Introduction to Mathematical Finance
Dylan Possamai

Assignment 9 (solutions)

About Futures

We consider a complete T-period financial market, such that (NA) holds, and we let Q be the unique risk-neutral
measure on this market.

Futures contracts, unlike forward contracts, are marked-to-market, meaning that they receive cash-flows at every trading
dates. More precisely, a futures contract is an agreement to purchase an asset at the maturity 7', for a pre-specified
price, called the futures price. This futures price is paid via a sequence of instalments over the contract’s life. As
with forward contracts, no cash-flow happens at the inception of the contract, supposed to correspond to time 0 here.
However, a cash payment is made at every trading date, corresponding to the change in the futures price between this
date and the previous trading one. Mathematically, if we define the futures price at time ¢, for an asset S with maturity
T by G¢(T'; St), then the cash-flows are

Gt(T, ST) - Gt_l(T; ST), at time t € {1, ‘e ,T}

Explain why the value V; of a futures contract is 0 at any time ¢ € {0,...,T}. Show as well that

7|

Prove then that G (T'; St) = St and deduce from all the above that the futures prices are actually given by

V, =E?| > d(t, k)(Gk(T; S1) — Gp-1(T; Sr))
k=t+1

Gy(T; St) =E®[S7|F], t € {0,...,T}.
Show then that the difference between forward and futures prices is given by

CovQ[Sr, d(t, T)|F]
B(t,T)

Ft(T, ST) Gt(T ST) t e {0,7T}

Which of Fy(T; St) or G¢(T; St) would you expect is usually the largest? Why?

By definition, the cash-flows occurring at each payment date are designed to maintain the value of the
futures contract to 0. Besides, we know that the value at any time for the futures contract is given
by the expectation under any (this is a tradable asset, therefore automatically replicable) risk-neutral
measure of the sum of the future discounted cash-flows, hence the second formula. At maturity, it is
obvious that the futures price must be equal to the asset price, as this the only price at which the asset
can be delivered immediately. Let us now prove the final result by backward induction.

0="Vi1 =

T
Zd (t —1,k)(Gr(T; S1) — Gr—1(T; S1))
k=t

When t = T, the result is immediate. Let us assume it is true for some t € {1,...,T}, and all ¢ €
{t+1,...,T}. We then have
Ft—l]
=E[d(t — 1,t)(Ge(T; St) — G4—1(T; S1)) | Fe-1]
T

d(t — 1,t)JEQl > d(t+1,k)(Gi(T; St) — Gr-1(T; Sr)) «E;|
k=t+1

=EQ[d(t — 1,t)S7|Fi1] — Gooa (T3 Sp)ER[d(t — 1,¢) | Fi—1] + EQ[d(t — 1, ) V4| Foa ]
=d(t — 1,t) (E®[Sy|Fi—1] — Gi—1(T; S7)),

+E? Fio1




where we used the fact that in discrete—time models, d(¢t — 1,t) is already known at time ¢ — 1. This
obviously gives us the desired result.

Next, we have on the one hand

St

Fy(T;St) — Gy(T; St) = BG.T) E@[S7| 7],
and on the other hand
Cov@[St, d(t, T)|F] _ E°[d(t, T)Sr|F] — EC[d(t, T)|F|E (ST 7] _ S B[S, |F]
B(t,T) B(t,T) B(t,T) Tt

hence the last result.

From this formula we recover first the result seen in the Lecture Notes that when the discount factors
are deterministic, forward and futures prices are equal. In addition, we have obtained that forward
prices are higher that futures prices when the underling asset is positively correlated with the discount
factor. As the discount factor is a decreasing function of the interest rate, we deduce that whenever
the value of the asset is negatively correlated with the interest rate, the forward price is higher than
the futures price. The answer depends then a bit on the nature of the asset. It is typical that stocks
are negatively correlated with bonds, since bonds affect the stock market by competing with stocks for
investors’ cash. Since bonds are also negatively correlated with interest rates, stocks will tend to be
positively correlated with interest rates. This means that forward prices of stocks will tend to be below
the corresponding futures prices, while the opposite is true for forward and futures prices of bonds.

