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Jacobi Stochastic Volatility factor
for the Libor Market Model
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LCERMICS and 2Milliman R&D

February 13, 2020

Abstract

We propose a new method to efficiently price swap rates derivatives under the LIBOR
Market Model with Stochastic Volatility and Displaced Diffusion (DDSVLMM). This method
uses polynomial processes combined with Gram-Charlier expansion techniques.

The standard pricing method for this model relies on dynamics freezing to recover an Heston-
type model for which analytical formulas are available. This approach is time consuming and
efficient approximations based on Gram-Charlier expansions have been recently proposed.

In this article, we first discuss the fact that for a class of stochastic volatility model, including
the Heston one, the classical sufficient condition ensuring the convergence of the Gram-Charlier
series can not be satisfied. Then, we propose an approximating model based on Jacobi process
for which we can prove the stability of the Gram-Charlier expansion. For this approximation,
we have been able to prove a strong convergence toward the original model; moreover, we give
an estimate of the convergence rate. We also prove a new result on the convergence of the
Gram-Charlier series when the volatility factor is not bounded from below. We finally illustrate

our convergence results with numerical examples.

Keywords: Stochastic Volatility; Displaced Diffusion; Jacobi dynamics; Gram-Charlier ex-
pansions; Polynomial processes; LIBOR Market Model.

1 Introduction

Since the work of [30], [8] and [24], so-called market models have spread among practitioners. [25]
extended the original LIBOR Market Model to both stochastic volatility and displaced diffusion,
whereas [35] proposed a widely used version of the stochastic volatility component which is a
Cox-Ingersoll-Ross (CIR) process; on this basis they provided several analytical results such
as integral-based formulas for caplets and swaptions prices. Combining that two modelling
frameworks yield the so-called Displaced Diffusion with Stochastic Volatility LIBOR Market
Model (referred to as DDSVLMM), very popular within insurance market. Our main motivation

is indeed to propose a modelling framework allowing for efficient Risk-Neutral valuation of the
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balance sheet of insurers. Several other versions of the model proposed in [35] have been
developed in the literature, whose differences mainly lie in the way of modelling the stochastic
volatility component and the scope of instruments to be addressed. The model introduced in [32]
is also very popular: the stochastic volatility factor is again a CIR process but uncorrelated to
other drivers and the developed pricing methodology is built on successive suited approximations
of the primary dynamics. An overview of existing modelling choices can be found in [10] and
references therein.

Due to the complexity of the resulting swap rate dynamics in the DDSVLMM or its variants,
as in particular the forward rates are involved in the drift of the stochastic volatility process,
one resorts to the so-called freezing technique, see [1]. As a result, the swap rate dynamics can
be assimilated to an Heston-type model (with time-varying coefficients), whose characteristic
function can be analytically derived and then used for pricing, see [22] or [35]. The famous Fast
Fourier Transform described in [13] used to pricing over a grid of strikes is especially suited for
pricing when using such models.

Beyond numerical instability issues of the Heston characteristic function, as pointed out and
solved by [7], recent interest has been dedicated to the significant computational time cost of
these methods and the use of more efficient techniques for pricing. In particular, approximations
based on Gram-Charlier and Edgeworth expansion techniques have been proposed by [15], who
developed an adjustment of a reference Gaussian distribution (Bachelier model) for skewness
and kurtosis, and as a by-product derived a smile formula linking the volatility to the moneyness
with interpretable parameters. Pricing formulas under the DDSVLMM involving moments up
to order four are provided in analytical form by [15] taking advantage of the explicit knowledge
of the characteristic function in Heston-type models.

However, ensuring the convergence of the Gram-Charlier series in the case of such affine
dynamics is not solved. In this paper we actually prove that the classical sufficient condition
presented in [21] used to secure the convergence of the expansion technique is not satisfied for
a class of unbounded stochastic volatility models including the classical Heston model.

In order to provide a modelling framework suitable for Gram-Charlier expansion series, we
rely on the theory of polynomial processes. In particular, we use the so-called Jacobi process
for the volatility as in [3], whose main feature is to allow for naturally bounding the volatility
process while preserving the tractability of moments using matrix exponentials. The Jacobi
process was initially introduced to study gene frequencies (see for instance [27]). Furthermore,
applications to finance have been studied more recently: [17] worked with an interest-rate model
based on a Jacobi dynamics whereas [29] studied a stochastic correlation adjustment modelled
by a Jacobi process. This has also been studied in [18] and [12] with further applications in
finance in [20].

Combining the works of [3] and [?], we propose a new approximation of the DDSVLMM.
We will refer to this suggested model as Jacobi version of the DDSVLMM. Our purpose is to be
able to price swap rates derivatives with Gram-Charlier expansions, as in [?], in a framework in
which the convergence of the series holds using a Jacobi process, as in [3]. Indeed, [3] justified
the use of Gram-Charlier expansion in an equity type context when bounding the stochastic
volatility factor. Gram-Charlier expansion is a technique allowing to approximate the density

of the modelled swap rate using as reference a Gaussian density. As such, the approximation
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is made by a Bachelier-type model, to which adjustments are added in the form of higher
moments of the swap rate distribution. It is particularly interesting due to the tractability and
the interpretability of the Bachelier model. However, alternatives do exist to develop converging
expansions approximations for Heston-type models. As pointed out in [21], a bilateral Gamma
density can be used as reference density in the Heston model, at the price of computational
difficulties of the orthonormal basis of polynomials, see for instance [4].

Our proposed model can be viewed as an approximation of the standard DDSVLMM. As in
[3], the model converges weakly to the original model when volatility bounds vanish. Moreover,
we have been able to prove this convergence in the L' space and obtain a convergence rate.
Numerical investigations seem to indicate that the obtained convergence speed can be still
improved and allow to conjecture the value of the optimal convergence rate. Our conjecture is
supported by the derivation of a better speed of convergence for the weak error on the volatility
process. While [3] provided a bound on the error made when truncating the Gram-Charlier
series, in this work we use the obtained convergence rate to assess the pricing error made when
comparing the use of Jacobi and standard CIR processes. We also have been able to prove a
conjecture stated in [3] on the convergence of the Gram-Charlier series when the volatility factor
is not bounded from below. Finally, note that we work here with time-dependent coefficients
(mainly, piecewise constant), which extends the previous mentioned works.

This paper is structured as follows. In the end of this introductory section, we bring in the
density approximation technique we are interested in, then we present a preliminary motivation
result and finally we introduce the notion of (time-dependent) polynomial processes exempli-
fied by the particular Jacobi process. In Section 2, after recalling the standard DDSVLMM
framework, we specify our proposed approximating dynamics, especially by introducing the
Jacobi model for the stochastic volatility factor. Our main results about convergence of the
Gram-Charlier series, ! convergence of the approximating model along with the derivation of
strong and weak convergence results are stated in this section. We provide numerical results

and illustrations in Section 3. The paper ends with some concluding remarks.

Notations We consider a probability space (€2, F,P) equipped with a filtration (F:)i>o0
satisfying usual conditions. In a financial context, P can be viewed as the historical probability
measure whereas the filtration will represent market information (quoted prices, observed
smile, etc.). The latter is assumed to be generated by a multivariate Brownian motion. For
two (local) martingales (Xi);>0 and (Y;)i>0, (X.,Y.), will denote their quadratic variation at
time t. Z<Z' means that distributions of Z and Z’ are in fact the same whereas Z “% 7/
stands for almost sure equality. o(Z) is the sigma-algebra generated by the random variable
Z. E[-] is the expectation associated to P, E,[Xr] is the conditional expectation of X7 given
the starting point Xy = x.

We will denote with bold font u the vectors; the canonical scalar product between two vectors
will be denoted w - v. Unless otherwise stated, ||u| will represent the (£2-) norm induced by
the scalar product ie. ||ul| = Vu-u. If x € R, we will denote by @ the vector of which all

coordinates are equal to z: = (z,z,--- ,x).
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1.1 Density approximation

In this section, we provide more insights on the Gram-Charlier expansion. It is a technique
used to approximate an unknown density based on a reference - also named auziliary - Gaussian
distribution denoted by

gr(x) = e @)@ ) foro2, (1)

2. Note that generally, Gram-Charlier expansion (of type A) only

of mean p, and variance o;.

refers to the particular case where u,, = 0 and o, = 1.
Let Z be the random variable of unknown probability density f that is aimed at being
approximated and define the £2 Hilbert space as

L= {h : R — R measurable such that ||h? := / h(u)%g, (u)du < oo} .
R
Let us introduce the family of polynomials (lying in £2) defined by
Ul — 2kk(n — 2k)! oy '

(Hp)nen forms an Hilbertian basis of E% and in case where u, = 0 and af = 1, the H, are

generally known as the (normalized) Hermite polynomials (see for instance [19]). Thanks to

this basis, we can define for any N € N pseudo-density functions by

N
f(N) (1‘) = gr(x) Z Can(l')
n=0

These are called pseudo-densities since they can take negative values while always integrating
to one. As long as the likelihood ratio f = f/g, belongs to £2, f can be approximated in this

space in the sense that
(N) L2 _
o e

gr N—oo

We emphasize that the condition f/g, € £2 is equivalent to

(u—pur)®
/Rf(u)Qe 207 du < oo, (2)

and is a sufficient condition to ensure the convergence of (f(")/g,)yen in £2. In this space,
the standard inner product is defined by (h1,h2).2 = Jz h(w)ha(w) gy (u)du for hy, hy € L2
Since the (H,,)nen are orthogonal in £2 with respect to this inner product, the coefficients ¢,
are uniquely determined as ¢, = (f/gr, Hn) 2 = Jg Hn(u) f(u)du = E[H,(Z)], n € N. Thus,
the coefficients ¢,, are linear combination of moments of the unknown density f: to perform a
density approximation following this technique, the moments of Z have to be computed.

