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Abstract

The focus of this paper is on finding a connection between the interest rate and equity
asset classes. We propose an equity interest rate hybrid model which preserves market
observable smiles: the equity from plain vanilla products via a local volatility framework
and the interest rate from caps and swaptions via the Stochastic Volatility Libor Market
Model [25]. We define a multi-factor short-rate process implied from the Libor Market
Model [21], [7], [24] via an arbitrage-free interpolation [29] and combine it with the local
volatility equity model for stochastic interest rates [6]. We show that the interest rate smile
has a significant impact on the equity local volatility. The model developed is intuitive
and straightforward, enabling consistent pricing of related hybrid products. Moreover, it
preserves the non-arbitrage Heath, Jarrow, Morton [I9] conditions.

Key words: Local Volatility with Stochastic Interest Rates; Hybrid Model; Stochastic Volatility
Libor Market Model; Volatility Smiles;

1 Introduction

Hybrids based on a combination of underlyings from different asset classes are highly popular
in the financial markets and accurate modeling is a challenging task. Implied Black & Scholes [9]
(BS) volatilities of plain-vanilla equity options and interest rate products, like caps and swaptions,
show a typical smile/skew-shaped pattern. In this article we present a flexible hybrid model
for pricing products combining both the equity and interest rate assets. Our model is equity
and interest-rate smile consistent. Furthermore, it does not violate the Heath, Jarrow, Morton
(HIM) [19] arbitrage-free conditions.

Due to the presence of the leverage effect in the equity market the basic BS model is not a
good choice for pricing exotic products like barrier options or cliques. On the other hand, well
known stochastic volatility equity models are difficult to calibrate to market data in a consistent
and stable way. A simpler model than a stochastic volatility model, which preserves the equity
market smile is the so-called Local Volatility Model (LVM) developed by Dupire [13] and Derman
& Kani [12]. Since the input for the LVM is an implied BS equity volatility surface, the model
fits market data in a natural way and it is nonparametric. The basic LVM is very popular for
pricing equity based exotic products, but it assumes a deterministic interest rate, and generates
therefore prices that are insensitive to IR volatilities. Important steps incorporating interest rates

*Corresponding author. E-mail address: L.A.Grzelak@tudelft.nl.



volatilities into the LVM were done by Atlan [5] (2006) and Benhamou [6] (2008), defining a
Local Volatility Model with Stochastic Interest Rates (LVSIR). Inclusion of the standard short-
rate processes like Vasicek [30], Hull & White [20] or Black & Karasinski [8] in the LVM, which is
proposed in these references, allows a more accurate pricing of the interest-rate sensitive hybrids.
However, the volatility smile effect on the caps and swaptions is not explicitly captured.

For several years the log-normal Libor Market Model (LMM) [} 21} 24] established itself as
the benchmark for interest-rate derivatives. Without enhancements this model is not able to
incorporate strike-dependent volatilities of fixed income derivatives, such as caps and swaptions.
An important step in the IR modeling came with the Stochastic Volatility LMM (SV-LMM) [ [3]
which allowed the model to be fitted reasonably well, while guaranteeing the model’s stability.

In the literature a number of stochastic volatility extensions of LMM were presented, see e.g.,
Brigo & Mercurio (2007) [I0]. The one on which our work is based is developed by Piterbarg [25]
where, due to the ”effective skew” and ”effective volatility” concepts, the calibration of the model
to a whole swaption grid was enabled.

Based on the arbitrage-free interpolation proposed in [29], here we extract a multi-factor short-
rate process from the SV-LMM and include it into the LVM framework for the equity component.
We extract the short-rate via a continuous tenor structure from the LMM. So, we end up with
a local volatility equity model in which we define a stochastic interest rate based on the HJM
consistent Libor Market Model. The impact of including the interest rate smile in the local
volatility equity model is analyzed in details by means of numerical experiments.

In Section 2 we recall the Local Volatility Model and derive its extension to stochastic interest
rates. We show that the results presented in [6] can be obtained without Malliavin calculus. In
Section 3 we recall some necessary results from the HJM framework. Also in this section we
use the arbitrage-free interpolation from [29] of the zero-coupon bonds (ZCB) under the LMM
and derive the corresponding short-rate processes. Then, we perform a number of numerical
experiments, that show the impact of the interest rate smile.

2 Local Volatility Model with Stochastic Interest Rate

The LVM developed by Derman & Kani [12] is a successful model which preserves the market
observable equity smile. Furthermore, the calibration to implied volatilities is straightforward.
Without careful consideration, however, the LVM may give rise to an underpricing of certain
exotic options due to flattening forward volatility skews [I7]. Improvements for this have been
developed in [I1].

Interest rate equity hybrid products require a model which also takes the randomness of the
interest rates into account. E. Benhamou et al. [6] have shown that, by applying the Malliavin
calculus, the LVSIR can be expressed in terms of the basic LVM with a covariance term between
the logarithm of the underlying stock price and the spot rates. In this section we derive the LVSIR
model without the Malliavin calculus.

Throughout the paper we consider the probability space (2, F,P) under the usual conditions.
By P we indicate the real-world probability measure and Q is the risk-free measure induced by a
money-market account B(t) = exp( f(f rsds). Let us now consider a system of stochastic differential
equations of the following form:

dSt = ’I“tStdt + O'(t, St)StthS,
dry = u(t,ry)dt +y(t,re)dWY, (2.1)
<Wtsa Wtr> = pS,Tta

where S; is an asset process with a local volatility, o(t,S;); r¢ is a stochastic interest rate process
with drift p(t,r;) and volatility v(¢,r;). Now, for a given strike K, we define a claim, C(¢, S;, K),
by:

C(t, S, K) = B(0)EC (Btt) max (S, — K, 0) |]?0) . (2.2)



With It6’s calculus we find for C(¢, S, K),

dC(t, S, K) = d {EQ (Btt) max (S; — K, 0) |]-"0> — EC [d <Btt) max (S; — K, 0)> ]—'0}
_ go <_TtBtt) max(8, — K, 0)dt|Fo ) + E2 (Btt)dmmst _K, O)|]—'0> ,

(2.3)
assuming the interchange of differentiation and expectation is justified. Now, in order to find the
dynamics of max(S; — K, 0) we follow the reasoning in [23] and use It6-Meyer-Tanaka’s Theorem:

Theorem 2.1 (It6-Meyer-Tanaka). For any continuous semimartingale Sy and any real number
K, an increasing continuous process called “local time”, LI (S}), exists, such that:

t
1
max(S; — K,0) = max(Sy — K,0) + / Tis,—k>0ydSu + iLf((St),
0

for any t > 0, and where the local time of Sy at K is defined as:

t
LE(S,) = lim n/o Lis,eir, K+1/n]34(S) s

where (-); denotes the quadratic variation as in [22].
Proof. A proof for this theorem can be found in [T4]. O

We see that the local time, LX(S;), can be expressed as:
¢
L) = [ (5.~ K)dlS).

0

with §(S,, — K) the Dirac delta function. So,
1
d (maX(St — K, 0)) = ]I{Sth>0}dSt + 55(5,5 — K)d<S>t (24)

Now, by inserting Equations and (2.4]) in we find:

1 1
dC(t, St, K) = ]EQ <—7’t maX(St - K, O)dt|f0) + ]EQ (rtB]l{St—K>O}Stdt|-7:0)

) f(t) (t)
ZEQ 2 2 - K .
+ 9 (B(t)a' (t,St)St 5(515 )dt]'—o)
(2.5)
The first term in (2.5) can be expressed as:
E© ! Sy — K,0)dt|Fo ) dt = E© Ly Kdt|F,
Bm max(S; — K,0)dt|Fo | dt = T g s K>0) t|Fo
1
- E¢ (TtB(t)Il{StK>0}Stdt|~7:0) .
So, finally, by setting ¢t = T in (2.5)) we obtain:
iC(T Sr,K) = EQ(r K—1 | F
aT 3y Ty - T B(T) {ST—K>0} 0 (2 6)
1 1 ’
R — — K)oX(T 2 :
+ D) (B(T)(S(ST )0’( 7ST)ST|]:O)

The next lemma gives a relation between the last term in Equation (2.6) and the market observed
European call prices.