Numéraire change and applications

We fix a general complete and arbitrage-free financial market in discrete-time with horizon T' € N\ {0}, as described
in the lecture notes. We let Q be the unique risk-neutral on this market, and to avoid any issues with integrability
requirements, we assume that all assets appearing have bounded prices.

1) Instead of using the risk-less asset SU as numéraire, the goal of this question is to examine what happens if we use
another asset. Without loss of generality, we will thus the first risky asset S'. Let ¢ be the payoff at time T of an
option, and let (p:(§))¢eqo,..., v} be the associated no-arbitrage price.

Define the probability measure P* on (£2, F) by
Pt Sp
dQ ~ SisY”
1)a) Show that P! is well-defined.

Positivity and integrability are obvious. Besides, since Q is a risk-neutral measure, Sl is an (F,Q)-
martingale and

go| 51 = Lpo[sy =1
S A

proving that P! is indeed a well-defined probability measure.

1)b) We define the S'-discounted value of any process (Vi)teqo,..., 1y by

ss._ W

Vt T 5717

te{0,...,T}.

Prove that V is an (F,Q)-martingale if and only if V' is an (F, P!)-martingale.



Assume that V is an (F,Q)-martingale (and recall that since we assumed all processes bounded, there
is no question about integrability here), then by Bayes’s formula, we have for any t € {0,...,7 — 1}

. EC {Vﬁll SIST }-t} EC[Vi$i St |Fe] _ E%[Vin |7 st
E I:‘/; ) |Ft} _ _ — = — = ‘/; )
+ 1 )
E¢ [Slso }—t} K i

which is the desired result. Conversely, if VS is an (F,P!)-martingale, we have for any t € {0,...,7 -1}

el K

B [Vir of
SO

EP! |:7T

St

B B aihlE] R vEIE
] (59)5" (50)5 "

E© [‘ZH |]:t] =

where we used the fact that since S° is an (F,Q)-martingale, we know by the first part of the proof
that (SO)S1 is an (F,P!)-martingale.

Deduce that we can write

pi(€) = B [S
T

7.

This formula shows that the risk-neutral pricing method is invariant under the so-called change of numéraire.

e s

We have

] [SOSO 59

S
pt(é-) = ]EQ |:; Sl ft:| )

which is the desired result.

Caps and floors are to PFS and RFS what call and put options are to forward contracts. In other words, they
correspond to IRS contracts where exchange at each payment date only occurs if the payoff is positive. More
precisely, we fix a number of payments n € N\ {0}, and a sequence T := (T});cqo,....n} (all belonging to {0,...,T})
of dates, as well as a face—value N > 0 and a strike K > 0. The discounted payoff at time ¢t < Ty of a cap is given by

N> A, T)(Ti — Tioy) (UTi-1, T7) — K)
i=1
while that of a floor is .
N d(t, T)T; — Tioa) (K — 6T, T3) T
Caps and floors are actually constituted of a stream of simpler contracts, with discounted payoffs of the form
Nd(t, T)(T; = Ti) (((Ti-1,T) = K) 7, and Nd(t, T,)(T; = Tia ) (K — (T, T0)

which are called respectively the i-th caplet associated to the cap, and the i-th floorlet associated to the floor.

For any t € {0,...,Tp}, we let CAPL,(T;-1,T;, N, K) be the price at ¢ of the i-th caplet associated to the cap, and
FLOORL4(T;-1,T;, N, K) the price at ¢ of the i-th floorlet associated to the floor. Show that

CAPL(T;—1,T;, N,K) = N(1 + (T; — Tz’-l)K)ZBPt(Ti—l,Ti, (1+(T; — Tz‘-1)K)71)7
FLOORL4(T;—1,T;, N, K) = N1+ (T; — T;-1) K)ZBC(T; -1, T;, (1 + (T; — Ti,l)K)_l),
where for any 0 <t < k < s < T, ZBC(k,s, L) is the value at ¢t of a call option with maturity k, written on a

zero-coupon bond with maturity s, and with strike L > 0, and ZBP(k, s, L) is the value at ¢ of a put option with
maturity k, written on a zero-coupon bond with maturity s, and with strike L > 0.