Numerically, the Gram-Charlier expansion is performed up to a given order N € N. The
assessment of the error due to the truncation of the series can be an issue. When the condition
(2) is not satisfied, we can not conclude on the convergence of the approximating density; in
addition, there is no estimation of the error induced by the numerical truncation of the ap-
proximating series. More details about approximation density techniques based on orthonormal
polynomials expansion can be found in [21] and references given there.

The next subsection proves that for general stochastic volatility models (and in particular
in the Heston model), (2) is not satisfied.
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1.2 Preliminary result

The use of Gram-Charlier type techniques is appealing in financial applications, since pricing
can be performed efficiently while only requiring the computation of moments up to some order.
This has mostly been explored for modelling equity and associated derivatives, see e.g. [14],
[31], [33], [11] and [23] among others, as well as for the DDSVLMM modelling framework for
interest rates, see [15]. The aim of the present section is to analyze the core sufficient condition
for the convergence of the Gram-Charlier series, and in particular to prove that this condition
is not satisfied for general stochastic volatility model with unbounded volatility factor.

Let fix an horizon T and consider the following model:

ds, = u(V)A(t)dB,
(S[), ‘/0) € R X R+

where the functions v : Ry — Ry, A Ry — R, b : Ry xRy — R and h : Ry X
R+ — R are assumed to be regular enough to ensure existence and uniqueness of a solution to
(3). (St)t<r stands for the financial driver (share price, interest-rate, ...) of interest - possibly
at log-scale, (Vi)i<7 is a second source of risk, and (B:)i<r and (Wi)i<r are two Brownian
motions under the appropriate probability measure. Correlation between Brownian motions is
driven by a coefficient p €] — 1,1[ such that d (B.,W.), = pdt. In the case where u(v) = /v,
(Vi)e<r is interpreted as the instantaneous volatility of (S¢)i<7. Moreover, when (V;)i<r is
a Cox-Ingersoll-Ross (CIR) process, model (3) is an Heston type model. This is a particular
case of interest since the standard approximation of the DDSVLMM is an Heston type model
as well. Let gr denote the unknown density of the random variable S, and consider the
reference Gaussian distribution as introduced in Equation (1). The following result shows that
the sufficient condition to the convergence of a Gram-Charlier expansion does not hold under
some unboundedness assumption.

Theorem 1. We assume that the map t — A\(t) is bounded:

0< A2, <AH?< N, <o

max

We also assume that the cumulated variance fOT u(Vs)ds is unbounded and is positive:

T
for any constant M > 0, P (/ u(Vy)ds > M) >0
0

and P (/OTu(V;)ds _ 0> ~0.

Then the sufficient condition (2) to the L2—convergence of the approzimating density series of

(4)

gr s not satisfied, that is:
(u=pp)?
/gT(u)2e 208 du = oo.
R

Proof. We first derive an analytical expression for the density gr of Sp. Consider (WtL)tZO a
Brownian motion independent of (W;)¢>0. Since

T

s r d r
St =Sy —|—/0 u(Vs)A(s)dBs = So + ,0/0 u(Vs)A(s)dWs + /1 — p2/0 w(V)A(s)dWE,

5



1. INTRODUCTION

one can note that, conditionally to ]::‘F/V = o (Wi, t <T), Sy is normally distributed with mean
S =Sy + pf(;[ u(Vs)A(s)dW; and variance C% := (1 — p?) fOT u(Vs)?\(s)?ds. By application

of Jensen’s inequality:
(L—p% ’ i
c3 > = M (/ u(Vs)ds> a.s., (5)
0

and thus with Assumption (4), we deduce P (C% = 0) = 0. Then, for any measurable function
f, we have thanks to Fubini theorem

,(I ST)
E[f(S57)] = E[E[f(S)IF7]] = [/f 207 dx]

27r02
- [ s

G Sg“)
e 1 |dx

which allows to identify the densﬁ:y of Sy as gr(z) = E[Gr(z)] where Gr(z) :=

_ (z=57)2
(21 C2) /% = Now, Equation (5) along with Assumption (4) shows that

P (C’% > 203) > 0 for all o, > 0 and thus with positive probability Y := — (ﬁ — é) > 0.

27rC’2

Now, we have

/ 95(%) 4\ fomo? / (G () Pela #0202 4y
R

gr(z)
2 2 2
\/m Y ]E |:HC%>2UZ X GT (m)e(xflh‘) /(4‘7'r):| de'

v

oroZ [ [ ?
> 22%(/ E[]lcz Sag2 X GT(x)e(x—ur)Q/(403)]dx> (Jensen’s inequality)

1 2 5 ra _ (= 572 | (@—pr)? 2

o C2>202 + .

= —E [TG’ / e 1 4of dx} (Fubini theorem)
2a Cr —a

By Fatou’s lemma

ly,>0 ,u% 5’% 1 S'T e \2\1 [V Yrats /Y1 (@7 202 ) 2
lim E exp ————(—— ) 5
atoo | /YrCr :

E Ty, >0 exp :U*v% . Si% _1<§T_ jeos )2 %
- WVYrCr 402 207  AYp\CZ 202

S‘T Hr
VYT(H—Q‘/*(@_W) 2y
im — e
a+oo @ St pr Y
—VYrat; /7(07 P)
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Finally, the lower bound can be proved to be infinite since for any A > 0 and u € R,

Aa+p Aa+p ot )2
1/ ey2dy21/ €y2dy> )\a-l-/ie(/\ Zu)
a |

a —a+pu % - 2a ’
so that limg 4o % ffi:f:ﬂ edey = oo. This concludes the proof. ]

Thus, to be able to perform a Gram-Charlier expansion and assess the truncation error for
a stochastic volatility model, we should work with a bounded volatility factor.

In the next subsection, we introduce the class of polynomial processes which is a generaliza-
tion of the class of affine processes; as such, it still benefits from analytical tractability of their
marginal moments based on matrix exponentials, while loosing in general that of the moment

generating function.

1.3 Polynomial processes

In the original papers [12] and [20], a theory of polynomial processes is developed for time-
homogeneous dynamics: [12] focus on Markov process possibly with jumps whereas [20] deal
with continuous dynamics but non-necessarily Markov. For such models, the expectation of
any polynomial function of the process at a given date reduces to a polynomial in the initial
condition with equal or lower degree.

The theory of polynomial processes has been extended by [16] to time-dependent parameters
under appropriate smoothness assumption. In this subsection, we present continuous Markov
processes whose diffusion parameters are piecewise constant with respect to time. We derive
matrix exponential representations of the moments for polynomial processes with such time-

dependency as in [?].

1.3.1 Moments computation for polynomial processes

Let us denote by Pi(R™) the set of polynomial functions of degree at most k& € N on R™:
Pr(R™) = {Rm ST Y Calil T e € Rmax{a; + -+ amica #0} < kp. We

m
consider an E-valued time-inhomogeneous continuous stochastic process, (X¢)o<t<r, specified
by a Stochastic Differential Equation and whose infinitesimal generator at time t is denoted
by A; its domain is denoted by Dom(.A;). We fix a time horizon 7. We assume that for all
t < T, Pp(R™) C Dom(.A;). For technical reasons, we assume that £ C R™ has a non-empty
interior (see Section 2 in [20] for a detailed discussion). Following the definition of [20], a
diffusion is said to be polynomial if A; maps Pr(R™) to itself for all k € Nand ¢t <T.

In our work, we deal with piecewise constant infinitesimal generators. Let us split the whole
time interval [0,77: let 0 < t; < --- <t; <T be instants such that for any t € [t;,¢;41[, A =
Aj, 1 <j < J—1. As a linear operator, the action of each A; on P,(R™) can be represented
in a unique way through a M x M matrix, Agk), where M = dim (P;(R™)). Let us consider a
polynomial function p € P(R™). In a given basis b(x) := (b1(x), ba(x), ..., ba(x)) of Pr(R™),
p € Pr(R™) can be uniquely represented thanks to a vector p € RM such that p(x) = b(x) - p.
Thus, A;(p)(x) = b(x) - Ag.k)p. We can now adapt one of the main property of polynomial

process to the time-dependent case.