Lemma 2.2. For a given maturity time, T > 0, and a call option with strike K given by
C(T, St, K) under the system of SDEs given by Equations , the following equality holds:
B2 (L 55y — K)o (T, 82)82|F0 | = K26*(T, K) -2 O(T, 57, K)
B(T) T s DT )RPT |V 0 ) 8K2 y OT .

Proof. Firstly we recall a property of the time-delayed Dirac delta function é(x), i.e.,

+oo
| @i - yyds = ). (27)
We define Xp := — fOT rsds and the joint density of the interest rate and asset process at time T'

by fxr.sr(x,y). Now, with Equation (2.7)), we find:

/+°° “ (/*“ 8(y = K)o*(T,9)y” fxr 52 (2, y)dy> dz

E (¢X76(Sr — K)o*(T, S1)SF|Fo)

_ - n
- KQUQ(T,K)/ e” fxr 50 (@, K)dzx
— 00
+o0 b Foo
= —K?*T,K) / e | == / fxr.50(2,y)dy | dx
oo 0K [k ’
+o00 82 +oo
= K202(T,K)/ e” 72/ (y_K)fXT,ST(xay)dy dx
oo 0K? Ji
2 2 0?
= K g (T,K)wC(T’ST,K).
This concludes the proof of Lemma [2.2 O

By applying the results from Lemma [2:2) the partial derivative of the call with respect to maturity
T in (2.6) can be simplified to:

1 1 2
EO(T,ST,K) - EQ <rT1{STK>0}KIFO)+K202(T,K) 9 C(T,Sr, K).

oT B(T) 2 OK?

So, by rearranging the terms the local volatility o?(7T), K) is equal to:

P 1
) afTC(T, Sr, K) — KE? (TTB(T)]l{STDO}VO)
02T, K) = o . (2.8)
T2
K o ¢ ST, K

As already found in [6], the LVSIR expression (2.8) can be decomposed in terms of the LVM for
deterministic rates plus some correction terms. We follow that route and by taking rate ry = r
constant, we evaluate the expectation in Equation (2.8):

1
B (rB(T)IL{STK>0}|.7:0) = re""E? (Lis, - x>0 F0)
_ ,r.erT@ (ST > K) (29)

0
_ra?C(T, ST, K)7

where Q represents the risk-free probability, see the derivations in [26]. So, for constant r Equa-
tion (2.8)) reduces to the famous Dupire [13] formula, i.e.,

—a C(T,ST,K)—FKr—a C(T,Sr,K)
o2 (T,K) = 9T 0K
det\+> 1 ) 82 )
3K aKQC(T7ST,K)



with O’;et(T7 K) the "deterministic” local volatility. Relating the local volatility for both the
stochastic and deterministic models we find that:
1 0
TTB(T)]l{STK>0}|fo) +TﬁC(T, Sr, K)
1. 02
- K—=C(T, S, K
38 gz T 51, K)

We therefore see that, in order to find the volatility in the LVSIR, one can first derive the local
volatility for constant interest rate, r, and then determine a correction term.

=(
o (T, K) = 05, (T, K) —

(2.10)

2.1 Relation between Local Volatility Models

Although we have obtained a formula for the local volatility model under a stochastic interest
rate in terms of its deterministic version, we see that the main formula involves stochastic
integration, which has to be done numerically. The correction term requires the joint distribution
between St and rp. In [27] it was shown that via the arbitrage-free HIM conditions and by
application of the Kolmogorov forward equation the density for the joint distribution, fs,, can
be obtained. In the derivation below we show how the expectation in can be simplified.

Theorem 2.3. Let us assume that the asset process is given by system with the correlation
coefficient between the processes given by ps, # 0. The relation between the local volatility models
with and without stochastic interest rate is then given by:

o*(T,K) = o2,,(T, K) — 2cov(rr, log St|log Sp = log K). (2.11)
Proof. We start the proof with two helpful lemmas:

Lemma 2.4 (Short-rate process under the forward measure). Let f(t,T) be an instantaneous
forward rate, and rr be a short-rate at time T, then the expectation of the short-rate process
under the T-forward measure is equal to the instantaneous forward rate, i.e.,

E” (re|F) = f(£,T).
Proof. The proof can be found in [I0] pp. 39. O

Lemma 2.5. Let fs.(K) be the probability density function of the equity process S; and
C(T,St,K) a claim as in (2.9), then the following equalities hold:

0? 1
__ — Q- —
= fs:(K) PO, T)E" (1|81 = K) (212)
= fST(K) P(OvT)a
and 5 5
[E— P — T J—
aKC(T,ST,K) = P(O,T)aKE (max (St — K, 0) | Fo) (2.13)
= —P0,7)QT (St > K).
Proof. We set again Xp := — fOT rsds and define the joint density between X7 and St by
fxr.sr(x,y). It then follows that:
32 82 +oo  ptoo
WC(T,ST,K) = w/_m /_OO e*max(s — K,0) fx,.s,(x, s)dsdz

+oo 32
N _/,oo ‘ oK?

+oo
= / e fsr (K) fxpisr (2, K)dz

—00

K
/ (s — K)fxp,sr(2, s)ds) dx

—+oo

= s (K)E (eI 05y = K.



using fXT,ST () = fST (')fXT\ST ()
The second part of the lemma, (2.13)), comes straightforward from integration rules. O

We now start the proof of Theorem [2:3] with the following change of measure:

dQ" _ P(T,T) B(0)
=30 T P(0,7) B(T)

where B(T') is the money-market account and P(¢,T) is a zero-coupon bond. With the change of
measure the expectation in Equation (2.8)) is given by:

1 1
EQ (TTME{STK>O}|fO> = ET (rTmﬂ{STK>0}B(T)P(O’T)|fo> (214)
= P(0,T)ET (rTll{sT—K>0}|7:0) :

Therefore, the local volatility in (2.8]) reads

0
870<T’ Sr, K) — KP(0,TE" (rrlis,— x>0} Fo)
o(T,K) = 82 : (2.15)
T2 Y

By the definition of covariance we have:

cov' (rr, Lisp—r=0y1F0) = ET(rrlisy—r=0y1F0) — BT (r7|Fo0)E” (L1s,— x>0} F0),
and with Lemmas 2.4] and 2.5 we find:
E" (rrlisp—x>0lF0) = cov’ (rr, Lisy—x>0y1F0) + f(0, T)E” (Lis,— x>0y Fo)
= cov’ (rr, Iis,—x>01|Fo) + f(0,7)Q" (Sr > K)
£, 7y 0
= cov' (rr, Lis,— k=01l Fo) — P(0, T)@?C(T ST, K).

By including this result in Equation ([2.15)) we find that the bias between the local volatility models
can be expressed as:

2P0, T T 1
o2(T,K) — 02,(T,K) = — © )(;fv (rr Lisr>)) | (2.16)
K C(T. Sr. K)

In order to simplify the RHS of (2.16]) we use the following lemma:

Lemma 2.6. For any two random variables X,Y € R we have:

cov(X,Y) :/cov(X,]l{y>K})dK
R

Proof. We start the proof by assuming that Y is a positive random variable:

/ COV(X,IL{Y>K})GZK = / E(XI[{Y>K})CZK — IEXE(I[{Y>K})dK
R+ R+ R+

/ / XdP | dK —EX P(Y > K)dK
{w:Y(w)>K} R+

Y(w
= / / w)dtdP — EXEY

= /X w)dP — EXEY

—EXEY =: cov(X,Y),



employing Fubini’s Theorem in the third step. By using the properties of covariance we can write
for any constant a € R and Y € RT:

“+o0
cov(X,Y) =cov(X,Y +a) = / cov(X, Iyy tasry)dK. (2.17)
This concludes the proof of Lemma [2.6 O
32
Now, by multiplying both sides of Equation (2.16) by BYe C(T, S, K), we get:
2 2 0 2 T
(O’ (T, K) — O—det(Ta K)) @C(T, ST, K) = 7?P(0, T)COV (T‘T, II'{ST>K}) .

