function b is uniformly Lipschitz and all the coefficients of the diffusion matrix o are
also uniformly Lipschitz. Using the contraction principle (Theorem [T below), Freidlin and
Wentzell [45] proved the following.

Theorem 1.1.3. (see [28, Theorem 5.6.7])
If all the coefficients of o are bounded then the family (Xf) satisfies a LDP in Co ([0,1]) with the
good rate function I, defined by
1 7t
L(f) = T 5/ 1§ (6)] dt,
{geH:f(t)=a+ [ b(f(s))ds+[] o(f(s))g(s)ds } 0

where the infimum over an empty set is taken to be infinity.

Theorem 1.1.4. [28, Theorem 4.2.1] Contraction principle.

Let f : R — R be a continuous function. Consider a good rate function T : R — [0,00]. For each
y € R define T'(y) := inf {Z(x) : x € R,y = f(x)}. Then I’ is a good rate function on R . If T
controls the LDP associated with a family of probability measures (uz) on R, then I' controls the
LDP associated with a family of probability measures (,ug ) f_l) on R.

1.2 The complex analytic approach: saddlepoint methods

The large deviations approach we have presented above allowed us to obtain the exponential rate
of decay of some probabilities. However it does not tell us anything about higher order expansions.
Sharp large deviations theory is a probabilistic approach to tackle this issue (see [9] and [I0] for
instance). Saddlepoint methods in the complex plane are another powerful one in this direction.
Before presenting the method, let us first briefly see how this comes into play in our analysis. Recall
that we are interested in the tail probabilities P (X > a) for some large real number a, where X
represents a random variable whose distribution F' is only determined by its cumulative generating
function ® defined by logE (exp (2X)) = ®(z) for z in some region of the complex plane. We

assume that the function ® is analytic in some strip containing the origin. By Fourier inversion
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the following equalities hold:

P()(:>a)::;ggjIRe’dI’“ﬁhw>a}F(dx)::gg% ngxig_jja)e¢“f>g;.
We can not let € tend to zero directly in the integral on the right-hand side since the integrand has
a pole at the origin. However Cauchy’s theorem ensures that for any « in the strip of analyticity
of ® we can write

B T
and saddlepoint theory gives us a way to choose the level o optimally. The role of this very
brief preface was to introduce the link between the tail probabilities we are interested in and the
analytic approach proposed by saddlepoint theory. More precisely we shall be interested here in

determining the behaviour of integrals of the form

Lzﬁwng@@, (1.2.1)

as the real parameter A tends to infinity, where I' is some contour in the complex plane, and ¢
and ¢ are analytic functions on I' (in our case A shall represent the time). Define the functions

u:I' 5Rand v:T' = R by u(z) :=R(¢(2)) and v (2) := (¢ (2)), for all z € I". The inequality

b
HE / [ (2)] X49d

trivially holds where a and b are the two (possibly infinite) endpoints of the contour T'. Tt is clear
that the main contribution of this integral as A tends to infinity must come from the point where
the function u attains its maximum, and for convenience we assume it is unique. Using Cauchy’s
theorem we can now deform the contour I' such that it passes through this very point. Furthermore
we deform the contour I' such that the function u decreases as rapidly as possible along it, so that
the integral I is concentrated around the value of the integrand at the point zy. This path is called
the path of steepest descent. With this in mind, we can apply Laplace’s method as described in

the following proposition.

Proposition 1.2.1. (see Appendiz A, Proposition 2.1 in [98])

Let a < b be two real numbers and f and g two real functions twice continuously differentiable on
[a,b]. Assume that the function f is strictly convex on [a,b] and that there exists xg € [a,b] such
that ' (xo) = 0 then the following equality holds for large t,

b
~tf(z) _ o tf(z0) 27 -
/a e @ g(z)dr =et ( G (xo)g (zo) + O (t 1)) .

However in our case the complex part e**(*) in the integrand of I in ([LZI)) adds an oscillatory
term which increases as A grows to infinity. When choosing our path of steepest descent we want

to make sure to choose it in such a way that the function v is constant along it. Let us denote
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z:=x+1iy and let zg := xg + iyp be the solution of the equation Vu|ZO = 0. From the analyticity
of ¢ the Cauchy-Riemann equations lead d,u = dyv and dyu = —J,v. Hence the point z also
satisfies VU\ZO = 0. However by the maximum modulus principle the two functions u and v can
not have a maximum at the same time. zy is thus the so-called saddlepoint of ¢ and we assume
it is of the first order, i.e. ¢ (z9) # 0. From the Cauchy-Riemann equations the orthogonality
property Vu.Vov = 0 is also satisfied and hence the new path is such that the function v is constant
along it and corresponds precisely to the path where u varies the most rapidly (note that there
are two paths: one along which u decreases, one along which u increases, so one must choose the
correct one).

In order to formalise the discussion above let us precisely define the notions of saddlepoint and

path of steepest descent.

Definition 1.2.2. (see [14]) Let F': Z — C be an analytic complex function on an open set Z. A

point zy € Z such that the complex derivative dF/dz vanishes is called a saddlepoint.

Definition 1.2.3. (see [98]) Let z := z + iy, z,y € R and F : C — C be an analytic complex

function. The steepest descent contour v : R — C is a map such that
(i) | (F) has a minimum at some point zy € v and R (£ (z)) > 0 along 7.
(ii) S (F) is constant along .

These two conditions imply that F’(zp) = 0.

1.3 A rough guide to differential geometry

There is a deep link between large deviations theory and differential geometry. In Theorem
we have seen that a large deviations principle could be stated for some diffusion processes, where
the rate function corresponds to some metric. In Part [[IIl, Chapter [6 we will provide more precise
results in this direction, and hence we briefly recall some notions of differential geometry. These
geometric tools will allow us to precisely characterise the rate function of the large deviations
principle above as a metric on a manifold. Many reference books exist on this topic and we shall
mainly follow the monograph [63] by Jost. In this section M will always denote a Riemannian
manifold of dimension n € N and we shall use Einstein’s convention, i.e. two repeated indices are

n
summed: v; 2 = > v;22-. Let us start with the definition of a smooth manifold.
ox = ox
1=

Definition 1.3.1. A smooth manifold of dimension n is a locally compact Hausdorff space M
equipped with an open cover {U, } and a collection of smooth injective maps {x,} with z,, : U, —

R™ such that whenever U, N Ug # 0, the following transition map is smooth:

zgoxy i 24Uy NUG) CR™ = 25(U, NUs) C R™
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The collection {U,, 24} is called a chart and z, a map. The properties of the map transfer to
the properties of the manifold, i.e. a manifold is differentiable if all its maps are. It is clear that
a point p € U, is uniquely identified by its coordinates x,(p), and we might use both notations.
The main purpose of this rough section is to introduce the notion of a distance on a manifold. In

order to do so, let us first define the derivation map and the tangent spaces.

Definition 1.3.2. Let M be smooth n-dimensional manifold and let g € M. A derivation D at
Zo is a linear map from C*° (M) to R™ satisfying the Leibniz rule, i.e. for all functions f and g
in C*°(M) the equality D(f.g) (zo) = D (f)g(xo) + f (x0) D(g) holds. The tangent space of M
at g, denoted T,,M, is the vector space of all derivations at xzo. If z!,..., 2™ denote the local

coordinates of xg on the chart U, then (%)1:1 . forms a basis of T, M.

Definition 1.3.3. The cotangent vector space of a smooth manifold M at a point g € M,
denoted T, M, is the dual vector space of Ty, M, i.e. the vector space of linear forms acting on

TyyM. The elements of T M are called one-forms and we can define (dz')i—1,. n as its basis,

yeeey

with dz’ (0?;1‘) = (5?, for all i,j =1,...,n, where (5? is the Kronecker symbol.

Definition 1.3.4. A Riemannian metric on a differentiable manifold M is given by a scalar
product on each tangent space T, M which depends smoothly on = € M. A Riemannian manifold

is a differentiable manifold equipped with a Riemannian metric.

In local coordinates = := (z!,...,2"), a metric is a n x n positive definite symmetric matrix

(9ij(%))1<; j<n- such that for all p € M, we can write

0

oz "

where z(p) represents the vector of local coordinates of p. The next theorem will enable us to

o _ 9
(v,w) = gi; (z(p)) v'w’, for all <’U =0’ = “’Jaxj) € T,M xT,M,

define a metric in the context of stochastic volatility models:

Theorem 1.3.5. (Theorem 1.4.1 in [63)])

Every differentiable manifold may be equipped with a Riemannian metric.

From the definition of a metric we can now introduce the notion of a distance on a Riemannian

manifold M.

Definition 1.3.6. Let 7 : [a,b] C R — M be a smooth (C°°) curve, we can define
. b b i iy 1/2
(i) the length of v as L(7) == [ ‘jT;(t)Hdt: 12 (gis @y )i (1) ()

a

dt;

(ii) the energy of v as E(7) := %fb

a

S0t = & 2 g0 (1) dr,

where we define #(t) := & (y(t)). The distance d is then defined as

d(p,q) := inf {L(v) 27y ¢ [a,b] — M is a piecewise smooth curve such that v(a) = p,v(b) = q},

for any points p and ¢ in the manifold M.
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Equipped with this structure, we can now define a geodesic which will be the the central object

of our study.

Definition 1.3.7. A smooth curve v : [a,b] — M which satisfies the system of second-order ODE

a(t) + Tk (x(t) @7 (t)i* (1) =0, foralli=1,...n, (1.3.1)

where I‘ék = %gil (9j1,k + 9r1,j — gjk,) with g9 = gigl and gj; 1 = a%kgj’l forall 1 <i,j,k<mn,is
called a geodesic. The coefficients T, are the Christoffel symbols and the system of ODEs (L3.1])

is called the Euler-Lagrange equations.

It is easy to see that the length of a curve does not depend on its parameterisation. In particular,
minimising the length of a curve is tantamount to minimising another curve parameterised by arc
length (i.e. (&,) is constant). Furthermore, for curves parameterised by arc length, minimising
the length is equivalent to minimising the energy function, so that the connection between this
definition of a geodesic and the path of shortest length is made clear. The definition of a geodesic

makes complete sense as regards to the following corollary (see [63| Lemma 1.4.5]):

Corollary 1.3.8. On any compact manifold, any two points can be connected by at least one curve

of shortest length, and this curve is called a geodesic.

We now have almost all the tools we shall need in our study. We have defined above a geodesic
as the solution of a system of ODEs. In [29, Chapter 9], Do Carmo characterises it as the solution
to a variational problem. We do not quote all the results of this approach but we just recall the
definition of a variation of a curve as a family of neighbouring curves. The reason for introducing
such a concept is that it will make it possible to characterise a geodesic curve in terms of the

properties of the energy functions of its variations.

Definition 1.3.9. [29] Definition 2.1]
Let v : [0,1] — M be a piecewise differentiable curve in the manifold M. A (proper) variation of

7 is a continuous mapping f : (—¢,¢) x [0,a] — M such that
(i) f(0,t) =~(¢) for all t € [0, 1];

(ii) there exists a subdivision 0 =ty < t; < ... < tp41 = 1 of [0,1] such that the restriction of f

to each (—¢,¢) x [t;,t;41] for i = 0,...,n is differentiable.



Chapter 2

Black-Scholes and implied

volatility

Throughout this thesis we shall for convenience consider that interest rates are null so that the
forward price is the same as the share price and we will denote the corresponding process S =
(St)t>0 and its logarithm X = (X;);>¢ defined as X; := log (S¢) for all ¢ > 0. The initial value
So will always be assumed to be a strictly positive real number. The Black-Scholes model [I3]
assumes that the share price process satisfies the stochastic differential equation d.S; = X5, dW;,
where (Wt)tzo is a standard Brownian motion and ¥ > 0 represents the volatility of the returns.
Consider a European call option at time 0 written on the share price S with strike K > 0, which,
under the risk-neutral measure, pays at maturity ¢ > 0 the amount E (S; — K) . We shall always
consider here that the risk-neutral measure, i.e. the measure under which the share price is a
true martingale, is given a priori. For convenience we shall—unless otherwise stated—consider
the log-moneyness z := log (K/Sy) € R and express the quantities of interest accordingly. The

Black-Scholes formula tells us that the price Cgg (2, 2, ¢) of such an option is worth

COps (2, 5,1) = SN (—;ﬁ + Ef) ~ KN (_zf/i - Zf) ,

where N represents the cumulative distribution function of the standard Gaussian distribution.
Let Cops (,t) represent an observed—or given—price of a European call option with the same
maturity and log-moneyness. The implied volatility is defined as the unique value ¥ > 0 such that

the equality
C(obs (xa t) = CBS (J}, Z, t)

holds. It is easy to see that for any € R and ¢ > 0, the function ¥ — Cgg (z,3,1) is strictly
increasing and hence the implied volatility is well defined. It is also clear that the implied volatility

varies in terms of the maturity ¢ and of the log-moneyness x. We shall hence refer to the implied

20
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volatility smile at maturity ¢ when regarding the implied volatility as a function of z for some
fixed ¢t. Similarly, the term structure of the implied volatility will refer to the implied volatility
as a function of the maturity ¢ for some fixed . Finally the implied volatility surface denotes
the three-dimensional graph of the implied volatility as a function of both the maturity and the
log-moneyness. We shall henceforth use the notation o(z) to denote the implied volatility cor-
responding to a Furopean call option maturing at time ¢ with log-moneyness x. Since we have
just introduced the Gaussian cumulative distribution function, we might as well state the following

trivial lemma which we shall use many times all along this thesis.

Lemma 2.0.10. Let n: z € R — (21)" 2 exp (—2%/2), and N denote respectively the density
and the cumulative distribution function of the Gaussian distribution, then the following bounds
hold for all x > 0:

(z+1/2) "n(@) <1-N(z) < n(z)/z.



Chapter 3

Affine stochastic volatility models

3.1 Affine stochastic volatility models with jumps

In [30], Duffie, Filipovié¢ and Schachermayer introduced affine processes—a general class of real-
istic tractable processes—and laid the mathematical grounds to study them. Within this class,
two-dimensional affine stochastic volatility processes (with jumps) encompass some of the most
used models in practice, in particular the Heston [59], the Bates [5] and the Barndorfl-Nielsen
& Shephard [4] models. More specifically, let (S;);>0 represent the share price process, denote
X, :=1log(S;) and let (V});>0 be another process starting at Vo = v > 0. We do not make specific
assumptions on the filtration and it will be sufficient to consider the natural filtration (}—t)tzo

generated by the pair (X¢,V;),~,. As in [68], we make the following assumptions:
A1l. The pair (X, Vi)¢>0 is a stochastically continuous, time-homogeneous Markov process.

A2. There exist two functions ¢ and 3 such that the logarithmic characteristic function @, satisfies

Dy (u,w) :=logE (exp (u (Xt — o) + th)

xo,v) = o (t,u,w) + ¥ (t,u,w)v, (3.1.1)
for all ¢,u,w € Ry x C?, where the expectation exists.

A3. The (discounted) share price process (S¢),~ is a martingale.

Let us now define the functions F : C? — C and R : C* — C by F(u,w) := 9;¢(t,u,w)|,_o+ and
R(u,w) := 0p)(t,u, w)|,_y+, whenever ¢ (t,u,w) and 1) (t,u,w) are defined. In [6§], Keller-Ressel
proved the existence (and domains) of F and R and showed that they satisfy a system of Riccati
equations. Furthermore from the general theory of affine processes [30], we know that they must

be of Lévy-Khintchine form:

F(u,w) = <g (u,w)" +, (u«w)’} - /D\{O} (et — 1 — (wp (2, y), (u,w))) m (dz,dy), (3.1.2)

22
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R(u,w) = <% (u,w)" + B, (an)/> + /D\{O} (e™ v — 1 — (wg(z,y), (u,w)/>) w(da,dy), (3.1.3)

where D :=R X Ry, wp (2,y) := (z/ (1 + 2?) ,0)’ and wg (z,y) == (z/ (1 +2%),y/ (1 + y2))l are
truncation functions, a and «a are two positive semi-definite matrices with a1s = as; = agss = 0,
be D, 3e€R? m and u are two Lévy measures on D and fD\{O} (2 +y) A1) m(dz,dy) < oco.
Let us make one more assumption:

A4. The function u — R (u,w) is not constant.

Following the terminology in [68], a process satisfying Assumptions A1-A4 is called an affine
stochastic volatility model and is fully characterised by the affine form of its characteristic func-
tion @II). For instance, take F (u,w) := k0w + A(u) and R (u,w) := u(u—1)/2+&*w?/2 — kw +
uwpé, then one recovers the Heston model with jumps (see Section below) for the dynamics
of the logarithmic share price dX; = (6 — V;/2)dt + /V; AW, + dJ;, where the stochastic variance
process follows dV; = k(0 — V;)dt + £\/V; dZ;, where W and Z are two Brownian motions with
correlation p, J is an independent pure-jump Lévy process and the function A is the compen-
sated cumulant generating function of the jump part: A(u) = [ (" —1 —wu (e —1))m (dz).
In the Barndorff-Nielsen & Shephard case [4], consider F (u,w) := ~vyr(pu + w) — yx(p) and
R (u,w) := u(u—1)/2—~w, then one obtains the corresponding dynamics for the logarithmic share
price dX; = (0 — V;/2)dt + /VidW, + pdJ.,; with stochastic variance dynamics dV; = —yV; +dJys,

where the process (J;),~ is a Lévy subordinator.

In this thesis we shall place great emphasis on the continuous-path version of these affine
stochastic volatility models. Assume that the two Lévy measures satisfy 4 = 0 and m = 0, then

the process (X;),-, has continuous sample paths and it is easy to see that it satisfies the SDE

dX; =-%(a+Vy)dt+pyV,dW, +/a+ (1 —p?)V;dZ, Xo=z€R,

(3.1.4)
dV; = (b+ V) dt + aV; dWy, Vo =v € (0,00),
where the admissible parameter values are given by
a,b>0, a>0, feR and pe[-1,1], (3.1.5)

and where the two Brownian motions (W3), and (Z¢), are independent. The process (V4),5 is
a square-root diffusion process and the Yamada-Watanabe conditions [67) Section 5.2 C] ensure that
a non-negative strong solution exists. It is clear that the process (eX‘) />0 18 a local martingale with
respect to the filtration (F3),, and [68, Theorem 2.5] implies that it Es in fact a true martingale.
The Heston model, defined in [59] with mean-reversion rate x, positive long-time variance level 6,
volatility of volatility o and correlation p, falls in the class of models given by BI.4]) (take a =0,

b=k >0, 3=—k <0, a=0? the correlation parameter p has the same role as in ([B.1.4)).
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Remark 3.1.1.

(i) This class is a continuous-path generalisation of the Heston model, both in terms of number

of parameters (in Heston, a = 0) and in terms of range of parameters.

(ii) The general form of the instantaneous variance of a continuous affine stochastic volatility
model is given by a + &V for some & > 0. A simple scaling of the process V in (BI.4)
maps the class of models given by [BI1.4) to the general case. Without loss of generality we

therefore assume & = 1.

(iii) The process U = (Ut),s defined by U; := a + V; for all ¢t > 0 follows the shifted square-root

dynamics (see [(5] for applications of the shifted square-root process in pricing theory).

3.2 The Heston model

The Heston model is the canonical example of a continuous affine stochastic volatility model defined
by BI4) and we shall lay particular emphasis on it in this thesis. We therefore recall here some

of its well-known (and perhaps lesser known) properties.

3.2.1 The CIR process and Heston characteristic function

Under the risk-neutral measure the logarithmic share price process X satisfies the SDE

dXt :_%‘/:fdt+\/‘7tdwtv X0:550 GRv
Vi = k(0 Vi)t +oVTdZ, Vo=v >0, (3:2.1)
AW, 2), =pdt,

where W and Z are two standard Brownian motions, k > 0 and # > 0 are respectively the mean-
reversion speed and the long-term variance of the variance process, o > 0 accounts for the volatility
of volatility, v is assumed to be non random and p € [—1,1] is the correlation parameter between

the two driving Brownian motions.

Notation 3.2.1. For ease of notation we will from now on denote S; ~ H (So, v, k,0,0,p,t) the
price of an asset following the Heston dynamics ([B21]), with a slight abuse of notation between

the share price process S and its logarithm X.

The approach we shall develop in this thesis is fundamentally based on the knowledge of the
Laplace transform of the process. We therefore briefly recall it here and we indicate a few references
related to the pricing of European Vanilla options under the Heston model. In the literature sev-
eral different—obviously equivalent—expressions exist for its characteristic function. The original
formulation [59] is slightly different from the one we use here. The technical issue in the expression

in [59] is that one has to take care of possible branch cuts in the complex plane. In [65] Lord &
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Kahl have provided ways to avoid this difficulty. We adopt here the terminology of [2] since it
bypasses the need for a step-by-step check of branch cuts. The characteristic function ¢; : R — C

under the Heston model takes the following form:

oi(k) = E (exp (ik;(Xt . Xo))) = exp (o (t,k) + D (t, k) v), (3.2.2)

where
C(tk) == Zé ((K — poik — d(k))t — 2log (1 - g(li)fxgp(gd(k)t)» , (3.2.3)
D(t,k) := % (n — poik — d(k)) - _1 g(gipf—(z)(%t) , (3.2.4)
(k) = BT PR = dR) L a ) = T = otk T o (h T k), (3.2.5)

k — poik +d(k)’
where we take the principal branch for the complex logarithm. For the square root here either

of the two roots may be chosen since the characteristic function is even in d. To switch from the

characteristic function to the Laplace transform of the process, let us recall the following theorem.

Theorem 3.2.2. (Lukacs [77, Theorem 7.1.1]). If a characteristic function ¢ is reqular in the
neighborhood of k = 0, then it is also reqular in a horizontal strip and can be represented in this
strip by a Fourier integral. This strip is either the whole plane, or it has one or two horizontal
boundary lines. The purely imaginary points on the boundary of the strip of reqularity (if this strip

is mot the whole plane) are singular points of .

Recall that a characteristic function ) is said to be regular if it is analytic and single-valued. The
analyticity of the characteristic function ¢; is henceforth equivalent to the existence of a strictly
positive real number ¢ such that the (normalised) logarithmic Laplace transform A; defined by
A (p) :=logE (ep(Xt_mﬂ)) for all t > 0 is finite for all —¢ < p < e&. The strip of convergence of
¢; then corresponds to the effective domain of A;. Theorem together with the representa-

tion (B22) lead to

o) C (t,—ip) + D (t, —ip) v, for all t < t*(p), (3.2.6)
t\pP) = /N
+00, for all t > t*(p),

where the explosion time function t* : p € R — sup {t > 0: A(p) < oo} reads (see [3])

00, if 0 (p) > 0 and ((p) <0,

py = dCan) o (ST iF5(p) > 0 and () > 0, (3.07)

2 2|d (—i
g (e + e (S5 ) o) <o

where ((p) := (pop — k)/c? and where we define 8(p) := (k — pop)® + o2p (1 — p) for convenience
so that d(—ip) = /0 (p). We refer the interested reader to [3] for a complete characterisation
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of explosion times for more general continuous stochastic volatility models. In this thesis we
will actually be interested in the other way around, i.e. for a given maturity ¢ what is the strip of
analyticity of the characteristic function ¢;? Since this will involve some more detailed calculations,

we postpone its analysis.

3.2.2 Properties of the Heston model

We recall here some fundamental properties of the Heston model characterised by the system of
SDEs (B21)) which we shall need later on. Even if stochastic models driven by pure Brownian
terms like (B271)) are always local martingales, a size issue could prevent them from being fully
qualified martingales, as shown by Jourdain [64]. In the case of the Heston model, this could
happen when the stochasticity of the volatility makes the underlying get bigger, in case of strictly
positive correlation. However everything turns out to be fine for the first moment as the following

proposition [64] stipulates.
Proposition 3.2.3. If S; ~ H (So, v, k,0,0,p,t) then it is a true martingale.

A clear self-contained proof of the true martingality of the Heston model has been provided
recently by Del Banio Rollin [27] and Keller-Ressel [68] proved this under some conditions for general
continuous affine stochastic volatility models as we mentioned before. The following lemma conveys
a lot of information on the influence of the Heston parameters. If S; is a Heston process, then
the inverse process S, 1 also follows a Heston dynamic up to a related change of measure. Let us

define the Share measure as the measure with St /Sy as the numeraire, then the following holds.

Lemma 3.2.4. If S; ~ H(So,v,k,0,0,p,t), then under the Share measure the inverse process

St_l 1s of the type H (So_l,v,/%,é, a,ﬁ,t), where & := Kk — op, 0 := kO/K. and p := —p.

Proof. In [26], Del Bafio Rollin proves it using the characteristic function of Heston. We provide
here a probabilistic proof. Consider F2.I)) and define U; := S;!, then Itd’s lemma implies dU; =
U/ Ve (VVi dt — dW;). Define now a new probability measure Q defined by

dQ/dP = 5, := exp (/Ot VVedW, — ;/Ot \/Vsds> = 5,/S,.
Since S is a true martingale Girsanov theorem ensures that dU;, = U;+/V; dW, holds under Q with
AV = k(0 — Vi) dt + 0/ Ve dZy + 0, 'd (0, V), = & (0 — Vi) dt + 01/ V; dZy,
and d (W, Z), = pdt. This implies that the pair (Uy, V;),5, satisfies under the measure Q:

dUt = Ut\/Vdet
AV, =& (0 V) dt +0\/V;dZ,
A(W,2), = pdt.

t
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Obviously this Heston symmetry is an involution on the Heston dynamics such that xk — po > 0,
with a single fixed point which is the uncorrelated Heston model (p = 0). This symmetry property
allows us to express the right wing of the Heston smile in terms of the left wing of the symmetrised
model (and vice-versa). This is useful in practice since many authors provide results on smile
asymptotics only on one side of the smile. A last consequence is that the at-the-money volatility
structure (a.k.a the implied volatility term structure) is left invariant by the Heston symmetry.

When p = —1 the Heston model is somehow degenerate in the following sense:

Proposition 3.2.5. Assume p = —1. Define S; := Spexp (vg + ¢t) for all t := ot > 0 then the
inequality S; < S} holds almost surely for all t > 0. Furthermore the implied volatility is strictly

decreasing below S7 and equal to zero above S¥.

Proof. This property is obtained by Fourier transform in [48]. We give here a more probabilistic
proof, based on the system of SDEs (B:21]), where we consider p = —1:

dS; = Si\/ Ve AW,
AV, = k(0 — V;) dt — o/V, dW,.

Using Itd’s formula, we have

t t t t
Sy = Spexp (—/ Eds—i—/ \/VSdWS> = Sy exp (—/ Vsds) exp{/ (K (0 —Vy)ds — dVS)}
0o 2 0 0o 2 0o \O o

t g 0 t
= Spexp 7/ de exp H—tJrngff/Vsds , forallt>0.
0o 2 o o o 0Jy

Since the variance process V' is always positive almost surely (by the Feller condition), the inequality

Sy < Spexp (v/o + Kkbt/o) holds for all £ > 0 almost surely. O

This anti-correlated Heston is sometimes named the Heston-Nandi model, by reference to its

discrete-time version studied in [60]. By symmetry the case p = 1 has analogous properties.

3.3 Extensions of the Heston model

The Heston model has proved to be rather efficient to calibrate equity derivatives. However several
drawbacks have been pointed out, either from a theoretical of from a practical point of view (see [49]

for more details):

e The Heston model is rather accurate when used to calibrate an implied volatility surface,

but turns out to be insufficient for short maturities as the observed skew is too steep.

e It does not provide an efficient way to perform a joint calibration vanilla and volatility

derivatives (such as variance swaps) or vanilla and Foreign-Exchange options (see [17]).
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To overcome these shortcomings, several approaches have been proposed such as (i) adding jumps
either to the share price or to the variance process or both ([95], [69]), (ii) increasing the dimension
of the process (see [I5] and Section B3] below). We present hereafter a special type of multidi-
mensional Heston process, for which our large deviations methodology in Chapter @l will apply in

a straightforward way.

3.3.1 The multidimensional Heston model

There are two types of multidimensional Heston in the literature, each corresponding to a special
approach: Buehler [I5] proposed the double-Heston as a Heston model where the long-term variance
is also a Feller diffusion process. This is consistent with his variance swap curve approach, where
each dimension of this model corresponds to a factor of the variance curve. However there is no
closed or semi-closed form formula for the pricing of vanilla options in this framework. The other
approach ([66], [25]) introduces several variance processes, independent one from another, each

driven by a Brownian motion acting on a separate time scale. This approach is appealing since

- the characteristic function is available in closed-form (hence allowing a semi-closed form

formula for vanilla options similar to the standard Heston model);

- the induced correlation between the variance process and the returns is stochastic, therefore

allowing a better fit to the so-called stochastic skew observed on FX markets;

Several authors have proposed an extension of classical stochastic diffusion / jump / Lévy processes
to take into account the so-called stochastic skew of the FX market, i.e. the fact that the slope
of the implied volatility varies over time. The traditional approach consists of specifying some
stochastic dynamics for the correlation between the share price and the volatility (for instance as
a transformed Jacobi process, see [66]). We propose here (see also [66], [22]) a multidimensional

Heston model for the logarithmic forward price process X = (X¢);>0, in the following sense:

Definition 3.3.1. We define a Heston model of dimension n € N, or simply a multidimensional

Heston model by a process (X;);>o satisfying the following system of SDEs,

Xy =-3 S Vidt+ > /Vidwy, Xo €R,
i=1 =1
Vi =ri (0= V) dt+op/VidZ, Vi =v'>0, foralli=1,...n,
AWE W), =piddt, and d(Z',27), =b;dt, foralli,j=1,...,n,

where §;; is the Kronecker delta and £° > 0, 6° > 0, 0% > 0, |p’| < 1 are satisfied for alli = 1,...,n.