1. INTRODUCTION

Proposition 2. Let k € {1,...,q} and p € Pi(R™). Assume that E[|| Xo||**] < oco. For
tih<to<..<t;<t<T,

J
(k)
E[p(X)|F] = b(Xo): [ [ A% | elimtnalp, (6)
j=1

Proof. As a direct application of theorem 3.1 in [20], we have at any time ¢t; <t <44

_+ a4k
E [p(X:)|F,] = b(Xy,) - A p,

Now, assuming in addition E[||Xy;_, |?*] < oo, two successive conditionings at times ¢;_; and

tj give for t € [tj,tj+1[,

=E[E[E [p(Xt)’th} |ij—1] ‘XO]
4%
=E[E [b(Xy,)| Xy, ] | Xo] -4 p
_1 340k
_E [(E 51 (X0,)1X, ] E [bar(X0) X, ] ) \Xo] elmtA
4. (k) g (k) 3 A(R)
=E |:<b(Xt]1) . e(t]—tj_l)Aj_lbl’ o ,b(th,l) . e(t]—tj_l)Aj_le> ’X0:| e(t—tj)A]. p
(k) (k)
= B [b(0, )| X0 -4
For the fifth equality, coordinates vector of the basis vectors (bi(x),...,by(2)) have been
introduced as b = (by,...,bys). Note that b; is only composed of zeros except at i-th coordinate
that is a 1. A recursive reasoning gives the result. O

Note that the order in (6) matters as in general matrix exponentials may not commute.
This way, taking a monomial function p(z) = ! for some i € [1, M] and | € N and applying

the formula (6) allows to compute marginal moments of the process X.

Remark 1. An alternative characterisation of the polynomial process can be done using the
coefficients of the diffusion. Namely, the following stochastic differential equation, driven by a
Brownian motion (Wy)i<r,

dZ, = b(Zy)dt + o(Zy)dW,

would define a polynomial diffusion, according to the terminology of [20], if b € P1(R™) and
02 € Po(R™). The case o* € P1(R™) defines an affine process.

We can now introduce the so-called Jacobi process and its dynamics which can be viewed
as an alternative to the CIR process. It is a stochastic process which is naturally bounded over
time under some technical conditions on the parameters. Moreover, it is a one-dimensional
stochastic process belonging to the class of the polynomial processes. It will be useful for us in

the following of this work.
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1.3.2 Jacobi process

Let us consider the function

Q(’U) _ (Umax - U)(U - Uml;)’ (7)
(\/ VUmax — / Umzn)

where 0 < Upin < Umae < 00. We can observe that Q(v) < v for any v € R and that Q(v) > 0

for v € [Vmin, Vmaz)-

Let us consider now the following dynamics

{ AVi = k(0 — V;) dt + e/Q(V})dB,, -
Vo € [Vmins Ymaz),

where k£ > 0, 6 €]Vmin, Vmaz], € > 0 and (Bt)¢>0 is a one-dimensional Brownian motion. Strong
existence and uniqueness of the process V' is studied in theorem 2.1 of [3]. Moreover, Feller’
condition allows to ensure the process remains bounded through time. Namely, P(Vt >0,V; €

[Vmins Umag D = 1 if and only if Vi €]Umin, Umaz|[ and Feller condition

62(vmam - Umin)
(\/ Umaz — / Umin)2

is satisfied (see [26], Section 5.5.C, for a detailed treatment of the topic). The infinitesimal

< 2k min (Vmaz — 6,0 — Vimin) 9)

generator, G, of (8) applied to a twice differentiable function f € C?(R) writes as

0 € 0?
6,1(0) = w0 -0 + Qw2

Straightforward computations show that G (Px(R)) C Pr(R): if p(v) = S, e,

B i(i —1)e N b . i(i — 1)€2(Umin + Vmaz) i1
ng - Z ( \/Umax \/Umz’n)2> vt ; (ZHH + Q(Q/Umax - \/Umin)2 > ar

2
€ " UmaxVUmin
— E )& v'"2 € Pu(R).
2(\/Umaa: \/'Umm 2 ! ( )

As a result, the Jacobi process is polynomial.

Remark 2. We propose to give details on the computation of marginal expectation of V. In
the basis {1,v} of P1(R), the action of Gy can be represented by the 2 x 2 matrix

0 k0
Gj= )

Due to its upper triangular form, the exponential of Gy can be analytically computed. First

(0 )00 2000

and that the left sided matriz is the inverse of the right sided one. Then, for a givent <T

exp(tGy) = ( LA ) 7

observe that

e
and thus

Ey [Vi] = (1,v0) - exp (tGy) (0, 1)T = vge "+ 6 (1 — e_”t) .
Note that the expectation does not depend on Vpmin and Ve and is equal to the expectation of
a CIR process. Recall that a CIR process is defined by taking Q(v) = v in (8) and Vp € R
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2 Swaption pricing with Gram-Charlier expansion

2.1 Reference model

We introduce in this subsection the standard dynamics generally used for pricing under the
Displaced Diffusion LIBOR Market Model with Stochastic Volatility. [25] proposed an extension
of the standard LMM with respect to two features: a stochastic volatility factor has been added
to reproduce the observed implied smile of volatility while a displacement coefficient (also called
shift) allows to generate negative interest-rates, which has became necessary in view of late
market conditions. [35] proposed a tractable and widely used (among insurance market) version
of the model with stochastic volatility (but no displacement factor) modelled through a Feller
process (Cox-Ingersoll-Ross dynamics) often named by practitioners DDSVLMM.

Let P(t,T) be the time-t price of a Zero-Coupon bond maturing at time 7" > ¢ with par
value 1. Let us consider a finite tenor structure 0 < 77 < T < --- < T,. We denote by
ATj = Tj1 —Tj. The swap rate seen at time ¢ < T},, that prevails over the period [T}, T,], can

be expressed as

o P, Tn) — P, T,
St 5 — 75_1 ) ( ) (10)
S AT (1, T )

according to an arbitrage-free reasoning (see Section 1.5 in [10]). We will denote by B*(t) :=
Z?;; AT;P(t,Tj+1) the annuity of the swap rate. Under the probability measure P° (the
forward swap measure, named after [24]) associated to the numéraire B°(t), the swap rate is
a martingale. The standard modelling consists in giving to the swap rate (10) the following

dynamics:
asy" = VT (pOINT MO |AW; + /T = o2 (1) - aW),

(11)
AV; = k(0 — 2(1)V;)dt + e/ VidWy,

where (WtS7*)t20 is a D-dimensional Brownian motion under P, whose components are all
independent from the Brownian motion (W;)s>0. The coefficients k, 6, and € are non-negative
parameters. They are assumed to satisfy Feller condition 2k6 > €? (it coincides with (9) when
Umaz = 00 and vy, = 0) that ensures the process V' to remain non-negative almost surely, as
long as Vp > 0. The time-dependent coefficients are all bounded. In particular, £° is positive and
bounded: 0 < &9

0. < &0%(t) <& .. Namely, in standard set-up all time dependent quantities
are assumed to be piecewise constant on time intervals [T}, T;+1][. The function p accounts for
the correlation between the swap rate and its instantaneous volatility; D-dimensional vector
function A™" distorts the volatility structure over time; &9 is a deterministic adjustment in the
drift term of the instantaneous volatility due to the correlation structure between swap rate and
instantaneous volatility (see for instance [35]). To understand in detail the dynamics (11) and
especially how the time-dependent functions are defined, we refer the reader to [35]. We also
refer the interested reader to [9] for the treatment of the Heston model with time-dependent
parameters.

Observe that (11) defines an Heston-type process. As an affine dynamics, (11) offers the
ability of explicitly knowing the moment generating function of S”" through Riccati equations.

This has been developed and solved in [?] or in [35] for the swap rate modelling. Exploiting

10
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the explicit knowledge of the moment generating function allows to derive closed-form formulas
for prices of swap rate derivatives (especially, for swaptions). In our work, we aim at pricing
such derivatives using Gram-Charlier expansions. As discussed in Theorem 1, the convergence
of such expansion can not be ensured a priori for dynamics (11). This is why, an approximation

of this dynamics is suggested in the following subsection.

