BLACK-76 FORMULA (NO-JUMP CASE)

MAT4770 & MAT9770 LECTURE NOTES

ABsTRACT. We treat the case when forward dynamics does not have any jump
components. In this situation we can derive explicit pricing formulas for the

plain vanilla options being slight extensions of the Black-76 Formula.

SECTION 9.1.1: THE CASE OF NO JUMPS - THE BLACK-76 FORMULA

Consider a call option written on a forward contract, with exercise time T > 0
and strike price K > 0. The forward contract has maturity 7 > T, and we suppose

the risk-neutral dynamics are given as follows

df (t,7) u
(0.1) T - I;Uk (t,7) dWy (t),

where Wy, are p independent Brownian motions under the risk-neutral probability
Q. Recalling the forward price dynamics resulting from a geometric spot model

derived in Proposition 4.8., we have

on (6 7) = iaik () exp (— /t " o () du) .

The speeds of mean reversion are described by the functions «;, and the spot
volatilities by o;,. The forward dynamics in (0.1) can also come from the direct
modelling of the forward price curve as analysed in Chapter 6 (...).

The following Proposition states the price of a cal option and is known as the
Black-76 Formula.

Proposition 1. The price of a call option at time t < T, written on a forward
with delivery at time T, where the option has exercise time T < T and strike price
K, is

CtT,K,7)=e "D {f(t,7)®(d1) — K®(do)}.

Here,

T
(0.2) dy=dy+,| > / o2 (u,7) du,
t

P
k=1
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n(f (t,7) /K) = 330, [ oF (u,7) du
\/Zizl tT 0,% (u, ) du

and @ is the cumulative standard normal probability distribution function.

(0.3) dy =

)

Proof. consider the case p = 1. We have that

In f (T, 7) ilnf(t,T)—;/TUQ (u,T)du+X,//Ta2 (u, 7) du,
t t

where X is a standard normally distributed random variable. From general option
theory, the price is defined as the present expected payoff, with expectation taken

under the risk-neutral probability. Hence,
CtT,K,1)
= ¢ " Eq max (f (T,7) ~ K,0) | F)
— o r(T-tg [max (elnf(t,q-)_é T o2 (u,r)dut+ X/ [T 02 (uyr)du _ K, 0)]

= e OB [max (f (1,7) e b i 2t XV g )]

Note that we get a positive payoff from the option only when

In (725 +lfT02(u,7')du
()

—ds.
ftT o2 (u,7) du
Then we can rewrite the previous expression as
CtT,K, 1)
_ (T / - ( £t 7) e 3 I o s/ TT o (wrdu _ K) 6 (2) dz
—dy

=71 (f (t,7) / e~ 5 I P undura [T P wndug () gy — K [ ¢ (a) d:v> :
_d2 —d2
where ¢ (z) = \/%e’% is the density of the standard normally distributed random
variable X. Note in the following lines that we will make use of the symmetry of

the standard normal density function. Therefore we can rewrite the call prices as

follows
CtT K,1)

—r(T—t [es} 00
S (e [ e e T s g [ )
27 —do —d2

e—T(T—t)

T Ver (f (t,7) /Oo e~ 3 J ot wnduray /[T 02(“’7)(1“_1226&) — Ke "T7Y® (dy)
V2T —ds
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—r(T—t) o]
_ e (f (f,T) / e—%(z2—2m\/ftT 02(u,'r)du+ftT oz(u,-r)du)) _ Ke_r(T_t)(p (dg)

Vor —ds
—r(T—t) o0 ?
C T [ AT 1) v
m —da
T
— eir(T*t)f t,7)® | —|da+ / o2 (u,7)du — Ke 7T (d2)
t

=TT (f(t,7) @ (dh) — K (d2)).

We now turn our attention to the question of hedging the call option on the

forward. From option theory, the delta hedging strategy is defined as follows
oC (t;T,K, 1)
0.4 AT, K,r)s —2 2127
(0.49) (5T, K.7) & =2
The delta hedge gives the number of forwards one should have in the portfolio at
all times up to exercise in a hedge of the call option. The strategy is derived in the

following Proposition.