Remark 3.3.2. In [22] Carr and Wu developed an estimation of a more general model, namely a

double Lévy process for the process (X;);>o:

Xi=(rqg—rp)t+ (L¥R - fRTtR> + (L%L - §LTtL) , forallt >0,
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where rq, 7y denote the domestic and foreign risk-free interest rates, LE LE two Lévy processes

exhibiting right and left skewness, T/%, T, two stochastic time changes, and ¢¥, ¢ two functions

ensuring that the processes (L?R — fRTtR> and (L%L — eI, tL> are both martingales. We
t t>0 t t>0

refer to [22] for more details about the properties of this model.

Proposition 3.3.3. The multidimensional Heston model can be written as a one-dimensional

stochastic volatility model with stochastic correlation.

Proof. Let n € N. Define the process (&),5, by & := > V)’ for all ¢ > 0. We then have
= i=1

n

n n 1/2
dge = dVi = ki (0 = Vi) dt + > o/ VidZ] = Z’% 0; — Vi) dt + (Zﬂ/z) dz,
i=1

i=1 i=1 i=1
1/2
—Zm i —V)) dt+\/€t<zo?\/§t ) dz,,

-1/2 ,

where dZ; := (Z 02Vt> S 0i\/ViidZ}. The process Z is a standard Brownian motion by
i=1

the Lévy characterisation theorem (see [97, Theorem 4.6.4]) since the process £ never reaches zero

almost surely by the Feller condition on every variance process V. We can also rewrite the SDE

for the process X defined in Definition B3] as
1 n . n - . gt
dXt:_5;tht+; Vi dW, :—gdt+\/§7th,

where we define W, := 5;1/2 >/ ViEdW] for all t > 0. The process (Wy);>o is again well defined
i=1

as a standard Brownian motion by the Lévy characterisation theorem. Finally the correlation

between W and Z reads

n

n 71/2 n
d(W,2), =& " (Zo?W’) oA VEAW! Y o/ VidZ)
i=1

i=1 i=1
n —1/2 n
=& (Z U?W) > oipiV/ide
i=1 i=1

O

Note that this multidimensional Heston model is also an alternative to multiscale volatility
models as each volatility can act on a different time scale. Although very little is known about
asymptotic results for higher (greater than 2) dimensional stochastic volatility models, this partic-
ular extension is quite convenient since all the results based on the characteristic / Laplace function
are readily applicable to this model. Indeed it is straightforward to see that since the variance
processes are independent of each other, the logarithmic Laplace transform of the multidimensional

process X reads

A¢ (u) :=log E (e*X) ZA” . for all u € Dy,, (3.3.1)
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where Agi) is the logarithmic Laplace transform of a Heston process H (SO, vl k00 pt o, t), and

n
the effective domain Dy, is precisely equal to (| D, ).
i=1 Ot

3.3.2 Time-dependent Heston: the Asian option approach

In order to obtain a better fit to market data than the Heston model (for instance allowing a
joint calibration equity and volatility derivatives), some authors have advocated time-dependent
parameters. Consider a share price process S; ~ H (So, v, 7, kt, ¢, ¢, pt,t). Buehler [I5] showed
that in order to be able to fit a variance swap curve consistently, x; and the product p;o; have
to be constant in time. In [4I], the authors proposed a method to calibrate a Heston model
with time-dependent parameters (all but k) to a given variance swap curve. In terms of pricing
Benhamou et al. [§] proposed an analytical approximation for European vanilla options using
Malliavin calculus in a small volatility of volatility regime, which can be seen as an extension of
the Lewis asymptotics to the time-dependent case, whereas Elices [35] calibrates a time-dependent
Heston model extending the original Fourier-transform approach to the time-dependent case. For
a share price process (S;):>0 which is a positive continuous martingale under the pricing measure,
we can write

1
Sy = S exp <5t - 2<ﬁ7ﬁ>t) , forallt>0,

where 3; := fot Vs dWy, for some Brownian motion W and a predictable square integrable volatil-
ity process (\/Vt) >0 (see [15]). For the process S the fair price of a variance swap at inception is
Eq ( fg Vsds). The_variance swap can be replicated with logarithmic contracts on .S, which can in
turn be replicated with a static portfolio of European call and put options of the same maturity ¢
(see [79] and Appendix A of [I5] for details). We follow here the approach developed in [41].

Let us consider a Heston model as above where the mean-reversion level 6, and volatility-of-
variance o; depend on time. We would like to be consistent with an observed or pre-specified
variance swap curve and a pre-specified term structure for the second moment of the integrated

variance. For all t > 0 we define I; := fg Vids the realised variance of the process.

Theorem 3.3.4. For the share price process Sy ~ H (So, v, 7T, ki, O, 01, pt,t) the equalities

OE(I}) = 2E(I;V3), (3.3.2)
OHE(L:V:) = E (I (k(0: — V2)) + E(V/?), (3.3.3)
HE(V?) = 2E (Vik(0; — Vi) + o2E(V4), (3.3.4)

hold for all t > 0. Moreover, we can make this model consistent with a pre-specified variance swap

curve E (fot Vsds), and a pre-specified term structure for the second moment of the integrated
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2
variance E ((fg Vsds> ) by choosing v, 0; and o; as follows

t o E — 25K (V,
v= O,k (/ Vsds> , 0= atL(Vt) +EV;), o= i ( ) HIE (Vi (6: )), (3.3.5)
0 t=0 K )
if 0 < Omin < 0p < Oax < 00, 0 < Omin < 0 < Omax < 00 for all t > 0, where E(V?) =
OE(IVy) — E (Ii(5(0; — V;)) and E(1,V;) = O (I7) /2.

Proof. Let us fix t > 0. We know that E(V) is finite for all s € [0,¢]. Therefore E (fot angds)
is finite as well and the stochastic integral fot 05V Vs dBg has zero expectation. Using Fubini’s

theorem and the fundamental theorem of calculus we obtain the forward equation
OE(V;) = n(et - E(Vt)). (3.3.6)

We can then rearrange this equation to recover 6, in (B33 (note that o, does not affect E(V;)). We
now proceed along similar lines to Dufresne [31]: 1t6’s lemma implies the equality d (Itz) = 2LV, dt

so that Fubini’s theorem and the Schwarz inequality lead

t t t s
E (I7) =2E (/0 ISVSds) = 2/0 IE(ISVS)ds=2/O /0 E (V,V,)duds
t s
gz/ / (B (V2)E (V2))"? duds < oo,
0 JO

The fundamental theorem of calculus implies 0;E (If) = 2E(I;V}). Likewise we compute E(I;V}):
t t

LV, = / (L, AV, + V, dI,) = / 1,(5 (6 — Vi) ds + 0uy/VodB, ) + V2 ds. (33.7)
0 0

By the Schwarz inequality we have E (I?V;) < (E (I}') E (Vf))l/Q, and Jensen’s inequality leads

tE(I}) =E [(t‘l/otVsds>41 gE(t_l/Ot V;*ds) :t‘l/ot]E(V;“)ds,

and we know that E(V,!) < oo for all s € [0,¢]. Therefore the three expectations E (1), E (V,?) and
E (IEVt) are finite, which in turns implies that the expectation E (fot o212V, ds) is finite as well. We
hence have sufficient integrability conditions for the stochastic integral fot oI,V V 4dB, in B3
to have zero expectation, and hence the forward equation O,E(I,V;) = E (I; (k(0; — V;)) + E(V;?)

follows. Repeating the procedure again for V,2, we find

t t
Vtz — 2 +/ 2V, (5(95 —Vs)ds+ o/ Vs dBS) +/ aEVS ds.
0 0

Using the fact that the third moment of the process V is finite we finally obtain the ODE 9,E(V,?) =
2E(Vik(0; — Vi) + o2 E(V;), which concludes the proof of the theorem. O

Much like Dupire’s [32] forward equation for call options under a local volatility model, the
equations in Theorem [3:3.4] have some theoretical appeal but are difficult to implement in practice
since higher order derivatives need to be computed. In the following we address this issue by
deriving Taylor series expansions for the expectation and the variance of the integrated variance.

We also provide a bootstrapping method to enhance the calibration.
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Proposition 3.3.5. Let (F,)u>0 denote the filtration generated by I. For all 0 < s < t, we have

E(L/F,) = E(L) + E(V,)(t — 5) + g (0, —E(V2) (t— )2+ O ((t — 5)%), (3.3.8)

and
V(L) F,) = V(1) +2(B(LV,) — B(V,)E(LL) ) (¢ - 5)
+ {E(V2) - EA(V,) - 5 (E(LV:) - EUE(V:)) } (t = 9)* + O ((t =) . (339)
Corollary 3.3.6. The following ezpansions hold for t close enough to zero:

E(t ') =v-— %/{(v —0)t + 2(96 — k(0 — U)>t2 +0 (),

2 /
\% (tillt) = (;—Ovt + <—m}00 + 20000 + 0201/> %tz + 0O (t3) ,

where 0, denote the derivative of the map t — 0, evaluated at t = 0, and likewise for of,.

Proof. Let 0 < s <t. We can then solve the ODE in (8:3.6]), expand the solution as a Taylor series

around t = s, integrate and then square it and we obtain
E(I;/Fs)? = E(L)* +2E(I5)E(Vs) (t—s)+ (/QOSIE(IS)+E2(VS)—nIE(Vs)]E(Is)) (t—s)*+0O ((t —s)*).
We also have

B (V2/F,) = B(V2) + (E(V,)o? + 260,E(V,) — 26E (V) ) (t - 5)
+ {né)s (nes + UE) + (aso; — %ai + KO, — 3,893) E(V;) + 2,.;21@(‘/82)} (t —s)?
+O((t-9)°),

and

E(1Vi/F2) = B(LV:) + (k0.B(L) — kE(LV.) +E(V2) ) (¢ = 9)

_|_

% (I«? (E(LsVs) = 05E(I,)) + 36(E(V5)0s — E(VY)) + 0TE(V;) + fw;E(Is)) (t—s)
+0((t-1s)*).
Thus we obtain

t

E(I7/F,) =2 /OtE(IuVu/]-'S)du =2 /OSE(IuVu)du + 2/5 E(I,V,/Fs)du
= E(12) + 2E(LV)(t — 5) + (W0.E(LL) — kE(LV.) +E(V)) (t = 5)2 + O((t = 5)°),
and
v ([ du/7.) = B~ B2 +2 (R ~ BOLE(L)} - )
+{E(V2) ~ EX(V) - 5 [E(LV2) — E(L)E(VL)]} (t - 5)2 + O((t - 5)%),

which proves the proposition. Since E(1y) = 0 and E(V}) = v, the corollary follows immediately. [
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The following procedure outlines how one can use Corollary B.3.6] and Proposition B.3.5 to

calibrate a time-dependent Heston model with piecewise linear #; and oy:

(1)
(2)

Choose a value for k.

Fit the variance swap rate curve E (I;/t) from tg = 0 to t; > 0 with a quadratic, and the
V (I¢/t) curve with a quadratic, whose leading order term is linear. Using Corollary 3.3.0]

we can then back out v, 0y, 6], op and o).

Using the values for 0y, 6], oy and o{,, construct affine functions for 6; and o; over [0, t1].

Solve 3.2), B33) and [334) analytically over [0,¢1], so as to compute E(v, ), E(, V4, ),
E(I}), and hence V(17 ).

From pre-specified values for E(1;,) and V(Iy,) with o > 1, back out ¢} and o7, using (3.3.8)
and ([B3.9) respectively with s = ¢ and ¢ = t3. We then use these derivatives to construct
affine functions for 6; and o} over [t1,ts], so that 8; and o, are piecewise linear (and contin-

uous) over [0, ta].

Repeat steps (1)-(5).



Part 11

Large-maturity implied volatility

asymptotics
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Introduction

As we mentioned in the general introduction, the goal of this thesis is to develop a set of closed-
form approximations for the implied volatility in order (i) to have a better understanding of models
and (ii) to obtain more accurate and more stable calibration procedures. In this part we focus on
the large-time asymptotics of affine stochastic volatility models. Our main result is the following
large-time closed-form formula for the implied volatility 6; (z) corresponding to a European option

with maturity ¢ and maturity-dependent strike Sy exp(at):

52(2) = 62 () + ¢ 1 865() o Alo) o(t™
Ut(x)* oo( )+t 41.2_A4 1g<ABs( (x)70)>+ (t )

G5 (@) z, oo

for any z € R, as t tends to infinity, where the function 62, is the genuine limit of the implied

volatility smile. The limiting behaviour 6, is first proved for a large class of models in Proposi-
tion [£1.3] and the expansion above including the correction term is derived for the Heston model
in Theorem .21 The functions 62, Agg and A are all available in closed form. For a constant

strike Sp exp(x), the above formula simplifies to
o2 (z) = 8A*(0) + 4t~ ((2u*(0) 1)z — 2log (—A(O) 2A*(0))> +o(t))

as t tends to infinity, where the function A* is the Fenchel-Legendre transform of the limiting
Laplace transform of the model under consideration, and w* is the corresponding saddlepoint.
This formula is proved for the Heston model in Theorem It is well-known [86] that for
a fixed strike, the implied volatility flattens as the maturity increases; this is confirmed by the
formula for o, above, the zeroth order term of which was already known for the Heston model
(see [73]). However, the maturity-dependent strike formulation 6, above reveals that the implied
volatility smile does not flatten but rather spreads out in a very specific way as the maturity
increases. In the fixed-strike case, Lewis [(3] pioneered the research on large-time asymptotics of
implied volatility in stochastic volatility models by studying the first eigenvalue and eigenfunction
of the generator of the underlying stochastic process. Recently Tehranchi [I01] studied the large-
time behaviour of the implied volatility when the share price is a non-negative local martingale
and obtained analogues of the maturity-independent strike formula above in that setting.

In Chapter @] we consider the general class of affine stochastic volatility models and use large

deviations techniques to derive the asymptotic behaviour of option prices and the limit 6, of the
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implied volatility as the maturity tends to infinity. We are not concerned here with the correction
term for 6;. Section ELT] assumes that the scaled process (X:/t),, satisfies a large deviations
principle and derives the implied volatility behaviour for large maturities. In Section we focus
specifically on continuous affine stochastic volatility models. This is justified by the fact that
the continuous case is extremely informative and points out precisely where the difficulties arise.
In this section we prove a full large deviations principle for the Heston model and explains why
this does not hold for general continuous affine stochastic volatility models for which a more
refined analysis is needed. Finally, in Section 3] we extend these results to the multidimensional
Heston model and to affine stochastic volatility models with jumps, for which more assumptions
are needed. Incidentally we shall present a simple non-affine case—the Schébel-Zhu model—for
which calculations follow straightforwardly from the standard Heston case.

Motivated by these results, we push the analysis further in order to study precisely both the
rate of convergence and higher-order terms. Large deviations theory acts on a logarithmic scale
and a different tool is needed to carry out this program. Chapter Bl focuses on the Heston model
and fully proves the expansion for 6; above by means of complex saddlepoint methods and contour
integration. The idea of studying the behaviour of the call price function as an inverse Fourier
transform has already been applied by several authors ([19], [20], [52], [I] and [87]) in order to
speed up the computation of option pricing algorithms based on inverse Fourier transforms. In
the Heston model we are able to obtain the saddlepoint u*(x) in closed form, thus avoiding any

numerical approximations, and we test our asymptotic formulae on calibrated data.



Chapter 4

The large-maturity smile: a large

deviations approach

4.1 From large deviations to implied volatility asymptotics

In this section we consider a stochastic process (X¢),, such that (eX‘) is a true martingale with

t>0
respect to a reference filtration and we assume that the scaled process (X;/t),., satisfies a large
deviations principle. From these two assumptions only we derive in Section [L.1.1] the behaviours
of call and put options as the maturity tends to infinity. As a corollary, we obtain an equiva-

lent formulation for call and put options under the Black-Scholes model. These behaviours are

intermediate results which we use to determine the asymptotic behaviour of the implied volatility.

4.1.1 The rate function and the asymptotics of option prices

Before stating the main theorem that makes this relationship precise, let us define a new proba-
bility measure P—the Share measure—where the normalised share price process (eXt) t>0 18 the
new numeraire, i.e. for any event A in the filtration generated by (Xt),.,, we have iN”(A) =
E (exp (X¢) 14). P is a well-defined probability measure since by assumption the process (eXt) >0
is a martingale. Let A defined in (IIT]) be the limiting moment generating function of the proce_ss
(X¢/t);>, and A* defined in (LIJ) its Fenchel-Legendre transform. It is straightforward to see
that the cumulant generating functions and consequently the Fenchel-Legendre transforms of X

under P and P are related by
Aw)=A(u+1), if(1+u)eDy, and A*(z)=A*(z)—z, forallzeR,  (4.1.1)
where Dy is the effective domain of A. The first equality is obivous and the second follows from

A* (z) = sup Sur —A(u)} = sup {(u+1Dz—A(u+1)—z} = sup {uz — A (u)}—z = A* (z)—z.
u€Dy ueDy ueD
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The following theorem is fundamental and establishes the link between large deviations principles
for the random process X and option price asymptotics. We shall say that a random variable
satisfies a full large deviations principle under IP if it satisfies a LDP as defined in Part[ll Section 1]
and if its limiting cumulant generating function A is essentially smooth with the origin lying in
the interior of its domain. Note that this implies that A* is a good continuous rate function.
Furthermore since Dp always contains the compact interval [0,1] and A(0) = A(1) = 0, then
the convexity of A clearly implies that A* attains its minimum at A’(0). Likewise a full LDP
under P implies that A* attains its minimum at A’ (1). The full LDP statement is a rather strong

assumption and we shall see in Section how to relax part of it.
Theorem 4.1.1. Let x be a fixed real number.

(1) If (Xi/t)i>1 satisfies a full LDP under the measure P with the good rate function A*, the

asymptotic behaviour of a put option with strike exp (xt) is given by the following formula

x— A* () if x < A'(0),

lim ¢ 'logE | (e® — Xt =
fmoo [( )J x if x> A (0).

(it) If (X;/t)i>1 satisfies a full LDP under the measure P with the good rate function A*, the

asymptotic behaviour of a call option struck at €®! is given by the formula

x— A" (z) ifx >N (1),

lim ¢ 'logE | (eXt — e =
t=00 [( )J 0 ifx < A (1),

(i11) If (Xi/t)i>1 satisfies a full LDP under the measures P and P with the respective good rate
functions A* and 7\*, the asymptotic behaviour of a covered call option with payoff eXt —

(eX‘ — e””t)+ 18 given by the formula

lim ¢! log (1 -E [(ext - e‘”t)J) = z—A"(z) ifzelN(0),A(1)].

t—o0

Proof. The following inequalities hold for all £ > 1 and ¢ > 0:
™ (1= e %) Lx,pica—ey < (7 — ™), <™ ix, sy
Taking expectations, logarithms, dividing by ¢ and applying the LDP for (X;/t);>1 give
x— inf A*(y) <liminf 1logJE [(ext — eX‘) } < lim sup 1logJE [(ext — eX‘) } <z — inf A*(y)
y<z—e T t—oo ¢ i I +1 = y<zx ’

Statement (i) in Theorem [A.I1] then follows from the continuity of A*.

The following inequalities hold for all ¢ > 1 and ¢ > 0:

eXt (1 - e_E) ]I‘{Xt/t>m+6} < (eXt - ext)+ < eXt]l{Xt/t>z}-
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The same steps as above under P lead to the inequalities

. A * P 1 Xy x . 1 X, T . A *
fy;I;f%A (y) < lltnig}fglogE [(e —e t)_J < h?lsolipglogE [(e —e t)_J < fyngi;/\ (y),

and the continuity of A* implies (ii) in Theorem ATl
Assume now that x € [A’ (0), A’ (1)] and note that the following holds

e"x, jizey S € — (N —e™) = M hix, jicay + €M ix, piza-
This, together with the LDP under both measures, implies the inequalities

SPIXJt>a] < 1-E [(ext - e“)+] <P[X,/t < 2] + P [X,/t > 2

IN

exp (—t/~\* (x) + Et) + e exp (—tA* () + t)

for any £ > 0 and ¢ large enough since x is smaller (resp. greater) than the minimum of A* (resp.

A*). By (EIT) we get
z+t 1 ogP[X,/t > x] <t 'log (1 —E [(exf - e”)_J) <z — A () +e+ttlog2.

for any € > 0 and all large ¢. Therefore we find the inequalities

* oo —1 Xy T
xr—A"(z) < hglolgft log(l—E[(e —et)+})
< limsupt~'log (1 —-E [(eXt - ezt)+}) <x—A(x)+e
t—oo
for all € > 0. This proves the theorem. O

Our final goal is to translate these option price asymptotics into implied volatility asymp-
totics. Since the implied volatility is defined in terms of the Black-Scholes model, we shall need
an equivalent formulation for call and put options under the Black-Scholes model as in Theo-
rem LTl Let us consider the Black-Scholes model where the process (Xt)t20 satisfies the SDE
dX; = —¥?/2dt + XdW;, with ¥ > 0. The limiting logarithmic Laplace transform in the Black-
Scholes model reads

Aps(u) = u(u—1)%%/2, forallu € R, (4.1.2)

and the functions Ag : R x R7 — R and ufg : R — R are easily characterised by

Ags (2, %) == (2 +32/2)° / (252), forallz €R, ¥ € RY, (4.1.3)

upg(z) = (z + £%/2) /22, for all z € R. (4.1.4)

For each x € R, ujjg(z) is the unique solution to Aiq (u) = z, i.e. corresponds to the saddlepoint
of the function u +— ux — Aps (u). Furthermore we clearly have (Ajg) (x) = 0 if and only if
r=—-%2%/2 and (Aks)' () = 1if and only if 2 = %:2/2. Corollary EEL.2 below follows directly from
Theorem 1.1l and provides the asymptotic behaviour of option prices under the Black-Scholes

model.
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Corollary 4.1.2. Under the Black-Scholes model, we have the following option price asymptotics.

r— Ajg (z ifo < —%2/2,
lim ¢! log E (e“ _ eXt)+ _ BS (z) fx < /
o @ if x> —2/2,

— A* . > 22 2’
lim t'logE (eXt _ ezt) _J) 7t Bs (7) if x > %%/

t—00 * 0 if v < %2/2,
2z + 2 if v < —3%2/2,
. —1 X f * ;
tll)rgot log (1—1E(e t—e”)+) =9 z—Ajg(2) ifv € (—30%/2,%%/2],
0 if x > %2 /2.

4.1.2 Implied volatility asymptotics

In the previous section we have seen how to turn tail probabilities into asymptotics for option
prices. In this section we take on the next step and prove how to translate these option prices
into implied volatility asymptotics. The strikes we have considered are of the form Sy exp(zt). For
strikes of this form, the corresponding implied volatility is o¢(xt) and for simplicity we shall use

the notation 6(x) := o4(xt) throughout this thesis. Let us define the function 62, : R — R, by

&go(x) = 2 (2A*(l’) — X + 2 (LxG(m*,i’*) — ]leR\(:v*,:E*)) \/A*(Q?) (A*(Q?) — .Z‘)) 5 (415)

where A* is the Fenchel-Legendre transform defined above, and where z* := A’(0) and Z* := A’(1)
are the unique real numbers satisfying of A* (z*) = 0 and A* (Z*) = Z* (note that the latter is
equivalent to A* (£*) = 0). From the properties of A* on page [3 A*(z) and A*(z) — z are non-
negative, so that 6% (z) is a well defined real number for all z € R. The following proposition gives

us the behaviour of 6, as ¢ tends to infinity.

Proposition 4.1.3. If the random variable (X./t),~, satisfies a full large deviations principle
under P and IF’, then the function 6o, is continuous on the whole real line and is the uniform limit

of 6+ as t tends to infinity.

Proof. We prove the formula in the proposition in the case x > Z*. We have to prove that, for all
d > 0, there exists t*(§) > 0 such that for all ¢ > ¢*(4), the inequality |6+(z) — oo ()| < 6 holds.
Note that 6. (x) defined in (£I11) satisfies the quadratic equation

A (x) —x = Ajg(x,000(2)) —x, for all x € R, (4.1.6)

where Ajq is given by [@IL3). By ([@I1.6) and Theorem ATl we know that for all & > 0, there
exists t*(g) such that for all ¢ > ¢*(¢) we have the lower bound

E (S, — Spe®?)

exp (= (M (,600(2) = 2+ ) ) = exp (= (A"() —w +)t) < ot L)

and the upper bound

]E(St_s‘joe% < exp ( — (A*(z) —z —¢) t) = exp ( — (Aps(7,000()) — 2 —¢) t)~ (4.1.8)
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Note that

6% (@) =22 = 4((A"(@) —2) - V(A (@) — 2 + (A"(2) —2)z) <0,

since A*(2) —z > 0. For x fixed, the function ¥ — Ajjg(z,¥) — 2 defined on (0, v/2z) is continuous

and strictly monotonically decreasing. Thus for any ¢ > 0 such that 6. (z) £ € (0, v2x), define

£1(6) 1= (Aps(@, 00 (@) = A (@, 00(2) +6) ) /2 > 0,
£2(6) 1= (Afis (@ 000(@) = 0) = A, 6 (2)) ) /2> 0,

where gin%) e1(0) = }iné €2(0) = 0. Combining [@II7), @I3]) and Corollary T2 there exists t*(J)
such that for all ¢ > ¢*(9),

E (St — S()ea:t)

Cos (L8 IoD Z0) < e (— (A (o 0e0) = 9) = = 22(9)) ) < B Ta—

So

and

E (St — Soe“)

5 = < exp (— (AEs(w, Goo() +0) —z + 51(6)) t) < Gos (o, £, 8e0 (@) +0)

So

Thus by the monotonicity of the Black-Scholes call option formula as a function of the volatility,

we have the following bounds for the implied volatility 6,(x) at maturity ¢
Foo(x) =6 < 6¢(x) < Goo(x) + 6.

The cases ¢ < z* and x € (z*,Z*) are analogous. All that is left to prove is that the limit in the
theorem holds uniformly on compact subsets of the complement R\ {*,Z*}. To every point in a
compact set we can associate a small interval that contains it such that the limit holds for all z in
that interval and all large times ¢. This defines a cover of the compact set. We can hence find a
finite collection of such intervals that also covers our compact set. It follows that the limit holds
for any z in the compact set and all times ¢ that are larger than the maximum of the finite number

of t*(0) that correspond to the intervals in the finite family that covers the original set. O

We can use this result to determine the implied volatility asymptotics in the case where the

strike does not depend on the maturity anymore.
Corollary 4.1.4. The implied volatility o(x) of a European call option struck at Sy exp(z) satisfies
tlim o?(z) =8A*(0), forallx € R.

In the standard Heston case, this result has already been obtained by Lewis [73]. We note in
passing that the implied volatility smile is indeed flat in the large-maturity limit when the strike

is independent of the maturity.



4.2. Asymptotics of continuous affine stochastic volatility models 42

4.2 Asymptotics of continuous affine stochastic volatility
models

In this section we use the results above to determine the asymptotic behaviour of the implied
volatility for large maturities when the share price process belongs to the class of continuous affine
stochastic volatility models defined in ([I4]). We will show that four different cases can happen,
only one of which gives rise to a full LDP. In the other cases, we provide some preliminary results

and we leave the full analysis for future research.

4.2.1 The model and its effective domain

We consider here a logarithmic share price process (Xt)t20 satisfying (BI4) and we assume for
clarity that Xo = 0. We denote its logarithmic moment generating function A; defined by A; (u) :=
log E (exp (uX})) for all u € R as an extended real number in (—oo, oo], with effective domain D;.
Note that by Holder’s inequality the function A; is convex on D;. In order to give the structure of
Ai(u) explicitly we need to define

X (u) = B+ upya, (4.2.1)

as well as

v (u) = (X (u)2 +ou (1 — u))1/2 and  f; (u) := cosh <Py (;)t> — :EZ; sinh (7(;)t> . (4.2.2)

In Proposition [£.2.1] below we show how to express the cumulant generating function of X in terms

of the logarithmic moment generating function of the model BI4) with a = 0.
Proposition 4.2.1. The logarithmic moment generating function A; reads
Ay (u) = AP (u) + gu(u— 1)t, forallt >0 and u € Dy,

where A is the logarithmic moment generating function of the process X in [BL4) with a = 0.
It follows that the effective domains of Ay and of Al coincide, and the following formula holds

A __27b 7x(u)t u u(u—1) sin ()t v or all u
A (u) = a( 5 +logft())+ft(u)7(u> h( 5 ) for allu € D;.  (4.2.3)

Proof. 1t is well known that the logarithmic moment generating function of an affine process X

given as a solution of SDE ([B.I.4) is of the form
A (u) = ¢ (w) + 9 (u)v forall t >0 and u € Dy,

where the functions ¢y, ¥ : Dy — R satisfy the system of Riccati equations

6t¢t (U) =F (U, wt (u)) ’ ¢0 (u) (424)
= R (u,y

07
Oty (u) (w, b (), 4o (u) =0,



4.2. Asymptotics of continuous affine stochastic volatility models 43

with
1 a4 a
R (u,w) := FU (u—1)+ W + uwpy/a + Bw and F (u,w) := SU (u—1)+dbw

(see e.g. [68]). The Riccati equation equation for ¢); can be solved in closed form,
y(u)t) u(u—1)
2 ) v (u) fe (u)’
where the functions v and f; are defined in ([E22]). The function ¢; can be determined by
noting that equation ([@ZZ) is equivalent to ¢; (u) = ng(u,ws (u))ds. Therefore ¢ (u) =

W (u) = sinh (

au(u—1)t/2+ bfot s (u) ds. The function A can be constructed in an analogous way on the set

{u€eR : AP (u) < 0o} with R and F as above and a = 0. This concludes the proof. O

In order to analyse the effective domain D, we introduce the quantities u_ and u, given by

va+2p8 - \/(\/5+25p)2 +46% (1= p?)

if 1
all=#) B (42:5)
u_ = 2.
—00, if [p| =1 and \/a+2p3 <0,
3%/ (a+2p8va) , if |p| =1 and \/a+ 2p3 > 0,
and
Va+2pB+\(Va+28p) +48 (1 -p?)
,if fpl <1,
2va (1= ) o)
Uy = 2.
" 00, if [p| =1 and o+ 2p5 >0,
—3?/ (a + 2pﬁx/a) , if |p| =1 and /o + 2p8 < 0.