2.2 Jacobi dynamics approximation

We consider the following approximation of the model (11) referred to as Jacobi version of the
DDSVLMM:

4" = QO |IA™ (1) [ AWy + \/Vi — p(DPQUIA™ (1) - AW,

AV, = k(0 — (V) dt + e/ Q(Vi)dWr. 12)

where A", €0 and p are the same as in (11), Q is defined in (7). We recall that all components
of W3* are independent and are also all independent from W. We also recall that we impose
Umin < Umagz- The volatility factor (V;);>¢ follows a Jacobi dynamics introduced in Section 1.3

with additional time dependency in the drift. For this dynamics, the Feller condition writes:

62 (Umax - Umin)

(\/ Umax — v/ 'Umin)2

It ensures the process V' in (12) to remain bounded at any date t: P(Vt > 0: V; € [Umin, Vmaz]) =

< 2k min (ggzinvmaz —0,0 — ggmvmm) : (13)

1. In this setting, the coefficient p(¢) defined in (30) is interpreted in dynamics (12) as a scaling

factor of the instantaneous correlation between the swap rate and its volatility since the following
holds:
d (v, 8™™) QW
(V. S™, A 1)

VAV, V), /d (ST, 5T, Vi

We observed that 0 < Q(v) < v for v € [Umin, Umaz] and thus the instantaneous correlation is

smaller than p(t) at each time. The time-dependent infinitesimal generator of the diffusion (12)

applied to a function [Vmin, Vmaz] X R 3 (v, s) — f(v, s) is given by

€ 2
Acf(v,s) = r(0 - §O(t)v)ai(v, s) + QQ(U)gv];

ov
2
FQUIPOIN OIS fw,5), f € Dom(A), 1 <T.

Note that for all k € N, at all date t € [0, 7], A¢(Pr(R?)) C Px(R?). Then, the dynamics (12)

is a polynomial diffusion in the terminology of [20]; in addition it is a Markov process and thus

v 0% f
v,8) 4+ = ||IA™" ()2 == f(v, s
() IO G )

(12) is a also 2-dimensional polynomial model in the terminology of [12]. Marginal moments of
ST golution of (12) can thus be computed by matrix exponentials following method presented

in Section 1.3.

Remark 3. The dynamics (12) is an extension of affine models as observed in [3] in the special
case of the Heston model. Reference dynamics (11) belongs to the class of affine model. When
Umin = 0 and vpmee = 00, (12) coincides with the case when Q(v) = v which is the standard
DDSVLMM (11). Thus (12) can be viewed as an approximation of the reference model (11).
Namely, the proposed process (12) converges toward the standard one (11) in the path space

11



2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

of processes as Umin, — 0 and Umay — 00. This result is proved in [3], Theorem 2.3. In
Subsection 2.4, we will able to further prove a L' convergence in Theorem 6 coming along with

a convergence rate.

2.3 Gram-Charlier expansion

The Gram-Charlier expansion is justified now. We assume that the two following conditions
hold:

40 > ¢
Assumption (A): " < (15)
2H(Uma$ - 9) > 627
and
Assumption (B): sup |p(t)| < 1. (16)

te[0,T]

Note that when v,,;, = 0, Feller condition (13) implies that 46 > €2 and thus assumption (A)
is stronger than (13).

2.3.1 Convergence result

Each coordinate of the D—dimensional function ¢ € [0,7] — A™"(t) is piecewise constant
and so is its norm t € [0,T] — |[|[A""(¢)||. Its bounds are denoted by Amin and Apqs so that
0 < Apmin < [JA™" ()| < Amin < 00. We define the cumulated volatility process

=i [ IR (Vi = (s QU)) ds. a7

Let us denote by fr the density of S7"". Recall that it depends on vy, and vpes. Following

the notations in Section 1.1, fr will be approximated with a reference Gaussian density g;..

Theorem 3. We suppose assumptions (A) and (B) hold, vmin > 0 and vy, < 0. Consider

. . . 2 . .
now a centered Gaussian density g, of variance o; satisfying

Tv
o> mazr \2

s 2 max-*

(18)

Then, a Gram-Charlier expansion can be performed on the density fr using the reference

density g.. In particular, the sufficient condition (2) to the L2—convergence of the family of
approximating densities is satisfied; that is

fr(u)

r 9r(u)

The proof of the theorem is based on the following lemma.

du < 0.

Lemma 4. For n < 1/(2T0maxA2,0,), fr is such that
/ e”“QfT(u)du < 0.
R
In addition, if
ES [E;l/ﬂ < o0 (19)

holds, then then u — fr(u) and u+— e"“QfT(u) are uniformly bounded over R.

12



2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

Remark 4. In [3], the results claimed in Theorem 3 and Lemma 4 are proved (in a time-

independent framework) under the following assumptions:
~ p? < 1 which is equivalent to present Assumption (B);

_ 'y ;. 0 — . Ez(vmazfﬂmin)
Feller condition (13) holds (with &°(t) = 1), that s oo ey

IN

2k min (Vymaz — 0,0 — Vmin), With 0 < Vmin < Vmae < 00.

They conjecture the results are still valid for vmy, = 0. In our framework, Feller condition is
again required to bound the volatility process, and Assumption (A ) is used to prove the mentioned

conjecture.
Proof of the lemma. We have from Equation (12):

T K T
S S g / p(w) N W)V, — = /0 pIIA™ " (W)[[(6 — € (u)Va)du

+ [V oA ) - aw
=: S / Vi — Vi) AT (1) - AW,

Since W* and V are independent, Sy is a Gaussian variable of Sp and variance Zgp
conditionally to o(V;,t < T). Since Apin > 0 and supe( 7 |p(t)|? < 1, note that =7 > 0 almost

surely. The conditional density of S7"" writes

1 u — Sr)?
Frln) = Jaear o <—(2:TT)) -

Fubini’s theorem allows to identify fr(u) = E¥ [Fr(u)]. Hence, fr is uniformly bounded as long
as £ [\/%7} < 00. The maps [0,7] 2 t — [[A™"(¢)|| and [0,T] > t — p(t) are piecewise
constant, so their derivatives are almost everywhere zero. They also have a finite number of
discontinuities over [0,7] occurring at times (7})i<j<n(r) Where n(T) = max{i : T; < T}.

Integrating with respect to the volatility process V' over whole interval [0, T] gives

N 1 ko [T
Sp = Sg "+ = Y pTIN (T (Vi — Vi) = / pw) A" (w)][(6 — € (w)Var) du.
i<n(T) 0
As a consequence, the following stands almost surely
& m,n 2Vmaz Tk 0
|ST| < Sy + Amaz + — Amaz (0 + sup [¢ (u)\fumm;) =: A < oc0.
€ 0<u<T
Moreover, as
|ET| < Tvma:c)\znam)
we set
1—-2n=Zr >1— 277Tvmax)\maz =: v,
where 0 < v since we assumed 1 < 1/(2TVmaz\2,4,)- Furthermore,
1 1—2n2p S \2 nS2
e Fr(u) = e — (u — ) + a . 20
r(v) NoT=ori ( 251 1— 227/ T 1- 2=y (20)

13



2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

Integration of (20) gives

1 7’]52 e'r]A2/u
e”“QFT w)du = ——exp T_ < < oo almost surely.
/]R () V1=2n=r 1—2n=r N Y

Taking expectation in (20) leads to

1 ]e"A2/l’
VEr| Vor

us, € T\U) 1S unirormly bounded as soon as olas.
Thus, ™ fr(u) is uniformly bounded (19) hold 0

e"u2fT(u) = E° {emﬂFT(u)} <E° [

We can now prove Theorem 3.

Proof of the theorem. We proceed in two steps. First, we show that (19) holds under assump-
tions (A) and (B), for any vmin > 0 and vp,e, < 00; secondly, we explain why (19) implies (2)
when (18) is satisfied.

The treatment of the case vy, > 0 is done in [3]. Assume that vy, = 0. Almost surely

A2 fOT (Vs = p(5)?Q(V5)) ds < Ep < M, fOT (Vs — p(5)?Q(V;)) ds. Since R 3 z +—» ﬁ is
convex, Jensen inequality implies
1 1 r ds
T = Taom VVs — p(5)2Q(V. e
VEIEINmn() 2 (Vi — p(s)2 Q) ds  DhminJo Vo= pls QW)
Taking expectation and applying Fubini theorem lead to
_ 1 r 1
S 277 < — s / ES ds
>\mmT / 0 \/‘/s - p(8)2Q(‘/S)
with possibly infinite values. Since Q(v) < v, for any t > 0
VVa(l - ) < VVi— Q(Vy) as.
and thus
s 1/2 1/27n—3/2y—1 4 s| 1
B[] < - s plo?y i, B0 as (21)
|: T i| t€[0,T 0 \/VS

In order to exhibit a control of the right hand side, we consider the stopped process X" :=
v/ Virr, where 7,, n € N* | is the first time when the volatility process goes below the threshold
1/n: 7 =inf{t >0:V; < l}. Ito’s lemma applied to the stopped process gives

TAT, TAT, 2 0
a.s. n d n
Xp o v0+( )/ a ( ‘ ,@5 >\/ du
0

S8Umaz
T ATy,
/ Umaa:

where we used that Q(v) = v —

v € [0, Umage) and thus vanishes when taking the expectation in (22):

58 [m_ \/70} g [/OTATn ( e /4502(8)> \/Vsds]

S8Umaz
_ (9_> ES U ds ]
2 8 0 VVs

14
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2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

First recall that Vy € [0, Umaz] (almost surely) and thus E [\/VO] < 00. Now, we aim at taking
the limit as n goes to oo in the previous equality to show that the right-hand side is finite.