Integrating both sides w.r.t. K gives:

0? 1
/ (c*(T,K) — 05,,(T,K)) ==C(T, S, K) | dK = —2P(0,T) / cov’ (rr, Ligpsriy) —dK.
R+ 8K2 R+ K
(2.18)
By Lemma Equation (2.18) can be written as:
/+ o*(T,K) fsr (K)dK — /+ Ot (T, K) for (K)dK = —2/ cov’ (rr, Ligpsery) da,
R R R
With ]1{5T>ez} = ]l{log Sr>x}s we obtain:
[ @R 0K [ G0 foy ()K= =2 [ oV (rr, Ly s15)
R R R
and by Lemma [2.6] we have:
/ o*(T,K) fs, (K)dK — / 02.(T, K) fs, (K)dK = —2cov’ (rr,log St). (2.19)
Rt R+
We recognize the LHS integrals in (2.19) as being expectations. So, finally, we obtain:
E (0*(T,St) — 05.:(T, S1) + 2cov? (rg, log Sr)) = 0, (2.20)
which, by the property of conditional expectatiorﬂ becomes:
o*(T,K) — o2,,(T,K) = —2cov’ (rr,log Sr|log St =log K) a.s.
This concludes the proof of Theorem O

2.2 [Iterative Algorithm for Local Volatility

We first assume that the correlation pg, between the stock asset S; and the interest rates r;
can be estimated from historical data and is known a priori. Then, the calculation of the LVSIR
can be simplified as follows.

Lemma 2.7. Suppose the equity asset and short-rate processes are driven by , The covariance
of the two processes log Sy and ry can then be approrimated by:

t
cov(ry,log St log Sy =log K) = pS,T/ E (o(u, Su)v(u,ry)) du.
0

'E() = E(E(]A4))



Proof. From the It6 derivative for a log-stock price and from the definition of covariance we have:
cov(dry,dlog Sy) = E(dlog Sidry) — E(dlog Si)E(dr)

= ]E (‘u(t, ’f‘t)(’l"t — %U(t, St)z)(dt)Q —+ O'(t, St)’}/(t, St)thrths

4o (t, Sp)p(t,re) (dt)dWE 4+ y(t,re) (re — %U(t, St)z)(dt)de’)
= ps,E(o(t,Se)v(t, Sp)dt),

where three terms equal zero. Now, by integration the expressions under the covariance operator

we have:
t t t
cov ( [ awss.. | dru) = psE ( / a(u,su)wu,su)du),
0 0 0

where the LHS is equal to cov (log Sy — log Sp, 7+ — 19) = cov(log S, r¢). O

Although we have presented, in Theorem [2.1] a simplified relationship between the local volatil-
ity models, we see that the covariance, cov(rr,log St|log St = log K), involves the distribution
of the log-asset, which is itself dependent on the local volatility o2(¢,S;). This makes the com-
putation more involved. Nevertheless, the issue can be resolved by a basic iteration based on the
Fixed-Point Theorem:

2(T,K) = 03,,(T, K) — 2cov (rp,log S(T,6,,_1(T, St))|log S7 = log K) , (2.21)

with n € Nt and 6¢(T, K) = 04e:(T, K). By Lemma Equation (2.21)) can be simplified to:
T
872L(T7 K) = U(2iet(T7 K) - 2pS,r / E (&nfl(ta St)’y(tv Tt)) dtv ne N+7
0

with the same initial condition.

3 Short-rate Processes under HJM

The focus of the current section is to find a well-defined short-rate process which can be
included in the local volatility framework defined above. Choosing for the interest rate model one
of the well-known stochastic volatility short-rate models, like, for example, the Heston type model
(as in [I8]) by Fong-Vasicek [I5] (1991) is not fully satisfactory. In [I] it was shown that such a
model is not truly stochastic, as it generates a volatility-dependent ZCB. Moreover, already the
formulation of a short-rate model with a volatility which is not directly observable from the yield
curve movement, is quite difficult. In [4] it was shown that one way to incorporate the volatility
of the yield curve properly is to use the HIM model [19]. In this section we follow this idea and
specify the short-rate model constructed from the Libor Market Model. We describe a procedure
of extracting a short-rate process from the discretely tenored Stochastic Volatility Libor Market
Model (SV-LMM) while satisfying the Heath, Jarrow and Morton arbitrage-free conditions.

3.1 HJM Model Setup

The HJM interest rate framework provides a general specification of the interest rate term
structure [28], which is able to incorporate the main market observable features. The HIJM
approach to the modeling of the term structure is based on the dynamics of an instantaneous,
continuously compounded forward rate, f(¢,7;), for a certain index i € N, with its dynamics
under the real-world measure P, defined by the following SDE:

df (t,T;) = oF (t, T;)dt + X (t, T;)dWy (3.1)



where of (¢, T;) and X(t,T;) are well-defined adapted stochastic processes with values in R. By
taking a certain maturity 7; € RT and time 0 < ¢ < T}, we define the money-market account,

B(t), as ) )
B(t) = exp (/0 rsds) = exp (/0 f(s,s)ds> ) (3.2)

where rs = f(s,s), and a ZCB, which pays 1 unit at maturity T;:

T;
P(t,T;) = exp <—/ f(t,s)ds) ,Vt € [0,T5]. (3.3)

From the arbitrage-free principle we know that the ZCB with the money-market account as a
numéraire has to be a martingale, i.e. the dynamics of the relative prices have to be driftless.
This is one of the important results in the HJM model. The model specifies in particular the
relationship between the drift a@(¢, T;) in the risk-free neutral measure and the volatility structure
3(t,T;) for the instantaneous forward rates:

Lemma 3.1 (HJM no-arbitrage instantaneous forward rates drift condition). Under the Q mea-
sure induced by the money-market account , the dynamics for the instantaneous forward rates
are given by:

df (t, T;) = o(t, Ty)dt + S(t, T;)dW,2, (3.4)
where the drift reads:
T;
o2t T)) = St T)) / S(¢, s)ds. (3.5)
t
Proof. The proof can be found in [28] pp. 307. O

Now, we investigate the time evolution of the ZCB. The instantaneous forward rates, f(¢,7;), are
stochastically defined functions. As f(¢,7;) is stochastic over time, so is P(¢,T;). The lemma
below describes the dynamics of P(¢,T;) for a given f(¢,T;).

Lemma 3.2 (ZCB dynamics under risk-free measure). For any fized maturity T; < T* the
dynamics of P(t,T;) under the spot measure Q are given by:

) T;
‘M = rydt — (/t E(t,Ti)ds> AW, (3.6)

with ry = f(t, ).
Proof. The proof can be found in [28] pp. 309. O

By integrating Equation (3.4]), and by setting T; = ¢ we get:

t t
re = f(t,t) = £(0,1) —|—/ aQ(s,t)ds—l—/ ¥ (s, t)dW2. (3.7
0 0
By applying the It6-Leibniz integral rule E| we obtain the following short-rate dynamics:
0 Q "9 o ‘o Q Q
dry = | =f0,t) +at,t)+ | —a“(s,t)ds+ [ =X(s,t)dWg | dt + 3(t,1)dW,.*(3.8)
ot o Ot o Ot

Equation (3.8) presents the short-rate dynamics, 7, as a function of initial yield, f(0,t), and
volatility, 3(s,t), for any s < ¢.