The inequalities u— < 0 and uy > 1 hold for all admissible values of the parameters and in the
case |p| < 1 the parabola 42 is strictly positive on the interior of the interval [u_,u ] between
its distinct zeros. In the case |p| = 1 the graph of the function 72 is a line and either u_ or
uy is infinite. For notational convenience we shall understand the interval [z,y] C R as [z, 00) if
y = oo and as (—o0,y] if ¥ = —oo. Using this notation note that v(u) € R for all u € [u_, uy].

Proposition 2.2 analyses the structure of the effective domain D; of the function A,.

Proposition 4.2.2. The effective domain Dy of the function A; satisfies [0,1] C Dy for all t >0

and any set of admissible parameter values from BILBl). Furthermore the following statements hold.
(i) If x(0) <0 we have:
(a) if x (1) <0 then [u_,uy] C Dy for anyt > 0;
(b) if x (1) > 0 then for all t large enough there exists u(t) € (1,us) such that

limw(t)=1 and [u_,u(t)) C Dy C (—o0,u(t)).

t—o0

(#i) If x(0) > 0 we have:
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(a) if x (1) <0 then for all large t there exists u(t) € (u—,0) such that

lim u(t) =0 and (u(t),us] C Dy C (u(t),o0);

t—o0

(b) if x (1) > 0 then for large t there exist u(t) € (u—,0) and u(t) € (1,u) such that

lim u(t)=0, limu(t)=1 and Dy= (u(t),u(t)).

t—oo t—o0
Remark 4.2.3. The following elementary facts are useful in the proof of Proposition
(I) u— = —oc and uy = oo if and only if the condition |p| =1 and \/a + 2pS = 0 holds.

(IT) The condition x(1) # 0 implies that uy > 1 since uy is the largest root of the quadratic
v(u)? given in (@22). In particular in (i)(b) and (ii)(b) of Proposition the interval

(1,u4) is not empty.

(ITT) The condition x(0) # 0 implies that u_ < 0. In particular in (ii) we have x(0) = 8 > 0 and

hence the interval (u_,0) is not empty.
IV) The interval [0,1] is contained in D, for all ¢ > 0 since the process (eX*);>¢ is a martingale.
> g
(V) If x(0) =0 then u_ = 0 and uy = 1/(1 — p?) for |p| < 1 and uy = oo for |p| = 1.

Proof. Proposition E.2.1] implies that it is enough to study the effective domain of the cumulant
generating function A of the Heston model. It is clear that the function f;, defined in ([Z22]) by

£ ) = oosh <7(g)t> - >7< EZ; sinh (w;)t) :

will play a key role in in understanding the set D;.

Case (i): If we can prove that
fe(u) >0, for all u € [u_, 1], (4.2.7)

then Proposition 2 Tlimplies that [u_, 1] C D; since the functions on both sides of equality ([23])
can be analytically extended to a neighbourhood of [u_,1] in the complex plane and therefore
coincide on the interval.

We now prove [ZT). It follows from the definition of v in ([@Z2) that |x(u)/v(u)] < 1 for
all v € [0,1] and hence [@ZT) holds on [0,1]. It is easy to see that lim,~, x(u) < 0. Since
x(0) = 8 <0 we have x(u) <0 for all u € [u_, 0] which implies [@2.7).

In case (i)(a) assume first that uy < co. Then elementary algebra shows that x(u4) < 0. Therefore
x(u) <0, and hence fi(u) > 0, for all u € [1,uy]. If uy = oo the condition x(1) < 0 implies that
p = —1 and therefore x(u) < 0 for all w > 1. Hence fi(u) € (0,00) for all u € [1,00) = [1, uy].

Proposition L2.7] and the analytic continuation argument as above imply [u_,uy] C D;.
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Recall that in case (i)(b) we have uy > 1 (see Remark (I)). Let w(t) be the smallest
solution of the equation fi(u) =0 in the interval (1,u, ). Note that, since v is strictly positive on

the interval (1,u4 ), for a fixed ¢ the equation f;(u) = 0 can be rewritten as

t = F(u), where F(u) := 'y(QU) arctanh (;Eg) . (4.2.8)

The latter equation clearly has a solution in (1,uy) for large ¢ since the continuous function F
tends to oo as u decreases to 1 (note that lim,~ 1 vy(u)/x(u) = 1). This also implies that the
smallest solution w(t) decreases to one. The functions on both sides of the equality in (23]
coincide on [u_, 1], are analytic on some neighbourhood of this interval in the complex plane and
the right-hand side is (£Z3)) is real and finite on [u_,%(¢)). The two functions must therefore also
coincide on [u_,T(t)), which in particular implies [u_,u(t)) C D;. Formula (23] implies that
u(t) is not an element of D; and the convexity of A; yields that D, N [u(t), o00) = 0.

Case (ii): In case (ii)(a) the condition x(1) < 0 implies p < 0 and hence x(u) < 0 for
all uw € [1,uq]. Therefore fi(u) > 0 on [1,uy] and hence [0,uy] C D;. Let u(t) be the largest
solution of the equation f;(u) = 0 in the interval (u 0). Since lim,, ~(y(u)/x(u)) = 1, an analogous
argument as in the proof of (i)(b) shows that wu(t) is well defined and the limit in the proposition
holds. The proof for the inclusions follows the same steps as in the proof of (i)(b).

In case (ii)(b) we have x(0) = > 0 and x(1) > 0. Therefore the definition of v, given

in ([£22), implies

() =1 and li M =1

im —= im

w0 x(u) a1 x(u)
and hence, by ([EZ8)), there exist solutions to the equation f;(u) =0 in both intervals (u_,0) and
(1,uy). Let u(t) be the largest solution in (u_,0) and u(t) the smallest solution in (1,u4). An

analogous argument to the one in the proofs of (i)(b) and (ii)(a) gives the form of D;. O

4.2.2 LDP for continuous affine stochastic volatility models

In this section we analyse the large deviations behaviour of the family of random variables Z; :=
X/t for t > 1, where (X;);>0 is defined by SDE (B.I4]). Proposition 2] describes the properties
of the cumulant generating function A defined in (LIJ]). The Fenchel-Legendre transform A* is
studied in Proposition L2771 The following proposition follows from Propositions 2.1] and

Proposition 4.2.4. The limiting cumulant generating function A of (X¢/t);>1 is given by

A(u) = —2 (x (uw) +v(u)+ gu(u— 1) for allu € Dy,

with the functions x and v given in [EZTI) and [EZ2) respectively. The function A is infinitely
differentiable on the interior DY of its effective domain. The boundary points u_ and uy., defined

in (EZA) and [EZT), can be used to describe the effective domain Dy as follows.
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(i) If x (0) <0 we have:

(a) if x (1) <0 then Dy = [u_,u];

(b) if x (1) > 0 then Dp = [u_,1].

(i) If x (0) > 0 we have:

(a) if x (1) <0 then Dp = [0,uy];

(b) if x (1) > 0 then Dp = [0,1].

Remark 4.2.5. The following facts are relevant for the large deviations behaviour of the family

of random variables (X;/t)¢>1.

0
(1)

(I1T)

(V)

In case (i)(a) of Proposition [£24] the function A is essentially smooth.

In case (i)(b) (resp. (ii)(a)) of Proposition L2l the function A is steep at the left boundary
u_ (resp. right boundary u.) but not at the right (resp. left) boundary of the effective

domain.

In case (i)(b) (resp. (ii)(a)) of Proposition 2.4 the right (resp. left) boundary point of the
effective domain is strictly smaller (resp. greater) than u (resp. u_). This is a consequence

of Remarks (IT) and (T1IT).

In case (ii)(b) of Proposition L2 A is not steep at either of the two boundaries of its
effective domain. Furthermore D, is contained in the interior of the interval [u_,u,] by

Remarks (IT) and 23] (I1T).

It is a consequence of the remarks in (I)=(IV) above that the limiting cumulant generating
function A is steep at a boundary point of the effective domain if and only if this point is an

element of the set {u_,uy}.

Note that when u_ (resp. uy) is not in Dy then the function A is discontinuous at 0 (resp. at

1). We henceforth define the following extended real numbers

A_(1):=lmA(u), Ay(0):=1lmA(u), AL (1):=1limA (u), A} (0):=lim A (u).

w1 u\,0 u,'1 u\,0

The functions A and A’ are monotone on the intervals (0,¢) and (1 —¢,1) for small enough ¢,

hence all the limits exist. Note further that the limit A/, (0) (resp. A (1)) is equal to —oo (resp.
00) if and only if x (0) = 0 (resp. x (1) =0).
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Remark 4.2.6. At zero and one the following identities hold

AL (0) =2 (X (0) + K O))

A =2 (W) + kD)

and Al (0) =

and A (1) =

1 b a
1 b a
i (= x a3+ 5.

if x (0) # 0,
if x (0) =0,
if x (1) # 0,

if x (1) =0.

Note that the inequalities A} (0) < 0 and A_ (1) < 0 hold for any admissible set of parameters.

Proposition 4.2.7. The Fenchel-Legendre transform A* of A can be represented as

xuz — A (ug),
r— A (1) s
_A+ (O)a

A (z) =

for allx € N (DY),

Jor all x € [N (1),00) N (R\A' (DY),
for all x € (—oo, A/, (0)] N (R\A' (DY),

(4.2.9)

where uy is the unique solution in DY to the equation A’ (u) = x for all x € A’ (DY). Furthermore

A* is continuously differentiable on its effective domain Dp~ and Dy~ = R.

(i) The function A* attains its global minimal value —A (0) at A’ (0).

If 0 € D} then the

manimum is attained at the unique point A’ (0) = A’(0) and the minimal value is A*(A'(0)) =

Ay (0) =0. If0 ¢ DY the minimal value is attained at every x € (—oo, A’, (0)]N(R\A' (DY)).

(i) The function x — A*(x) — x attains its global minimal value —A_ (1) at A’ (1).

If1eDy

then the minimum value A_ (1) = A(1) = 0 is attained at the unique point A’ (1) = A’(1)

which is therefore the unique solution of the equation A*(x) = x. If 1 ¢ DY the function

x — N*(z) — x attains the minimal value at every x € [A”_ (1),00) N (R\A' (DR)).

Remark 4.2.8.

(i) Since A is a strictly convex smooth function on Dg, the first derivative A’ is invertible on this

interval and u, is a strictly increasing, differentiable function of x on A’ (DY). Furthermore

the equality (A*)" (x) = u, holds for any x € A’ (DY).

(ii) Proposition E2.4 implies the following form for the interval A'(DY):

A(DR) =

R

(00, AL (1))

(A%(0),0)

(A (0), A (1))

if x(0) <0, x(1) <0,
if x(0) <0, x(1) >0,
if x(0) >0, x(1) <0,
if x(0) > 0, x(1) > 0.

(4.2.10)

Hence the second case in (@29 corresponds to x (1) > 0 and the third case to x (0) > 0.
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(iii) If we take a = 0 in the model given by [BI4]), there exists an explicit formula for the zero
uy of the equation A’ (u) = x, when x € A’ (DY), given by

! 2p0 +Va+ p(@)€

2(1 =) Ve Vr?ea-m)

Uy =

where

p(z) :=bp+ x/«, and £ = \/(2pﬁ + \/&)2 +482 (1 — p?).

Note that u, is well defined as a limit when |p| tends to 1. Together with (£29]) this yields an
explicit formula for the rate function A*, the details of which are postponed to Section [£.2.3

(iv) In view of Part [ Section B3] all the results above hold for the multidimensional Heston
model. However, even in the standard case a = 0 the Fenchel-Legendre transform is not
available in closed-form anymore. However determining it numerically simply boils down to

a root-finding exercise.

Proof. Let u, € D be the unique solution of A’ (u) = z, which exists by Remark (). Tt is
clear from definition (IL3) that, for x € A’ (DY), the Fenchel-Legendre A* takes the form given
in the proposition.

Assume now that A’ (1) is finite. This is equivalent to x(1) # 0 which implies that for every
u € D} we have u < 1. Then for any z € [A” (1),00)N(R\A’ (D3)) the inequality A_ (1)—A (u) <
x (1 — u) holds by Lagrange theorem (and the fact that A’ is strictly increasing) and (£29) follows.

If A’, (0) is finite, then for every u € D} we have u > 0. For any x € (—o0, A/, (0)]N(R\A' (D3))
the inequality uz — A (u) < —A4 (0) holds for all u € D{ and [@2Z9) follows.

The function A* is continuously differentiable on R by (£2.9) and Remark £.2:8 (i). Note that,
if 0 € DY, at the minimum we have u, = 0. This implies by definition that the minimum of A* is
attained at A’(0) = 2. The case 0 ¢ DY follows in a similar way.

If 1 € D}, then by differentiating the formula in (£29) we find that the minimum of z —
A*(x) = x is attained if and only if u, = 1, which is equivalent to A’(1) = z. If 1 ¢ DY, it is easy

to see that the minimum is attained for all x > A’ (1). This concludes the proof. O

Remark 4.2.9. It is clear from Proposition 227 (and visually from Figure ) that the function
A* is a good rate function only in cases (i)(a) and (i)(b). In the other two cases it is straightforward
to show that its level sets are closed but not necessarily compact. However A* and A* are both

good rate functions only in case (i)(a).

If x(0) < 0 and x(1) < 0, i.e. case (i)(a) with u— < 0 and uy > 0, a full large deviations
principle clearly holds under P and P since A and A are both essentially smooth on the effective

domains, the interiors of which contain the origin. Therefore Theorem 1Tl can be applied and we
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(a) Case (i)(a) (b) Case (i)(b) (c) Case (i)(a) (d) Case (i)(b)

/ 0 ! / i
o —":
\ AT, (0) AT, (0) A (1)

(e) Case (ii)(a) (f) Case (ii)(b) (g) Case (ii)(a) (h) Case (ii)(b)

AL (0) AL (0) A_(1)

Figure 4.1: The four figures on the left represent the function A characterised in Proposition 2.4l
The four figures on the right represent the Fenchel-Legendre A* determined in Proposition 2.7
The dotted line on the graphs for A* represent the thresholds A’ (1) and A/, (0) above or below

which A* becomes linear.

obtain the asymptotic implied volatility defined in (@ I3H) by Proposition EEI.3l We provide below
in Section a clear and simple closed-form expression for the implied volatility in this case.
In all other cases several problems may arise: first we loose steepness at one or both boundaries
of the domain Dy, which implies that the function A is not essentially smooth anymore. More
importantly, in all these cases the origin is not in the interior of D or of Dy and hence we do
not have the large deviations upper and lower bounds for the tail probabilities. Removing this
assumption is a work under progress and we shall not mention any result in this direction here.
However a deeper analysis can be carried out in case the origin is in D{ and the function A is not
steep at the right boundary of its effective domain, i.e. in the case x(1) > 0 and x(0) < 0. In this
case we have Dp = [u_, 1] with u_ < 0 and we are able to prove the following theorem. Note that
similar results in the case where the limiting cumulant generating function is not steep have been

obtained in [38] and in [I04] for other processes.

Theorem 4.2.10. Assume x(0) < 0 and x(1) > 0 (i.e. D = [u_,1], with u— < 0). For any real

number x, the following limits hold

— Jlim tHogP (X;/t > x) = inf A” (y), (4.2.11)
— 00 y=

- tlim t 1 ogP (X /t < z) = ir<1f A (y), (4.2.12)
— 00 Yysx

where the function A* is given in Proposition [J.2.7

Remark 4.2.11. Note that we have included the case x(1) = 0 in the statement of the theorem. In
this case uy = 1 and the function A is clearly essentially smooth so the proof follows immediately

from the Géartner-Ellis theorem under the probability P.
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Remark 4.2.12. Since we know that the function A* is continuous and convex, in view of the
proof of Theorem T T]it is clear that Theorem above is sufficient for (i) in Theorem ETT]
to hold. This implies that the implied volatility smile o () has the form {15 for all 2 < A’(0).

Lemma 4.2.13. Assume x (1) > 0. Ast tends to infinity, the following behaviour for the cumulant

generating function Ay holds as u approaches 1 from below:
-1 2b -1
t At(u):A(u)—alog(l—u)—kt Ry (u),

where Ry : Dy — R is an analytic function for any t > 0 which converges on any compact subsets

of Dy as t tends to infinity.

Proof. From ([LZ2)), we have f; (u) ~ cosh (v (u)t/2) |1 — x (u) /v (u)| as t tends to infinity, so that

1 X (u) ' +y(u)t/2 —log (2) + o (e*“f(“)t> , ast tends to infinity.

7 (u)

Note further that the condition x (1) > 0 implies 1 — % = -5 (u—-1)/x 1)’ +0 ((u - 1)2).

Since the right boundary of the domain D; tends to one from above as t tends to infinity, we can

log (fi (u)) = log

perform a Taylor expansion on the left of 1 and we obtain as t tends to infinity,

log (fi (u)) =log (1 —u) +7(u) % + B (u) + o (7701

It is straightforward to see that the terms left in the expression (23] for A; satisfy the properties
we need for the function R; as in the statement of the lemma. Combining this result with the

expression ({L23]) and Proposition 224 concludes the proof. O]

Proof. (of Theorem 210
By Remark B2.17] we can assume x(1) > 0 which implies that u; > 1. In the case Dy = [u_, 1]

with u_ < 0, the limiting cumulant generating function A is not essentially smooth anymore, since
it is not steep at the right boundary 1. The proof of the theorem follows similar steps as the
standard Gartner-Ellis theorem, but some refinements are needed. For each limit we first prove an
upper bound and then a lower bound. For any real numbers = and y such that y > z, Chebycheff
inequality gives us an upper bound on the compact interval [z, y], namely

limsupt 'logP (X, /t € [z,y]) < — inf A*(z). (4.2.13)

t—o0 z€[z,y]

Since the equality P (X, /t > x) = lim,_.o. P(X,/t € [z,y]) holds then for all ¢ > 0 there exists
t* > 0 such that for all ¢ > ¢*, (ZTI3]) implies

tMogP (X;/t € [x,y]) <e— inf A*(z) <e— inf A" (2).
z€[z,y] z>x

The right-hand side does not depend on the value y, hence we can take the limit on both sides as

y tends to infinity and we obtain the upper bound for limsup, .t 'logP (X;/t > z) in [@2I1).
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We now prove the lower bound. The function A is strictly convex on the interval (—oo, A’ (1))
so that the lower bound follows immediately from the Gértner-Ellis theorem for all z < A” (1). Let
us therefore consider > A’ (1). Since the function A is continuously differentiable and convex
on DY, two possible cases arise: either it attains its minimum at a unique point ug € DY or it is
strictly decreasing on its effective domain. The first case uses similar arguments as in the standard
Gartner-Ellis theorem. Proving the lower bound is tantamount to proving the following equality

lim lim inft 'logP (X;/t € (z,2+0)) > —A* (z).
—00

—0 t
From Proposition EZZI3 let us define the function A, : D, N (—o00,1) — R by

~ 2b
Ay (u) = Ay (u) — p log(1—u), forallueDin(—o0,1).
@
The properties of the function A and its behaviour as ¢ tends to infinity given in Proposition L.2.13
imply that for each ¢t > 0 the function /N\f5 has a unique root u; € D; N (—o0, 1) and that this root
converges to 1 as t tends to infinity. Let us further define a new measure QQ; by

dQy

P, (2) :==exp (upzt — Ay (ug)), for any z € R. (4.2.14)
t

For any § > 0 and > A’ (1) we then have

log IP, (Xt/t € (x,x+ (5)) = 1og/ exp (At (ug) — utzt> dQ; (2)

(z,2+9)

= Ay (up) — ugwt + log/ e~ EIQ, (2)
(z,z+6)

> Ay (ug) — ug (m—i—é)t—i—log@t(Xt/t € (x,x—l—é)),
for t large enough so that u; > 0, and hence

%im liminf ¢! logIP’(Xt/t € (z,x + 6)) > liminf (t7'A (uy) — wz) (4.2.15)

—0 t—oo t—o0

+ %inélitminffl log Q; (Xt/t € (x,xz+ 5))

We now have to find a lower bound for both terms on the right-hand side of this inequality.
Since the function A; is convex for all ¢ > 0, we have A; (u¢) — A(u) > (ug —u) A’ (u) for all
u < 1. From [85 Theorem 25.7] we have lim;_ t 1A} (u) = A’ (u) and liminf;, o 71 A; (uy) >
A (u)+(1 — u) A’ (u), which implies that lim inf; o t~*As (ug) > A_ (1). The fact that u; converges
to 1 as ¢t tends to infinity leads to liminf, .o (67'A (u) — wpz) > A* (z). We are left to find a
lower bound for the last term on the right-hand side of the inequality ([{.2.13]) as ¢ tends to infinity
and 4§ to zero. By Lemma [£2.T4] we know that Q; converges to a probability measure Q as ¢ tends
to infinity, which concludes the proof for the lower bound, and hence for the limit in (I21T]). The
proof of the limit (£ZTI2) is analogous. O
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We conclude this section with the following technical lemma needed above. Recall that the
logarithmic Laplace transform of a Gamma-distributed random variable Y with parameters g;, go >
0 (and we denote it Y ~ T'(g1,92)) reads logE (exp (uY)) = g1 1og (g2/ (g2 + u)), for all u > —gs.
We also denote 6 (g) the distribution of a Dirac random variable with parameter g, N (u,v) a

standard Gaussian with mean p and variance v, and * stands for the convolution operator.

Lemma 4.2.14. Under the measure Q; defined in @ZI4), the random variable (X/t), > 0

converges weakly to the random variable Y where

5 (AL (1) *F<204b‘0m2b(1)> iFA (1) < 0;

N( %A;(U,A”u)) *r(ff\/E) if A (1) =0.

Proof. We first prove the lemma in the case A’ (1) < 0. For all ¢ > 0 and all £ such that

Y ~

uy + &/t € Dy, we can write

o (e (€)=t (o ( () 2c00) ) = (o4 ) -,

From Lemma ELZI3 and the fact that A} (u;) = 0, a Taylor expansion of A around 1 gives

A (1) + (up — 1) A” (1) + at(fb_w +0 ((1 - ut)Z) ~0. (4.2.16)
From ({LZT0) we have
tlirrolot(l —uy) = _fb(l)’ (4.2.17)

and hence using Lemma [£.2.T3]

A (ut + f) Ay () =t (A (ut + f) - A(ut)) —%blog (1 - 1t_1§t> YR, <ut + f) — Ry (uy)

therefore the limit in ([I2TI71) implies the equalities

¢ (A <ut + f) _ A(ut)) —¢N (1)40(1) and —%blog (1 % ) _ —%blog (1 + 3—21\’, (1)) +o(1),

_1*’U,t

as t tends to infinity. Since the function R; converges on any compact subset of D; we obtain
20 ol
lim E X, /t)) =¢A (1) — =1 1+ —=A (1
Jim Eq, (exp (§X¢/1)) = EAL (1) — — og< + 5 ()>7

which proves the lemma in the case A’ (1) < 0.

If A’ (1) =0, then for all £ > 0 and all ¢ such that u; + £/v/t € Dy, we have

g, (exp (€54) ) = tosa (exp ( (w0t 5 ) =) ) ) = (w5 ) = .

The expansion ([LZTI0) now gives us

2b
lim £ (1 —u)® =

——— 4.2.1
100 al” (1)’ (4.2.18)
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and hence using Lemma [£2.13] we again have
£ S 2b 2% S
A — |—A =t(A —— | —A ——1 1- R — |—-R
t (Ut + Vi ¢ (us) Ut + Vi (ug) o o8 - LT | ugp NG ¢ (ue) s
therefore the limit in (Z2I]]) implies

t(A (ut+£) —A(ut)) = %A’_’ (1) +&/————=+0(1),

Vit

-1/ "
—%log(l—t 12§>:—2blog<l—§ A(1)>+0(1)~
a 1 « o

and

— Uy

Since the function R; converges on any compact subset of D; we obtain

2bA" (1 b A7 (1
lim Eq, (exp (6X:/1)) = €2A” (1) +¢ % ~ 2 1og (1 ¢ —a( )> ,

which proves the lemma in the case A” (1) = 0. O

4.2.3 From Heston to SVI

We focus here on the Heston model (B2Z1]) (with a = 0) where the functions A and A* are available
in closed-form. As mentioned on page 23] the correspondence between the Heston parameters and
the affine parameters of B14) is b = k0 > 0, 3 = —k < 0, @ = o2. In this section, we use
the standard Heston parameters k, 6, o, p in order not to confuse the reader with the rest of the
literature on the Heston model. Note that the condition x(0) < 0 now reads x > 0 and x(1) < 0
reads k—po > 0. The first condition is assumed a priori. The second condition is not that restrictive
in practice on equity markets since the correlation p is usually negative. Proposition [Z2.17] below
provides a clear and closed-form formula for the asymptotic implied volatility smile in the Heston
model when the condition kK — po > 0 is satisfied, and gives a partial result when this condition

fails. Recall that from Proposition .27 Remark 2.8 and Proposition [£.2.4] we have
b
Au)=——(x(u)+~v(w), forallue Dy, (4.2.19)
«

A (z) =u" () — A(u"(x)), forallzeR, (4.2.20)

o —2Kkp+ (”0P+$0)17($202 +2x/€0p0+/§292)71/2

u*(x) = 2072

, forall z € R, (4.2.21)

where u* () := u, is characterised in (£2.8)). From now on we use the notation u*(x) to emphasise

that u* is a function of . The following trivial proposition summarises the properties of u*.

Proposition 4.2.15. The function v* : R — (u_,uy), where u_ and uy are defined in ([E23)

and (E23), is strictly increasing, infinitely differentiable and satisfies the following properties

ut (=0/2) =0, u*(6/2)=1, lim u*(z)=u_ and lim u*(z)=us,

Tr——00 r——+00
as well as the equation

N (u*(x)) =2, forallxzeR. (4.2.22)
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Proof. The equation ([£Z22) follows from the definition of the saddlepoint. The other properties

in the proposition are a direct consequence of the explicit formula for u* given in (Z22T]). |
Let 6 := kf/ (k — po) and recall the following properties of A*, which will help us later on.
(a) A (z) = u*(x) for all z € R;
(b) A*"(z) > 0 for all z € R;
(¢) & — A*(x) is non-negative, has a unique minimum at —6/2 and A*(—0/2) = 0;

(d) z — A*(z) — x is non-negative, has a unique minimum at 6/2 and A* (6/2) = 6/2.

Remark 4.2.16. Consider the change of variables v := \/a + 432 + Bpy/a/ (2va (1 - p?)),
n = —28p+va)/(2ya(l—-p?), p = —bp/ya and § := by/1 — p?/y/a. When a = 0 the

limiting logarithmic Laplace transform A corresponds exactly to the Laplace transform Anig of

a Normal inverse Gaussian Anig (u) = pu + 0 (\/72 —n?2—\/7¥2—(n+ u)2). Since the proof of

Proposition 4. 1.3l follows entirely from the behaviour of the function A, this means that the Heston
model has the same rate function A* and the same asymptotic implied volatility ., as the Normal

Inverse Gaussian model (see also [6], [7], [68]).

In [48], Jim Gatheral proposed the following parameterisation for the implied squared volatility

63y () = % (1 + wopr + \/(ng +p)°+1— p2> , forall x € R, (4.2.23)

where = represents the time-scaled log-moneyness. We prove here by an appropriate change of
variables that this SVI implied volatility parameterisation and the large-time asymptotic of the
Heston implied volatility proved in Proposition agree algebraically, thus confirming a con-
jecture from [48] as well as providing a simpler expression for the asymptotic implied volatility
in the Heston model. We show how this result can help in interpreting SVI parameters. Let us
first give an intuitive motivation for the conjecture in [48] that the limit as the maturity tends to
infinity of the Heston volatility smile should be SVI. Consider [49, Equation (5.7)] which relates
the implied volatility opg(k,t) at log-moneyness k and maturity ¢ to the characteristic function ¢
of the log-stock price. We rewrite this equation in the form
0o ) . 00 .

[ (w-3) = [ S g (- (w41 ) b)) (1220
In the limit as the maturity ¢ tends to infinity, the Heston characteristic function has the form
¢¢ (u—1/2) ~exp (=9 (u)t). Then as pointed out in [73, page 186], we may apply the saddlepoint
method to both sides in equation (LZ24]) to obtain

_sra®xp (= (4)t) 27 it k2 o
¢ 2 + 1/4 1p// (’&,)t ~ 4€Xp < > (4225)
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where ( is short-form notation for the total Black-Scholes implied variance oq (k, )t and @ is such
that ¢’ (@) = —ik/t, so that a—which is in general a function of k—is a saddlepoint, which in the
Heston model at least, may be computed explicitly. Defining k := 27T and equating the arguments

of the exponentials in equation (£2.2]), the dependence on ¢ cancels and we obtain

((x) o?
s )

where we have reinstated explicit dependence on x for emphasis. One can verify that in the limit

= (u(z)) + izu (z), (4.2.26)

as the maturity ¢ tends to infinity and with a suitable change of parameters, expression ([{2:23)
exactly solves the saddlepoint condition ([{226)):
2

&gw(x) ’ =Y (u(x izu (x
T Sy = V) v a).