Since 1, —> 70 = 0o where 7y is the first time the volatility process hits 0, T'A 7, A2 LT
n— n—oo

VV < w/vmaz for any t > 0, and thus E° [,/VT/\Tn < /Umaz for all n € N. Lebesgue’s
dominated convergence theorem then provides that ES [\/ VT] = lim,, ES [\ /VT/\TH} < /Umaz-

Then, we recall that £° is bounded on [0, 7] which gives

TN, 2 0
s " € 55
" [/0 < 8Vmaz ) \FdS}

Using monotone convergence theorem, we have that

T ATy, T TNy, T
/ vV Vdu 22 / v Vudu and / EO(u)\/ Vydu 22— / €%(u)/Vydu.
0 n—oo  Jo 0 n—oo Jq

This combined with dominated convergence theorem gives

T 2 0 TAT 2 0
g € Hf S " € /if
B [/0 (S'Umar > \/>d8] B JLI&OE [/ <8Umaw ) \/>d8]

< K < o0.

e f~€|§ |
< 4 2T S Omaz] = K1 < oo.

8Umaaz

Observe that assumption (A) implies (%9 — %) > 0. Together with (23) gives the existence of

a constant K < oo such that

TNy,
lim ES du | _ g
n—00 0 A /Vu

Fatou’s lemma, provides

T TNATn
ESU d“}ghmES[ du}<oo
0 vV Va n—o0 0 V Vau

which allows to deduce the claimed result
ES [E;l/ 2} < 00

Now, following Lemma 4, as long as (19) holds, x € R — ene’ fr(x) is uniformly bounded
and integrable for 7 < 1/(2T0maeA2,4,): €7 fr(z) < C < 0o and Jz e’ fp(z)dz < co. We
apply this result with n = 1/(402) < 1/(2T0mazA2p0s) = 02 > UmazAyeeT/2:

2 22 2
ngj;((xx)) dz = \/27107?/R<e‘“'72f;p(:z:)> dz
< C\/27r02/ e‘ifing(x)dx < 0.
R

Hence the result. O

Remark 5. When using a non-centered Gaussian density g, with mean pu, € R, a slight
modification of the proof of Theorem & shows that Lemma 4 implies the convergence of the

. . 2 2
Gram-Charlier expansion for o7 > Umaz Nzl -

15



2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

2.3.2 Application to pricing of swap rate derivatives

In this section, we use some notations introduced in Section 1.1. The convergence of approx-
imating densities built with Gram-Charlier method is ensured in £2. An application of the
Cauchy-Schwarz inequality shows that the convergence of approximating prices can be deduced
for square-integrable payoffs. Let us consider a (discounted) payoff ¢ € £2 and fr the density
function of S}” ™ that is modelled with dynamics (12). The spot price of a European derivative
Pr(yp) expiring at time 7' > 0 associated to the considered payoff can be computed thanks to
the likelihood ratio fr = fr/g::

Pr() = [ e@)fr@)de = (. fi)gy = 3 by (23)

p=>0

where the coefficients (¢,)pen are given by

op = (@, Hp) 2,

while the Hermite moments (hy,)pen are defined by

o = (Fr.Hy)gy = [ Hyla)fr(a)de =B [H,(S7)]

The coefficients hy, are linear combinations of the moments of fr. Since the polynomial functions
H,, are analytically known (see Section 1.1), the only matter here is to be able to compute the
moments of fp. This can be achieved using the polynomial property of (12) discussed in

Subsection 2.2. The approximating price
N
P j]“v (¢) = Z hpop
p=0

is so that PY(p) o Pr(p) once the Gram-Charlier convergence is ensured. Numerically,
—00

we have to truncate (23) at a given order N € N. However, the estimation of the speed of

convergence of the series as N increases is not clear ([3] provided a numerical estimation of the

truncation error).

Remark 6. For operational efficiency, a recursive relation can be derived as in [3] to compute

the coefficients ¢, .

Pricing under model (12) using expansion techniques introduces two types of errors when
compared to reference model (11): first one is due to the truncation of the Gram-Charlier series
as discussed above, and second one is due to the boundedness of the volatility factor. Estimation

of this second kind of error is the purpose of next section.

2.4 Rates of convergence and pricing error

We prove in this section the results about strong and weak convergence in the particular case
where v, = 0. We consider a sequence of upper bounds parameters (vy(ﬁc)m)peN such that

o). — 5 +00. Let use denote by (S;n’n"](p), Vt‘](p))KT the solution of (12) associated to the
P—00 -

bound parameters v, (el VO),op represents the solution of the reference dynamics

(11). In particular, (V,“)¢>0 is a CIR process. For all p € N, we will consider an initial condition
Rj- 5 vy = VOC — ‘/E)J(P) < infpeN U%’()w and Sg’L»"vJ(P) — Sg)n»nﬂ“ef — 36717” cR.

16



2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

2.4.1 Study of the moments

The following result shows that the marginal moments of the Jacobi process can be bounded

independently from the parameters U%)gm.

k
Lemma 5. For any k > 0, sup,cy Supp<i<r ES [(V;J(p)> } < Cy.

Proof. Fix a p € N. We first observe that for any time ¢t > 0, IES[VtJ(p)] = E°[V,X] does not
depend on k). since the deterministic drifts in dynamics of (Vt‘](p ))tST and (V,9)i<r are the
same (the computation has been done in Remark 2). Take k = 2. Applying Ito’s formula to

the process ((V;J(p ))2) and taking the expectation lead to

t<T

ES((v;" ")

= o+ [ {2R0m) — 2BV + (ES[V;C1 - @ES[(VSJ@)Z]) bas

< ()’ + [ t {lont + P V0) — anB((V/ ) s

Gronwall’s lemma gives
t t
B < {(a + [ (w4 DB Gas}exp (20 [ e(e)as)
0 0

and the claim is true for the constant Cy = ((v0)2 + fOT(QKZH + 62)ES[VSC]ds) exp (2HH§H<>OT>
(p)

that does not depend on v, nor on t < T. Now assume that

VpeN, Ve < T, BES[(V;/P)-1) < ¢py

holds for a given k > 2. Applying Ito’s lemma again to ((Vt‘](p ))k) and taking expectation

lead to, for t < T,

B = o)t + [ { (et + k= 0 ) B [0

0

- (%g(s) + 62“’“”) ES [(vﬂp))’f} }ds

t>0

D)
2Umaz
2

< (vo)* + /t { <2!m9 + (k- 1)2) ES [(Vj@))k—l} — 2ke(s)ES [(Vsﬂm)ﬂ }ds
0

and Gronwall’s lemma again shows that

ES[(VtJ(p))k] < [(vo)k + t(2kr8 + k(k — 1)622)Ck_1] exp ( - /Ot 2H§(S)d8).

Hence the result holds for £ with

Cp = ((vg)k + T (2kk0 + k(k — 1)622)ok_1) exp (2,<;||g\|ooT).

This result is useful to get a rate of convergence in the L! space and in a weak sense.

17



2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

2.4.2 Strong convergence

We recall that (V;%)¢<7 denotes the solution of the second stochastic differential equation (11).

Note that the same Brownian motion (W;);<r is used to build Cox-Ingersoll-Ross process in

Equation (11) and Jacobi process in Equation (12).

Theorem 6. There exists finite constants C, K € R such that for any n € N
J(n) Ur(r?gx
sup ES [|vt n —Vﬂ] < Oflog [ Ymez ) |

0<t<T Vo

(n)
log <U7Z[;m' > .

and

sup V7" — V€]
0<t<T

RS <K/

Proof. In this proof, we draw from A. Alfonsi in [5], Section 4.3, who studied discretization

scheme for CIR process and proved strong convergence.