2

d [ 9 o be) g
@ S f(z.0)ds = f(b.0) 3-be) = f(a.0) 3-a(e) + | o el

10



3.2 HJM under the Forward Measure

This subsection discusses the HJM drift restrictions under the forward measure. For a given
t <T; <T}; with ¢ < j we have the change of measure, nr;:

_dQ% _ P(T3,T;) = B(0)

" =9 T PO.T) BT (3.9)

with P(T},T;) = B(0) = 1. With Equation (3.7)), we find

T iy
nr, = exp( f((),s)ds—/ rsds> (3.10)
0 0

= exp < /OTj (/0 aQ(u,s)du> ds — /OTJ (/Osz(u,s)dwg> ds> :

Application of Fubini’s Theorem and the HJM drift condition in Equation (3.5) gives:

1 5 T; 2 T; T;
nr; = exp —5/ (/ Z(u,s)ds) du—/ (/ E(u,s)ds) dw@ . (3.12)
0 U 0 u

By the Girsanov Theorem we have a generating kernel,

—~

3.11)

T
Oy = —/ 3(t, s)ds,
t
with which the dynamics change as follows:
AWR = ¢ydt + dW,” .

By the definition of instantaneous forward rates we get:
T; T
af (¢, ;) = X(t,Ty) / 3(t, s)ds | dt + X(t,T3) ((btdt + dW; j)
t
T T; .
= X(t,Ty) / (¢, s)ds — / (¢, s)ds> dt + X(t, T;)dw,’ (3.13)
t t
= X7 / Y(t,s)ds | dt + X(¢, T;)dW; 7.

T

This represents the dynamics of the instantaneous forward rates under the forward measure for
t<T; < Tj.
The next lemma defines the dynamics of the zero-coupon bonds for the corresponding measure:

Lemma 3.3 (ZCB dynamics under the forward measure). For a given time t < T; < T}, the
ZCB dynamics are given by:

dP(t,T)

T;
LT P, T, T)dt — Y(t, s)ds | W/ 14
P - T (/ (t.5) ) W, (3.14)

I'(t,T;,T;) = f(t,t) — </tT1 aTJ‘(t,s,Tj)ds> —l—% (/th Z(t,s)ds)

T;
Proof. By the definition of the ZCB in 1} and with Z(¢,T;) = —/ f(t, s)ds we have the It
t

dynamics:

where:

dP(t,TZ) - . 1 ‘ 9
PT) dZ(t,T;) + 5 (dZ(t, T0))" (3.15)
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Since "
dZ(t,T;) = f(t, t)dt —/ df (t, s)ds, (3.16)
t

and by using Equation (3.13)) the Z(¢,T) dynamics read:

T; T; T
dZ(t,T;) = f(t,t)dt —/ (a®i(t,s, T;)dt) ds — </ S(t, s)dW2 J) ds (3.17)

= [f(t,t) - (/tT ali (t,s,Tj)dsﬂ dt — </tT E(t,s)ds) aw7.  (3.18)

Collecting the terms in Equation (3.15]) concludes the proof. O

3.3 Short-rate Processes implied by Libor Market Model

Typically, the pricing of hybrid products is based on Monte Carlo sampling from a calibrated
model, therefore we require a continuous interest rate process. The LMM is however defined on
a discrete tenor structure, so it does not fit immediately to the continuous interest rate model. A
way of generalizing the Libor market model from the discrete to a continuous tenor was proposed
in [29], where via an arbitrage-free interpolation between the Libors the zero-coupon bond for
continuous time was defined. In this section we generalize this idea and use the HJM arbitrage-
free condition to extract the short-rate from the interpolated zero-coupon bonds.

We assume a trading time horizon [0, 7%] and a set of times {T}; k € [1, N], N € N} such that
{0<Ty < T <+ < Ty <T*}, with a tenor 7, = T, — Ti—1. We consider the family of simple
compounded forward rates, L(t; Ty—1, 1)), with expiry at time T} and maturity T}.

Definition 3.4 (Simple compounded forward Libor rate). For a given year fraction Ty, and
P(t,Ty), a risk-free zero-coupon bond maturing at time Ty, with a nominal value of 1, the simple
Libor forward rate L(t;Tx—1,T})) over the period [Ti—1,Ty] is defined as:

P(t,Tro1) 1) |

PU,Th) (3.19)

L(t; Ti—1,Tk) := Tk_l <

We also define the spot Libor measure:

Definition 3.5 (Spot Libor measure). For a given time, Toty—1 < t < Ty, where m(t) =
min(i : T; > t) and a zero-coupon bond, P(t,Tp)), the money-market account is given by

m(t) -1

B(t) := P(t, T | [[ PT-1, T | (3.20)
i=1

Moreover, for any t < Ty, and m(t) = min(i : T; > t), under the Q™M+ measure induced by
a zero-coupon bond P(t, T}, 1)41), we define the drift-less Libor rate dynamics as:

dL(t; Ty, Trn(ey+1) = A(t, L)dW;" O, (3.21)

where the volatility function A(¢,L) is a certain adapted process. Note that the Libor rate process
is fully determined by its volatility structure. So, by taking A(t,L) = oy t)41 Lt Ty, Tonge)+1)
the model collapses to a log-normal one. For A(t,L) = 0y, (541 (8) (L(t; Tty Trn(t)+1) + Cmt)+1)
it becomes a displaced-diffusion Libor model. We obtain a stochastic volatility model for A(t, L)
when 0,141 (t) is modeled by a stochastic process.

3.3.1 Introducing the zero-coupon bond volatility

In [29], it was shown that for a given discrete tenor model, and an arbitrage-free interpolation
of the short dated ZCBs, the continuous tenor model is completely specified. We extend this
interpolation in which a control of the amount of external volatility for the ZCB can be included.
We use these results to determine the continuous short-rate process.
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Definition 3.6 (ZCB interpolation). For any n > 0 and time t € (T 1)1, Tn(r)] with m(t) =
min(i : T; > t), the zero-coupon bond P(t,Ty,)) is defined by:

1

P(t, T, ) = , 3.22
( (t)) 1 + (Tm(t) 7 t)@/}(t) ( )
where
Y(t) = L) (Tony—1) + (1 = @) L)1 (1), (3.23)
with
Lpyty41(t) = L(t; Tonys Tint)+1)s - Lty (Tony=1) := L(Tot)=1; Ton(t)=1> Tt )
and

Ty =t \"
am:((“> : (3.24)

Tty — Tty -1
The interpolation presented in Definition [3.6|above is consistent with the LMM definition, i.e.:
1

e VneN hm apn =1 so hm P, Tonw) = L4 7oy L(Tonty -1, Tincey)”

t_)Tm(t) 1 t_>Tm(t) 1

eVneN lim o, =0 so lim P(t,Tpe) =1

=T, 4 =T,

These limits are independent of n. We see from (3.24) that for any n > 0 the weighting factor
ap,i € [0,1]. In Table [I] the influence of n on the interpolation weights is presented.

Table 1: Weight distribution w.r.t. coefficient n.

weight impact
n L(Th)—1; Tonty=15 D)) || L Tone)s Trne)+1)
n=20 100% 0%
n=1 50% 50%
0<n<l1 > 50% < 50%
n>1 < 50% > 50%

Since we have now defined a continuous tenor structure, with the corresponding ZCBs, we can
go one step further and specify an underlying stochastic volatility LMM (SV-LMM). We find the
dynamics of the ZCBs and extract the continuously compounded driving short-rate process for it.