We are thus led to conjecture that the implied variance under the Heston model converges to the
SVI parameterisation as the maturity 7" tends to infinity.

Consider now the following choice of SVI parameters in terms of the Heston parameters,

wy = 02(415% <\/(2,€ B ,00)2 +02(1—p2) — (26— pg)> , and wg = %. (4.2.27)

and define n := \/ 4Kk2 + 02 — 4kpo. The following proposition makes the intuition above precise.
Proposition 4.2.17. Let 6 be as in [@ELH) and consider the change of parameters [E227)).
(i) If k — po > 0 then 6%y (x) = 62 (z) for all x € R.
(ii) If k — po < 0 then 63y (z) = 62 (x) for all z < A'(0).

Proof. Statement (ii) follows directly from (i), from Theorem L2 T0land from Remark[-2ZT2] Let us
introduce the notation A(z) := (0222 + 2k0pox + £26?) "2 Under the change of variables ([{.2.27)),

the SVI implied variance takes the form

2

02—/32 (77 — (26 — po) ) (m@ + poxr + A (x)), for all z € R. (4.2.28)

A2

o5y (z) =
We now move on to simplify the expression for 62, as expressed in Proposition I3l We first start
by the expression for A*(z) in ([2Z20]).

A(r)A(x) + B(x)n
202p2A(x) ’

A (x) =
with
A(x) := z0? — 2zkpo — 2k260 + Kbpo, and B(z) == 2z0k0p + 2%0? + k2602 p* + K20%5°.

Note that B(z) = A? (), so that A* (z) = (A(z) + A (z)n) / (20%6). We further have

_ 252 _ _
I (2) - = Ax)+A (QQH zo°p” _ Ax)n—(2r 2{)20) (10 + wp0)7 (4.2.29)
o°p o°p
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where we use the factorisation A (z) — xo*p* = — (2k — po) (k0 + xpc). Returning back to the

expression for 6., let us define ¥ (z) := A*(x) (A*(z) — x), so that we have

W (2) = (A(Z”');’)Qw(zmu)w(x),

n (26 = po) (k0 +po)
204 pt

(26 — po)?® (KO + zpo)? — 220 p

a(x):=— and B(z) = 4ot

Using the factorisations A% (z) = (k6 + 2po)® + 2202p% and 2 = (2K — pa)2 +02p?%, we can write
B(z) = (4a4ﬁ4)71 ((2n —po)? A2 (z) — x202p27}2) and some rearrangements lead to

¥ (e) = {60+ ap0) — (26— pr) A )} (42:30)

with a (z) := 40*p*a (x). To complete the proof we need to take the square root of ¥ (z). Note that

n (k0 + xpo) — (26 — po) A \/7 x) + o2p? /@9—}—3:/)0 \/fy ) + 2202 p? (2ﬁ—pa)2,

where v () := (2k — po)? (k0 + xpo)”. Since y () is non negative for all z, the sign of the whole ex-
pression is simply given by the sign of the difference 1 (z) := 625 (k6 + xpo)* —2202p% (25 — po)*.
The function 1 also reads 1 () = rko?p? (2x + 0) (2rpo + kO — 2kx), and hence this polynomial
has exactly two real roots —0/2 and /2, and its second-order coefficient —4xo?p? (k — po) is
strictly negative whenever k — po > 0. So, plugging (£Z29) and ([@Z30]) into the expression for

G oo in Proposition T3] we obtain (£Z28) and the proposition follows. O

We now use Proposition EL2.T7] to help interpret the SVI parameters. From [48], the standard

SVI parameterisation in terms of the log-strike k reads
o2y (k) a+b{,5(km) +/(k—m)* +§2}. (4.2.31)

Equating ([E23T) with (£Z23) and with the parameter choice [EZZT), we find the following
correspondence between SVI parameters and Heston parameters;

Wiws - ot _ty/1—p?
. p=p m=——, (="
2t w2 w2

a=t(1-p?). b= (4.2.32)

For concreteness, imagine that we are given an SVI fit to the implied volatility smile generated
from the Heston model with t very large so that we have the SVI parameters a, b, p, m and £. Our
first observation is that the SVI parameter p is exactly the correlation p between changes in the
instantaneous variance ( and changes in the underlying process, i.e we can read off the correlation
directly from the orientation of the smile. In particular, the smile is symmetric when p = 0. The
parameter b gives the angle between the asymptotes of the implied variance smile. We see from

EZ3T) and @Z32) that the angle between the asymptotes of the total variance smile o3y (k)¢
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is constant for large ¢ but that the overall level increases with ¢. From equation (£Z23)), w; is the

at-the-money implied variance oy (0) t. From @ZZT), in the limit o < x , we have

w=o{1+240((2)")}.

so that the at-the-money volatility is given directly by 8 when the volatility of volatility is small.

In the limit ¢ > k, we have

o= Lo ((2)))

showing that at-the-money volatility decreases as the volatility-of-volatility increases and as the
volatility becomes less correlated with the underlying. Finally, the minimum of the variance smile
is attained at x = —2p/wsy, providing a simple interpretation of the parameter wy. In particular, if
p = 0, this minimum is exactly the at-the-money point. The minimum shifts to the upside x > 0

if p < 0 and to the downside x < 0 if p > 0.

4.2.4 Moment explosions and wings

In [2], Lee initiated a whole stream of research on the asymptotics of the implied volatility.
He provided a rigorous explanation of the relation between moment explosions of the asset price
process under no-arbitrage conditions and the slope of the implied volatility smile in the wings,
i.e. for very large and very small strikes. Benaim & Friz ([6] and [7]) sharpened Lee’s results and
provided some more precise results for exponential (time-changed) Lévy processes. The following
theorem states Lee’s result for the right wing of the implied volatility smile. A similar result holds

for the left side of the smile.

Theorem 4.2.18. ([72, Theorem 3.2/
For any maturity t > 0, define the moment explosion u* := sup {u - E (S;‘H) < oo} as well

as the right slope of the implied (squared) volatility smile Sr := limsupo? (z)t/z. Then Br =

T— 00

2—4( u*(u*—l)—u*) €10,2].

To be able to use this result in practice one henceforth needs the explosion times of the process,
which are derived in [3] for some classes of stochastic volatility models. In the Heston case we are

able to provide more precise results, which we state in the following corollary:
Proposition 4.2.19. If the condition k > po is satisfied then for any t > 0 the equality
Br(t) =2 -4 (V) (' () — 1) - (w"(®) - 1)),

holds, where u*(t) > 1 can also be characterised as the unique positive solution of the equation

t* (u*(t)) =t where the explosion time t* is defined in (B2.1).
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The equation for u*(¢) in the proposition above, though not in closed form, is straightforward
to solve numerically. When ¢ tends to infinity, u*(¢) tends to the strictly positive root uy > 1 of
d(u) (defined just after ([BZ7)) and the formula boils down to the following: As the maturity ¢

tends to infinity, the following closed-form formula holds:

2 2 2 2
Br(o0) =~ (\/(% o) 402 (1= p?) — (26 — p0)> . (4.2.33)

The proofs of Proposition and Formula [@233)) follow directly from [3, Proposition 3.1
and Corollary 6.2] as well as [72]. The left slope of the asymptotic smile is obtained easily using
the symmetry property detailed in Section Very recently Gulisashvili, in [54] and [55], and
Friz et al. [46] provided sharp asymptotic estimates for the wings of the implied volatility smile,
thus refining Lee’s result in the Heston case. The above results were stated under the condition
Kk — po > 0. It is also interesting to note that from this limiting slope and Proposition E2.17
the limit (as ¢t tends to infinity) and the derivative in the wings can be interchanged. When the
condition xk — po > 0 is not satisfied, one can see that Proposition L2219 still holds and in this case
we have Sr(c0) = 2. Indeed, as ¢ tends to infinity, the unique root w*(t) of t* (w*(t)) =t tends to
1. So that the result follows from Proposition L2219 with w*(t) = 1.

4.3 Beyond continuous affine stochastic volatility models

We have stated and proved above a large deviations principle for the Heston model, from which
we were able to determine a closed-form expression for the implied volatility smile as the maturity
tends to infinity. It is a natural step forward to try and extend this methodology to other and larger
classes of models. In Remark (iv) we have already mentioned a simple extension, namely
the multidimensional Heston model. We also present a simple extension to a non-affine case: the
Schébel-Zhu model. The reason for presenting these two results is to highlight the fact that the
Heston model is in some sense a canonical model for continuous stochastic volatility models and
hence a natural one to work with at first. Finally, in Section we extend our results to affine

stochastic volatility models with jumps, which for instance include exponential Lévy processes.

4.3.1 A non-affine alternative: the Schobel-Zhu model

We present here a simple alternative to the Heston model. Since the analysis is very similar than
the one for the Heston model above, we shall skip some details. We highlight however how the
study of the implied volatility for large maturities can be immediately derived from the one in the
Heston model. As introduced in [93] the Schébel-Zhu stochastic volatility model is an extension to

non zero spot-volatility correlation of the Stein & Stein [99] model and the logarithmic spot price
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process (Xt),s satisfies the following system of SDEs

dX; = —%O’?dt + o, dWy, Xo=x0 €R,
doy k(0 — oy)dt + £d 7y, oo € R,
AW, 2Z), = pdt,

where «, 6 and & are strictly positive real numbers, p € [—1,1] and (W}),-, and (Z;),~, are two
standard Brownian motions. The logarithmic characteristic function of the process defined by

@ (u) = log E (e**(X:=70)) reads (see [65])
@y (u) = A(u,t) + By (u,t) 09 + By, (u,t) 02, forallu e C,t >0, (4.3.1)

where

Afwt) = g )+ (0 = du) = oz

By () et (1 —exp(—dut/2))2’ B, (u.t) =

Yo €xp (—dyt) — 1
Yu — 1 ’
by —dy, 1—exp(—dyt)

£ d, 1 — vy exp (—dyt) 462 1 — 7y, exp (—dyt)’
. u . . . . 1/2 . bu - du
@y = —3 (u+1), by :=2(k—1ipcu), dy:= (bi — 852%) y Y= b .’
2 2
22 by + D=2 oxp (—Ld,t
Ay (u,t) i= 27 (by — dy) | bu (dut — 4) + dy (dut — 2) +4 v, P (73 )e—%dut

23

It is clear from the form of the characteristic function that this model is not affine in the sense of
Section[3Il In the large deviations framework developed in the preceding sections we are interested
in the behaviour of the function Agy : u — tlggo t71®, (—iu), for all u € R such that it is well
defined as an extended real number. From the representation of the characteristic function above,

it is easy to show that the only contribution comes from the function A and we have

K202 32— 82 1
262 5 +§(ﬁu_6u)7

ASZ (u) =

where
1/2

By = (k — p€u), and Oy i= (53 — &% (u— 1))
If Ay denote the limiting normalised cumulant generating function of the Heston model, then

1
6u+6u+*(ﬁu_6u)a for aﬂuE(uf,UJr)a

ASZ (u) = AH (u) 25u 9

— — 2 p—
= 2npi\/(§g(pl_gp)2;r4n2(1 ?") are the same bounds as in the Heston model (see (E2.0)

and ([{20)). Note further that the condition under which a full LDP is available is exactly the

where u4 :

same as in the Heston case, i.e. Kk — p§ > 0. However, contrary to the Heston model the Fenchel-
Legendre transform of the function A is not here available in closed-form, but can be numerically

determined by a simple root-finding algorithm.
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4.3.2 Affine stochastic volatility with jumps

In this section we extend the large-time asymptotic behaviour we have proved above to the class
of affine stochastic volatility models with jumps defined in Section Bl From (B.IJ]) we see that
for all ¢ > 0 the equality A;(u) = P¢(u,0) holds for all real u such that both sides are well
defined. We assume that the process (exp(Xt));>, is a martingale (Assumption A.3) so that the
function A; is well defined at least on [0, 1] for all ¢ > 0. Define now the function y : R — R by

x(u) = OwR(u,w)|,,_,, for all u € R. As in [68], we make the additional assumption
A5. x(0) <0 and x(1) < 0.

In the continuous case this assumption enabled us to state a full large deviations principle for
the process (X;/t),~, as t tends to infinity. It is hence natural to see this condition here as well.
However it might not be a sufficient condition when jumps arise. From Lemma 3.2 in [68], under
Assumption A5 there exist a maximal interval Z C R and a unique function w € C (Z) N C* (Z°)
such that R (u,w(u)) = 0 for all v € Z with w(0) = w(1) = 0. Define now the set J :=
{ueZ:F(u,w(u)) < oo} as well as the function A : 7 — R by A(u) := F (u,w(u)), then

lim ¢t 1Ay (u) = tlim t7p(t,u,0) = A(u), forallu € J, (4.3.2)

t—o0

tlim Y(t,u,0) =w(u), foralluelZ, (4.3.3)

and [0,1] € J C Z. By construction, the function w is continuous and convex on its effective
domain Z; by Lemma 2.2 in [68], the function F is convex as well on its effective domain, so that

A is convex on the interval J :={u € Z: F (u,w(u)) < oo} .

Remark 4.3.1. In the general case (B13]) implies

auR(U,’UJ) = anu+ apw + ﬁ +/ € (exu—i_yw - 1 2) M(dl‘,dy),
D +x

OwR(u, w) = agow + ajpu + 3 +/ Y (ewﬂw 1 2) p(dz,dy).
D +y

The function w : R — R is defined as the unique solution to the equation R (u,w(u)) = 0, and

hence can implicitly represented as

 [ORea)
w(u) = /(’“)wR(p7w(p))dp’ for all u € 7.

If we assume no variance-dependent jump in the measure pu, i.e. u(dz,dy) = p(dx) ® dy (dy) (o
represents the Dirac measure with mass at the origin), then the equality R (u,w (u)) = 0 reads

%aggw (u)® + (r2u + B2) w (u) + g (u) = 0, (4.3.4)

where the function g : 7 — R is defined by

ux

1
g (u) = ianuz + fru+ / (e“z -1- 1-1—332) p(dx), forallueZ. (4.3.5)
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We can now solve equation [37]) explicitly as

w(u) = —a2_21 (algu + B2 F \/(oqgu + 52)2 — 2a229(u)) , foralluelZ. (4.3.6)

Indeed, we know the square root exists because the equation R(u,w(u)) = 0 has a unique solution
for all u € Z with w(0) = w(1) = 0, by Lemma 3.2 in [68]. From [31]), we have ¢g(0) = 0, so that
w(u) = 0 if and only if we take the positive root in ([L3.6]) when (5 is negative and the negative

root when [y is positive; when 8y = 0, w(0) = 0 if and only if a2 = 0, so that

w(u) = —%}1 <C¥12U + 2 — sgn () \/(a12u + 52)2 - QOzzzg(u)) , forallueZ,

and w(u) is everywhere null if 82 = 0. Hence we can write the function A explicitly as

A(u) :=F (u,w (u)) = %a11u2 +b(u,w(u))/—|—/ 1+ 22

D\{0}

Let us now define the Fenchel-Legendre transform A* : R — R, of the function A as

(emu—‘ryw(u) _ 1= wr ) m (dz,dy) .

A" (x) ;= sup {uzr — A(u)}, forallzeR (4.3.7)
ueJ

By the smoothness properties of A, we have A*(z) = zu*(x) — A (u*(x)) for all x € R, where u*(z)
satisfies the equation A’ (u*(z)) = z. As before we define the Share measure P as the probability

taking the normalised share price process (exp (X; — 2¢)),~, as the numeraire. The equality

dP

Oy (u,w) = Eg (eu(Xt_rgva” xo, U) = Ep <e“(X‘_'T°)+“”th]P)

xo,v> =P (u+1,w),

therefore holds for all ¢,u,w € Ry x C? such that the expectation exists. Let us define the set
Z:={ueR:(u+1) €T} as well as the function A, : Z — R for all £ > 0 by

Ag(u) = log B (exp (u (X; — x0))) = &y (0,0) = Ay (u+1), forallt,ueRy xT.

We can therefore rewrite the equalities in ([@II) in terms of the effective domains Z and J. The
properties of A and A* translate directly into those of the functions A and A* where

A (u) = tllglo t7 Ay (u), forallue J, and A*(z):= sup {uw —A (u)} , for all z € R,
ueJ

(4.3.8)
with 7 := {u € R: (u+1) € J} and the following trivial lemma holds

Lemma 4.3.2. The following two equalities hold

Aw)=A(w+1) foralued, and A (z) = A*(z) —x  for all z € R.
Let us now make one final assumption.

Assumption 4.3.3. The function A is essentially smooth on its effective domain Dy and there

exist two real numbers g, &1 > 0 such that [—eg, 1+ &1] C Dj.
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This assumption is fundamental for our analysis. Keller-Ressel [68] has shown that under
Assumptions A1-A5 the limiting logarithmic Laplace transform A in (32 is the cumulant gen-
erating function of an infinitely divisible random variable. In Proposition 2.4 we have seen that
the limiting Laplace transform is indeed essentially smooth on its effective domain which is larger
than [0, 1] if and only if x(0) < 0 and x(1) < 0. Keller-Ressel also proved that the interval [0, 1] is
contained in the effective domain of A but we do not know whether this domain is actually larger
than this interval or not. In the continuous case, we have seen that this domain can be precisely
[0, 1] when Assumption A5 is not satisfied. The link between the essential smoothness of A and the
conditions on x(0) and x(1) is not entirely clear. In particular, as we shall see later, Assumption A5
is trivially not satisfied for exponential Lévy processes, but the Lévy exponent might or might not
be essentially smooth on its effective domain. Under these assumptions, the functions A* and A*
are both good rate functions on R, they are strictly convex and admit a unique minimum attained
respectively at z* and Z*. By Lemma 3.2 and the fact that the two good rate functions A* and
A* are non-negative everywhere, it is straightforward to see that the inequalities z* < 0 < * are

satisfied, and the following theorem holds.

Theorem 4.3.4. Under Assumptions A1-A5 and Assumption[f.3.3 the process (t’l (X — xo))t>1

satisfies, as t tends to infinity,
(i) a large deviations principle under P with the good rate function A* defined in (A310);
(ii) a large deviations principle under P with the good rate function A defined in (EL3.8]).

We can now apply the results of Section 1] which gives us the asymptotic behaviours of option

prices (Theorem FLTT]), and of the implied volatility (Proposition ELT3]).

One-dimensional exponential Lévy processes

We now move on to deriving similar results for exponential Lévy processes. Let (Xt)7520 be a Lévy
process taking values in R with characteristic triplet (o,n,v). From [02], we know that for all
t > 0, its logarithmic Laplace transform ®; (u) := logE (exp (uX})) reads (for ease of notation, we

drop the w dependence in formula (BI1I))
O, (u) =topx (u), forallue Dy,

where Dx 1= {u € R: ¢x (u) < oo} represents the effective domain of ¢x and where the function

¢x : Dx — R has the Lévy-Khintchine representation

2
ox (u) = %uz + nu +/ (e"" =1 —ualy,<1y) v (dz), for all u € Dy, (4.3.9)
R

where o > 0, n € R and v is a Lévy measure defined on R such that

v({0}) =0 and /]R (z° A1) v (dz) < oo. (4.3.10)
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From Assumption A3 on page[22] we need the process (eXt) to be a martingale. According to [23]
Proposition 3.18], this holds if and only if

0.2

/ e"v (dz) < oo and —+n —|—/ (e® =1 — alyy<1y) v (dz) = 0. (4.3.11)
2| >1 2 R -

From the notations for affine stochastic volatility models in IT)), BI2) and (BI3]), we have
ox (u)t = ¢ (t,u,0) and 9 (¢,u,0) = 0, so that the functions F' and R simply read

F (u,0) = ¢x (u) and R (u,0) =0.

Note here that Condition A5 on page[6Qlis not satisfied since the function y is null everywhere. This
is actually a borderline case, and the analysis can still be carried out with some precautions. In our
case, this means that we can not define the function w as in (£33), but we can however directly
work with the function F. Note that a direct application of Jensen’s inequality proves that the
function ¢x is convex on its effective domain Dx and we immediately have tlggo t~'logE (e"*+) =
¢x (u), for all u € Dx, and hence the function ¢x is exactly the limiting cumulant generating

function A defined in (£32). Now, note that from (£39), the function F' can be rewritten as

2
A(u):F(u,O):(;u+ﬁu+/R<eux_1_1j_xx2>y(dx), for all u € Dx.

where 77 :=n+ [, ((1 + 562)_1 - 1{|z|§1}) zv (dz), and it is straightforward to see that 7} is well-
defined using the properties of the Lévy measure v given in (£3.10). The effective domain Dx
precisely contains all the moments of the random variable X (by a slight abuse of notation, we
denote X = X;) that exist—since Lévy processes are infinitely divisible, the time-dependence does
not appear in the moments of the process. Moment explosions in Lévy processes have been studied

in [72], [6] and [7], so following [72], define the critical moments u% of the random variable X as
u* :=sup{u € Ry : ¢px (—u) < oo} and v’ i=sup{u € Ry : ¢x (u) < oo},

and it is clear that D% = (u*_,uj_) (note that the boundary points of Dy are not necessary
included). However, as we have noted in the case of affine stochastic volatility models, we do not
have necessary and sufficient conditions ensuring that the function ¢ x is essentially smooth, and we
henceforth suppose that Assumption[Z3.3/holds. Under Assumptions A1-A5 and Assumption.3.3]
it is then straightforward to see that Theorem FT.T]holds and hence the large-time implied volatility
is given by Proposition Note that if the interval the effective domain of Dx is of the form
(u—,us) with u— < 0 ad uy > 1 then since A is continuously differentiable and convex on D%
then it is essentially smooth. However if Dx contains at least one of its boundary points the we
can not conclude directly. For instance the logarithmic Laplace transform of the Variance-Gamma
model VG (a, b, ¢) reads

b C
a b+u)) . forallueDx = (—ba),

Mo 0= (G
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which is clearly essentially smooth on D%, thus a full large deviations principle holds.

The Heston model with jumps
We have built up our methodology from the Heston model. It is then quite natural to study
precisely how jumps influence this model, at least for large maturities. We consider the following

dynamics for the logarithmic share price process (X;),-, under the risk-neutral measure,

dX; = (60— 3Vi) dt +/V,dW; + dJ;, Xo =1z €R,
dVy =k (0 - V) dt + o/ V,dZ,, Vo=v>0,
AW, 2Z), =pdt,
where r,0,0 >0, p € (—1,1), k—po > 0, and J := (Ji),5 is a pure-jump Lévy process independent

of the Brownian motion (W), ,. The parameter § € R ensures that the process (exp (X¢)),~ is

a martingale. The logarithmic moment generating function of the Heston model with jumps reads
logE (e“(Xt_x°)> = Ay (u,t) + Ay (u)t,

where Ay is the cumulant generating function of the Heston model given in Proposition [£2.1] A ;
the cumulant generating function of the jump process J, and Ay (u) := Ay (u) — uA; (1) accounts
for the compensated part of the jumps. In terms of the functions F' and R, we have

2

F (u,w) = kbw + A (u) and R(u,w):g(u71)+%w2—nw+pouw.

Let us consider the following three examples:
(i) J is a Poisson process with intensity 7 > 0 and Lévy exponent Ap(u) = —n (1 —e*).
(ii) J is a Gamma process with parameters a > 0, b > 0 and Lévy exponent Ar(u) = —blog (1 — u/a).

(iii) J is a Normal Inverse Gaussian process with parameters («, 3, u,d) and Lévy exponent
Anig(u) = pu+6 (\/ a? — 32 —yJa? = (B+ U)Q)

Let [u",u”] denote the effective domain (see (2] and ([ZG)) of the Heston limiting cumulant
generating function A%, and uf represent the lower and upper bounds of the effective domain of

the function A ;. For the three examples above we have

A(u):= lim ¢ 'Ay () = AF (u) + Ay (u), forallue [u" vl ult Aul].

t—o00

Since Ay is essentially smooth, the essential smoothness properties of the limiting cumulant gen-
erating function of the Heston model with jumps will only depend on the properties of A ;. From

the moment generating functions above, it is easy to see that

ui =400, u_l =—00, ui =a, uiIG =—[F+aq,
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and that the function A 7 is essential smoooth on its effective domain. Therefore Theorem 111
and the large-time asymptotic formula (ZIH]) for the implied volatility hold by Proposition
This is of course a simple example since all the functions are essentially smooth and the (neces-
sary and sufficient) conditions for a cumulative generating function to be essentially smooth are

left for future research, as we mentioned in the preceding paragraph on exponential Lévy processes.

We provide now numerical evidence on the standard Heston model (Figure [42]) and the He-
ston model with Normal Inverse Gaussian jumps (Figure [£3]). We compare our asymptotic for-
mula (T30 for the large-maturity smile and the implied volatility calculated numerically using
the Zeliade Quant Framework from Zeliade Systems. We consider the spot price to be worth 100

and a maturity of ten years. For the Heston dynamics, the parameters read
k=115 0=0.2, 6=0.04, p=-04, v=0.04. (4.3.12)

For the Heston model with Normal Inverse Gaussian jumps, we consider the same parameters as

in (@312 for the Heston dynamics, and the NIG parameters read

a=7104, B=-33, §=0.193, u=0.092. (4.3.13)
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Implied volatility in Heston
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Figure 4.2:

Implied volatility smiles under the Heston model without jumps using the parameters

given in (£3I2). The dash curve is computed numerically, whereas the solid one corresponds to

the asymptotic formula ([@IT]).
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Figure 4.3: Implied volatility smiles under the Heston model with NIG-jumps using the parameters
given in (£3I3]). The dash curve is computed numerically, whereas the solid curve corresponds to

the asymptotic formula (ZIT).
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The Barndorff-Nielsen € Shephard model
We provide a final example, namely the Barndorff-Nielsen & Shephard model given by the following
SDEs under the risk-neutral measure (see [94] and [80]),

dX, = — (vk(p) + 3Vi) dt + VVidWy + pddy,  Xo =0 €R,
AV = —yVidt 4 dJ.s, Vo=v>0,

where v > 0, p < 0 and (J),5 is a Lévy subordinator where the cumulant generating function of
Jp is given by k (u) = logE (e“‘] 1). The logarithmic moment generating function reads
vy ¢ u(l—u) ,
Ay (u) = —utyk (p) — — (1 —u) (1 —e ") + ’y/ k (pu + ———" (1 - e‘"’“‘”)) ds,
2y 0 2y
for all t > 0 and p € R such that it is well defined. As mentioned in [68], it is easy to see that the
domain Dy, of the function A; reads Dy, = (u—(t), u4(t)) for all t > 0, where

1 Py i\/IJF (2k* —p)y n p*?

ux () = 2 1—exp(—t)

4 1—exp(—t)  (1—exp(—)°’

and k* :=sup{u > 0:k (u) < co}. Since v > 0, we have that tlim ug(t) = ug, with

— 00

1 1
Ut :=2—mi\/4—(2/€*—p)’y+p2v2-

Furthermore the two functions ¢ and 1 read
t
1
o (t,u,0) = —utyk (p) + *y/ k (pu + o (u—u?) (1 - eV(ts))) ds,
0 Y
and

¥ (t,u,0) = % (u2 — u) (1 - e_'Yt) .

We can hence deduce the two functions F' and R,
1
R (ua 0) - aﬂ/} (ta u, O)|t:0 = 5 (UZ - U) ) and F (ua O) - af¢ (ta u, O)|t:0 = Fyk (pu) - u’yk (p) .
We will present results for two types of BNS models (i) the I'-BNS, where the subordinator is
I'(a, b)-distributed with a, b > 0 and hence kp (u) = (b—u) " au, (i) the IG-BNS, where the

/2. It is easy

subordinator is 1G(a, b)-distributed with a, b > 0 and hence kig (u) = ap (b* — 2u)_1
to see (see [80] for more details on this feature) that the jumps in the I'-BNS model arise only
a finite number of times in finite time intervals, whereas they occur infinitely often in finite time
intervals when the driving Lévy process J is of inverse Gaussian type as its Lévy density w : R — R

satisfies f0+°o w(z)dax = co. Let us define the two auxiliary functions f; and fy by

f ::up—%(u—uz) (1—e_7t), and  fo ZZUP_%(U_U2)'

We then have

AP ()= =22 2 = a?) (1—e ) + ﬁ <f27t +blog <Z;f;)> :
— =
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Figure 4.4: Implied volatility smiles under the I-BNS model with maturities 5 years (dots), 10
years (dash), 20 years (long dash). The solid line represents the large-time implied volatility (ZI5H]).

and

apyut v

,Wfﬂ(ufzﬂ) (1767%)+a\/b2*2f17a\/b272pu

+ % arctan M — arctan u
\/2fs — b2 2fy — b2 2fy — b2 '

From [68], we know that the two functions w and A read

A€ (u) =

w(u) = — (uz—u) and A (u) =~k o (u) —uvk (p), for all u € (u_,uy),

where ¢ (u) := 2oy p — o= ). Let us concentrate on the T-BNS model. We see that the function
2y 27y

A is well defined on the interval (uz, uﬂ_), where ul] = %fp’yj: (% — p’y)2 + 2by € Ry are the two

roots of the equation ¢ (u) = b. Tt is straightforward to check that the limiting function A satisfies

all the necessary conditions to apply the Géartner-Ellis in the large-time framework and hence we

can define its Fenchel-Legendre transform A* (z) := [sup ]{ua: —Aw)} =u"(x)z—A(u* (2)),
uE|U— Uy

for all € R, where u* (x) is the unique solution to the equation A’ (u* (x)) = z, for any z € R.

The same result applies to the IG-BNS model, but in this case we have

1 1 :
uf =3 —p'yj:\/<2 —pv) + b2y € Re.
We use the following values given in [94] Section 7.3] calibrated on the S&P for the I'-BNS
model: ¢ = 1.4338, b = 11.6641, v = 0.0145, v = 0.5783, p = —1.2606.