Let us consider the family of Yamada functions, v, ,,, parametrized by two positive num-

—2m 2y

bers 7 and m. Observe that for any m > 1, f:e

Ldu = m. Then, we can find

a continuous function p,,,, with compact support included in ]ne‘egm,n[, and such that

ppm(x) < ﬁﬂxe]ne*@m,n[ and f77e762m pym(uw)du = 1. Then, ¢, is defined as

x| py
bym() = /O /0 pram(w)dudy,

so that these functions satisfy

’ " 2
2] =0 < pm(@) < 2], [y (@)] <1, 0 <ty 1 (2) = pym(f]) <

e2|lzlm’

p,m is a nice smooth (twice differentiable) and even function approximating the absolute value

function. Take n € N. Since
J(n J(n
VI = VE <t (VT = V),

we apply Ito’s formula to the right-hand side to get
t
(V' = VO i [V = Vel (V) — VO
0
2 [t ) o\2 J(n) o
+ 5 | (Vaa ™) = v ) v - vas
e [ (V™) = V)b, VI~ vEsaw..

t
0

Using that supgsg ES[VE] < oo, vz — il < V/Jz —y| (due to 3-Hélder regularit

square-root) and |¢;7m(x)| <1 lead to

(24)

y of the

(V™) ~ VE) 4y (V0 —VE) < @) ~ VE| <ol 4 VE as

18



2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

which allows to deduce that the expectation of the Ito integral in (25) is zero. Using again
%—Hélder regularity of the square-root, the second term in the right-hand side of (25) can be

decomposed in the following way

/ t <\/Q(Vs"(")) - \/W>2 G (VI = VE) ds
0

< /Ot (1QUV ™) =V (V) = V) IV = Vi (V) = V) ) s

" €2m
The first term in this integral is handled using that ||, , [lec < 2¢ ™ and

e2nm
2
Q) =] < —m (26)

maxr

The second term is bounded with |:L‘|w;;m(x) < 622m. This leads to the almost sure inequality

+ 2 t J(m)\2 o e2m
- p V. 2 2
/0 (\/Q({@J( >)—«/V§> Uy (V;JW_VSC) dsg/o {( o S, 5 }ds.
Umazx

enm  em

Finally, for the first integral in (25), we use that HT/J;]mHoo <1 and thus

t
- / (VIO — VO, (VI — VO)ds
0

t
<k [V - V€] ds .
0

Taking the expectation in (24) using the inequalities that have just been derived and using the
fact that the moments of the Jacobi process are uniformly bounded with respect to v,(ﬁgx (cf.
Lemma 5), we get that

C'Te™ T

o T

Umaz 1M

t
ESIV V) < nemlélle [ ESIV) - VEQds +
Gronwall’s lemma again shows that
Jn . C'Te™ T
S|V - v < et <77 o ) .
Umax T m

log (v /v0)

Taking n = m and m = —=-3295=>, we get the existence of a constant C' € R satisfying
S J(n) C Uq(‘rrzlgm
sup B |1/ — V€| < ¢/ log . (27)
0<t<T Vo

The Ito’s integral in right-hand side of (25) can be more accurately handled. We have

s [ (Vo) - ) vt - v
1

< CppcE® (/OT <\/m \/V»sc)z ||¢;7,mH<2>ods)

< CBDG\//OT (ES HQ(VSJ(")) —ym } >ds

< Cspa ( )02 + (C) T (28)
'Urr?az/vo 10g(vn?ax/f00)

19
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2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

< 1, Jensen’s one,

where we used successively: Burkholder-Davis-Gundy inequality, ||1p7’77m||oo

%—Hélder regularity of the square-root and triangle inequality. This allows to deduce (28) after
using inequality (26) combined with Lemma 5 for the first term in the square-root and the
previous result (27) for the second term. Combining this with previous inequalities used in this

proof leads to the existence of a constant K € R such that

ES | sup H/;J(") -VvYl < K/y/log (vﬁffgw/vo).
0<t<T

2.4.3 Weak convergence

We now state and prove the weak convergence result. In this subsection only, we assume that
€0(t) = €Y does not depend on time. We first introduce some useful notations. Considering E
a subset of R, we will denote, for a = (az,...,aq) € N? and a smooth function f defined over

E, by 0, f the following differentiation operator
r=(21...,24) € B> Oaf(x) =03} ... 070 f (7).
We then introduce the set of functions with derivatives of polynomial growth:

< (F) = {f 'E—R:feC™®VaeN, 3C, >0,3eq € N',Vz € B, |0af(z)] < Ca(l+ quea)}.

pol
We recall the following proposition proved in [6], Proposition 3.3.1.

Proposition 7. Assume that f € Cop(R). The function uC(t,x) = E[f(VE )IVE = 2] is well
defined over [0, T] x Ry, is C*°, satisfies the following backward Kolmogorov equation

(P) - t€[0,T],z € Ry, Ou’ + k(0 — €%2) 9,u” + %m 02uf =0,
| w(T) = f),

and is such that

V(lam) € NQa 3(Cfl,ma el,m) € (Rj—)zavx € R—HVt € [07T]7
10107uC (t, )| < Clypn(1 4 2m).

We can now state our weak error estimation.

Theorem 8. Let us consider f € ngl(R). Then there exists a constant K > 0 such that for
any n € N,

E[f(VE)] - E[f (V™)) < (K) |

Umazx
Remark 7. Numerical investigations suggest that this rate of convergence can be extended to
strong convergence. As discussed in the numerical analysis Section 3.3, we conjecture that we
can find a constant K (independent of (vﬁ%x) >0) such that
n_

n K
ES | sup ]V;J( ) _ VtC\ < )
0<t<T Vi
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2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

Proof. The proof is built as in [34]: the authors proved a weak convergence of order 1 for
numerical schemes approximating solutions of stochastic differential equations under proper

assumptions. Consider u® as defined in Proposition 7; in particular, u® (T, z) = f(x). We have
E[f (V)] ~Elf(V; ")) = E(T, V)] B (T, V™)

Thanks to Proposition 7, we have u®(0,v9) = E [uC(T, VTC)] and thus:
ELf (V)] — ELF (V7)) = = (B (T, 17™) = uC(0,00)] ).

Ito’s formula gives:

uC(T, V™) — u€ (0, vp)

T
as. / { 8tuc(8, ‘/SJ(n)) + 5(0 B 60‘/8(](71)) 8§Cuc(57 ‘/SJ(n))
0

EQVS™) o o/ O TS N P

Using Proposition 7 and that the moments of the Jacobi process are all finite (see Lemma 5),

we deduce that the expectation of Ito’s integral is zero. With Fubini’s theorem, we get
T
E[u”(T, ;™) = u®(0,v0)] = / Elg® (s, V. ")]ds
0
where g% (t,7) = Ju’(t,z) + k(0 — %) O,uC (t, ) + 6262% 02uC (t, ). Since u® is solution of
(P), we obtain

2007 ™)y _ /)
vy = CRUET) =V ) oy vy

62 J(n J(n
- (V" ™)2 92uC (1, v;"™),

2'07(’2(21

where we recall that we set v, = 0 in the bounding function @ defined in (7). Hence finally

2 T
E[f(VE)] - E[f (V) ™)] = —¢ / E[(V )2 924 (5, V)] ds,

21}7(771235 0

Using that the derivatives of u® are all of polynomial growth for a proper terminal condition
(n)

f and that the moments of the Jacobi process can be bounded independently from vmgs (see

Lemma 5), we obtain the claimed result. O

2.4.4 Pricing error

We study in this section the error made on swaption prices when using Jacobi dynamics for
the volatility process compared to the standard model. The following proposition outlines the
result for exotic options whose payoff depends on a path of the swap rate process. We focus
on payoff ¢ that is Lipschitz in the following sense: given two continuous processes (z(t))co,1]
and (y(t))se[o,), there exists a constant Cf;, > 0 such that:
o (@) = (@O )| < Cran_sup_lat) — (0]
0<t<T

The pricing error is defined by:

= [ (7)) =2 [ (7))
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2. SWAPTION PRICING WITH GRAM-CHARLIER EXPANSION

Proposition 9. There exists constants K1 and Ko € R such that

< K, n Ky
€model > .
mese log(vmaac/UO) Uma:c/UO

Proof. Similarly to the preceding proof, we will use successively triangle inequality, the
Burkholder-Davis-Gundy inequality, %—Hélder regularity of the square-root function (|y/z —
VYl < ]z —yl, for z,y > 0), the fact that for all ¢ < T, p(t)?Q(v) < p(t)*v < v since

p(t)? < 1 and that the square-root function is concave to get the following:

S
€Emodel < CLipE

sup |Sm n,ref Stm,n,J|]

0<t<T
= CL.ES| su ]/ Q) ) |IA™ (5)[| AW,
N R

/ <\/Vc 5)2VC — \/VJ_p )2Q(VJ)))\mn( ) dWS*

|

< cLlpcBDG{ \/ [ o2 (V7 - Jau) pamncs ||2ds]
\/ [ (e =g - = >2Q<VJ>>2||Amm<s>|2ds”
< cLlpcBDGAW< \/ [ oorve - awyas
: \/ [ e v+ (@) - VSC)\dsD
<

T
cw / p(5)2E5 [[VE — Q(V7)]) ds

\/ / ES [[VE =V + p(s)2(Q(VY) = VO)]] ds>

= C(I1 + 1)

where C' is a non-negative number. Observing that

T
_ S2ES [[VC v/ v IV ds
L= (/0 p(sES [[VE — VY 4V Q(Vs)ﬂd)

1/2

T 1/2
( /0 (BS [V = VI +E° [V = V)] )ds>

<
and that
- 1/2
I = </O ES [V =V 4+ p()*(QVY) = V)] d8>
. 1/2
< (0 oo 17 v+ oS [0~ v s

T

S— S

1/2
(285 (V7 - v + B [l - v ])as)