Lemma 3.7. For a given time t € (Tp)—1, Tin(s)] with m(t) = min(i : T; > t), the stochastic
volatility displaced Libors with dynamics under the QMY+ measure are given by:

dzt = 5t\/7t50(zt)dwtm(t)+17
AV, = ((0—V,)dt+ ey/VidWY, (3.25)
<th(t)+17 th> - 0

where Ly := L{(t; Tm(t), mt)+1)s p(x) = Bx(t)+(1-0)x(0), skew parameter (3, volatility parameter
oy, volatility of variance, €, and positive parameters , 6. The dynamics of the interpolated ZCB,
as in Deﬁnition under the Q™®) measure are now given by:

dP(t,T,, - .
P Tni) = &endt + (1 — i n)ke0ep( L)V Vi P (t, T(ry ) AW, ® (3.26)
P(t7 Tm(t))
where:
Vip= (L
§in = 0L, Pt Tnw) + GQHMP% Toit))s (3.27)
’ 1 —|— TtLt
ai},n = Zt + at,n(l + n) (Lt - Lt) 5 (328)
9152,71 = (o = D)(Keaen(1+ LiTy) — ke — T2), (3.29)
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and Ly := L(To@y—1;Tm)—1, Tm)), 5t = t = Tty Tt = Twy+1 — Tm(e), and o pn as in
Definition |3.22,

Proof. First of all, we note that the stochastic volatility Libor, Et, under the Q™®) measure, is
given by:
~ T (L) Vi ~
dL, = t(L)Vidt + VVip(L)Gdw™ . (3.30)
1 + TtLt

Application of 1t6’s Lemma to Equation (3.22)) in Definition gives:

9 - . darn
&P(t Tow) = <Lt + (Ly — Li)oun + ke(Ly — L) 8@ ) P2(t, Ty 1)),

0
Tp(tv Tm(t)) = Kt(l - at,n)Pz(tv Tm(t))v (331)
0Ly

82 2 2 p3
sz(t, Tm(t)) = 2,‘4‘,75 (1 - at,n) P (t, Tm(t))~

t

By combining these results we obtain:

AP (t, Trn(ry) _ N ey
PaT .y = \Let(Le—L n ) ) P(t, Ty )dt
P(ta Tm(t)) t ( ¢ t) at, +~Ht ot ( (t))
+ (1 = ) P(t, Ty )dLy (3.32)
+ K21 = un) P2t T Vap? (L) 5.

Taking Ht n, as defined in Lemma we get

ar ta Tm = A2 E V~2
M = eng(t,Tm(t))dt—i— I{t(l — at,n)P<taTm(t))Mdt
P(t7 T?n(t)) _ 1 + TtLt
+ KHL = ) P2t Tye)) Vip? (L) 5 7dt (3.33)
+ Kt(]‘ - at,n)P(tv Tm(t))\/vt@(zt)gtdwtm(f)

We see that the diffusion terms in Equations (3.33) and (3.26]) agree. We find for the drift, & ,,
of the ZCB dynamics in (3.33)):
| 70’ (Le)Via?
gt,n = at,np(thm(t)) + ’{t(]- - at,n)P(thm(t)) =
1 + TtLt
+ K1 = apn)? PPt Ty ) Vi (Li) a7,

which can be expressed as:

t)fetVt@( )2<(1 )Tt

w = 08, P, Thw) + P(t, T, + k(1 — ) (1 + 7L )
§t7 t, ( (t)) ( (t) 1+ 7L, P(t Tm(t)) t( t, ) ( t t)

By definition of the interpolated P(t,T,,)) and by setting Ht n, @8 in Lemma we finally
obtain:

Kt Vio? (L) 52
&n = 00 ,Pt T+ 07,P(t, Tm(t))Lﬁi)t
1 + ’TtLt
which concludes the proof of Lemma, O

Lemma 3.8 (Short-rate 7, under Q™®) measure). For any t € (Tont)—1> Trn(py] and n > 0, the

short-rate process ¢ under the Q™) measure with the interpolated ZCB as in Definition 18
given by:

1
=&n — (1 — a0) K752 (L) VPP (t, Tonsy ) (3.34)

with §.n, Qin, Ki, Et as in Lemma and P(t, Tm(t)) as in Definition .
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Proof. In the proof we use the results obtained in Section where, by taking T; = T = T, ()
the dynamics for the instantaneous rates under the forward measure read:

df (t, Ton(ry) = Bt Ty )W, .

Moreover, under the Q") measure, the ZCB dynamics from Equation GD are

dP(taTm(t)) Tm(e) m(t)
——= = I T, dt — (¢, s)ds | dW, .35
P(t, Tyt)) & Tt o) /t (t,5)ds v (3.85)
with
1 Ton(t) 2
L Ty, Tmy)) =1 + 5 / (t,s)ds | . (3.36)
t

Now, the HIM ZCB dynamics should correspond to the dynamics introduced in Lemma[3.7] So,
L(t, Ty, Tin)) = &t By comparing the diffusion terms we find:

Tt o~
- / N(t,s)ds = (1 — qn)ke0ep(Le)\/ Vi P(t, T - (3.37)
¢
Combining Equations (3.37) and (3.36]) concludes the proof. O

3.3.2 Zero external volatility for the interpolated zero-coupon bond

As presented in Table [1] by changing the weighting parameter, n, for the ZCB interpolation it
is possible to control the amount of external volatility in the arbitrage-free interpolation.

Since the weighting coefficient n has to be externally chosen, one way of finding the appropriate
value for it, is by calibrating the model to already quoted interest rate equity hybrids on the
market. In order to show the impact of the interest rate smile on the equity local volatility we
consider the model without external volatility, and define the ZCB only in terms of already so
called dead Libors. By choosing n = 0 the full weight is put on the Libor L(T},)—1, Tm(t)). The
lemma below discusses the short-rate for this special case.

Lemma 3.9 (Zero volatility short-rate model). For any time t € (Ty,4)—1, Tint)], the zero volatil-
ity short-rate process, ry, extracted from the interpolated ZCB (Deﬁnition is given by:

L(Th)—1, Ton(r))

ry = . 3.38
' 1+ (Tm(t) - t)L(Tm(t)fla Tm(t)) ( )
Proof. By taking n = 0 in Lemma [3.7] we get
1 o~
re=2E&,0— =(1— ozt70)2/<afat2LfP2(t,Tm(t)). (3.39)

2
Since ay,p = 1, we obtain 0}70 = Et +1-(L;— Et) = L;, and 0?70 = 0, which reads:
re = &0 = LiP(t Tonry),

with Ly = L(Th4)—1, Tim(+)) and we have taken n = 0 for interpolation. So the zero-coupon bond

equals to
1

+ Tty = D L(Touity—1, Tine))
which completes the proof. O

P(t, Tm(t)) = 1

We note that the model introduced in Lemma [3.7] collapses for n = 0 to the basic short-rate
process introduced in [I6]. In Figure [I| we show the process trajectories for different n. As we
see the generated trajectories are discontinuous at the exercise days T;. For n = 0 the first Libor
L(T,,T)) is already set, so the short-rate process between times T and T} is deterministic i.e.,
no uncertainty is induced.
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Figure 1: Impact of the weighting factor n on the amount of external volatility included in the
interpolation. LEFT: Sample paths w.r.t weighting factor. RIGHT: Weighting function oy ;.