Proposition 2. The delta hedge of the call option written on a forward with ma-
turity at time T, and where the option has exercise time T < 7 and strike K, is
given as

AT, K, 1) = e "T-g (d1),
where ® and dyare defined in the Prop. (1).

Proof. A differentiation leads to

d d
AT K7 =00 Lo @) 4 £ (@) I8~ Ko (d) 22
of of
where ds is defined as in Prop. (1). We only need to prove that indeed
ady 0ds
t,7)® (dy) == — K® (d3) — = 0.
ft7) (1)8f (2)8f 0
This is easily done as shown in the following lines. Note first that %—(? = %—d;,
therefore we have
ddy 0ds
0=f(t,71)® (d) = — K9P (d) —
f(7T> (1>af (Q)af

& f(t,7)P (d1) = K9 (da)

[T) | ()
K o (dy)’

< In
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1 a2 @' (ds) 7§ d3 a3
remember that &’ (d;) = 75=€ ?sthereforeln gy =In < =Ine” 2 —Ine™ 2 =
e 2
1 (d? — d3) .Now it is only left to prove that
fr) 1
n =2 :i(df—dg).
To show that the following lines serve the purpose
1 1
5 (df —d3) = B (d1 + d2) (d1 — d2)
1 T T
by eq. (0.2) = 3 day + / 02 (u,7) du + do / o2 (u,7)du
t t
1 T T
=5 2ds + / 02 (u,7)du / o2 (u,7)du
t t
I I
by eq. (0.3) = | In(f (t,7)/K) — 5/ o? (u,7) du | + 5/ o? (u, T) du
¢ t

=In(f(t,7)/K).

Remark. The following bulletpoints.

e We recognise the price and hedging strategy are analogous to the call option
in the classical Black-Scholes contexts.

e The only difference is that the forward dynamics is a martingale in the risk-
neutral setting (Remember HJM-approach) whereas in the Black-Scholes
framework it is the discounted asset price (Spot price) which is a martingale.
This leads to some minor modifications of the price and hedge in the case

of forward options.

We will have a quick look at an example where the forward price dynamics comes
from a Schwartz model with constant volatility and speed of mean reversion, i.e.,

assuming p = m = 1, we have

o (u,7) = ge W,

Thus the aggregated volatility to be inserted into the Black-76 Formula becomes

T 0.2
/ 0_2 (U,T) du = — <6—2a(T—T) _ e—2a(r—t)) )
t

It is obvious that the aggregated volatility increases with the exercise time and
decreases with the maturity of the forward. Hence if the maturity of the forward is

far into the future, the aggregated volatility will be relatively low if exercise of the



BLACK-76 FORMULA (NO-JUMP CASE) 5

option is close. The aggregated volatility is decreasing with an increasing speed of

mean reversion o.

Now we will consider a call option written on a swap contract. Suppose that
the delivery period is [r1, 72|, and consider the forward dynamics as considered in

subsection 6.4 given by

dF (t,m1,72) P
CTT) N (7, 7e) AW () -
F(t,11,72) ; b (871, 2) AW (£)

Following the case of options on forwards, the following result is reached and the

proof is left as an exercise for the reader. (Hint: closely follow the proof from Prop.
(1))

Proposition 3. Suppose a call option written on a swap contract with delivery
period [11, 72|, has exercise time T < 11 and strike K. The option price at time t

is then given as
C (T, K, m1,m) = e "I {F (t,71,72) @ (d) — K& (do)}

where

pT
di =dy + Z/ 2 (s, 71, 72) ds,
k=171

In(F (t,71,72) /K)— 5 >0, ftT 22 (5,71, 72) ds
\/Z£=1 j;‘/T E% (57 T1, TQ) dS

The delta hedge of the option is given by

d

A (ta Ta Kv T1, 7_2) = eir(Tit)é (dl) .

Where ® is the cummulative standard normal probability distribution function.