([
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3. NUMERICAL ANALYSIS

we are led to study the quantities E¥ [|[VC — V//|] and E¥ [|Q(VS) — V//|]. Recall that v —

Q) = U:; for vpin = 0. Regarding the results of Lemma 5 and Theorem 6, we can find some

constants cq, co such that

Il<f\/ T and12<\f\/ T

log Umax/UO) 'Umax/UO lOg Uma:p/UO) Umax/UO

and thus for some constants K7 and Ko,

K K5
mode < C/ .
Cmodel = \/log(vmax/UO) * Umaa:/vo

where C’" > 0. O

3 Numerical analysis

3.1 Matrix exponential computation

To perform Gram-Charlier type expansion at an arbitrary order & € N, we need to represent the
action of the infinitesimal generator through a matrix before taking its exponential. Consider
the standard basis of Pj(R?) composed of monomial functions: ((v, s) — vpsq)p <k Given an
enumeration A : E; — N of the set of exponents Ej = {(p, ) EN?2:p+gq< k}, the non-zero

elements of the matrix A*) representing the action of A; on P, (R?) are given by:

(k) _ (p—1) 0
AN A = T (2( Omas — \/Umin)2 + pKS (t)) )
(k) _ (p - 1)62 (Umin + Umaz)

AA(;D La),Alp,g) rpf + 2(v/Omaz — /Omin)?
A(k) (p 1)€2Umznvmax

A(p—2,0),A(pa) — " 2(/Umaz — /Urmin)?

A®) _ aa= DA
A(p+1:q_2)’A(p7Q) - 2

A% - pqep(t)H)\m’”(t)H
Alp+1,g-1),A(pg) — (VOmaz — /Omin)?’

A(k) quvmmvmawp(t)ukmm Qll

Alp—1,g-1),A(pq) (VVmaz — \/Vmin)? ’
A®) _ paep@)[IA™" ()| (Vmin + Vmaz)
Alp.g—1)A(p0) — (v/Umaz — v/Umin)? '

3.2 Specification of the Jacobi version of the DDSVLMM

In our modelling framework, the vectors and multi-dimensional Brownian motions are of length
2. We consider a piecewise constant parametrization of the time dependency. This set-up
corresponds to a freezed approximation of the Libor Market Model as motivated in [8], [10] or

[35]. The coefficients appearing in dynamics (11) and (12) are defined as:

€ I A
;Z =X Lo ool 2

=1
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3. NUMERICAL ANALYSIS

and
mn — 1 n—1
A JZ;IW] ), p(t) = H)‘mn(t)sz;nwj(O) H’yj(t)H Pj(t). (30)

The quantities (F}(0))j=m,..n are forward rates quoted on markets and the coefficients w;
defined for m < j <n —1, by

AT . AT it
@i(0) = Tjggo(bz)}m <1 e ATT;FJ-(O) l; (O = &™) ) 00

d € R is a parameter often named shift. The volatility vectors are specified as v;(T;) =
9(Tj — T;)Bj—i41 over the interval [T;,T;11[. The By are 2—dimensional vectors with unitary
Euclidian norm, while g(u) = (bu 4+ a)e™“* 4 d, where a,b, ¢ and d are non-negative constants.

Finally, the coefficients p; are parametrized thanks to a coefficient p € [—1,1] as

O+
vz @)l

pj(t) =

Theoretical assumptions for Gram-Charlier convergence
We rewrite the theoretical assumptions made in Section 2. First about assumption (B): we

assume that p? < 1. In view of the form of the correlation coefficients py, we have that

n—1
ot) = m;mm I (e) 25(0)

_ P ) (1) (2)
= f||Amn()||§wJ<o>(vj () +7(1))

Observe that for any time ¢,
1 2|1

2
() (170 +220) )

2 < i (017" (t)) 2 + ( Sk i (0072 (t)) ?

2 2
’ <z;§zwj<> <>+zjmj<>§2><t>)

and thus Assumption (B) is satisfied. Assumption (A), that is 40 > €2 and 2k(Vpae — 0) > €2,
is straightforward to check.
Besides assumptions (A) and (B), the following has to hold in order to ensure the convergence

of the Gram-Charlier expansion (see Theorem 3 and assumption in Equation (18)):

Tv

T max

202

> \2
Tvm(zm

maxr

where we recall that T is the maturity of the priced derivative and A2, = max{t > 0 :
AT ()| =S j:m w;(0)v;(t)}. This constraint can be numerically checked.
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3.3 Convergence illustration

Convergence of the Jacobi process toward the CIR process

The L' convergence of the Jacobi process toward the CIR has been discussed in Section 2.4.
It is illustrated here. Firstly, we describe the discretization schemes used to simulate volatility
processes. We chose to adapt the scheme presented in [28]. More elaborated schemes can be

found in [6] for the CIR process. The discretized Jacobi process we used writes

Viee, = Vo, + H<9 - fo(ti) min ((‘/tz)+7 Umax)) (tit1 —ti) + 6\/Q(min(vti)+v Umax)(WtiH - Wi,),

with 4 = max(x,0). CIR process is simulated by putting vme, = oo (and thus Q(v) = v) in
this scheme.

The quantity E° [SUPogth |V5J’vm“” — VSC|] is estimated by Monte-Carlo samples and plot-
ted in Figure 1 as a function of v,,q, with 10> Monte-Carlo samples. The upper volatility bound

Umaz takes values in
{0.5,0.7,1.0,1.2,1.5,1.8,2,3,4,5,10,10%, 103, 10%, 10°}.

All our results are obtained with v, = 0: this choice is justified by the fact that theoretical
results are of particular interest when v,,;, = 0. The time horizon is fixed to T' = 5 years
and the volatility processes are discretized with a time step At = 0.05. The parameters are
k=1,0=03¢=06 VI =V =y =02 We set &(t) = 1 for simplicity. We
recall that Theorem 6 gives the following bounds supy< <y E® [|Vt‘](") - Vtc|] < C/log (%)

(n)
and ES [SUPogth |Vt‘](n) - V;Cq < K/y/log (U’Z%) In Figure 1, the theoretical upper bound
1/y/10g(vmaz/v0) is also plotted. It clearly overestimates realized error, especially for small

values of vyaz-

To complete, the Figure 2 provides the L' convergence of marginal moments as a function
of the upper bound parameter. Namely, ES [|V:}7’vm“‘" — VTC |] is plotted for maturities T =
1,10. The theoretical upper bound obtained for this error is 1/log(vmaz), and again it clearly
overestimates the empirical quantities, notably for small values of v;,q;-

In Figure 3 the logarithms of previous estimated errors are plotted, that is
log (ES[SupOSsS5 |V vmas —Vf\]) and log (IESHV:;]’”"‘“’“ —VTCH>, T =1 and T = 10 with respect

to log <log (”’ggﬂ)

Remark 8. We can distinguish between two regimes in the curves: log (10g (Vmaz/v0)) € [0.0,1.5]

and log (log (Vmaz/v0)) > 1.5. A linear regression applied on each part of the curve give sat-
isfactory results, as illustrated in Figure j for the quantity log (ES[SHPOSSSS |V omas _ VSCH)
The obtained slopes of each line are respectively —1.88 and —7.51 (with R? coefficients of, resp.,
0.966 and 9.969). From these results, it appears that the convergence rate estimated in The-
orem 6, although mot optimal, can be used to estimate the marginal convergence gain to the

original model when increasing Vmaq -

Finally, we investigate if the optimal convergence rate can be assimilated to a (negative)

power of v;,q,. By analyzing the dependency of the logarithms of the empirical errors toward
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Theoretical bound

—e—  Esp. Sup. MC

L1 Error

T T T T T T
1.0 15 2.0 25 3.0 35

Sqrt(Log(Vmax/V0))

Figure 1: E¥[supg<,<s |Vi"0mes — VO] as a function of \/10g(Umaz/v0). "Theoretical bound”:
1//10g(Vimaz/v0); "Esp. Sup. MC”: E®[supj<,<s [V"mar — €] estimated by Monte-Carlo

simulations.

0.30
1

— Esp. Sup.