4 Numerical experiments

In this section we perform a number of numerical experiments, and examine the impact of
different interest rate processes on the local volatility structure in the LVSIR. We compare the
results with the Gaussian two-factor short-rate modeﬂ (G24+). Note that the calibration of the
Libor market models, either the log-normal or with the stochastic volatility, is common market
practice (see for example [I0]). We assume that these Libor market models are input to our
framework via Equation @ . We give the fully detailed calibration results in Appendix

For simplicity, we first assume a zero external volatility (Equation ) included in the
short-rate model as in Section As a first step in our analysis we check whether the short-
rate process given by Equation is able to reproduce the smile generated by the SV-LMM.
Figure [2] shows an almost perfect match between the smile generated by the r; process and the

Smile/Skew Model comparison 018 Smile/Skew Model comparison
ossh B 3mly SV-LMM| | B oy sv-Lvm
- 3mly r, 0.17 oyly
0.58 @ 1yly SV-LMM 4 O  10yly SV-LMM
2 1yly A 0.16 10y1y 1,
B 045} ¥ 2yly Sv-LMM | 1 z * 11y1y sv-Lmm
o © 11yly r
> 2yly S 015 '
¥ 04 o t 1 2
k] k-
o o
5
3 035 5 . ] 0.14
2 E
E o3 ° = ]
L = - 0.13
9 ° = j
0.25 % ® ° °
Tk 0.12
0.2 S * * ki
-15 -1 -0.5 0 0.5 1 15 01
moneyness moneyness

Figure 2: Comparison of Black-Scholes implied volatilities between the smile generating SV-
LMM and the implied short-rate process r;. The short-rate interpolation is done without external
volatility, i.e. m = 0. The results are presented for a tenor of 1 year with different expiries. LEFT:
Short expiry: 3 months-2 years, RIGHT: Long expiry: 9-11 years.

underlying SV-LMM.
We now investigate the impact of the short-rate processes on the equity local volatility model.
In Section[2] in Theorem[2.3] we have found a relationship between the deterministic and stochastic

3 Also known as Hull-White two-factor model.
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rates local volatility models, (T, K) = 03 ,,(T, K) — 2cov (rr,log St|log S = log K) . Since the
correlation between the equity and the interest rate Brownian motions, pg.,, can relatively easily
be imposed externally by a historical estimation, we simplify the formula to:

o’ (T7 K) = a?let (T’ K) - 2[75',7' " Olog St (T)U’!‘T (T)7 (41)

where 0104 5, (T') and o,.,.(T') are standard deviations of the log-equity and the short-rate processes,
respectively. We note that the local volatility models for deterministic and stochastic rates are
equivalent if the corresponding correlation or standard deviations becomes zero. By assuming a
non-zero correlation, the difference between the local volatility models increases with an increase
of the corresponding sigmas. In order to check this influence we have calibrated the G244 model,
the log-normal LMM and the SV-LMM. Figure [3] shows that for all three calibrated models the
first moment of the interest-rate processes, E(rr), is close; However, this is not the case for the
standard deviation (see the RHS of Figure [3). Whereas the short-rate process of the G2++
model and the process implied by the log-normal LMM have a similar standard deviation, the
one implied from the SV-LMM is significantly higher. This observation indicates that the local
volatility with an implied short-rate process by the SV-LMM should be lower than for the other
models.

Before we evaluate the impact of the stochastic interest rates on the local volatility model in
some more depth, we check the convergence of the local volatility. So, we iterate expression
to determine the volatility o(T, K) by means of the fixed point iteration. To determine o ge: (T, K)
first a constant interest rate of r = 6% is set.

In Table [2] the convergence results are presented by means of the difference of two subsequent
approximations, from the iterations j — 1 and j, for the volatility in the Ly norm. The table
gives a relationship between the correlation, ps,, and the accuracy of the approximation: A
higher correlation between the equity and the interest rate causes a slow-down of the convergence.
However, engineering accuracy is already achieved in j = 2 fixed point iterations for all correlation
coefficients considered.

Table 2: Convergence of the local volatility for equity models with different stochastic interest rate
processes (the constant interest rate to determine o2 ,(7T, K) is set to r = 6%). The convergence

is measured as the Euclidian norm || - || of two consecutive local volatility matrices, j and j — 1.

psr | 2! 165 = 6;-1ll2

% j G2++ Log-normal LMM | SV-LMM

1 3.285E-06 4.684E-06 1.148E-05

10% | 2 3.779E-10 1.323E-09 5.569E-09

3 1.556E-16 2.328E-16 2.447E-15

1 7.772E-04 6.802E-04 1.800E-03

50% | 2 1.539E-06 5.516E-06 2.605E-05

3 2.3468E-11 7.326E-10 1.108E-08

1 3.300E-02 4.600E-03 1.290E-02

90% | 2 3.812E-05 1.392E-04 7.371E-04

3 6.976E-09 2.614E-07 4.930E-06

In Figure [4] we present the local volatility obtained for short maturity equity options, on
the basis of three different short-rate processes, the G2+4 model, a short-rate implied by the
log-normal LMM and a short-rate implied from the SV-LMM . The figure shows that for very
short maturities of 0.5 years the local volatility curves for deterministic and stochastic short-rate
processes are very similar. For an expiry of 3 years the local volatilities with stochastic interest
rates are lower than those obtained for the deterministic case, although the difference within the
stochastic interest rates models is not significant. By changing the option expiry to 12 years
an interesting pattern appears as all the local volatility curves with stochastic interest rates are
significantly lower than the one for the deterministic case. Moreover the short-rate implied by the
SV-LMM is more pronounced than the other ones.

Tables with all the details are presented in the Appendix [B] There it is shown, in Table[7] that
the difference between the local volatilities with deterministic and stochastic rates from the SV-
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Figure 3: Characteristics of the interest rate processes.
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short-rate

LMM for long maturity options is about 3.5%; It is about 2.2% for the G2+4+ and for the model
obtained by interpolating the log-normal LMM (see Tables |5 and @ The correlation between
the short-rate and the equity is chosen to be 40% in this experiment. The observed effect can be
reduced by a decrease of the correlation parameter or enhanced by an increase.
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: Local volatility equity results for different r; processes. The simulation was performed
=1, pg,r = 40%, r = 6%. LEFT: Option expiry of 0.5 years. RIGHT: Option expiry of

5 Conclusion

In this paper we have presented a local volatility model with stochastic interest rates. We have
shown a way to set up a short-rate process which generates an interest rate smile. Our numerical
experiments indicate, especially for contracts with a long time to maturity, a significant impact
of the interest rate smile on the local volatilities for the equity.
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Figure 5: Local volatility equity results for different r; processes. The simulation was performed
with: Sy =1, ps, = 40%, r = 6%. LEFT: Option expiry of 8 years. RIGHT: Option expiry of
12 years.
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A Calibration Results

In this appendix we give details about the calibration of the models used in Section[d] Figurel[0]
shows the fit to the market data for at-the-money caplets. Figure [7] presents the implied volatility
smile for these caplets and Table [3]illustrates the error of the calibrated SV-LMM. As we can see
the models are calibrated with a sufficient accuracy.
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Figure 6: At the money (ATM) Euro Caplet calibration results. LEFT: Euro Caplet implied
volatility curves implied by log-normal LMM, stochastic volatility LMM and Gaussian two-factor
(G2++) models calibrated to at the money caplet volatility curve (12m) on July 8" 2006. RIGHT:
Absolute difference between market and model implied volatilities.

Table 3: Difference between implied volatilities between the market from July 8" 2006 and the
calibrated stochastic volatility libor market model (SV-LMM).