Chapter 5

A short ride along the steepest

descent

In the preceding chapter we have developed a framwork to study the limit of the implied volatility
of continuous affine stochastic volatility models as the maturity tends to infinity. In particular we
have obtained a completely explicit formula for this limit for the Heston model. In this chapter
we wish to take the analysis in the Heston case a step further and derive higher-order terms (in t)
in order to obtain more precise asymptotics and rate of convergence. The Gartner-Ellis theorem
does not allow us to do so, and we hence use complex saddlepoint methods to obtain such results.
In this chapter we shall use the standard notations for the Heston model as in Section 23] and

we will always assume the condition k — po > 0 (i.e. Assumption A5 on page [G0).

5.1 Large-time behaviour of call options

5.1.1 Large-time behaviour of call options under the Heston model

In this section, we derive the asymptotic behaviour of call option prices under the Heston dynam-
ics (B21) as the maturity ¢ tends to infinity, both for maturity-dependent and for fixed strikes.
Before diving into the details, let us introduce the function Z : R x Ry x R? — R by

N 1
I (w,t;a,b) == (1 —€") Ly<ay + Yacoar) + il{xzb}. (5.1.1)
The next theorem is the main result of this chapter and its long proof is postponed to Section [5.4]

Theorem 5.1.1. In the Heston model B21) with k > po the following asymptotic behaviour for

the price of a call option with strike Syexp(xt) for all x € R,

W I(thi) + j%exp(([&*(x)z)t) (1+0<1>>, as t — oo,

69
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holds where

[ rexfrg)
A) = s (5.1.2)
—1— sgn (x) (éﬁ((z((j)))) — v (u*(x))) . ee{-48},
and
Uu) = </-; - p%jutid“()_iu))w/a exp (SAW). (5.1.3)

The function A is defined in [@E2I9), v* in (EZZI), A* in (EZ20), d in B2H) and sgn(z) =
Lio~oy-

Remark 5.1.2. Note that, from property (b) on page B4l the square root in the function A is a

strictly positive real number.

Remark 5.1.3. Theorem [5.1.]is similar in spirit to the saddlepoint approximation for a density

of random variable X given in [I6]

Ix(z) ~ (277K”(u* (x))) e exp (K(u*(m)) - xu*(m)),

where K(u) := logE(exp(uX)), and u*(x) is the unique solution to K’'(u*(z)) = x. Here X :=
Xt — a0, K(u) = A(u)t+ O (1), and we substitute x to at so that
exp (A (u*(x))t — xu* (z) t) exp ( — A" (x) t)
_zo(t) = = .
Fximzo (1) 2N (0 (2)) L V2N ()

In order to precisely compare our result to the existing literature, we prove the following lemma,

which gives the asymptotic behaviour of call options for a fixed strike. This result was derived

in [73l Chapter 6] and we provide a rigorous proof in Section [.511

Lemma 5.1.4. Under the same assumptions as Theorem [, for any v € R, we have the

following behaviour for a call option with fixed strike Spe® as t tends to infinity,

SLOE(St — Soe”), =1+ jéiﬂ)texp (a:(l —u*(0)) — A~ (O)t) <1 +0 (1)) ]

5.1.2 Large-time behaviour of the the Black-Scholes call option formula

By a similar analysis, we can deduce the large-time asymptotic call price for the Black-Scholes
model. This result is of fundamental importance for us as it will allow us to compute the implied
volatility by comparing the Black-Scholes and the Heston call option prices. In this section, we
further assume that the variance is of the form %2 + a; /t, for each maturity ¢, where ¥ is a strictly
positive constant and a; > —X?t. The following proposition proved in Section gives the
behaviour of the Black-Scholes price as the maturity tends to infinity.
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Proposition 5.1.5. With the assumptions above, for all x € R, we have the following asymptotic

behaviour for the Black-Scholes call option formula in the large-strike, large-time case

Cgs (iL't,t, 32 +a1/t) 2 2 ABS(.T b al) 1
5% 7 (w5 ) e (s ) —a1) (140 (7)),

where the function T is defined in (BLI) and

1 42 3 a;/2-1
ABS(LL‘, Z,al) = exp (8CL1 (2:4 - 1)) ml{z¢i22/2} + Tl{zzﬂ:zz/Q}' (514)
Remark 5.1.6. If we set a; = 0, we obtain the large-time expansion for a call option under the

standard Black-Scholes model with volatility > and log-moneyness equal to zt.

As in the Heston model above, we derive here the equivalent of Proposition [L.I1.5] when the
strike does not depend on the maturity anymore. This lemma is immediate from the Black-Scholes

formula and the approximation (5.5.2) for the Gaussian cumulative distribution function.

Lemma 5.1.7. With the assumptions above, we have the following behaviour for the Black-Scholes

call option formula in the fized-strike, large-time case

CBS l',t, z:24’041/t 2
LT (1) o)

— ex
S svort P\ 8

5.2 Large-time behaviour of implied volatility

The previous section dealt with large-time asymptotics for call option prices. In this section, we
translate these results into asymptotics for the implied volatility. Recall that [40], [73], and [6§]
have already derived the leading order term for the implied volatility in the large-time, fixed-strike
case. Our goal here is to obtain the leading order and the correction term in the large-time,
large-strike case. Theorem [(.2.]] provides the main result, i.e. the large-time behaviour of the
implied volatility in the large strike case. In the following, 64(x) will denote the implied volatility
corresponding to a vanilla call option with maturity ¢ and (maturity-dependent) strike Sy exp(xt)

in the Heston model (B2.1]). Recall the function 62, : R — R, from @ILH),

(3'?)0(1') =2 <2A*($) —x+ 2 (lm€(79/2,§/2) — lmeR\(—0/2,é/2)) \/A* (1’)2 — A* (l’) 1’) s fOI‘ all x € R
(5.2.1)

and define the function a; : R — R by
Goo(x) —1/4 A) )
= ! r\{_0 @
],‘2 0og (ABS(Z‘,&OO(JT),O)>7 T € \{ 2’2}7
=2 (5.2.2)

- % (1+5800) (et @) ). we {4,

N[
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where A is defined in (BI12), Aps in (L4, U in (E13), A in @2I9), v* in (@E2Z2T) and A*
in (Z20). They are all completely explicit, so that the functions 6%, and a; are explicit as well.
From the properties of A* proved on page[54] A*(x) and A*(x) —z are non-negative, so that 62 (x)

is a well defined real number for all x € R. Then the following theorem holds:

Theorem 5.2.1. The functions 6o, and a1 are continuous on R and

62(x) = 62 (x) + ay(x)/t + o (1/t) for allx € R as t tends to oo.

2
o0

in x on compact subsets of R\{—0/2,0/2}.

Furthermore the error term |62(x) — 6% (x) — a1 () /t|t tends to zero ast goes to infinity uniformly

Remark 5.2.2. The functions A and Apg are not continuous at —6/2 and /2, (see Figure 5.1])

however a; is continuous by this theorem.

Proof. We first prove that the functions ., and a; are continuous. In fact, the continuity of the
function 6 follows from properties (c) and (d) on page B4 We observe that the two functions
x +— A(z) and 2 — Aps (7,64 (2),0) have poles at /2 and —0/2 and their quotient is strictly
positive for € R\ {—6/2,6/2}. Therefore the function a; is continuous on this complement.
Elementary calculations show that in the neighbourhood of §/2, we have the following expansion

(where © := (/A" (1))'/?)

62(2)=0+2(1—0) (z—0/2) + A,,Z(l) (1 St M@) (282" + 0 (e —b/2").

This expansion can be used to obtain

Ax) o 1 ’ 1 w l o— 0 .G/
Aps(2.60(@),0) T A1) (U O O @>( 4/2) + 0 (jz — 6/2P)

which implies that lim a;(z) = @ (6/2). A similar argument shows continuity of a; at —6/2.
z—0/2

We now prove the formula in the theorem in the case # > /2. Note that 6. (v) as defined

in (B2)) satisfies the following quadratic equation
AN (z) — 2 =Ajg(z,000(2)) — 2, forall z € R, (5.2.3)

where A* is given by [LZ20) and Ajg by @I3). We prove the theorem in two steps: first, we
prove the convergence of the implied variance to 62 (), then we prove the first order correction
term. The first step has already been proved in Proposition .T1.3l For the second step of the proof,
we show that for all 6 > 0, there exists t*(d) such that,

|62(2) — 62 (x) — a1 (x)/t] < I/t for all ¢t > ¢*(9). (5.2.4)

Note that by definition in ([B22]), we have A(z) = Aps
Theorem 0.1 implies that for all € > 0, there exists t*(e

(2,000(x),a1(x)) for all x € R, so that
)

such that for all ¢ > t*(¢) we have

1 zt Aps (@, 000(2), 01 (2)) — (AL (2,600 () —)t
S—OE (S — Soe )+ < NGET e~ \"BS e, (5.2.5)
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Figure 5.1: We plot the two functions A (left) and a; (right) with the calibrated parameters on
page[[4 The function Ags in Proposition has the same shape as A. Here, the two poles of
A and Agg are —0/2 ~ —0.025 and /2 ~ 0.022.

and

Aps (@, 000(2),01(%)) _ (At (2,60 (2))—a)t —c - L *
B3(%, 000 (), 81(%)) —(Apq (.6 () -0t SSfOE(SﬁSoe .-

V2t
Let § > 0 and ¢ (6) := (4a?/62% (x) — 1) 6/16 > 0. From (G.ZH), there exists t*(5), such that for

all t > (),

E (S = Soe™), _ Aps(®,600(2),a1(2) +8) _(npy (@) -sptgz(a) < P8 (mt,t, V& (@) + (@) + 6)/t)
So - 2t - So ’

and

€T ~ ~ ,\2 ~ —
E (S; — Soe™) o Aps(x,65(), i1 (2) — 0) o~ (A (5 ()= (0) > Cis (mt,t, V62, (x) + (a1 (2) 6)/t).
So - Vot - So

By strict monotonicity of the Black-Scholes price as a function of the volatility, we obtain

62 () + (ay(z) — 6)/t < 62(x) < 62 (x) + (a1 (x) +0)/t,

which proves (52.4). An analogous argument implies the inequality in (5.2.4)) for 2’ € R\{—6/2,0/2}
since the functions A and z — Aps(z, (), a1(x)) are continuous on this set and by (23] the
identity 7 (z,t;—0/2,0/2) = T (x,t; —62% (x)/2,6% (x)/2) holds for all (z,t) € R x R, (the func-
tion Z is defined in (.L.1))). In the cases 2’ € {—0/2,0/2} a similar argument proves (5.2.4)) at the
point 2’ but not necessarily on its neighbourhood. The uniform convergence on compact subsets

of the complements of R\ {z*,z*} follows the same lines as in the proof of Proposition [£T3 O

5.2.1 The large-time, fixed-strike case

This section is the translation of Lemmas .14 and .17 in terms of implied volatility asymptotics,

and improves the understanding of the behaviour of the Heston implied volatility in the long term.
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Let o¢(x) denote the implied volatility corresponding to a vanilla call option with maturity ¢ and

fixed strike K = Spexp(x) in the Heston model B821). Let us define the function a; : R — R by
ar(z) == —8log (—A(O) 2A*(O)) +4(2u(0) — 1)z, forall z € R, (5.2.6)

where A is defined in (512), A* in (I2Z20) and «* in (£2Z2])). Elementary calculations show that
A(0) < 0. From the properties of A* on page B4, a;(z) is a well defined real number for all z € R.

Theorem 5.2.3. With the assumptions above, we have
of(z) = 8A*(0) + ar(z)/t + o (1/1), for all z € R, ast tends to oo,

where A* is given by (EZ20) and a; by (B2.0).

Proof. The proof of this theorem is very similar to the proof of Theorem (.21l so we do not detail
it too much, in particular we only prove the upper bound, the lower bound being analogous; also we
deal with both the zeroth and the first order term at the same time. By Lemma BT and (5.2.0)),

we know that for all € > 0, there exists a t*(¢) such that for all ¢ > ¢*(¢), we have

éfx&—swﬂ+g(1+@mrﬂwmnmp@u—unmyﬁvmm)é

1
=(1— ————exp(x/2 —a1(x)/8 — A*(0)t) | €°.
( e P 2 )8 - A )))
Now, for any § > 0, by a continuity argument, we can then find € (6) > 0 such that

<1 _ 1 ez/Q—al(r)/8—A*(0)t> o=0) (1 _ 1 em/Q—(al(z)+6)/8—A*(0)t> )
2

rA*(0)t 2/mA*(0)t

Combining these equations, there exists t*(d) > 0 such that, for all ¢t > t*(J),

%m&f&hg%a§@¢¢wwnumm+a@.

Thus, by the monotonicity of the Black-Scholes formula as a function of the volatility, we obtain

o2(x) < A*(0)+ (a1(x) + &) /t. Since § can be chosen as small as we wish, the theorem follows. [

5.3 Numerical results

We present here some numerical evidence of the validity of the volatility asymptotic formula in
Theorem .21l We calibrate the Heston model on the European vanilla options on the Eurostoxx
50 on February, 15th, 2006. The option maturities range from one year to nine years and the
initial spot Sy equals 3729.79. The calibration, performed using the Zeliade Quant Framework, by
Zeliade Systems, on the whole implied volatility surface gives the following parameters: £ = 1.7609,
0 = 0.0494, 0 = 0.4086, v = 0.0464 and p = —0.5195. We plot the implied volatility smile of the
calibrated Heston model for maturities t = 5 and ¢ = 9 years (see Figure (.2).
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Figure 5.2: The left plots represent the leading order term 6, (dashed) defined in ([E271]), the

asymptotic formula in Theorem (.21 (solid line) and the true implied volatility (crosses) for the

calibrated parameters (see page [[4]) as functions of the strike K. The right plots represent the

errors between the true implied volatility and 6, (dashed) and between the true implied volatility

and our formula. From top to bottom, these plots correspond to the maturities ¢ = 5 and 9 years.

All the values are given as percentage.
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5.4 Proof of Theorem [5.1.7]

The proof of the theorem is divided into a series of steps: we first write the Heston call price
in terms of an inverse Fourier transform of the characteristic function of the stock price. Then
we prove a large-time estimate for the characteristic function (Lemma [B4T]). The next step is
to deform the contour of integration of the inverse Fourier transform through the saddlepoint of
the integrand ([@A22]]). Finally, studying the behaviour of the integral around this saddlepoint
(Proposition [B.4.6]) and bounding the remaining terms (Lemma [5.4.4]) completes the proof. The
special cases ¥ = —0/2 and z = /2 in formula (5.1.2)) are proved in Sections and 5441

5.4.1 The Lee-Fourier inversion formula for call options
Using similar notation to Lee [71], set

A x = {1/ eR:E (exp (I/(Xt - xo))> < oo}, for all t > 0,
and define the characteristic function ¢; : R — C of X; — xg by

¢i(2) =E (exp (iz(Xt - :co))) , forall t > 0.

From Theorem 1 in [65] and Proposition 3.1 in [3], we know that ¢;(z) can be analytically extended
for any z € C such that —(z) € A; x, and from our assumptions on the parameters in Section [5.1]
(u—,uy) € Ay x for all ¢ > 0. By Theorem 5.1 in [71], for any a € (u_,u4 ), we have the following

Fourier inversion formula for the price of a call option on .S,

1k (S —K), = ¢i(=i)ljocacty + (de(—1) — € ¢:(0)) Lia<oy + l(bt(_i)]l{oz:l}

S
L) ! ieail(z— 1)
(¢t<1>2e )uazo}m/ﬂm( e )dz,

where = := log(K/Sp) and vy : Ry — C is a contour such that vy (u) := v — i(a — 1). The

+

first four terms on the right hand side are complex residues that arise when we cross the pole of
(iz — z2)_1 at z = 0. We now set k = i — z, substitute x to xt, and use the fact that S; is a true
martingale for all ¢ > 0 (see Proposition 2.5 in [3]). Since k will always denote a complex number,

we shall from now on use the notation k = k,. + ik; for k., k; € R. Note that

‘%(e ik—k2>_E<§R(e ik — k2 )

—ik(X¢—zq)

that k, — R (ei’“’:te T

. . 5 —ik(X¢—zq) .
) is an even function and that k, — < (elkmteiW) is an odd

function. Clearly the normalised call price S%,]E(St — Spexp(xt))y is real, so if we take the real

part of both sides and break up the integral, we obtain

1 1
(S - Soe™), =Toca<ty + (1 = ") Laco) + 5la=1) + (1 - 26“) L{ao)

S,
0 +exp (xt) <</ +/) 1kztf]z k)zdk) (5.4.1)
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for any R > 0, where, for any « € R, we define the contours
Yo i (—00, —R] U [R, 4+00) — C such that v, (u) := v + ic, (5.4.2)

and

(o : (—R, R) — C such that (,(u) = u + ic. (5.4.3)

For ease of notation, we do not write explicitly the dependence of these contours on R. We will
see later how to choose R. In the following lemma, we characterise the large-time asymptotic

behaviour of the characteristic function ¢;.

Lemma 5.4.1. For all k € C such that —k; € (u_,uy), we have
(k) = exp (A(ik)t)U(ik) (1+¢e(k,t)), ast tends to oo,

R(d(k)) > 0, and e (k,t) = O (e”ED) where U is defined in GI3), u_, uy in E2ZH)
and (EZT) and A is the analytic continuation of formula [EZI9).

If —k; is not in (u_, u4 ), this large-time behaviour of ¢, still holds, but $(d(k)) might be null

(for instance if k. = 0) so that ¢ (k,t) does not tend to 0 as t — oc.

Proof. From Equation ([322]) we have for all k& € C such that —k; € (u_,u),
2K6 1 — g(k)e~ 4kt v 1 — e—d(k)t
k) = A(ik)t — = log [ — —AR) ———a
d)t( ) exXp ( (l ) o2 0g ( 1— g(k) exXp 0 (l )1 N g(k)e*d(k)t )
where d is defined in (B:2.5]), A is the analytic extension of formula ([Z2.19]) and the correct branch
for the complex logarithm and the complex square root function is the principal branch (see also [2]

and [65]) and we recall the function g : C — C from 23],

Kk —ipok —d(k)

for all k € C.
k—ipokt+dk) MRS

g(k) =
For all k € C such that —k; € (u—,uy), we have R(d(k)) > 0. Let

ek t) = (1 — g (k) efd(k)t> ~2n0/0" and eq9(k,t) := exp {ﬁ@ (id—(kp)(j\lgcl—]?;(k)) (ed(k)t - g(k))_l} .

Then we have

(k) = exp (A(ik)t)U(ik)al(k,t)EQ(k,t), for all ¢ > 0.

Then, as ¢ tends to infinity we have

_ 2609 _aaiye —2d(k)t _ ¢ d(k)t -2
El(k,t)—l—i—?e —|—O<e ) andsg(/ﬂ,t)—l—l-m—i—(? (e —1)

for some constant c. Set e (k,t) := e1(k,t)ea2(k,t) — 1 and the lemma follows. O
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5.4.2 The saddlepoint and its properties

The function A : (u_,uy) — R defined in (@2ZI9]) can be analytically extended and we define the
function F' : Z — C by

F(k) :== —ikx — A(—ik), where Z:={k e C:k; € (u_,uq)}. (5.4.4)

The exponent of the integrand in (41 has the form —F(k)t by Lemma B4l therefore the
saddlepoint properties of F' given in the following elementary lemma are fundamental. Saddlepoints

in the complex plane and their properties were defined in Section

Lemma 5.4.2. The saddlepoints of the complex function F : Z — C are given by

L .0 —2kp* (klp+ zo)n(z?0? + 2zKbp0 + K262)~1/2
=i

25 = 5 €z,

20p

where 1 := /02 + 4k2 — drpo.

Proof. Since we are looking for a saddlepoint in Z, we can use the representation (Z2I9]) for the
function A. The equation F’(z) = 0 is quadratic and hence has two purely imaginary solutions zOi
since the expression (2202 +2zk0po +K%60%) = (vo + ﬁ@p)2 +k202(1— p?) is strictly positive for any
x € R. Tt is also clear from the definition of u_ and wy in @21 and (ZZ0]) and the assumptions

on the coefficients that & (Z(:)t) € (u—,uy), and hence z(jf € Z are saddlepoints of F. O

The next task is to choose the saddlepoint of the function F in such a way that it converges
to the saddlepoint of the function Fpg(k) := —ikx — Aps(—ik) for all k € Z, where Apg is given
by (£I1Z2), in the Black-Scholes model as both the volatility of volatility and the correlation in
model B2)) tend to zero. It is easy to see that the saddlepoint of Fgg equals iufg(x) for any
z € R, were ujg is given by @IZ). We can rewrite § (z5) defined in Lemma 522 as

1 Kp kOpn(z20? + 2xKfpo + K26%)~1/2 n zon(z20? + 2zkbpo + K262) /2

() - - M
3(20) 252 op? 202 20 p? ’
(5.4.5)

where p:= /1 — p2. The first term converges to 1/2 and the last one to +2/6 as (p,o) tends to

0. When both p and ¢ tend to 0, a Taylor expansion at first order of the third term gives
kOpn(220? + 2xkbpo + K26%)~1/2 on

20 p? 20p2"
Take now the positive sign in (L.40H]), then the second and third terms cancel out in the limit since
1 converges to 2k as (p, o) tends to zero. In that case ( lir)n S (25) = 1/2 + /0 = ujyg(w) holds
p,0)—0

for all z € R, where the Black-Scholes variance is equal to 0. If we take the negative sign in (5.45]),
we do not recover upg because the function (p,0) — p/o has no limit as the pair (p,o) tends
to 0. Hence the correct saddlepoint is 2z and @ZZI) implies 3(zd (7)) = u*(x) for all x € R.
Note that in the fixed strike case (i.e. « = 0), we have u*(0) = (0 + pn — 2kp) / (20p%), and the
corresponding saddlepoint iu*(0) is the same as the one in [73] Chapter 6]. The following lemma
is of fundamental importance and will be the key tool for Proposition
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Lemma 5.4.3. Let k € Z. Then the function k, — R (—ikx — A(—ik)) has a unique minimum

at 0 and is strictly decreasing (resp. increasing) on (—o0,0) (resp. (0,00)).

Proof. Note that the statement in the lemma is equivalent to the map k. — —R (A(—1i(k, + iki)))
having a unique minimum at 0 for any k; € (u_,u) and being increasing (resp. decreasing) on

the positive (resp. negative) half line. Let k; € (u—,uy ), then
. . _ Kb .
m(A(ﬂ(kr + 1ki))> =5 (n — pok; — m( wiky) + 1v(kr))) :
where
w(ky) = 0°p’k} — 0°p°ki — 0(26p — 0)ks + k> and  v(k,) = (26p — 0 + 200°k;) ok,

From the identity and the fact that the principal value of the square-root is used, we get

R (Vo (k) + 50 (k) ) = ;\/Qw () + 24/ () + v (k)? (5.4.6)

is monotonically increasing in w, w? and v2. First, note that w'(k,) = 202p%k,, hence w is a
parabola with a unique minimum at 0, so that from (540, it suffices to prove the following claim:
Claim: For every k; € (u_,uy ), the function g := w?+wv? has a unique (strictly positive) minimum
attained at k, = 0 and is strictly increasing (resp. decreasing) for k, > 0 (resp. k, < 0).

Let us write w(k,.) = 02p%k2 + (k;), for all k, € R, where (ki) := k% — 02p?k? — 0(2kp — 0)k;.
We have

g(k,) = o' p 'k} + (2[)21/)(16;1) + (2kp — 0 + 20ﬁ2ki)2) o?k2 4+ (ks)?, forall k., € R, (5.4.7)

The coefficient 02p* and the constant 2 are strictly positive, so the claim follows if y(k;) > 0 for

all k; € (u_,uy), where
x(ks) :=0? (2ﬁ2w(k;i) + (26p — 0+ QUﬁQki)Q) = 20" p k2420357 (2kp — 0) ky+0> (K* + (26p — 0)?).

The discriminant A, = —40%p% (252 + (26p — 0)2) is strictly negative, so that x has no real root

and is always strictly positive. This proves the claim and concludes the proof of the lemma. [

The following two results complete the proof of Theorem Il by studying the behaviour of
the two integrals in (5.4.1)) as the time to maturity tends to infinity. The following lemma proves
that the integral along 7, (,) is negligible and Proposition [0.4.6] hereafter provides the asymptotic

behaviour of the integral along the contour (,«(4)-

Lemma 5.4.4. For any m > A*(x), there exists R(m) > 0 such that for every k € Z with

|kr| > R(m), we have

lexp (1kxt) ¢ (—k)| < exp(—mt), for allt > 1. (5.4.8)
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Therefore

: P (—k)
exp (xt) /%*(I) exp (ikat) k2 dk

-0 (e‘“”‘”’”) : (5.4.9)

where the contour - (g is defined in ([.22).

Remark 5.4.5. (i) For every x € R, we have A*(z) > z by (d) on page b4l and hence m — x > 0.
Therefore the modulus of the integral (5.4.9]) tends to zero exponentially in time and in m.

(ii) Recall that u*(x) € (u—,uy) by Proposition fE2Z.T5 and hence inequality (0.Z8) can be applied
when estimating integral (2.2.9]).

Proof. We only need to prove (L43)). Recall from Lemma 4] after some rearrangements, that
d(—k) = exp (¢ +v/(x6)) A(=ik) ) (1 = g(=k))*/7" (14 0 (e7101)).

It follows from equations (320 and ([A.2.19) that

d(—(kr 4+ iks)) ~ op|k,|, as |k,| — oo,
A(=i(k, + iks)) ~ —kOplk,|/ o, as k.| — oo,
‘kl}m g(—(ky +iks)) = (p—ip)° #1,  since |p| < 1.

Hence, there exists a constant C' > 0 such that

) 0
{elkzt(bt(fk” < Cexp ( (t + %) IZ) |k

Define R(m) := o (m + log(C)) /(k0). Then, if |k,| > R(m), (549) follows. O

Proposition 5.4.6. For any R >0 and v € R\ {—0/2,0/2}, we have as t — oo,

exp(at) ikt Pt(—K) _exp (— (A (z) —2)t)
o (/C() ST— dk) - Jant (A(z) + O (1/1)), (5.4.10)

where A is given in (BI2), A* in E2Z20) and (- (o) n (BET).
Proof. Let z € R\ {70/2, 0_/2}. Applying Lemma 54Tl on the compact interval [— R, R], we have

. —k U(—ik) i
/C elkwt%dk _ /C ﬁe(lkz—&-A(—lk»t (1 te (k, t)) dk7
w* (z) u*(x)

for ¢ large enough. By Lemmal[5.43] we know that k, — —R(1i(k, +iu*(z))x+A(—i(k,+iu*(x))))
has a unique minimum at k. = 0 and the value of the function at this minimum equals A*(z) by
the definition of A*. The functions A and U are analytic along the contour of integration and thus,

by [R1, Theorem 7.1, Chapter 4], we have

U(=1K) Gratacimeg, | — €0 —as@e [ U@ (@)
R </Cm<x> ik‘—k2e + dk) = \/Ee ( N (u (2) +(9(1/t)>

_ exp(—(A*(a) — 2)1)
— T (A 0 1/1)

as t tends to infinity. The ¢ (k,t) term is a higher order term which we can ignore at this level. [
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Lemma (.44l and Proposition [(5.4.6] complete the proof of Theorem BTl for the general case.
Concerning the two special cases, we first introduce a new contour, the path of steepest descent,
which represents the optimal (in a sense made precise below) path of integration. Note that, the

general case can also be proved using this path, but Lemma [5.4.3] simplifies the proof.

5.4.3 Construction of the path of steepest descent

The following lemma computes the path of steepest descent—see Definition [[2.3}—explicitly in the
Heston case for the function F given in (044 passing through the saddlepoint iu*(x).

Lemma 5.4.7. The path of steepest descent is the map v : R — C defined by
v(s) :== s+ iki(s), for all s € R,
where

B (s8p + 10)/3)
2k00& p? ’

B = KOE(2kp—0), (s) == 402p*E?s* + K202 ((26p — 0)? + 4K%p%) € and & := (kOp+x0)? + K202 p°.

ki(s):=— (5.4.11)

Note that £ is strictly positive, so that the function k; is well defined.

Proof. By definition, the contour of steepest descent is such that the function & (F o) remains
constant. So we look for the map v such that S(F(v(s))) = 0, for all s € R because F(y(0)) is
already real. Using the identity S (v/z + iy) =4 (Qx + %/W)ilm, for all z,y € R, we find
that the function F o~ is real along the contour ~ : s — s+ ik;(s). Note also that this contour is

orthogonal to the imaginary axis at k;(0) (see [98, Exercise 2, Chapter 8]). O
Remark 5.4.8.

e The contour v depends on x, but we do not write this dependence for clarity.

e By construction the saddlepoint defined in [@221]) satisfies iu*(x) = v(0).

e The map s — k;i(s) = S(y(s)) is even, i.e. v is symmetric around the imaginary axis.

We now prove Theorem [5.1.1]in the two special cases x € {—6’/27 §/2}. In these cases, we need
a result similar to Proposition [.4.6] since Lemma [5.4.4] still holds, i.e. we need the asymptotic
behaviour of the integral in (5.4.10) for the two special cases. The problem with these special cases
is that (ik —k?)~! in the integrand in (E4I0) has a pole at the saddlepoint, so we need to deform
the contour using Cauchy’s integral theorem and take the real part to remove the singularity, before

we can use a saddlepoint expansion.
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Figure 5.3: We plot the closed contour of integration in (.4T2]) for e = 0.05, § = 0.6, R = 1.