— Esp. 1Y

0.25
1

—=—  Esp. 10Y

E— Theoretical bound

0.20
1

L1 Errors
0.15

0.10
1

0.05
1

0.00
1

Log(Vmax/V0)
Figure 2: ES [|V72]’”m‘” — V&) as a function of log(vmaz/v0).  "Theoretical bound”:
1/ log(vmag/vo); Circles: IESHVf]’Um” — VE; Squares: ES[|V1‘é’vm” — V§|}; Triangles:

J max
ES[Supogsgf) [Viromes — VO

log (”*{;%) in Figure 5, we observe now an (almost) perfect linear behaviour. Linear regression
performed indicate a slope of around —1.0 for all errors considered (respectively, in order of
the mentioned errors in legend of Figure 5, slopes are —1.0084, —1.0096 and —1.0014), with

very high accuracy for each (R? > 0.999). These numerical results lead to conjecture that the
1

Umazx

optimal rate would be such that Error o
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Log. L1 Errors
-10

-12
1

-14

T T T T T T
0.0 0.5 1.0 15 2.0 25

Log(Log(Vmax/V0))

Figure 3: log <Es[sup0§5§5 |Vomas _ Vf\]) and log (ES[]Vf]’Umax—VYQ]]), T=1and T =10, as
a function of log (10g(Vymaz/v0)). Circles: log ES[|V;"""** —V,C|]; Squares: log ES[|V;5" —VS|];
Triangles: log <IES [Supg<s<s |V omae Q1)

Log. L1 Error

—e—  Log. of Esp. Sup. MC

g‘ ——————— Lin. reg. on 1st subinterval

Lin. reg. on 2nd subinterval

T T T T T T
0.0 0.5 1.0 15 2.0 25

Log(Log(Vmax/V0))

Figure 4: log (IES [Supp<s<s |V omas VSCH) as a function of log(vmasz/v0) and fitted lines on

each subinterval.

Convergence of Gram-Charlier approximating series

We illustrate the approximating pricing of swaptions with the Gram-Charlier method under
the model (12). A swaption is a call option on the swap rate: its discounted payoff writes
o(z) = B%(0) x (z — K); where K denotes the strike of the swaption (recall that BS is
annuity of the swap). In the following, parameters of the model (12) change from plot to
plot. References prices are computed thanks to Monte-Carlo simulations and compared with

approximating prices coming from series expansion. The volatility scheme has been introduced
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Log. L1 Errors
-10

-12
1

-14

Log(Vmax/V0)

Figure 5: log (IES[|V:;7’”m“” —VF), T =1and T = 10, and log <Es[sup0§5§5 |V mes Vf\])
as a function of 10g(Vmaz/vo). Circles: log ES[|V;""m** — VC]; Squares: log ES[|V;5"m* — VS]];

J7U77La(l,'

Triangles: log <Es[sup0§8§5 |Vs — V;CH)

above in Equation (31); the numerical scheme used for the swap rate is

SZZ_;? = SZZ’n + \/Q(min(mi)-i-a Umam)p(ti)n)‘m’n(ti)H(Wtz‘+1 - Wti)

+ \/min ((V;fi)-&ﬂvmaz) - p(ti)QQ(min(Vti)—Hvmaw)Am’n(ti) : (‘/Vti: - Wtf’*)'

Except for Figure 8 in which a narrow confidence interval was required, Monte-Carlo prices
were computed using 10° paths and a time-step of 0.001.

The choice of auxiliary density g, used to build the space £2 is now specified. As discussed
in [21], [3] or [2], the parameters of the auxiliary density should be chosen so that a maximum
number of moments of this auxiliary density match that of the unknown one. This is not always
possible due to the number of constraints imposed to the model parameters, and notably (18)
ensuring the convergence of the Gram-Charlier approximation. The value of o2 is indicated for
each experiment and whether it matches Var® (S7°™) or not. For the parameter y,, there is no
condition on it and it is always chosen so that u, = ES[S}""] = Si™".

Example 1
We first chose parameters so that o? = Var®(S7") = 8.726 - 10~® but condition (18) is not

satisfied. We observe in Figure 6 the divergence of the Gram-Charlier expansion.
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0.00018
1

—e—  GCprices

—A—  MC price

———————— Cl +/-

0.00016
1

0.00014
1

Swaption prices

0.00012
1

0.00010

5 10 15 20

GC expansion order

Figure 6: Divergence of Gram-Charlier expansion in case where condition (2) is

not satisfied (auxiliary Gaussian of variance o, = Var®(S7"")).
s =0, vg = 0.025, Vmaa = 0.5,
a=b=c=0,d=rk=1,0=0.25¢=0.6,
p=06=0, K =0, o, = 0.000295403.
Tenor of the swaption: T'=T,, =1 and T,, — T, = 1.

Example 2
The parameter o, is now slightly modified: we chose to take o, = 4/Var® (5’;1 ™ +107% so
that the sufficient condition (18) is now satisfied. We observe in Figure 7 that the Gram-
Charlier expansion is stable and now converge. In [3], the authors observed, in their framework,
that the approximating implied volatilities are within 10 basis points of their reference implied
volatilities from expansion order N = 10. In [?], the authors proved the numerical efficiency
for calibration purposes of approximating swaptions prices using only skewness and kurtosis
adjustments (N=4). We see here that the approximating error may be significantly reduced by
increasing the expansion order, provided that convergence has been theoretically established

here.
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—=e—  GC prices

—a— MC price

0.00014
1

——————— Cl+/-

Swaption prices
0.00012
|

0.00010
1

0.00008

GC expansion order

Figure 7: Gram-Charlier convergence with auxiliary Gaussian of variance
o2 # Var¥(S7M).
s =0, vo = 0.025, Vmae = 0.25, a =b=c =0,
d=k=1,0=0.12¢=04, p=5=0.0
or = 3.203183-107%, K = 0.
Maturity and tenor of the swaption: T =T, =1 and T,, — T,, = 1.

Example 3
The parameters are selected such that the first two moments of approximated density are
matched and condition (18) is satisfied. From the first orders in the Gram-Charlier expansion,
the approximated prices are really close to the reference one. Moreover, Gram-Charlier series
is very stable: it remains in the confidence interval as the expansion order increases. This
is illustrated in Figure 8. In this particular case, the convergence is excellent and the kurto-
sis/skewness adjustments proposed in [?] are satisfactory. However, this is a very special case,
hard to establish. Indeed, condition (18) prompts us to chose a small v;4,. But a small vy,44
leads to a small Var®(S7"™). Then, choosing o = Var®(S7") while satisfying (18) is unlikely.
We are thus lead to boost the volatility in the model, for instance by reducing & or increasing e.
However, Feller condition restricts the choice of acceptable parameters. Thus, parameters that
satisfy all required constraints while allowing to match moments of the unknown density must

be carefully chosen, if possible.
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7.62e-05
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Swaption prices
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—e—  GC prices
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T T T T
5 10 15 20

GC expansion order

Figure 8: Gram-Charlier convergence with auxiliary Gaussian of variance
o2 = Var¥(S7M).
ST =0, vo = 0.025, Vmaz = 0.089, a =b=c=0,d =1,
k=2 0=0.06,c=01,p=35=0.0,
or = 1.906037 - 1074, K = 0.
Maturity and tenor of the swaption: T =T, =1 and T,, — T,, = 1.

Example 4

On the contrary, the more the parameter o, is chosen “far” from Var® (S7°™), the more the
Gram-Charlier series will converge slowly (and sometimes may diverge). This is illustrated in
Figure 9. This case is more sophisticated since all the parameters are non-zero and T,, — T}, > 1.
In particular, the correlation structure between swap rate and its volatility plays a notable role.
The maturity of the swaption is T, = 2. The mean of the auxiliary Gaussian density is no
longer zero, and o, = \/\W + 0.002 (note that in this case, % ~ 0.63). We
observe that the approximating prices do not reach the confidence interval by the expansion
order N = 50.
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0.012
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Figure 9: Gram-Charlier convergence with auxiliary Gaussian of variance
o2 # Var¥(S7M).
sp"" = 0.008982445, vg = 0.025, Vmas = 0.089, a = 1074, b=10""1,
c=25,d=10"% k=150 =0.06, e = 0.13,
p =04, and § = 0.1. o = 0.005183955. K = Sg"".
Maturity and tenor of the swaption: T'=T,, =2 and T,, — T,, = 8.

Concluding comments

This work is based on and extends two works: [3] motivated the use of Jacobi dynamics as
approximation of the famous Cox-Ingersoll-Ross one used to build the DDSVLMM while [?]
proved the numerical efficiency of the use of Gram-Charlier expansions for pricing under the
DDSVLMM. In this paper, we first discuss the fact that Gram-Charlier technique is not jus-
tified in most of stochastic volatility models. Introducing the Jacobi process in the standard
DDSVLMM framework after some approximations allows to circumvent this difficulty. A strong
convergence of the proposed dynamic towards the standard one along with a convergence rate
justify the use of this approximating model to price some swap rate derivatives. Numerical inves-
tigations suggest that this rate could be theoretically improved, supported by the convergence
rate obtained in a weak sense; it is left for further research.

Under the suggested model pricing is done by means of Gram-Charlier expansion. The poly-
nomial property of the proposed dynamics offers (semi) analytical tractability of the marginal
moments computations of the modelled underlying. As a result, it fully justifies the use of
such density approximation techniques under some parametric conditions. Numerical experi-
ments provide satisfactory results as Gram-Charlier prices do converge to empirical ones rather
quickly. By carefully choosing the auxiliary density used to perform the density approximation,
the convergence can be hastened: as of the very first order expansion, Gram-Charlier prices
are very close to the target. These satisfactory results pave the way to the calibration of the

DDSVLMM using expansions techniques as in [?] with ensured convergence here.
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