Maturity Moneyness

date -1.5 -1 -0.5 0 0.5 1 1.5

01-Nov-06 || -9.9E-2 | -14E-2 | -9.8E-2 | 4.0E-4 | 3.6E-2 | 2.7E-2 | -8.1E-2
01-Nov-07 || -1.8E-1 | -9.5E-2 | -3.1E-2 | 1.5E-3 | 1.7E-2 | 2.2E-2 | 2.3E-2
03-Nov-08 || -8.9E-2 | -4.0E-2 | -1.2E-2 | 24E-3 | 9.2E-3 | 1.1E-2 | 1.1E-2
02-Nov-09 4.0E-4 | 2.0E-4 | -1.0E-3 | -1.2E-7 | 3.8E-3 | 8.2E-3 | 1.1E-2
01-Nov-10 || -9.0E-4 | -3.4E-3 | -4.6E-3 | -2.1E-7 | 7.6E-3 | 1.5E-2 | 1.8E-2
01-Nov-11 || -1.6E-3 | -4.6E-3 | -5.1E-3 | 7.8E-7 | 7.6E-3 | 14E-2 | 1.7E-2
01-Nov-12 || -3.8E-3 | -7.2E-3 | -7.0E-3 | 5.1E-7 | 84E-3 | 1.5E-2 | 1.8E-2
01-Nov-13 || -3.7E-3 | -6.5E-3 | -6.4E-3 | 6.2E-7 | 8.0E-3 | 1.4E-2 | 1.7E-2
03-Nov-14 || -3.9E-3 | -7.0E-3 | -7T.1E-3 | 1.6E-6 | 8.6E-3 | 1.5E-2 | 1.8E-2
02-Nov-15 || -49E-3 | -8.5E-3 | -84E-3 | 2.5E-6 | 9.1E-3 | 1.6E-2 | 1.8E-2
01-Nov-16 || -5.0E-3 | -8.9E-3 | -9.1E-3 | 24E-6 | 9.6E-3 | 1.7E-2 | 1.9E-2

B LVSIR: Numerical Results

In this section we present results of the Local Volatility Model with stochastic interest rates.
In Table 4| we present the (smoothed) local volatility surface with constant interest rate. In
Tables ] [6] and [7] we give the LVSIR results corresponding to the models presented in Section [4]
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Figure 7: Euro Caplet implied volatility on July 8" 2006.

Table 4: The parametric local volatility for the equity with constant interest rate of r = 6%.

Strike Maturity

K Im 3m 6m 9m 1y 2y 3y 4y 5y 6y Ty 8y 10y | 12y
0.6 1.13 | 0.97 | 0.82 | 0.72 | 0.64 | 0.47 | 0.44 | 0.45 | 0.46 | 0.48 | 0.50 | 0.53 | 0.59 | 0.66
0.7 0.54 | 052 | 049 | 0.46 | 0.44 | 0.38 | 0.37 | 0.39 | 0.41 | 0.44 | 0.46 | 0.49 | 0.55 | 0.59
0.75 0.40 | 0.39 | 0.38 | 0.37 | 0.36 | 0.34 | 0.34 | 0.36 | 0.39 | 0.42 | 0.45 | 0.48 | 0.53 | 0.56
0.8 0.31 | 0.31 | 0.31 | 0.31 | 0.30 | 0.30 | 0.31 | 0.34 | 0.37 | 0.40 | 0.43 | 0.46 | 0.52 | 0.54
0.85 0.25 | 0.25 | 0.25 | 0.26 | 0.26 | 0.27 | 0.29 | 0.32 | 0.35 | 0.38 | 0.41 | 0.45 | 0.50 | 0.52
0.9 0.20 | 0.21 | 0.21 | 0.22 | 0.22 | 0.25 | 0.27 | 0.30 | 0.33 | 0.37 | 0.40 | 0.43 | 0.49 | 0.50
0.95 0.17 | 0.18 | 0.18 | 0.19 | 0.20 | 0.22 | 0.25 | 0.29 | 0.32 | 0.35 | 0.38 | 0.42 | 0.47 | 0.49
1 0.15 | 0.15 | 0.16 | 0.17 | 0.18 | 0.21 | 0.24 | 0.27 | 0.30 | 0.34 | 0.37 | 0.40 | 0.46 | 0.47

1.05 0.13 | 0.14 | 0.14 | 0.15 | 0.16 | 0.19 | 0.23 | 0.26 | 0.29 | 0.32 | 0.36 | 0.39 | 0.45 | 0.46
1.10 0.12 | 0.12 | 0.13 | 0.14 | 0.15 | 0.18 | 0.21 | 0.24 | 0.28 | 0.31 | 0.34 | 0.38 | 0.44 | 0.45
1.15 0.11 | 0.11 | 0.12 | 0.13 | 0.14 | 0.17 | 0.20 | 0.23 | 0.26 | 0.30 | 0.33 | 0.37 | 0.43 | 0.44
1.20 0.10 | 0.11 | 0.11 | 0.12 | 0.13 | 0.16 | 0.19 | 0.22 | 0.25 | 0.29 | 0.32 | 0.36 | 0.42 | 0.43
1.25 0.10 | 0.10 | 0.11 | O.11 | 0.12 | 0.15 | 0.18 | 0.21 | 0.24 | 0.28 | 0.31 | 0.34 | 0.40 | 0.42
1.30 0.09 | 0.10 | 0.10 | O.11 | 0.12 | 0.14 | 0.17 | 0.20 | 0.23 | 0.26 | 0.30 | 0.33 | 0.40 | 0.41
1.40 0.09 | 0.10 | 0.10 | O.11 | O.11 | 0.13 | 0.16 | 0.18 | 0.21 | 0.25 | 0.28 | 0.31 | 0.38 | 0.40
1.50 0.10 | 0.10 | 0.11 | O0.11 | O0.11 | 0.13 | 0.14 | 0.17 | 0.20 | 0.23 | 0.26 | 0.29 | 0.36 | 0.39

Table 5: Difference (in %) between local volatility for the equity with constant interest rate r = 6%
and LVM with short-rate driven by Gaussian two-factor model (as in [I0]) with: a = 0.543464289,
o = 0.008656305, b = 0.121389268, n = 0.014003025, p; , = —0.98603472.

Strike Maturity

K 1Im 3m 6m 9m 1y 2y 3y 4y 5y 6y Ty 8y 10y | 12y
0.6 0.02 | 0.06 | 0.14 | 0.23 | 0.33 | 0.81 | 0.87 | 1.14 | 1.37 | 1.56 | 1.71 | 1.81 | 1.91 | 1.90
0.7 0.02 | 0.06 | 0.13 | 0.21 | 0.30 | 0.68 | 0.83 | 1.08 | 1.30 | 1.48 | 1.62 | 1.74 | 1.91 | 2.06
0.75 0.02 | 0.06 | 0.13 | 0.20 | 0.28 | 0.63 | 0.81 | 1.05 | 1.26 | 1.44 | 1.58 | 1.71 | 1.90 | 2.11
0.8 0.02 | 0.06 | 0.13 | 0.20 | 0.27 | 0.60 | 0.79 | 1.02 | 1.23 | 1.40 | 1.55 | 1.67 | 1.89 | 2.14
0.85 0.02 | 0.06 | 0.12 | 0.19 | 0.26 | 0.57 | 0.77 | 1.00 | 1.20 | 1.37 | 1.52 | 1.64 | 1.87 | 2.16
0.9 0.02 | 0.06 | 0.12 | 0.19 | 0.26 | 0.54 | 0.76 | 0.98 | 1.18 | 1.34 | 1.49 | 1.61 | 1.85 | 2.18
0.95 0.02 | 0.06 | 0.12 | 0.19 | 0.25 | 0.52 | 0.75 | 0.96 | 1.15 | 1.32 | 1.46 | 1.59 | 1.83 | 2.18
1 0.02 | 0.06 | 0.12 | 0.18 | 0.25 | 0.51 | 0.74 | 0.95 | 1.13 | 1.29 | 143 | 1.56 | 1.81 | 2.17