5.4.4 Proof of the call price expansion for the special cases

We here prove Theorem Il in the case z = 6/2 for which u* (6/2) = 1, A*(0/2) = 6/2,
and for simplicity we also assume that x < (o —2p?c) /(2p) (the other cases follow similarly).
From (EZATT]), we see that in this case, 7 lies below the horizontal contour vg : R — C such that
vr(s) := s+ 1 (in the other case, v lies above vy ). We want to construct a new contour leaving
the pole outside. Let ¢ > 0 and 4. : (—m, 7] — C denote the clockwise oriented circular keyhole
contour parameterised as 7. (f) := i + ce*? around the pole. To leave the pole outside the new
contour of integration, we need to follow v on R_, switch to the keyhole contour as soon as we
touch it, follow it clockwise (above the pole), and get back to v on Ry. As v is below gy, it
intersects . on its lower half, which can be analytically represented as . : [—¢,e] — C such that
7= (s) == 14 s — iVe? — 2. From (E4II)), the two contours intersect at s* = . Choose now
0 < e < d < R (Lemma 549 makes the choice of ¢ precise and £ must be such that 1+ 2 < uy)

and define the following contours (they are all considered anticlockwise, see Figure (£.3)
e vsr:[—R,—6]U[d,R] — C given by 75 r(v) = u+ ik;(J), with k;(6) defined in (GZTT));
® . ; is the restriction of v to the union of the intervals [—d, —¢] U [e, d];

e 7Y is the portion of the circular keyhole contour 7. which lies above 7, i.e. the upper half

keyhole contour as well as the two sections of 7. between v and vg;
o Fﬁ,a,& are the two vertical strips joining £R + i(1 4 2¢) to £R — ik;(0).

By Cauchy’s integral theorem, we now have

</ o / ! /r ) /<> ) exp (ahot/2) ak =, (5.4.12)
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which we can rewrite as

/ / 1k9t/2dk / / / / ¢t(7k) eikét/Qdk
Y142 (142 lk k2 Vs, R Y142e 4 ik — k2

or(— )

T ke

exp (ik6t/2) dk, (5.4.13)

where the curves (1492 and 7y149. are defined in (5.43) and (54.2). The integral on the left is
equal to the normalised call price 2F5616_§t/2E (St — Soeét/2> by [71, Theorem 5.1], which is
+

independent of ¢ (this holds since 1+ 2¢ < uy). For k close to i, we have

R cxp (3 /2) = (;fil Lo (1)) exp (=0t/2)

so that

/U ibk( k)z exp (1k0t/2) dk = (m + O (¢)) exp (—0t/2) . (5.4.14)

Lemma [5.49] gives the behaviour of the last integral on the right-hand side of (E4.13) as ¢ tends
to 0 for ¢ small enough.

The other integrals can be bounded as follows. By Lemma BEZ4] the integral along 7140c is
o (e_ét/Q), for t > t*(m), R > R(m), as ¢ tends to 0. The curves Fﬁ,o,& are both vertical strips of
length ¢ and therefore their images are compact sets. Applying the tail estimate of Lemma [5.4.4]
along I‘§7075, we know that for any m > 6/2, there exist t(m) and R(m) such that

/:t fk( Z)Q exp (1k9t/2) =0 (eimt) ) for all ¢ > t(m)7 |k| > R(m)
r 5

Lemma implies that the function k, +— R (=1 (k, + ik;) /2 — A(—i(k, + ik;))) attains its
global minimum at zero for any fixed k; € (u_,u) and is strictly decreasing (resp. increasing)
for k. < O (resp. k, > 0). Therefore the function u — %(—ify&R (u)0/2 — A(—i'y(;,R(u))), for
u € [-R,—0] U [6, R], attains its minimum value g(8) := R ((ki(6) — 16) /2 — A(k;(0) — 1)) at
the points u = +§, where k; () is defined in (B4IT)). It can be checked directly that g(0) = 6/2,
¢'(0) = 0 and ¢"(0) > 0 and hence for every J > 0 there exists 9 > 0 such that the inequality

R (—ivsr (u)0/2 — A(—ivs,r (v)) > 0/2 + &, for all w € [-R, —6] U [), R]
holds. Therefore Lemma [B.2.1] yields the following inequality

/ ¢t(—7€) eikét/Qdk < e—(é/2+ao)t/
Y5, R Y5, R

ik — k?
We now prove the following lemma about the integral along . 5 as € tends to 0.

U(—ik)(1 + e (k,t))
ik — k2

’dk — O (exp (= (6/2+20) 1))

Lemma 5.4.9. For § > 0 and sufficiently small we have

lim f]i(:]/z)z exp (1k0t/2) dk = Afgrl)te—ét/? (—1 ! i/,l,/((ll)) + U’(l)) (1+0(1/1),

Ye,s
where U is given by (L3) and A by @219).
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Proof. Recall that v is the contour of steepest descent defined in Lemma (.47 and that the curve

Ve,s 1s its restriction to the intervals [—d, —¢]Ule, 6]. Since the function s — R (%“‘W :w(e)ef/Q)
is even and the function s — (% l’Y(S)et/Q) is odd, we obtain
d)t(ikl eiké/thk _ / R <¢t (77(5)) 7/(25) ei’y(s)@t/Z) ds. (5415)
ves 1k —Fk [~3,—¢]U[e, 0] iv(s) —(s)

From (5.Z10)) we have (i7(s) — 7(5)2)71 =i/s—140(s),s0 R ((i’y(s) - 7(5)2)71> =—-14+0(s),
for s around 0, i.e. taking the real part removes the singularity at & = i. Lemma [5.4.1] implies
6 / 6
ot (=v()V'(8) sy(s)0t/2 iv(s)0t/2+A(—iy(s -
R (_emw /2 ds = [ R (g(s)) 10/ HAC G Gs 4 @ (0=t |
IR L) S

for some m > 0 large enough, where we define the function ¢ : R\{0} — C by

U(=iv(s))7'(s)
Y forall s € R.

q(s) =

iv(s) = (s)
Then, from (E4TT), we have the following expansion
(1 A///(l) . 3
q(s) = (5 - (GA”(I) + 1)) (1-1U'(1)s) + O (s°). (5.4.16)

We can therefore extend the function ¢ to the map ¢ : Bs(0)\{0} — C for some § > 0, where
Bs(0) := {z € C: |z| < 6} is an open disc of radius §. Note that for s € R, we have R (¢(s)) =
—1—=A"(1)/(6A"(1)) +U'(1) + O (s) and hence the function £(q) : [-9,] — R does not have a

singularity at s = 0. Recall that if a function G : Bs(0)\{0} — C has a Laurent series expansion

G(z) =

2", for z € Bs(0) \ {0},

with a_y € R, then the function R(G) : RN Bs(0) — R has an analytic continuation on the whole
disc Bs(0). It follows from (L.416) that there exists a holomorphic function @ : Bs(0) — C such
that Q(s) = R(q(s)) for any s € (—6,0). Thus by [8I, Theorem 7.1, Chapter 4], we have

/ §R et (8)0t/2+A(—iv(s) tds_/ Q et (8)0t/2+A(— 17(5))td8

o osenn

O

Letting £ go to 0 in equation (B413), applying Lemma 40 and the bounds developed above
for the other integrals in (5.Z13]) concludes the proof of the theorem follows in the case x = 6/2.

The case © = —0/2 is analogous.
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5.5 Additional proofs

5.5.1 Proof of Lemma [5.1.4]

The proof is analogous to that of Theorem [Tl The residue in Theorem [EITlis equal to 1 (arising
from the 1;_g /5, cg/2) term), and from (B4T]), the integral part reads for R large enough

exp(:vt)% ((/ +/ > ¢t(_k) eikmtdk> )
2 Cu* (0) Yu* (0) ik — k?

The behaviour of these integrals follows exactly the lines of the proof of Theorem 111

5.5.2 Proof of Proposition [5.1.5]

Consider a squared volatility of the form 67 = X2 + a;/t > 0. Then

Cis (a1, 1,51) :N<“ (2 + /) /%z) _ezwv(f (2 + o/t ”wz), 65:5.1)

So V2 +ay/t VE2 +a/t
holds. Define 2y := (—z £ 3 (£ + a1/t)) Vt/\/S% + a1/t and recall that (see [8]])
—z%/2 1
N(-z) = eXp(;/) (1 +0 <22>> , as z tends to infinity. (5.5.2)
7r

The case z > ¥?/2. Since X?/2 = Jim 6?/2 there exists t* > 0 such that for all ¢t > t*,

x> 62/2= (X + a1 /t)?/2. From (IBE]) we have, using a Taylor expansion for zy,

Cps (wt,t,60)  esa(12?/5'-1) 3 . (z-3%2)%t Lofl
So h V2nt T —X2/2 x4+ 3X2/2 P 2332 t

- A (e -0)) (140 (1)),

The cases © < —¥?/2 and —%2/2 < x < £?/2 follow likewise.
The case z = ¥?/2. From (G.5.1]), we have

Ops (¥2t/2,t,60) ( a1/2 ) 2 S ay p(_(mt+(22t+a1)/2)2> (1+o<1>>
+

t

- ex
So V32t ar xt+ (X%t +aq)/2 2(%2t +aq)

1 a2 1 1 Aps (32/2,8,a1) 1
= e o =+ HE RN (10 ()

The case r = —X2/2 is analogous.
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The small-maturity behaviour
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Introduction

Large deviations theory provides a natural framework for approximating the exponentially small
probabilities associated with the behaviour of a diffusion process over a small time interval. In
the context of Mathematical Finance, large deviations theory arises in the computation of small-
maturity, out-of-the-money call or put option prices, or the probability of reaching a barrier or
default level in a small time period (see the recent overview by Pham [83]). In recent years
there has been an explosion of literature on small-time asymptotics for stochastic volatility models
(D, [I21, 39, [42), BO], B6l, 57, [61], [82]). All these articles characterise the behaviour of
the implied volatility for European options in the small-maturity limit, and they are essentially
applications and /or higher order corrections to the seminal work of Varadhan [102] and the Freidlin-
Wentzell theory of large deviations for stochastic differential equations [45].

Berestycki, Busca & Florent [I2] proved that for a stochastic volatility model with coefficients
satisfying certain growth conditions, the implied volatility in the small-maturity limit can be
characterised in terms of the viscosity solution to an non-linear eikonal partial differential equation.
The solution to this eikonal equation is the length of the shortest geodesic from the initial value
of the diffusion to a given line under a metric characterised by the coefficients of the model.
Henry-Labordeére [57] formally computed a small-time expansion for the local volatility and the
implied volatility for a general stochastic volatility model, using an expansion of the heat kernel
on a Riemannian manifold. In the same spirit Paulot [82] developed a Taylor expansion for the
implied volatility at all strikes when the maturity is small and gave a precise example for the SABR
model. More recently, Gatheral et al. [50] looked at small-time asymptotics for one-dimensional
local volatility models and, conditioning with a bridge process, derived a small-time expansion for
the transition density of the process and for the corresponding implied volatility.

In this part of the thesis we prove some new results in this direction. In Chapter [0 we first
digress slightly from our affine stochastic volatility framework to adopt a geometric approach for
an uncorrelated local-stochastic volatility model. The reason why we outline these results is that
they bridge the gap between the geometric approach developed in [82], [50] and [57], the PDE
approach of [12] and sample path large deviations theory. This is clearly a very first step towards

the full picture and future research will have to be carried out to extend the scope of these results.
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Chapter [0 concentrates on the extended Heston model (with a # 0) and derives a small-time
large deviations principle, from which we are able to precisely deduce the behaviour of the implied
volatility for small maturities. Chapter § parallels Chapter [ in Part [[Il and refines the small-
time asymptotics of the implied volatility smile in the Heston model using complex saddlepoint
methods. Finally in Chapter we explain the difficulties that arise as soon as the models is
allowed to jump and we point out recent preliminary results in this direction. This is an area of
active research and we shall simply aim at giving an overview of the different possible directions

to be followed in the future.



Chapter 6

The geometric approach

In this chapter we momentarily forget about affine stochastic volatility models to cast a glance
at a different approach which does not require the knowledge of the Laplace transform. This is
essentially the approach followed in [I2] and [57]. We first concentrate on an uncorrelated stochas-
tic volatility model generating symmetric smiles, and we then add a local volatility component in
order to take into account the asymmetry observed on the markets. This approach will shed some
light on the connection between the large deviations approach of Chapter [[] and the results in [I2].
Henry-Labordere [58] has developed a similar approach where he considers a general stochastic
volatility model for which he computes a heat kernel expansion for the probability density of the
share price process. This knowledge enables him first to compute the corresponding expansion
for the local volatility, from which he deduces a small-time asymptotic expression for the implied
volatility. Our approach here is more direct since we do not need these different steps and we
directly compute the limiting implied volatility as the maturity of the option tends to zero, via
the limiting probability distribution of the process. The drawback of our approach is that we need

to impose some conditions on the coefficients of the stochastic volatility models under consideration.

We consider a share price process (S¢),~, and we assume that its logarithm (X;),., satisfies

the following system of stochastic differential equations:

dX, = —Lf(V)2dt + f (Vi) AWy,  Xo =m0 €R,
AV = p (Vi) dt + « (V3) dZy, Vo = vo € R,

(6.0.1)

where (W;),~, and (Z;),~, are two independent Brownian motions. In order to streamline the
presentation of this chapter we will assume that the share price is normalised so that o = 0. We

also make the following assumptions on the coefficients of the SDEs:

Assumption 6.0.1. The function g is bounded and uniformly Lipschitz continuous, and there

exists a strictly positive constant my such that the inequalities 0 < m;l < fly)ynaly) < fly)V
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a(y) < my < oo hold for all y € R. Assume further that the functions o and f are strictly
increasing C* (R) diffeomorphisms, and converge to some finite values fi. and oy as y tends
to (plus or minus) infinity. Finally, assume that there exists y. € R such that « and f are both
strictly concave on [y,, 00), strictly convex outside and that their derivatives are bounded. We also

impose that the function u — u~'a(f~!(u)) is non-increasing.

This model is similar to the one used in [44] where the instantaneous volatility process is
bounded away from zero. Let us now define the Riemannian manifold M = R? equipped with the
metric g whose coefficients are given by g11 = f(y) 72, g12 = g21 = 0 and g2 = a(y) 2. We shall
define the function d on this manifold as the distance under g from the point (0, vg) to the vertical
line I, of constant abscissa x, and we shall use the notation d (x) whenever there is no doubt on
the starting point (0,vg). The conditions in the theorem ensure that +oo are natural boundaries
for the process (V;) >0- The existence and uniqueness of a strong solution for the process V is
standard, and the process X is a stochastic integral of V', hence is well defined. The function f
is bounded, so that exp (X;) is a martingale by the Novikov criterion. Note that the condition
on the function u — u=ta(f~1(u)) is trivially satisfied if a(y) = £f(y) for some & > 0, or if « is
just a positive constant. Finally note that for a general stochastic volatility model with non-zero
correlation where d (Wi, X;) = pdt, Lewis [74] has noted that the shortest geodesic v* comes
perpendicular to the line [,, under the metric g associated with the correlated model.

We represent a curve v in the plane parameterised by time by () := (x(¢),y(t)), where  and
y are two functions of time representing the abscissa and the ordinate of the curve. For such a
curve we shall use the notation %(¢) = (i(t),y(t)) in place of dy/dt. In the following the notation
x might stand for either a real number or a curve. The context should make it clear which one it
is which should avoid any possible confusion. The following theorem characterises the small-time
transition probabilities of the process (Xt)tZO under Assumption in terms of the distance
function d. We shall state and prove some corollaries of this theorem before actually proving it in

order to highlight its role in determining the asymptotic behaviour of the implied volatility.
Theorem 6.0.2. Under Assumption[6.0.1] the distribution of the process X satisfies
1
- }irr(l)tlog]P’(Xt > ) = id(x)Q . forall x #0. (6.0.2)
If in addition vg > y. then there is a unique geodesic v* from the point (0,vg) to the line l,, such
that ~v* is perpendicular to the vertical axis at the point (x,y*(x)) where it intersects with the line
l.. In this case we can calculate the distance d (z) explicitly as

i@=rwe [t - swe)

v a(y)

where the real number y*(x) is defined implicitly by the relation

, (6.0.3)

= / - (rwr @7 - sw?) ST o

v a(y)
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A useful corollary of this result are the following small-time limits for European option prices.

The proof is analogous to the proof of Corollary [[.1.3] further below and we therefore omit it here.

Corollary 6.0.3. For the uncorrelated stochastic volatility model ([GOT), the following limits hold
1
. X, N 2 .
_}E%tlogE (e* — e“)+ = 5d(ac) , ifx >0,
1
RN r Xy _ 2 .
tlgr(l)tlogE(e e )+ 2d(;v) , ifx <O,
and for all x € R*,
1
. X, T T T . ¢ _(aT _ _ - 2
1%g%tlog(ﬂi(e —e)+—(1—e)+)—%£1[1)tlog(ﬂ*3(e ett), — (e 1)+)—2d(x) :
Remark 6.0.4. Note that d(0) = 0, so these estimates are very crude for at-the-money options.

The following corollary computes the asymptotic behaviour of the implied volatility, the proof

of which follows from Corollary and is analogous to that of Theorem [T.T.4] below.
Corollary 6.0.5. As the maturity t tends to zero, we have tlin(l) oi(x) = |z|/d (x) for all x # 0.

Proof. of Theorem[6.0.2 We divide the proof of the theorem into a series of steps.
Part 1: Freidlin-Wentzell theory for the uncorrelated stochastic volatility model.

Let € > 0 and (X}, Vi?),5, be the unique strong solution of the stochastic differential equations
dX7 = —gef(V9)?dt+Vef (VF)dw,, X5 =0,
AVE = e (VE)dt + vea (VE) dZ, V§ = vo.

Then the two processes (X7 ), and (V/),, have the same drift and diffusion coefficient terms as
(Xet)tzo and (Vst>t20 respectively so they have the same law. Let C' ([O, 1], Rz) denote the space
of continuous curves from [0, 1] to R?. It is well known [102, Theorem 6.3] that the joint process
(X*,V®) satisfies a large deviations principle as e tends to zero with lower semicontinuous rate

function I : R x Ry characterised by

uw=5é(ﬂmm*am+a@wr@wﬁw.

By Theorem [[T4] we know that X{ (and hence X.) satisfy a small-time LDP with the lower

semicontinuous rate function ¢ : R — Ry U {400} defined by

t(x1) := inf {I(w,y) : (z,y) € C([0,1],R?) : 2(0) = 0, y(0) = vo, (1) = xl}.
By the definition of the large deviations principle, it follows that

— inf «(zq1) < limiélfelog]P’(XE < 1) <limsupelogP (X: > 21) < — inf o(zq).
E—

r>x] e—0 r>T

We now prove the continuity of the function ¢.
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Part 2: Converting from a large deviations problem to a differential geometry
problem: the distance from a point to a geodesic. The function ¢ defined above is obtained
as the solution to a variable endpoint calculus of variations problem, which is equivalent to the
differential geometry problem of finding the infimum of the energy functional I(+) over all piecewise
differentiable curves v = (x(t), y(t)),¢[,1) Joining the point (0,vo) to the line l,, on the manifold

M, furnished with the Riemannian metric g whose coefficients are given by

g1 =f(y)"%, gi2=go1 =0, andgn=aly) > (6.0.5)

Without loss of generality we assume that 27 > 0 since g is independent of the z-component of the
curve, so that the shortest geodesic to the line [_,, is just the reflection of the shortest geodesic to
I, about the vertical axis. By the Hopf-Rinow theorem [29, Theorem 2.8, Chapter 7] a Riemannian
manifold is complete as a metric space if and only if it is geodesically complete, which holds if and
only if for any two points p and g in M, there exists a geodesic ~y joining p and q. The manifold R?
is complete so that using the bounds on the function f, we can easily compare Cauchy sequences
on M to R?, and verify that M is complete as a metric space. Therefore [29, Lemma 2.3, Chapter
9] implies that I(y) = I(7)?/2, where [(v) denotes the length of v under the metric g, and v is the
continuous distance-minimising curve from p to ¢ for both the distance and the energy functional.

Part 3: Integrating the geodesic equations. The non-zero Christoffel symbols (defined in
Part [l Section [L3)) for the metric g are given by

I =a@)?f'W/f)?  Ta=Tih=-f®/fly, T=-dy)/ay).
Thus the Euler-Lagrange equations (L3]) read (we drop the t-dependence for clarity)

& —=2f(y)"'f (y) gy =0, (6.0.6)
i+ a)?fy)*f(y)i* — aly) ™' (y)i* =0. (6.0.7)

Assume that y is constant in time then & = 0, i.e. the function z is constant as well and hence we

cannot have horizontal geodesics. We can divide [6.0.6) by f(y)? and integrate to obtain
fly)"%i = M, (6.0.8)

where M is the x-component of momentum under g, which is conserved along geodesics i.e. is
constant. Here we only need to consider geodesics for which & > 0 so that we can assume M > 0.
Since 0 < & < oo the derivative ¢ is null if and only if the ratio dy/dz is null as well. If g is not
null we can multiply (G0.7) by ¥ and divide by a(y)? to obtain

a(y) gy + 22 fF() 7 () — o ()ely) 5 = aly) g+ M2 () f ()i — o (y)aly) 2y

=54 ()™ + M?f(y)*) = 0.
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Therefore there exists a real constant E such that M2 f(y)? + a(y) ~2y? = E or equivalently

7 =a(y)’M? (c— f(y)?), (6.0.9)

where we define the constant ¢ := E/M?. We can clearly assume that c is chosen such that
fvo)? <c< f%,sothat y >0 at t = OEI Then g = 0 at the point 7 := f~1(\/¢) > vy and the
derivative  is strictly positive for all y < 7. We can integrate this ODE directly to obtain
_ 1 du
- My ay)Ve— flw?

The function ¢ is henceforth invertible on (vp,¥) and the length of the geodesic ~ is then given by
d Y d
gt = e “

t(y)
1(y) = /0 =t oy ot

For all y > 7 we take the other root when solving the ODE (6.0.9)), and the solution is given by

t(y) (6.0.10)

) = L /f_l(ﬁ) oy 1 /f_l(ﬁ) oy
M S, ay)ve—fy)? MJ, a(y)v/e— fy)?
The spurious solution given by the horizontal line x(t) = M?f @)215 and y(t) = 7 also satis-
fies (E.0.8) and (G.09), but fails to satisfy the original geodesic equations (G.0.6) and (G:0.7), and
thus is not a true geodesic. This is an artefact of multiplying by y when we integrated the geodesic
equations. For given M and FE, there is a unique solution to (60.9) which is a valid geodesic.
[29, Lemma 2.3, Chapter 9] tells us that any distance-minimising piecewise differentiable curve is
necessarily a geodesic. Since we have established existence and uniqueness for the geodesics, we
see that the inverse of the solution ¢(y) in (G.0I0]) is the y-component of a geodesic. Using (G.0.9]),
we can compute the z-component z(t) by integrating ([6.0.8)) explicitly to obtain

“uf PV L () ;
z(t) = M/o fly(s))“ds = /UO a) e TG forall t <t (y). (6.0.11)

From (G.OTT]), we see that if the condition

S L (1.
v () F(y)? = f(y)?

is satisfied for some z; and 3; > v, then there is a unique ¢ > f(y1)? such that the equality
o _/yl fy)?dy
- )
v (y)ve— fy)?
holds, since x; is a continuous, strictly monotonically decreasing function of ¢. This means that

we can find a unique geodesic joining (0,vg) to (z1,y1)-

1For this variable endpoint problem we can restrict our attention to geodesics satisfying ¢(0) > 0 since any
geodesic starting from (0, vo) with ¢(0) < 0 which passes through the line I, will be longer than the segment of the
horizontal line {y = vo} between z = 0 and = z1 because the functions g11 : y — f(y) 72, and ga2 : y — a(y)~?

are both strictly decreasing.
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We now return to the variable endpoint problem of finding a geodesic from the point p = (0, vg)
to the vertical line [, with z; > 0. Using the bounds on the functions f and «, we see that the
distance from (0,v9) to (x1,y1) tends to infinity as y; tends to infinity, so that any geodesic v*
for the variable endpoint problem must be finite at ;. Let ¢ > 0 and consider now a (proper)
variation (see Definition [[30) f7(t) : [0,1] — M for s € (—¢,¢e) of a geodesic v which starts at
(0,v9) and also passes through the line I, which satisfies f(s,0) = (0,v9) and f(s,1) = (z1,11)
for all s € (—¢,e). We know that a geodesic ~ satisfies the Euler-Lagrange equations above. It also
has to satisfy the equality %I (fg)|s:0 = 0, where I is the energy functional and f7 is a proper
variation of 7. The first variation of the energy has a well-known closed-form expression involving
an integral term—mnull by the Euler-Lagrange equations—and boundary terms (the transversality
condition). Since the initial point and the abscissa of the terminal one are fixed, we can write this
transversality condition ¢ (1) = 0. We refer the interested reader to [29, Proposition 2.4] for more
details on this step. From ([G.03) if we define ¢ = ¢* := f(y;)?, then the equality (1) = 0 holds.
Equation (G.0.IT]) shows that this turning point occurs at the value

" (c*):/fl(ﬁ) fWidy (6.0.12)
vo a(y)y/e = f(y)°

Let z := ¢* — f(y)?, then dz/dy = —2f(y) f'(y) = —=2V/c* — 2 f" (f 7! (/¢ = 2)), and ([GOI2) reads

() =1 /C*_Mz V=2 dz
T, a(f Ve =2) U (Ve —2)

By the growth condition on the function a o f~! and the fact that the function f’ is strictly

decreasing on the interval (y.,c0), we see that the integrand is non-decreasing in ¢*, and
dz*/de* > 0. (6.0.13)

Moreover, from ([G012) the function #* maps the interval (f(vo)?, f2) into R% . Thus the function
x* is differentiable and strictly increasing, with z* ( f (110)2) = 0 and z*(c¢*) diverges to infinity as
c* tends to f2, so we can not have two distinct geodesics corresponding to two different values of
¢* which both start at (0,vg) and are both perpendicular to the y-axis when they cross the vertical
line [, . Note that (G0I3) implies the inequality

YO (N (e rem) o

and hence for any x1 > 0 there is a unique geodesic from (0, vg) to the line [,;, which is perpendicular
to the y-axis at [,,, and this is the shortest geodesic to this vertical line. Let y,, (1) denote the

y-value where this geodesic intercepts l,,. As mentioned above we hence obtain the following two
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equations

, (6.0.14)

Yaqy (1) dy
d(z1) = f (yz, (1))
/”0 AW F (e (1) = £ (9)°

- /y“(l) f(w) dy (6.0.15)
w0 a()f e (1) - f W)

which help us calculate the length of the shortest geodesic. We first solve for the unique y,, (1)

associated with x; in (E.0.I5), and then substitute this into (6.0.I4]) to compute the distance.
Clearly the function d is increasing. Since the distance function d is continuous (see [29, Corollary

2.7, Chapter 7]), the theorem follows. O

In [12], Berestycki et al. showed that for a general stochastic volatility model subject to certain

growth conditions, the function d is a classical solution to the eikonal equation
f)?d2 + a(y)?d: =1, forall x> 0. (6.0.16)

In our framework we could in principle give an explicit representation for d, and d, using a similar
analysis as in the proof of Theorem [6.0.2] i.e. writing and expression for the first variation of the
energy in terms of the distance function d and then use the fact that the curve « is a geodesic to
establish some transversality conditions. We do not carry out the whole analysis here and refer

the reader to [12] for a complete proof of this property.

We now move on to a generalisation of the previous model, and we consider the following

local-stochastic volatility model for a logarithmic price process (X;)i>o:

dX, =-10(X)* f(Vo)?dt + o(X,)f (Vi) AW,

(6.0.17)
AV = p (Vi) dt +a (Vi) dZ,

with Xg =0 € R, Vy = vg > y. > 0, the functions f, p and « satisfy Assumption E.0.1] and W
and Z are two independent Brownian motions. We further assume that the function o : R — R4
is uniformly Lipschitz continuous such that for any = € R, the inequalities 0 < o < o(x) <
Omax < 00 hold. Using the triangle inequality and the Lipschitz property of the functions o, f
and «a, we can prove that the drift and the diffusion satisfy the global Lipschitz and linear growth
conditions as required in [67, Theorem 2.9, Chapter 5|, so that a unique strong solution to the
SDEs (G017 exists. The model in (620.1)) was an uncorrelated stochastic volatility and it is well
known (see [84] for instance) that such a model only produces symmetric smiles, which is not
consistent with equity market data. The uncorrelated local stochastic volatility model in ([6.0.17)

can internalise non-symmetric implied volatility smiles as proved in [I§]. Let us now define the

/Oma(u)ldu

function d'°¢ : (0,00) — R, as

d°(z) :=d (

> , forallz#£0, (6.0.18)
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where the function d is given in ([E03]). The following theorem characterises the small-time be-

haviour of the implied volatility for the model (G0IT).

Theorem 6.0.6. The implied volatility has the following behaviour as the maturity t tends to zero:
oo (x) := }in(l) ov(z) = |z|/d"°°(x), for all x # 0, (6.0.19)
where the function d°° is defined in (G.0.18).

Remark 6.0.7. As in (6.0.16) we can show that the function d'°® defined in (G.0.18) satisfies the

eikonal equation
o(2)”f(y)* (d5)” +aly)? (d°)" = 1.

Proof. The Riemannian metric induced by the diffusion coefficient of ([EIIT)is given by g'°¢, with
gt = o(2)2f(y) 72, gi¥ = 0 and gl = a(y)~2. Let d'°°(z) denote the distance from the point
(0,v9) to the line I, under this metric. Consider the diffeomorphism ¥ : R? — R2? such that
U(z,y) = (¢ (x),y), where q(z) := | [; o(u)"*du| for any x > 0. Then ¥ induces a Riemannian

structure g on R?, with

g(u,v), = £°° (AW (u), AW (0))g ) = [(y) 2uror + aly) Zuzvs,

where u = (u1,u2) and v = (v1,v2), at a point p € R?, so we see that g is the same metric as
in (GO0, and the mapping ¥ is an isometry (see [29, Example 2.5, page 39]). Thus there is a
unique geodesic joining the point (0, vp) and the line [, under the metric g'°¢, whose length d'°¢(z)
is equal to d (q(x)), where d is the distance function in (6.0.2)), and the function d'°¢ is continuous.

Moreover the Freidlin-Wentzell theorem and the contraction principle imply that the limit
—lim tlog P (X, > z) = d° (2)% /2 = d(q(x))? /2
holds for all 2 # 0, and the result follows using a similar argument to the one for Corollary[6.0.5 [

Remark 6.0.8. We can write (B.0.18) and (.019) as g(z) = d~! (z/0¢(z)) and o(x) = ¢'(x) ! to
back out a function ¢ that makes the model consistent with the observed behaviour of the implied
volatility smile in the small-maturity limit as long as the function o that we extract satisfies all

the assumptions of Theorem This has also been noted by Henry-Labordere [57].

The above formulae are interesting from a theoretical point of view but might not be very easy
to use in practice. Tedious but straightforward Taylor series expansions can be performed in order
to obtain closed-form approximations for the at-the-money implied volatility in the model defined

above. This is the purpose of the following corollary which we state without proof.

Corollary 6.0.9. For the local-stochastic volatility model defined by [60IT) and under the same
assumptions as in Theorem [G1L0, the asymptotic implied volatility oo defined in ([GOT9) has the
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following expansion around the at-the-money

ao(z) = 0(0)f(vo) + 30'(0) f (vo)

1<J//(0)+ ' (v0)* a (vp)? a’'(0)? (6.0.20)

+

1
6 7 (v0)* 0(0) ~375(0) ) f(vo)z® + 0 (2%).
We can match the observed level, slope and convexity of the implied volatility in the small-
maturity limit by an appropriate choice of o(0), ¢'(0) and ¢”/(0), for any functions f and « satisfying
all the conditions required for the theorem to hold. When the function f is identically equal to one

we recover the pure local volatility case and the formula o(,(0) = ¢/(0)/2, which is proved in [33].

For the pure uncorrelated stochastic volatility case o(z) = 1 for all z, Equation (6.0.20) reduces to

Lf (U0)2 o (UO)2 2

oo(z) = f(vo) + = g+ 0 (),
6 f (vo)
and the function o¢ is symmetric in the log-moneyness x.
- -
’
Pre
7
7
Ve
Ve
7
Ve

Figure 6.1: This figure is a graphical help to the proof of Theorem [6.0.21 The dotted vertical line

represents [, and the optimal curve (dashed) in the (z,y) plane comes in perpendicular to I, .



Chapter 7

The large deviations approach

In this chapter we first derive a small-time large deviations principle in order to study the limit of
the implied volatility as the maturity tends to zero. We first state the a model-free result, which
expresses call options and the implied volatility asymptotics under a large deviations assumption.
We then prove that the Heston process (X;);>0 satisfying the system of SDEs (B.2.I)) as well as the
Black-Scholes model both satisfy such a LDP which enables us to compute small-time asymptotics

of call prices, and deduce the asymptotic behaviour of the implied volatility.

7.1 Small-time LDP for the implied volatility

Let (Q,F,P) be a probability space with a filtration (F;),~,. We consider a share price process
(St);>o assumed to be a true martingale with respect to the filtration F, and we denote X; :=

log (S¢) its logarithmic for all ¢ > 0. Define its limiting logarithmic Laplace transform A as
A(p) = t}ir%tlogE (ep(Xﬁzo)/t> ’

for all p € R such that the limit exists as an extended real number. We also define the corresponding
Fenchel-Legendre transform by

A" (x):= sup {px—A(p)}, forallzeR, (7.1.1)

pEDA

where again Dy := {p € R: A(p) < oo} denotes the effective domain of the function A. In this
section we assume that the random process (X; — XO)tZO satisfies a large deviations principle with
good rate function A*. Furthermore the function A* has a unique minimum attained at zero. We
here use the same notations A and A* as in the large-time analysis of Part [Il Since we will not
use these results to study the small-time asymptotics, we hope this will not lead to any confusion.

Let us first state and prove the following lemma which will be needed in the course of this section.

98
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Lemma 7.1.1. Assume that Xg = 0 and let py and py be two real numbers such that |p1| < |p2| and
sgn(p1) = sgn(pz). Then there exists t* such that the inequality E (exp (%)) <E (exp (%))
holds for all 0 <t < t*.

Proof. We first consider 0 < p; < ps < oo. For t small enough the monotonicity of the L?
norm implies the inequality E (eP1X¢/t) < E (eP2X¢/ t)pl/pz. For t sufficiently small the inequality
p2/t > 1 holds, so that Jensen’s inequality implies that E (epzxf/t) > E (eXf)m/t = 1 holds, and
hence E (emxt/t)pl/p2 <E (eT’?Xt/t). A similar argument holds in the case po < p; < 0 using the

fact the process (e_Xt) is a submartingale, and the lemma follows. O

>0
The following corollary is an immediate consequence of the fact that the process (X; — XO)tZO

satisfies a large deviations principle with good rate function A*.

Corollary 7.1.2. The following limits hold as t tend to zero.

- }in(l)tlog]P’(Xt —zp>x)=— tlin(l)tlog]P’(Xt —Tp>x) = ir>1f A (y) = A" (x), for all z > 0,

- tlirr(l)tlog]P’(Xt —rp<x)=— tlir%tlog]P’(Xt —zp<x)= iI<1f A (y) = A" (x), for all z < 0.

We can now translate these tail probabilities into out-of-the-money call and put options for
small maturities. As before we consider European call and put options maturing at time ¢, and

x :=log(K/Sp) denote the log-moneyness.
Corollary 7.1.3. The following small-time behaviours hold for out-of-the-money options:
. Xt T — A*
,}g%tlogE (e — Spe )+ =A"(z), forallz>0,
: x X AKX
_gl_r)r(l)tlogE (Soe —e )+ =A"(z), forallzxz<O0,
and the following limits hold for all real number x:
lim ¢ log (E (X" — Spe®) , — (So — Soer)+) = Jim tlog (E (Soe” — X*)  — (Soe” — 50)+) — A*(2).

Proof. We only prove the small-time behaviour of out-of-the-money call options as the small-time
behaviour for put options follow the exact same lines. Furthermore it is clear that the last part
of the corollary follows immediately from the put-call parity and the first two statements, so that
we do not add any detail on this. For clarity we can assume Sy = 1 since this does not entail
any loss of generality. We first deal with the lower bound. We see that for any 6 > 0, we have
E (eXt — e”)+ >0P (eXt > e’ + 5)7 and Corollary implies

. . X x . . X €T * xr
hgrilgftlogﬂi(e t—e )+Zhl;ILlélf(tlog((S)—f—tlogP(e t>e +5)) > —A*(log (e +9)) .

Let now ¢ tend to zero. The continuity of the function A* implies the desired lower bound. For

the upper bound, Holder’s inequality implies that for any p,q > 1 satisfying p~! + ¢~ =1,

E (Xt — ew)+ ) ((eXﬁ _ ew)+1{xtzm}) < (IE ((ext - ew)+)P)1/p]E (1%)@295})1/‘1

1/ B
= (]E ((eXt _ew)+)p) p]P)(eXt > em)l/q < E(epxt)l/p}P)(eXt > ex)l 1/p.
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Taking logarithms and multiplying by ¢ we obtain
tlogE (e* — e””)+ <p 'tlogE (e’**) +t(1—1/p)logP (X, > ). (7.1.2)

We now claim that the function ¢ — tlogE (ert) converges to zero as t tends to zero. Indeed,

consider § > 0. For ¢ sufficiently small, we have §/t > p and hence

limsuptlogE (epxt) < limsuptlogE (e‘SXt/t) = A(9),
t—0 t—0

by Lemma [[.T.1] and
liminf ¢ log I (e”**) > liminf ¢ log (E ()" = 0 = A(0),

by Jensen’s inequality. Since the function A is continuous the claim follows. If we then take the
limit as p tends to infinity on both sides of (ZZLZ), then Corollary [[.T.2] implies the upper bound
limsup,_,tlogE (eX* — eg’“’)+ < —A*(x). O

Using these results for the short-time behaviour of call options, we can now translate them into
implied volatility asymptotics.
Theorem 7.1.4. As the maturity t tends to zero, we have

oo(z) = }iirg)at(x) = 2';;(:0), for all x # 0.

Proof. We first assume that z > 0. We first establish the lower bound for o,(z). Using the
classical notation for the Black-Scholes formula, we set d(z) := (—z + o?(2)t) / (0(x)Vt). By
Corollary [[.T.3] and the definition of the implied volatility, we know that for all §,C' > 0, there
exists t;(0) > 0 such that for all ¢t < t;(0) we have

exp ( — (A*(z) +9) /t) <E (Xt — Spe") , = SoN (dy(2)) — Soe” N (d—(2))
< 8o (1 = N(=dy (@) < |ds| 7 Son (dy () < CSon (dy(2)) .-
The last two lines follow from Lemma and the fact that the total implied variance o?(x)t

converges to zero as t tends to zero. We now take the logarithm on both sides, multiply by ¢, and

hence there exists some 0 < ¢7*(d) < ¢/(J) such that

— (A" (z) + 0) < tlog(SeC) — %log(%r) - % (.73 - ;ﬁ(w)t) < —% +4

for all t < t;*(J), and the lower bound follows. For the upper bound consider § > 0, then
Corollary [[T3] implies that there exists ¢ (d) > 0 such that for all ¢ < ¢(J) we have
exp ( 7 (A () — 5)) > E (X — Spe®) , = SoN (dy (x)) — Soe" N (d_(x))

= So (1 = N (=dy(2))) = Soe” (1 = N(—d_(x)))-



7.2. Small-time LDP for the extended Heston model 101

Set ds(z) :== — (z + 6 + 307(x)t) /(o4(x)V/t). Similar to Corollary [I3] we can now use the fact
that one call option with strike Spe” is worth more than Spe” (e‘5 — 1) digital call options of strike
Spe®? and invoke the lower bound on the Normal distribution in Lemma 010 and the fact that

o?(x)t converges to zero as t tends to zero to see that

1

exp (— 71 (A% (@) — 8) ) > Soe”(e — 1) (1~ N(~ds(x))
)

> Soe” (e — 1) n (ds(x)) (|ds(z)| ™" + |ds()]) ™
or(z)Vt
r+0 (1-9)

> Spe” (e6 —1)n(ds(z)) (1 —6) exp (—5022_)?/%) .

> Spe” (65 -1)n (dé(l"))

We can further find ¢*(0) < ¢¥(9) such that for all ¢ < ¢£*(0) we have

—(A*(z) — 0) > tlog (Spe®) + tlog (e5 -1) - t10g2(27r) - (@ + 62_;25(Z§( D) \/5( —é_ )) + tlog(1
(x + 5)2 /
G

Combining these two bounds, for any § > 0, we can define t**(J) := t;*(d) A t5*() such that
for all ¢ < t**(d), the theorem follows for z > 0. We proceed similarly for x < 0, and hence
for all non zero = and all § > 0, there exists #(§) such that for all 0 < ¢ < #(§) the inequality
‘Ut(x) - |x|/\/W’ < 4 holds and the theorem follows. O

7.2 Small-time LDP for the extended Heston model

We now return to the generalised Heston model where the process (X;);>o follows the SDE (B.2.1)).

Let us define the two real numbers p_ and p; by

2 2 p
aip arctan <p> Ipcoy — ]l{pzo} + 07,6 (arctan (Z) — 7r> 1¢p>0ys

2 p 2 p
073 (arctan (p) + 7r> 1p<oy + ]l{p oy + — op arctan (p) Lp>o03-

The following proposition provides an explicit representation for the limiting logarithmic Laplace

P

(7.2.1)

Dy -

transform A defined in (ZILT]) as well as the properties of its Fenchel-Legendre transform A*.

Proposition 7.2.1. The function A is well defined on (p—,p+) and

_ up a
M) = S et opprzy —p) T 27 Foraltp € (-pe), (7.2.2)

and is infinite outside. Furthermore, the Fenchel-Legendre transform A* is a good rate function,

i.e. is strictly conver on R and has a unique minimum attained at zero.

—5)
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Remark 7.2.2. Note that the function A does not depend on the drift terms x or 6.

Theorem 7.2.3. The process (X; — xO)tzo satisfies a large deviations principle as t tends to zero

with the good rate function A*.
We prove Proposition [Z.2.1] and Theorem altogether.
Proof. From ([B.2.2) we know the logarithmic Laplace transform of the process (X; — 20);>:
log E (ep(xf*XO)) =C(t,—ip)+ D (t,—ip) v+ %p (p—1)t.

Let us now set p — p/t. For ¢ sufficiently small it is easy to see that the inequality (x — pop/t)? +
o?p (1 —p/t) /t < 0 holds. Therefore the explosion time defined in 27 reads

pop — K
and we have, as t tends to zero

. i (wl{ppgo} + sgn(p) arctan <p>) , for p#£ 0 and p # 0,
t* (p/t) ~{ oplpl p

mt/ (alpl), for p =0 and p # 0,

and ¢* (0) is infinite. (ZZJ]) implies that for any p € (p—,p4) the inequality t* (p/t) > t holds for
t sufficiently small so that A;(p) as characterised in (B2Z0]) is well defined. Let now ¢ tend to zero

and define ¢ := opp, we then have

. . L : . p+ipsg(p)
limd(=ip/t)t = ioplp|,  limg( 1p/t)—p_iﬁsgn(p)7

. . —1
. ip up - —i prip _;
fimp (16— )=~ o 3o (1) (1= 5 2ex) =
Jim © <t,_lp) _no
t—0 t 0‘2

- Lo\ —1
—(p+1ip)op —2log (1 - We“) <1 - W) :
p—ip p—ip

For the two limits D (¢, —ip/t)t and C (¢, —ip/t)t we have assumed p > 0. The final limits

hold when p < 0 but some signs are flipped in the intermediate calculations. Therefore the
limit }%tlogE (exp (t‘lp (X — x0)>> = A(p) holds for p € (p_,p+) defined in ([Z2]), and A
in (CZ2). The function A clearly tends to infinity as p converges up to p; and down to p_. The
function A is smooth in the interval (p_,p4) and
/(p) _ v N oupp? esc? ((/2)
o (peot (C/2) — p) 20 (peot ((/2) — p)?
. vp? esc? (¢/2) (1 —Ccot(¢/2) /2) wCpB esct (¢/2)

A (p) = (5ot (C/2) — p)2 * 2 (pcot (¢/2) — p)° o

+ap,

forall p € (p—,p+). From Proposition 2T and [C2T]) A”(p) is strictly positive for all p € (p—, py+),
and that |A’(p)| diverges up to infinity as p tends to p_ from above or to p from below. Henceforth
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the function A is convex, essentially smooth and lower semi-continuous, and hence the Géartner-
Ellis theorem implies that the random variable (X — x¢),-, satisfies the large deviations principle
with rate function equal to the Fenchel-Legendre transform of A(p). By the essential smoothness
property of A and the positivity of A”, the equation d,(pz — A(p)) = 0 has a unique solution p*(z)
in (p_,py) for all € R, which equivalently solves 2 = A’ (p*(x)). The unique minimum of A*

oceurs at z* = (A*)~1(0) = A’(0) = 0 and A*(0) = 0, and the theorem follows. O

Implied Volatility Lambda

0.36- 6
0.34

5
0.32-
0.30 47

0.28

-
-
i

-2 -1 0 1 2 -10 -5 0 5 10
= rho=-0.4 rho=0 rh0:0.4| |— rho=-0.4 rho=0 rh020‘4|

Figure 7.1:  We plot here the functions A and og for the Heston model with the parameters
v=0=0.04, c =0.2 and p = —-0.4,0,0.4.

Remark 7.2.4. In Section 43 we discussed the extension of the standard Heston model (a = 0)
to the Schébel-Zhu model. From the representation ([31]) it is easy to prove that only the function

B, plays a role in the limit as ¢ tends to zero, and the function A is well defined on the set D) with

u

T %

where p := /1 — p2. Note that this function is the same as in the Heston model, which implies

A (u) (peot (Epu) — p)~ ", for all u € Dy,

that the two smiles are exactly the same in the short-maturity limit.

Note that Theorem [[.I.4] does not deal with the at-the-money case x = 0, because the large
deviations bounds do not provide us with any information in this case. Here, we can either first
set x equal to zero, and then let ¢ tend to zero, or vice versa. We here prove the other way round,

i.e. consider og(z) as determined above for z different from zero and let x tend to zero.

Corollary 7.2.5. Around the at-the-money x = 0 the asymptotic implied volatility satisfies

1 opvx o%v (2=5p%)v+2a(1+2p%) ,
Uo(x)zw/a—FU-‘r*ig/z‘i‘K (a+v)7/2 T

4(a—|—v) —|—O(m3).
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In the standard Heston case when a = 0, this is equivalent to (see also [73] and [33])

od(z) =v+ 1pox + (4 —17p%) ot + 0 (2%)
v 2 4802 '
Proof. A Taylor expansion of the function A near p = 0 gives A(p) = 3 (a+v)p® + Zvpp® +

g—iv (1 + 2,02) p*+ O (p5). Therefore since p* (x) solves the equation A’ (p* (z)) = p*z for any
real number z, we have p* (0) = 1/A”(A'"1(0)) = (a+v) " and p*" (0) = —A""(0)/A"(0)3 =
—3pov/ (2 (a+ 11)2>, and the corollary follows.

11

Remark 7.2.6. Consider for simplicity the case a = 0. It might look strange at first sight that the
at-the-money curvature 920¢(0) is strictly negative for p? > 2/5. This does not however mean that
the formula is inconsistent with no-arbitrage theory. A simple way to see this is by considering the

following operator (see [49] for instance):

z 1/2z* 1 1 2 1

Lot =1— S0,08 +- |5 —~— =) (0p0f —Opa0t.

0 03z0+4 03‘ 4 08 (w0)+2mo
A condition for no-arbitrage is that Lo () > 0 for all z € R, and some calculations show that this
condition holds, and hence the at-the-money approximation is not inconsistent with the absence

of arbitrage.



Chapter 8

Back to the steepest descent curve

8.1 Small-time behaviour of European call options

8.1.1 The Heston model

The main result of this section is Theorem B.I.1] which describes the asymptotic behaviour of call

option prices in the small-time limit, and we postpone its proof to Section [B4] for ease of clarity.

Theorem 8.1.1. For the Heston model in B2Z1)), the following asymptotic behaviour

@ A () [(AZ) 5/9 ) .
M (1—e)++eXp(—t) (mtii/ +O(t5/ )), if 40,

So

LY 5/2 L
5 — At +O(t ) ife=0,

holds as the maturity t tends to zero, where

e”U (p*(x))
p(@)2 /A (p*(x))

p*v 2a(po — k) cosa + 20 (prp +p (5 — p*) o) sina + 2k (1 — pop) + (po — 2p) oo
U(p) := exp (7

A(z) = (8.1.1)

a((p?o?p? — a?) cosa + 2popasina — p2o?p? — a?)

0
+ %{210{; (2|a]) = pop — log ((2042 - 2p202p2) cos a + 2p?c?p? 4 202 — dpopasin ) }),
o

L 2 (s r
Ag = =\ on (a (1 4>+U(’U 3po) — 6k(6 v)),

where the function A was characterised in Proposition [7.2.1], p = \/1—p?, a = —opp and
p*(z) € R is the unique solution to the equation A’ (p*(z)) = x.

The function A is real-valued on (p_,p;), where py and p_ are defined in ([ZZT]). and the
function A* is the Fenchel-Legendre transform of A. Proposition [[2] implies that A*(x) > 0 and
A”(p*(z)) > 0 hold for all real number x.

105
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8.1.2 The Black-Scholes model

We derive here the corresponding asymptotic small-time expansion for call prices under the Black-
Scholes model. This result is stated below and was also derived in [89, Proposition 5.1]. The

following more general proposition proved in Section [R.5.1] will be important in the next section.

Proposition 8.1.2. Let ¥ > 0, define oy := VX2 + ct for t > 0 and assume that t € (0,%2/|c|) if

¢ < 0. Then the following behaviour holds as the maturity t tends to zero,

x? r  ca? 3 3 5
T o - el /2 5/2 :
(1 e)++exp< 222t+2+224) (x%/ﬂo(t )—i—@(t )), if v #0,

CBS ('Iv tv Ut) _
So

Etl/Q
N +O(t3/2), if & = 0.
Y

The following corollary follows immediately and we omit its proof.

Corollary 8.1.3. In the case ¢ =0, we have oy = % and

@ Ags(z,¥) a? 3/2 5/2 :
CBS(%t,Z): (1—e )++ o exp ~ o t +(9(t ), if x £ 0,
So DRV 3/2 o
mt +(9(t ), ifx =0,
where
»3 x
Aps (2, 3) = =5 exp (5) . (8.1.2)

8.2 Small-time behaviour of implied volatility

In Theorem [Z.T.4] we have obtained the limiting behaviour oy of the implied volatility. In this

section we derive the higher-order small-time asymptotic behaviour for implied volatility using

Theorem We first prove the asymptotic behaviour of the implied volatility for out-of-the-

money options and then for the at-the-money ones. Let us define the function a : R* — R by
205 (x) ( A(zx) )

a(x):= lo , for all x # 0, 8.2.1

() 2 8\ 2o o0 @) # (82.1)

where the functions oo, A and Apg are defined in Theorem [[.T4] in (81T and in (8I.2]).

Theorem 8.2.1. The asymptotic expansion o7 (z) = o3 (z) + a (x)t + o (t) holds for all x # 0,

For sake of clarity we postpone the proof of this theorem to Section R5.21 The following
corollary—proved in Section R5.3}is an immediate consequence of the previous theorem. In
Corollary [.225 we have derived a Taylor expansion for the limiting behaviour og(z) around the

at-the-money x = 0. We do the same here for the correction term.
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Corollary 8.2.2. The following expansion for the function a holds when x is close to zero,

1 1 1 1 o
a(x) = (—1202 (1 - 4,02) + yhlad + 5&(9 - v)) + 271 (0%p* = 2k (0 4 v) + vpo) x
2 2

(1760° — 4806 — T12p°0” + 521p* 0 + 40vp°c + 1040k0p” — 80vkp?) %
v

o
7680

+ +(’)(3;‘3).

This corollary enables one to fit v, p and o to an observed level, slope and convexity for o(z)
at the at-the-money point = 0. In principle we then choose exogenously choose « (resp. ) and
then solve for 6 (resp. k) so as to be consistent with a small-time term structure slope 0yo¢|t=o
(see Durrleman [34] for more on this). Note also that the two functions oy and a are symmetric
when p = 0. This reflects the fact that the smile is known to be symmetric at all maturities when

p =0 (see [I§]). The following corollary explains why the correction term is important.

Corollary 8.2.3. The following small-time approzimation for call options holds as t tends to zero:
E (S; — Soe”), = Cps (x,t, o3(x) +a(x) t) (1+0(1)). (8.2.2)

Proof. This just follows from the way we equate call prices under the Heston model and the Black-

Scholes formula with a time-dependent implied volatility. O

Note that (822 is false if we remove the correction term a(zx), hence the leading order term
alone is not sufficient to estimate call option prices for small maturities. The following expansion
gives us precise information on the behaviour of the at-the-money implied volatility for small
maturities. The proof (which we omit) is analogous to that of the other expansions for the smile

comparing the small-time behaviour of options under the Heston model and the Black-Scholes one.

Corollary 8.2.4. The small-time at-the-money implied volatility has the asymptotic behaviour

1 2 1 1
o2 (0)=v+ (—1202 <1 - Z) + il + 2k (6 — ’U)) t+o(t), ast tendstoO. (8.2.3)

This is consistent with the small-time term structure slope of the implied volatility derived
in [33] Section 3.1.2]. We can actually prove—in a very analogous way as for its large-time

behaviour—that the limiting implied volatility oy is continuous on the whole real line.

8.3 Numerical application

We test below the validity of the small-time expansions for implied volatility against the values
obtained numerically (using an inverse Fourier transform quadratureﬂl) for the parameters k = 1.15,
o =02,v=0=0.04, p=—0.4. We observe that our approximation and the generated data
are very close for t = 0.1 and ¢t = 0.25 years, but begin to differ for ¢ = 0.5 as we would expect

since the O (tz) term in the implied volatility expansion is no longer negligible. The correction

1Computed using the Zeliade Quant Framework by Zeliade Systems.
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term is essentially the smile-flattening effect which is a stylised feature of implied volatility surfaces
observed in the market. Our results also provide a good way of checking for the presence of jumps:
if we add an exponential Lévy process driving the share price process, then the small-time implied
volatility smile will explode as ¢ tends to zero (see Chapter for details). We also plot the

exact correction term a(z) given by the formula in (82.1]).

T=10 T=25

0:22+

-0:004

~0.006

—0.007

—0:008

=0.009+

-0:010+

=0.011

—0:012+

(c) t=0.5 (d) a(x)

Figure 8.1: Figures (a)-(c) represent the leading order smile o(z) (solid blue), the corrected im-
plied volatility /o (2)* + a ()t (solid grey), and the implied volatility obtained numerically using
Fourier transforms (blue crosses) for k = 1.15,6 = 0.04,0 = 0.2,p = —0.4 and ¢t = 0.1,0.25 and
0.5. Figure (d) represents a(x) analytically using (82.1).

For sake of clarity in this section we introduce the notation o := kf. Given implied variances
for five contracts, our objective is to find explicit formulae to calibrate the five Heston parame-
ters (v, o,p,Q, /4;) to the five implied variances. For some configurations of contracts, one cannot
expect to solve this problem. For example, a set of contracts (all at the same expiry) would be
uninformative in regard to the term structure of implied variance, hence uninformative in regard
to the mean-reversion parameter k. We therefore choose configurations which involve multiple
expiries. In such a setting our maturity-dependent formula plays a crucial role in capturing the

maturity effects needed to calibrate the full set of Heston parameters. Recall that Theorem [R.2.1]
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and Corollary B2Z2 imply o7 (z) = H (z,t) + O (z*) + 0(t), as x and t tend to zero, where

1 ox 7 o’z?
H(z,t) == H(x,t;v,p,0,0,K) :==v (1 TP, T (1 a 4”2) 12v2)

2 1
+(<p20v—06(1—4p2> +a—m))+g}(gQ(l—pQ)—i—vpa—Za—va)x)
2

Lo
768002

N | =+

( (176 — 712p% + 521p%) 02 + 40vp°0 + 80 (13p% — 6) o — 801}p2/£> 22, (8.3.1)

Let us consider a (squared) volatility skew V : K — R, where each point in the configuration
K C R x [0, 00] represents a (log moneyness, expiration). We shall say that (v, p, o, o, k) calibrates
H to the skew V : K — R if the equality H (z,t;v, p, 0, a, k) = V(z,t) holds for all (z,¢) € K. This
definition of calibration demands exact fitting of H to the given volatility skew at all points in K.
Consider now the configuration K = {(0,0), (zo,t1), (=0, t1), (0, t2), (—20,t2)} where 0 < t1 < o
and zg > 0. Given V : K — R, define

V-V Vi -2V Vo

Vo := V(0,0 S: : ,
0 (0,0), 279 212

2 1
Vi = V(txg,t1) —
* to — 11 ( 10 1) to —ty

Theorem 8.3.1. The parameter choices (Jo, p, 7, &, &) calibrate H to the skew V : K — R, where

Jo Vo
i | = V7S + 12V, C (8.3.2)
p 25/4/752 + 12V, C
a
< ) > =M (q-r) (8.3.3)
K
where
. 1( V(zg,t1) —V(=wo,t1) =V +V_ )
2t1 V(l’o,tl) +V(*£L’0,t1) 7V+ —V_
and
pa® (1—p°) + 170/3252x
247 0
r =
12gop6 + (p* — 4) 62 N (176 — 712p% + 5215%)6* + 40;)053&3x2
48 768072 0
and o
po j&
1250 — 570

1 (1352 —6)52 ,

2" e 0 T vow

provided that §o # 0, p # 0 and p* # 2 (1 — 1633/ (235?)).

~ ~2 -2
Yo p o” .2
Lo

Proof. Directly substitute (832), (833]), and each (x,t) € K, into (B31)). O
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8.4 Proof of Theorem B.1.7]

In the proof of Theorem BRIl we split the cases z # 0 and the at-the-money case x = 0. Sec-
tions B4 to deal with the general case x # 0 and the proof in the special case x = 0 is
postponed to Section We refer the reader to this very section for the reasons of such a
separation of the cases. From [71], we know that the call price can be written as an inverse Fourier
transform (see (84.1)). We rescale this integral (subsection RZ4.2)) and move the horizontal contour
of integration so it passes through the saddlepoint of the small-time approximation of the integrand
(Lemmas and B43). The idea is then to split up the inverse Fourier transform into three
parts; we prove that two of them are negligible (Corollary BZ.6]) and finally that the remaining
integral provides the asymptotic expansion for the call price (Proposition BZLS]). There are obvi-
ous similarities between the proof of this theorem and the proof of Theorem .11 in Section .41
However there are also substantial differences, in particular due to the fact that the saddlepoint is

not available in closed-form anymore.