1.05 0.02 | 0.06 | 0.12 | 0.18 | 0.24 | 0.50 | 0.73 | 0.94 | 1.12 | 1.27 | 1.41 | 1.54 | 1.79 | 2.16
1.10 0.02 | 0.06 | 0.12 | 0.18 | 0.24 | 049 | 0.72 | 0.92 | 1.10 | 1.25 | 1.39 | 1.51 | 1.77 | 2.15
1.15 0.02 | 0.06 | 0.12 | 0.18 | 0.24 | 0.48 | 0.71 | 0.91 | 1.08 | 1.23 | 1.37 | 1.49 | 1.75 | 2.13
1.20 0.02 | 0.06 | 0.12 | 0.18 | 0.24 | 0.48 | 0.71 | 0.90 | 1.07 | 1.21 | 1.35 | 1.47 | 1.72 | 2.10
1.25 0.02 | 0.06 | 0.12 | 0.18 | 0.24 | 0.48 | 0.70 | 0.89 | 1.06 | 1.20 | 1.32 | 1.44 | 1.70 | 2.08
1.30 0.02 | 0.06 | 0.12 | 0.18 | 0.24 | 0.48 | 0.70 | 0.88 | 1.04 | 1.18 | 1.30 | 1.42 | 1.67 | 2.05
1.40 0.02 | 0.06 | 0.12 | 0.18 | 0.24 | 0.49 | 0.69 | 0.87 | 1.02 | 1.15 | 1.26 | 1.37 | 1.62 | 1.98
1.50 0.02 | 0.06 | 0.12 | 0.19 | 0.25 | 0.52 | 0.68 | 0.86 | 1.00 | 1.12 | 1.22 | 1.33 | 1.56 | 1.91

22



Table 6: Difference (in %) between local volatility for the equity with constant interest rate
r = 6% and LVM with short-rate implied from the log-normal Libor Market Model. The simulation
was performed without including external volatility i.e. n = 0 for ZCB interpolation routine.
Remaining parameters are: So = 1, ps, = 40%. The output is taken after three covariance
iterations.

Strike Maturity

K 1m 3m 6m 9m ly 2y 3y 4y 5y 6y Ty 8y 10y | 12y
0.6 0.00 | 0.00 | 0.11 | 0.14 | 0.17 | 0.73 | 0.89 | 1.15 | 1.38 | 1.57 | 1.69 | 1.76 | 1.90 | 1.96
0.7 0.00 | 0.00 | 0.10 | 0.13 | 0.15 | 0.61 | 0.84 | 1.08 | 1.30 | 1.48 | 1.60 | 1.69 | 1.90 | 2.12
0.75 0.00 | 0.00 | 0.10 | 0.12 | 0.14 | 0.57 | 0.82 | 1.05 | 1.27 | 1.44 | 1.56 | 1.65 | 1.88 | 2.17
0.8 0.00 | 0.00 | 0.09 | 0.12 | 0.14 | 0.53 | 0.80 | 1.02 | 1.23 | 1.40 | 1.53 | 1.62 | 1.87 | 2.20
0.85 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.51 | 0.78 | 1.00 | 1.20 | 1.37 | 1.49 | 1.59 | 1.85 | 2.22
0.9 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.48 | 0.77 | 0.98 | 1.17 | 1.34 | 146 | 1.56 | 1.83 | 2.23
0.95 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.47 | 0.75 | 0.96 | 1.15 | 1.31 | 1.43 | 1.53 | 1.81 | 2.23
1 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.45 | 0.74 | 0.94 | 1.13 | 1.28 | 1.41 | 1.50 | 1.79 | 2.23

1.05 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.44 | 0.73 | 0.92 | 1.11 | 1.26 | 1.38 | 1.48 | 1.77 | 2.22
1.10 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.43 | 0.72 | 0.91 | 1.09 | 1.24 | 1.36 | 1.45 | 1.75 | 2.20
1.15 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.43 | 0.71 | 0.89 | 1.07 | 1.22 | 1.33 | 1.43 | 1.72 | 2.18
1.20 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.42 | 0.70 | 0.88 | 1.05 | 1.19 | 1.31 | 1.40 | 1.70 | 2.15
1.25 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.42 | 0.69 | 0.87 | 1.04 | 1.17 | 1.29 | 1.38 | 1.67 | 2.12
1.30 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.43 | 0.68 | 0.86 | 1.02 | 1.16 | 1.27 | 1.36 | 1.64 | 2.09
1.40 0.00 | 0.00 | 0.09 | 0.11 | 0.12 | 0.44 | 0.67 | 0.84 | 099 | 1.12 | 1.22 | 1.31 | 1.59 | 2.02
1.50 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.46 | 0.66 | 0.82 | 0.96 | 1.08 | 1.17 | 1.26 | 1.53 | 1.94

Table 7: Difference (in %) between local volatility for the equity with constant interest rate
r = 6% and LVM with short-rate implied from the Stochastic Volatility Libor Market Model. The
simulation was performed without including external volatility i.e. n = 0 for ZCB interpolation

routine. Remaining parameters are: Sy = 1, pg, = 40%. The output is taken after three
covariance iterations.
Strike Maturity
K 1m 3m 6m 9m 1y 2y 3y 4y 5y 6y Ty 8y 10y | 12y
0.6 0.00 | 0.00 | 0.11 | 0.15 | 0.18 | 0.76 | 0.95 | 1.33 | 1.69 | 2.00 | 2.30 | 2.38 | 2.78 | 3.12
0.7 0.00 | 0.00 | 0.10 | 0.13 | 0.16 | 0.64 | 091 | 1.26 | 1.60 | 1.90 | 2.19 | 2.30 | 2.81 | 3.43
0.75 0.00 | 0.00 | 0.10 | 0.13 | 0.15 | 0.59 | 0.88 | 1.23 | 1.56 | 1.85 | 2.14 | 2.25 | 2.80 | 3.53
0.8 0.00 | 0.00 | 0.10 | 0.12 | 0.14 | 0.56 | 0.87 | 1.20 | 1.52 | 1.81 | 2.10 | 2.21 | 2.79 | 3.60
0.85 0.00 | 0.00 | 0.10 | 0.12 | 0.14 | 0.53 | 0.85 | 1.17 | 1.49 | 1.77 | 2.06 | 2.18 | 2.77 | 3.64
0.9 0.00 | 0.00 | 0.10 | 0.12 | 0.14 | 0.51 | 0.83 | 1.15 | 1.46 | 1.73 | 2.02 | 2.14 | 2.75 | 3.67
0.95 0.00 | 0.00 | 0.10 | 0.12 | 0.13 | 0.49 | 0.82 | 1.13 | 1.43 | 1.70 | 1.99 | 2.11 | 2.72 | 3.69
1 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 047 | 0.81 | 1.11 | 1.41 | 1.67 | 1.95 | 2.08 | 2.70 | 3.69

1.05 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.46 | 0.80 | 1.09 | 1.39 | 1.65 | 1.92 | 2.05 | 2.67 | 3.68
1.10 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.46 | 0.79 | 1.08 | 1.37 | 1.62 | 1.90 | 2.02 | 2.64 | 3.66
1.15 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.45 | 0.78 | 1.07 | 1.35 | 1.60 | 1.87 | 1.99 | 2.61 | 3.63
1.20 0.00 | 0.00 | 0.09 | O.11 | 0.13 | 0.45 | 0.77 | 1.05 | 1.33 | 1.58 | 1.84 | 1.96 | 2.58 | 3.60
1.25 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.45 | 0.77 | 1.04 | 1.32 | 1.55 | 1.81 | 1.93 | 2.54 | 3.56
1.30 0.00 | 0.00 | 0.09 | O.11 | 0.13 | 0.45 | 0.76 | 1.03 | 1.30 | 1.53 | 1.79 | 1.90 | 2.51 | 3.51
1.40 0.00 | 0.00 | 0.09 | 0.11 | 0.13 | 0.46 | 0.75 | 1.01 | 1.27 | 1.49 | 1.74 | 1.85 | 2.43 | 3.41
1.50 0.00 | 0.00 | 0.09 | 0.12 | 0.13 | 0.48 | 0.74 | 0.99 | 1.24 | 1.45 | 1.68 | 1.79 | 2.35 | 3.29
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