8.4.1 The Fourier inversion formula for call options

As in Section 54 let us define the sets A; x and A, x for each t > 0 by
Aix ={veR:E(exp(v(X; —x0))) <oo}, and A x:={z€C:-3(2) e A, x}.
Let us define the characteristic function ¢ : C — C of the log return X; — g by
oi(z) :=E (eiz(xf*“)) , forall ze Ay x.

By [T, Theorem 5.1], we know that for any o € R such that o« +1 € A; x and a # 0, we have the

following Fourier inversion formula for the price of a call option

E (S; — Soe” .
(tSOOGM = 1 (—1) L 1<acop + (6 (—1) — €%y (0)) L1y + <¢t (—1) = S o (0)> L1

1 +oo—ia ) s
+ */ R <e_1’”¢f (= ;)> dz.
T O—ia 1z —z

The first three terms on the right hand side are complex residue terms that arise when we cross
the pole of (iz — 22>—1 at z =0 and at z = i. Setting u = i — z and using the fact that S, is a

true martingale (see [3, Proposition 2.5]) we obtain

E (S; — Spe®) - e’
S—0+ = 1{71<a<0} + (1 —¢ )1{04<*1} + (1 B 2) ]l{o‘zfl}
T +oo+i(a+1) ) _
L€ R <e“¢t(u;> du. (8.4.1)
T Jot+i(a+1) u—u
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8.4.2 Rescaling the variable of integration

Let w:= k/t and set a+1 := p* (z) /t in (BZLI) (see Theorem BT Tlfor a definition of p*(x)). Then
1 e” +ootip™(2) ik ¢ (=k/t) dk
—E(S; — Soe”), = (1 —¢") 1y, —R — | —=—], (84.2
SO ( ! 0 )+ ( ¢ ) { <0} + ™ (/O-‘rip*(z) P < t ) lk/t - k2/t2 t ( )

holds for ¢ sufficiently small. The first residue term corresponds to the intrinsic value of the call

-1
option. For k # 0, we have ¢! (1% - ﬁ) = —5 (1+ O (t)) therefore we can rewrite (84.2) as

12

E (S — Soe”), . e® Footip™ () izk\ ¢ (—k/t)

In Section [[2] we have shown that for any p € (p_, py) the explosion time t* (p/t) is strictly larger
than ¢ for ¢ sufficiently small, so that p*(z)/t € A x for ¢ sufficiently small. We also note that

” (eikm/t o (;f/t)) — R (eXP (;fx/t)]E (eik(Xtmg)/t>) _E (3‘% (eXP (]i‘f‘r/t)eik(Xtmo)/t)> ’

and we can easily show that this expression is an even function of (k) and an odd function of

S(k). Thus, we can rewrite the normalised call price as
E (S, — Soex)+ A o +ootip”(z) 1
————— =(1—-€e") Loy —t—R wkity (—k/t) (= +O(t) ) dk | .
So ( ¢ ) {o<0} 21 /_oo+ip*(x) ¢ Qj)t( / ) k2 + ( )

Let R be a strictly positive real number. We can then further break up this expression as

IE(St—&JSOGW = (L= ) — <(/ +/> oAy (k1) (,32 +0 (t)) dk) ,

where we define the contours ~, and (, by
Yo : (=00, =R] U [R, +00) — C such that v, (u) := u + ip* (z), (8.4.3)

and

(ot (—R,R) — C such that (,(u) :==u+ ip* (z), (8.4.4)

and we drop the dependence on the constant R for clarity. Note that these contours are the same as

those defined in (542)) and (B43) where o = p* (). We shall see later how to choose R precisely.

8.4.3 The saddlepoint and the Legendre transform

Let us define the set Z by
zZ = {k eC: S(‘k) € (p—7p+)}7

where p_ and p are defined in (C2])). Let us further define the function F': Z — C by
F (k) := —ikax — A(—ik), forallk e Z, (8.4.5)

where the function A is defined in Proposition [[.2.11



8.4. Proof of Theorem 112

Lemma 8.4.1. For all real number x the function F' has a saddlepoint at k* (x) = ip* (x), where

p* (z) € (p—,py) is the unique solution to the equation
AN (p* (x)) = . (8.4.6)

Remark 8.4.2. It is straightforward to check that the identities p* (z) > 0 for z > 0, p* (z) < 0
for z < 0 and p* (0) = 0 hold.

Proof. From Theorem [[.2Z3] we already know that for any real number z, the equality in (840 has
a unique solution p* (z) € (p—,p4+), which implies that F’ (k* (z)) = —ix + iA' (p* (z)) =0. O

8.4.4 Small-time asymptotics for the rescaled characteristic function

In the following lemma we characterise the asymptotic behaviour of the rescaled characteristic

function when the maturity ¢ is small.

Lemma 8.4.3. For all k € C such that —k; € (p—,p+) \ {0} the function ¢, satisfies

o <—IZ> = U (—ik)exp <A (tik)) (1+0O(t)), ast tends to zero.

Proof. Recall the closed-form expression for ¢; given in (BZ2). We further know that ¢; is an
even function of d so that we can take vVk2 = k in all calculations, where the square root is the
principal branch. Recall that k is non null. We hence have the following asymptotic behaviour for
d(k/t) and g (k/t) as the ratio t/k tends to zero:
_E _4—1(,.2-272 2y . 221/2_E

d{—7 )=t (0?p°k* + (26po — o) ikt + k*t?) = Jdo+di+ O (t/k),

K\t poik — (02022 + (2kpo — 02) ikt + £222) "7 2
g\ —7 ] = . 1/2 :gO"F*gl“V‘O 7.2

t Kkt — poik + (02p2k2 + (2kpo — 02) ikt + Kk2t2) k k

where we define the following quantities:

2kp — 0 . op—ipo 2k — po
— i _ —

dy :=op, dy : oF , = — =

— . g1 . 2 -
op+ipo (0p +1ipo)’p

We know that |k| > |ki| > 0 so that

k k k t
d<_t> :d0¥+d1+(’)(t) and 9(—t> 290-1-91%‘1'0(752)»
as t tends to zero. From this we obtain

k 1 k k 1 —exp (—dok — dit + O (t?))
D(-S4)=—= R L ¢
< t’) o? <H+p01t 0% 1+O())1—g(k)exp(—dok—d1t+(’)(t2))

~v(poi—do)k 1—e %k
B o2t 1 — goe—dok

exp (—dok)

(ipo — do) (1 — e~ %F) (g1 — d1gok)

((ipa —do) kdy + (k — dy) (1 - edOk) -

(1 — goe—dok) g2 1 — goe—dok

+O(t).

)
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Similarly we have

c (_’;) — (ms +poik—d (_’;) dlog (1 — (/Y ;xgo_(;/;l)(—k/t) t)))

1— _
= iz (ipak—dokz—Qlog( 90 exp ( dok))) +0O(t).
g 17‘90

Corollary 8.4.4. For all p € (p_,py) we have

E (eP(Xﬁfﬂo)/t) =U (p)exp (t'A(p)) (1+O(t)), ast tends toO.

8.4.5 The minimum of R (F(k)) along the horizontal contour

Lemma 8.4.5. Let k € Z. Then for any ks € (p—,p+), the function k, — R (—ikx — A (—1ik))

has a unique minimum at zero.

Proof. Using the double angle formulae for trigonometric functions we have

v(p+ iq) _ vM (q)
o (peot (30 (p+1iq)p) — p) oN (q)’

R(A(p+ig) =R (
where the functions M and N are defined by

M(q) == p(P cos (ppo) + psin (ppo) ) — ppcosh (gpo) — gpsinh (gpo)
N(q) := cosh (gpo) + (1 — 2p2) cos (ppo) — 2ppsin (ppo) .

Note that N(0) > 0, and N'(q) > 0 for ¢ > 0. We need to show that M(q)/N(q) < M(0)/N(0)
for ¢ # 0. By the symmetry ¢ — —g, we can take ¢ > 0 and by the symmetry (p, p) — (—p, —p),

we can take p > 0. It hence suffices to show that for ¢ > 0

M'(q) _ M(0)
N’(q)< 0)’ (8.4.7)

because then, for all ¢ > 0 the inequality

M(q) _ M(0) + M(0) (N(q) = N(0)) /N(0) _ M(0)

N(q) N(g) N(0)
holds. We have M'(q)/N’(q) = —1/0 —pp — qpcoth (¢po) < —pp —2/o, so (BAT) will be satisfied
by as soon as
M(0)

_g <Pt Fg) (8.4.8)

If p > 0 then ([BZ3) holds since the ratio M (0)/N(0) is a positive factor multiplied by A(p) > 0.
Otherwise, for p < 0, note that the derivative of the right-hand side of ([B48]) with respect to p is

equal to a positive factor multiplied by

(2 = ppo) p — 2p*pcos (ppo) — pp* sin (ppo) > p (2 — ppo — 2p* + ppo) > 0,
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since |—p?sina| < a for all @ > 0. So it suffices to verify (BZSF) in the limit as p tends to —1.

But we have

. < n M (O)) 2po . 2

1m _— e ——,

oty \ PP N(0) (2 4+ po) o

which concludes the proof of the lemma. |

Corollary 8.4.6. For any R > 0 we have

k\ dk - ip*
/ b <_t> 7 = o (et "R(F(R+ip ($)))> , ast tends to zero,
Vo

where the contour v, is defined in (B43)).

Remark 8.4.7. By Lemma we know that R (F (R + ip* (x))) > F (ip*(z)). Evaluating
the exponent F'(k) = —ikx — A(—ik) at the saddlepoint k* = ip*(z), we note that F (k*) =
F (ip*(x)) = p*(x)x — A (p*(x)) = A*(z), so that the equality F' (ip*(x)) = A (p*(x)) > 0 holds,
and we also have F'(k) = —z + iA'(—ik) and F” (k) = A" (—1ik).

Proposition 8.4.8. For any R > 0 and x # 0 the following equality holds as t tends to zero,

where the function A is given in Theorem [8I1l and where the contour (, is defined in ([844).

Proof. Since F(k) = —ikx — A (—ik), Lemma [RZ43] applied on the interval [— R, R] implies

R (/ otke/tg, (-f) (;2 +0 (t)) dk> — R (/ U (—ik)e~F®/1(1 4 O (1) (132 +0 (t)) dk) .

(8.4.9)

The functions F' and w are both analytic, thus [§1, Theorem 7.1, Chapter 4] shows that

([t () () LI

() S

*( T 3/2
_exp<At( )> ADTT Lo,

(1+0(1))

as ¢ tends to zero, using the fact that F(k*) = A*(x) and F”(k*) = A”(p*). The O (t) terms

in (8Z9) constitute higher order terms which we can neglect at the order we are interested in. [J

Combining Corollary and Proposition R:4.8, Theorem follows for x # 0.

8.4.6 The at-the-money case z = (0

We now proove Theorem R.I.Tlfor the at-the-money case x = 0. We cannot apply the same method-

ology as before since the horizontal contour now passes through the saddlepoint £*(0) = ip*(0) = 0,
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and the ratio u(k)/ (ik) is not analytic at the origin, so [8T, Theorem 7.1, chapter 4] does not apply
anymore. To circumvent this problem we use Cauchy’s Integral theorem to deform the path of
steepest descent for the function F', along which it is real, and we deal with the pole at zero using
a limiting keyhole contour argument to compute the residue. We first start with the following
two lemmata which we shall need later. The first one, Lemma computes the asymptotic be-
haviour of the path of steepest descent around the origin. The second one, Lemma RZ.TT] provides

the logarithmic tail behaviour of the characteristic function ¢; as the maturity tends to zero.

Lemma 8.4.9. For |s| sufficiently small the path of steepest descent for the function F in (843
starting at the saddlepoint k* = 0 is the map v : s € R — C satisfying v(s) = s+ ik; (s), where k;
maps R to R and has the following expansion around the origin

1 1
ki (s) = Zpas2 + 6—403p3s4 +0 (s%). (8.4.10)

Remark 8.4.10. Note that for |s| small enough, the contour v will lie above the horizontal contour

s+ ip*(0) if p > 0 and below otherwise.

Proof. Around the saddlepoint k£*(0) = 0, we have the series expansion

1 1
F(k)==A"(0)k* — 6iA’" (0) k® — ﬂA<4> (0)k* + O (K°).

2

We seek a contour of the form v(s) = s+ i (a15 +ags? + .. ) with all coefficients real-valued such
that F' is real along this contour. Matching the coefficients of the series expansion for F o~y around

the origin to those of the expansion above leads to the expansion given in the lemma. |

Lemma 8.4.11. For any ki € (p—,py), the function ¢ has the following behaviour along the

horizontal contour k = k, + ik;:

ik
%(ltx—&-log

k 1
on <_t> D ~—= (/i@ + %) plkrl, as k.| tends to infinity,
o
uniformly in t for all t < 1.

Proof. For |k| large we have

k k\? AN
d () = \/(FL - pait) + 02 <i + ) ~ ;O’ﬁ\/ k2, as |k| tends to infinity,

t t 12

uniformly in ¢ for all ¢+ < 1 and the lemma follows. O

We now prove Theorem B.I.Tl for the special case x = 0. We shall assume that p < 0 for clarity,

and the arguments in the case p > 0 are analogous. Let us note the following facts

e From RemarkBZ.T0 we know that the contour - lies below the horizontal contour vy : R — C
defined by v(s) = s + ip*(0) = s, for all s € R. We wish to deform the contour so that the

pole remains outside the new contour, so that we can invoke Cauchy’s theorem.



8.4. Proof of Theorem 116

e Let € be a strictly positive real number and define the contour . : (—m, 7] — C as the

clockwise oriented circular keyhole contour parameterised by 7.(6) = ee*? around the pole.
To leave the pole outside the contour we follow the steepest descent contour  for s < 0 until
it touches ~. at the point s = —e + O (53). We then follow the contour ~. clockwise around

the pole, and finally switch back to the right part of v(s).

e The contour 7 is below vy so that v intersects 7. on its lower half (6 € (—m,0]), which can
be analytically represented as 7. := s € [—¢,¢| — s —1ve? — s2. Equating the Taylor series
approximations of the path of steepest descent v and ~7, we have

1
v(s) =s+ lipas2 +0(s%) =s—iVe?2 — 2,
and we see that the two curves intersect at the point s* = +¢ + O (¢%) (see Figure BZ0l for

a graphical representation of these contours).

Choose now 0 < € < 0 < 1 < R, with 0 inside the radius of convergence of (8ZI0), and small
enough to ensure that the function k; is strictly decreasing on [0,4] and strictly increasing on

[—9,0]. We now define the following contours (see also Figure [B-4.0))
e .5 is 7 restricted to s € [0, —¢] U [¢, d];
e 7Y is the portion of the circular keyhole contour 4. which lies above 7;
o I'; . s is the vertical strip which joins —R + 2ie to —R — ik;(—0);
° 1";7515 is the vertical strip which joins R — ik;(—0) to R + 2ie.

The symmetry of the contour v around the imaginary axis implies the symmetry of the function
k;. Motivated by [71, Theorem 5.1], we have the following identity:
—§+iki(—5) R+ik}i(6) R+2ie k dk
ot L L [ L)) e
T s —R+iky(—6) Yeus U S+iks(8) —R+2ie t) ik
by Cauchy’s Integral theorem. For |k| small enough and ¢ > 0 fixed, we have (ik) " ¢y (—k/t) =
(ik)™" + O (1), and hence
k\ dk 0@ 1 0
| — | == —5 T O(e) ) iee’’dd = —m +0(1), as ¢ tends to zero. (8.4.12)
4 m+0(e) \1&€

We further have

kN dk s '(s
ol (),
Ye,s t) ik Ji s quie.s] t ) iv(s)
As before we can easily verify that the function s +— R (qﬁt (— Wﬁ) j;((z))) is an even function and

that s — & (qﬁt (—ﬁ> M) is an odd function. Thus

t iv(s)

/[‘5"5“[575] " <_IZ) 7;((2)) = /[—5,—€]U[s,5] ! (¢t (_7 ES)) :vl(é))) as (8.4.13)

[
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Figure 8.2: We plot here the closed contour of integration in (8ZI1l) for e = .5, § =2 and R = 6.

But on the contour v we have R (1/iy(s)) = —po/4+ O (s), for |s| small enough, i.e. taking the
real part removes the singularity at the origin. Equation (8Z412) henceforth implies

O+iki(—9) R+ik;i(6) R+2ie oco+2ie E\ dk
«()%
/ /R+1k( 5) /+ik-(5 /1“+ /oo+216 /R+2ie ' ik
’ co+2ie oco+2ie
—k k
+/ §R<¢t (— (5)> 7(5)>ds—w+o(1):/ 2 )dk:—/ k) gy,
[—8,—¢€]Ule,d] t 1y (S) —oo+2ie ik —oo+2ie ik

as € tends to zero. But by [(1, Theorem 5.1], the integral on the right hand side is equal to minus

the normalised digital call price 2aP (S; > Sy), which is clearly independent of . Taking the limit

as € goes to zero and dividing by —2m, we obtain
1 N\ dk 1 —&+ik;i(—0) R+ik; (8) B\ dke
L SRR ) ()2)
2 T o5 t t) ik 27 —R+iki(—9) S4ik; (5) t) ik

y-fo® (00 (-157) ) o =5 > 50 S

From Lemma K49 we know that the contour v has the following expansion for |s| small enough,

i
v(s) = s+ Zp0'52 + 03p384 +0(s%.

64

Setting k = ~(s) and performing a Taylor series expansion of it (gbt (7 w(;)) :’;Ei))) PN/t around

t =0 and s = 0, we find that

R {@ (7§5)> 177((‘3} - (q(s) + (i/@(@ - v)) t+5(s,t)) exp (W) . (84.15)
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where the function ¢ is defined by

1 7 1 1 13 1
Zpa—i— —3p3 — kb + —viop + —o%vp? + =1’k

1 1
CI(S) = q(k7 K,0,p, U) =v+ ZPJ + 64 8 32 96 8

2
1 1 1 5 1, 1 5 o\ s
481) + 3° 3p+ 15 VHoP 48/{90p 750V <64 (po + 21))) o“p”||s7, (8.4.16)

and e(s,t) = O (53) +0O(st)+ 0O (t2). The function ¢ : R — R is just a quadratic so it has an
analytic continuation to the complex plane. Thus using [81, Theorem 7.1, Chapter 4] and assuming

d is inside the radius of convergence of ([84.1H]), we obtain

L (o (-12) 29 )
21/ (()+(i/€(9 ))H—s(s t))exp( F(V(S)))d

l n+1/2 L K (9 1 43/2 F(v(s))
(71- 2 > aont + — i 2F” 2 (s,t)exp Y ds
1 gr(1/2)¢'2 1 F 2
1 ara 6/2) (g, (3! 07) 02 (PO N g (52)
2 2(Fory) (0) T 6(Fo7)" (02 2(Foy)"(0)
_ 1 v+tpo/2 /172 \/50—3/2 3 3 3 27, 2
=3 2\/% + g ( Sukop + 907 p° + 8v° + 20 Vyp

+ 802w + 4802k — 48vkb + 40K00p — 12v%0p — 120 p) 3240 (t5/2>

w\n—\ w\»—t

We now bound the remaining terms in (8Z14).

e By the uniform convergence in Lemma [RZ3] the absolute value of the integrals along

(=00, —R] and [R,00) in (844 is of order O (exp ( —t7L(R(F(-R)) AR(F(R))) )) and
note that R(F(—R)) AR(F(R)) > F(0) = 0.

e Using Lemmas B.4.3 and BZF we bound the integrals [~ v
v(=9) Reik; (8) N\ dk
/ +/ “(3) 5
—Rtiki(=6)  J4(5) ik
,Y(,é) R+iki(5) F k' dk
= / +/ U (—ik)exp <(>> (1+¢e(k,t))—
—Rtiki(=5)  J(5) t ik

< exp (—1min{§R(F (v(=9), R(F (v (5)))}> (/7(5) +£R+iki(6)> ’(1 —|—6(k,t))w

~Rtiki(—5) (5) ik

R4ik; ( .
R+1k + f n (84.14) as

=0 (e (~4 min {RF G (-0 RE GO} ).

e The contours I', , s and I'f; | 5 are both vertical strips of length k; (§) > 0. Using LemmaRZ1T]

Lo (-5 -o(w(-)),

R,0,5

for any m > 0 we obtain

for t sufficiently small and R sufficiently large.
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Combining all the estimates of the integrals in (84.14]), we obtain

1 wv+po/2 /2 \/51;3/2 3 3 3 5 o
P (X, — 2o > 0) = = (-8 9 80° + 2
(X — x> 0) 5 2vaee + e veop + 90°p° + 8v° 4 20%vp

+ 8020 + 48V:2k — 48vk0 + 40K00p — 120%0p — 12a3p)t3/2 +0O (t5/2) .

Similarly, under the Share measure P* we have ¢*(k) = ¢(k,; 0,0, —p), where the function ¢ is

defined in (BZT6]), and

* v+po/2 /2 20732 3 3 3 2, 2
P*(Xy —290>0 —|— — (811/10 — 90 + 8v° + 20“v
(X =20 >0) = 220 V = 768 P P P

+ 8020 + 480%F — 48vRA — 40Rfop + 120%0p + 1203p)t3/2 +0 (t5/2) ,

which implies the equality

E (St - SO)J,_

S :P*(Xt—$0>0)—P(Xt—$O>O)
0

3/2
\/ \/ 20 (0'2(1—}1p2>—|—O’2+U2—6Ii(9—’0)—3’0p0>+O(t5/2).

8.5 Additional proofs

8.5.1 Proof of Theorem

As before define dy := (—z £ 07t/2) / (04V/t). We first consider the case z > 0. Note that d4

tends to —oo as t tends to 0. Substituting the asymptotic series
1-N(z) = (271')_1/2 e F /2 (27" =224+ 0(27°)), as 2 tends to infinity,
into the Black-Scholes call option formula with implied volatility oy, we obtain
E (X" — Soe”) , = SoN (d4) — Soe™ A" (d—) = So (1 = N (~dy) — ¢ + e"N (=d_))
() (hed g drow). oo
as t tends to zero, where we used the fact that —d? /2 4+ z = —d% /2. Now, expanding

2 2 4 8 2,2
exp(—d;):exp<— T +x( tex)  ¥¥4da’c t—&—O(tQ))

2532t 2534 X6 8
x? (X% + cx) Y8 +dx2c? t 9
o <_222t+ 254 ) <1_268+O(t )>’

and d-' —d;' +d;% —dTP = 2728343/ + O (t5/2)7 and plugging this expression into (85]]), we
obtain the desired result. The proof of the case z < 0 is analogous.

When x = 0 note that z converges to zero as ¢ tends to zero, so that we use the asymptotic series
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N(z)=1/2+ @2m) "/ (2 = 123 + O (%)), and we obtain

So
2 (<d+ i) -

4
_ So (Ztl/z Ll2e=Ssp (t5/2)> ’

E (et — Spe”) | = SoN (dy) — SN (d-) = (d} —d*)+0O (di))

| =

24%

and the result follows.

8.5.2 Proof of Theorem RB.2.7]

Let us first assume x > 0. If we equate the leading order and correction terms for the Heston and
the Black-Scholes models as
2

A (z) = Agg() = W’

a(r)x?
and A(x) = Apg(x,00(x)) exp <; U(é()x) ) , (8.5.2)

we obtain ([821]). We now have to make this argument rigorous, since we do not know a priori that
oy admits an expansion of the form stated in the theorem. However by Theorem BT and (85.2),

we know that for all € > 0, there exists t*(¢) such that for all ¢t < t*(¢) we have

E (e SOSoem . AJ(Qa:%tg/Qexp (_A*(a:)> v ABS<3,2%0(90>> exp (25;)(5;)) 572 exp <_ z?

The function a is continuous on (0, 00). Therefore for any 6 > 0 sufficiently small we can choose

€ > 0 such that the equality

o (55 - ()

holds and hence Theorem [RI.T] implies the inequalities

g < Ams@oo@) (la@) +8)a” 5 (2 .
E(eX So )+§ \/ﬁ p( 20-4(3;) >t32 p( 20’8 )t)

< Cgs (x,t, \/ag(x) + (a(z) +9) t)

for ¢ sufficiently small. Since the Black-Scholes formula is a strictly increasing function of the
volatility then the upper bound o?(x) < oZ(z) + a(z)t + 6t holds for all z > 0. We proceed

similarly for the lower bound and for the case x < 0, and the theorem follows.

8.5.3 Proof of Corollary

We wish to compute a series expansion for p*(z) defined as the unique solution to z = A’(p*(x)).
We substitute an ansatz power series expansion for p*(x) and then recursively we determine the

coefficients such that the power series of the composition A’'(p*(x)) equals x. We only indicate

203(x)t
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below the important auxiliary quantities:

1 1 1 1
Alp) = ivp + 4vpap + 5700 2 (142p%) p* + =Y 2(2+0%) 0"+ 0 (%),
2

U(p):l—;p+<n(9_v)_wp+ 2>11

Kpo vo? v v3\ p3
+ (p(9—2v)—(1+p2)—(l€(9—v)—pav)—>p+(’)(p4),

3 3 2 12) 4
* a®  po 23 o’ 2 4 5
A (x):%_@ +96 = (190 —4) 2" + O (2°),
5 5\ o’x? 3
0'0(,@) \f+4\/»+<1 2p>243/2+(9(x),
Az) = v + £(3 + 2v) — (11p°0® — 80 — 48vpo — 24k0 + 24vk — 120%) + O (z)
2 4P 96[ pro-—ee P '
Finally,
A(z) - o? (p* — 4) + 12vp0 + 24k (0 — v)
= x
Agps(z,00(x)) 9602
- 9’6% (10vpo + 3p*02 — 60> — 200k + 28k8) 2° + O (24,

which implies the expression for a(z) = 272204(x) log (A(z)/Aps(x, 0¢(z))) in Corollary BZ2
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Discussion: What happens when

models jump?

In Theorem BT for the Heston model—we have proved the convergence rate of the call option
to its intrinsic value E (Sp — Soe””)+ for all real number z. We have seen that it is of order v/t
for at-the-money options and of exponential order for in and out-of-the-money options. This is of
fundamental importance since this is exactly the same rate as for the Black-Scholes model as is
clear by Proposition From this it follows that the behaviour of the implied volatility as the
maturity tends to zero will be given by the rate of convergence of the option price to its intrinsic
value at inception. It turns out that only the continuous part of the process is able to provide a non
trivial smile. Indeed Tankov [I00] proved, using an earlier result by Riischendorf and Woerner [91],

the following proposition.

Proposition 8.5.1. (Proposition 4 in [100])
Let X be a Lévy process with Lévy measure supported on the whole real line. Then the implied

volatility satisfies the following limit:

. 202 () tlog(t) B
g -——— =L

for all x # 0.

This proposition clearly indicates that the presence of jumps implies a blow-up of the implied
volatility as the maturity tends to zero. For the at-the-money case, Tankov also proves that
the implied volatility converges to the diffusion component as the maturity tends to zero. More
recently, Muhle-Karbe and Nutz [78] precisely characterised the rate of convergence of the at-the-
money call option price to its intrinsic value for general martingales. If the process has a continuous
component, then this rate of convergence is or order v/t. Otherwise it is linear in t if the process
has finite variation and between v/t and ¢ if the process is of infinite variation. This seems to end
the discussion on the small-time asymptotics of the implied volatility. However, two directions of

research are currently under investigation:

(i) how can we extend these results to affine stochastic volatility models in which jumps can

occur both in the process X and in the variance process?
(ii) How can we rescale the process in such a way that the implied volatility will not be trivial?

Case (ii) is of primary importance since jump processes are heavily used in practice and hence it
is fundamental to understand how jumps can be calibrated in the short term. The idea underlying
this is similar to the large-time results we have proved: it is well known that the implied volatility

becomes flat as the maturity tends to infinity; however if one wants to match a large-time formula
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to observed data one has to scale the process—consider the process (X;/ t>t20 instead of (Xt);50—
to observe a full smile. In the small-time case one has to rescale the process as well. Recently,
Rosenbaum & Tankov [00] have proved that certain Lévy processes (i.e. where the Lévy density
is assumed to have a particular form) converge weakly to strictly a-stable Lévy processes when
suitably rescaled. Work in this direction is under progress and we henceforth leave it for future

research.
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Conclusion

It is not obvious that ”forecasting” events within an infinite time horizon agrees with Niels Bohr’s
warning in the introduction. However as we said the purpose of deriving formulae for infinite
maturities is merely a tool to obtain information and initial calibration points to feed a minimisation
algorithm. This should hopefully save us from Bohr’s casting a spell on us from his grave.

The methodology we have developed in this thesis enabled us to derive closed-formed formulae
for the implied volatility smile in affine stochastic volatility models. Since our analysis is solely
based on the behaviour of the Laplace transform of the model such processes are natural to study
in this framework. We have seen that jumps have an influence on the smile for large maturities
and that they make the smile ”"explode” in the short-term. More research has to be carried out
to fully understand the influence of the jumps for both short and large maturities. We have here
and there provided some hints that hopefully grasp the flavours of the difficulties and the paths
to overcome them. From the theoretical point of view properties of cumulant generating functions
of infinitely divisible distributions have to be studied in greater detail and large deviations results
have to be analysed more precisely when the origin is not in the interior of the domain of the
limiting cumulant generating function. For short maturities we need to understand more precisely
the rate of convergence of the process in order to obtain a non trivial (null or infinite) implied
volatility smile. Finally the geometric approach has to be refined in order to handle more general
classes of models.

On the practical side we have presented some numerical evidence about the usefulness of our
formulae: even for "not too large or not too small maturities” the asymptotic smile is close to
the real one, and hence these formulae can be used in practice as first approximations. We now
need to carry out a more statistical and numerical research program in order to precisely assess

the validity of such results.
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