We only give the result for the caplets, the one for the floorlets being immediate by call-put parity.
Notice that by conditioning with respect to Fr,_,, we have directly

CAPL(Ti—1,T;, N, K) = NE®[d(t, T;)(T; — Ti—1) (U(Ti-1, T3) — K) | F]
= NE2[d(t, T;1)(Ti = To) (ATi1,T3) = K) B [a(Ti0, T)|

]-"t}
= NE®[d(t, T;—1)B(T;—1, T:)(T; — Ti—1) (U(T;-1, T3) — K)+\ft]-
Using next the definition of the simply-compounded forward rate, we deduce

1

CAPL,(T;_,,T;,N,K) = NE@ [d(t,Ti_l)B(Ti_l,Ti)<B(TT)
i—1y 44

X
(e —TH)K))

1
1+(T; —T;-)K

7

= N+ (7 - T BB fate 7o) - BT 1)) '

]:t:| )
from which the result is immediate.

Now for any s € {0,...,T}, we let the s-forward martingale measure (or forward martingale measure with maturity
s) correspond to choosing the zero-coupon bond with maturity s as numéraire. This of course means that the measure
P := PB(*) is defined on the probability space (2, F;) only, since B(-,s) ceases to exist after time s. Show that for
any 0<t<k<s<T

ZBCy(k, s, K) = B(t, k)]EPk [(Fk(k, B(k,s)) — K)+’ft]7

ZBP:(k, s, K) = B(t, k)IEPk [(K — Fy.(k; B(k, s)))+|]-'t].

We use 1)c) from which we get

B(t, k)

_ wP*
7ZBCy(k,s,K) =E Bk )

(B(kas) _K)+

7.

It then suffices to notice that B(k, k) = 1, and that since a zero-coupon bond has zero storage costs,

we have

Fu(k; Bk, 5)) = gg:,’?)

The exact same proof works for the put case.

Deduce a formula for the cap and the floor described above in terms of expectations under the forward martingale
measures with maturities (77);cqo,....n—1}-

We only give the formula in the cap case. We have

CAPy(T,N,K) = > CAPLy(T;_,T}, N, K)
=1
= NZ(l +(T; — T—1)K)ZBPy (T;—1, Ti, (1 + (T; — Ti—1)K)7Y)

i=1

= N3 (4 (T = L) K) BT )BT (K = Fr (T BT, 1)) | A
=1

Which advantage do you see in these formulae compared to the ones written under the risk-neutral measure Q7

The main point here is that when pricing under Q, we need to compute expectations of quantities
involving both the discount factors d and the zero-coupon bond prices. When rates are not deter-
ministic, this is typically a complicated task. However, when using the forward martingale measures,



though we have now n expectations to compute instead of 1, we managed to get rid off the discount
factors. Of course, the question is then whether one can ‘easily’ say something about the distribution
of the forward prices of the bonds under the forward measure. It turns out that in a large class of
model for the term-structure of interest rates, this is actually doable. The above trick then becomes
very useful.

We now consider swaptions. These are simply options whose underlying is an IRS. As usual, there are two main
types of such options: the payer one (call-like), and the receiver one (put-like). More precisely, a European payer
swaption is an option giving the right (and thus not the obligation) to enter a payer IRS at a given future time, which
is called the swaption maturity. Usually, this maturity coincides with the first reset date of the underlying IRS. The
underlying IRS length, that is to say T;, — Ty with our previous notations, is called the tenor of the swaption. It is
also commonplace to call tenor structure the set of reset and payment dates 7. Using Ty as our maturity date, the
payoff at maturity of a payer-swaption, discounted from some time 0 <t < Tj is therefore given by

d(t7 TO) (PFSTO (Tv Na K))Jr

Show that

PFS1, (T, N,K) = NZB (To, Ti)(T; — Ti1) (0T, Ti—1, T3) — K).
See the Lecture Notes, Example 1.4.4.
Show that the payoff of a payer-swaption can then be rewritten
Nd(t, To) (s(To, T) — K) "3 (T; = Tio1) B(Ty, T)),
i=1

where the forward-swap rate s(¢,7T) at time ¢ for the sets of times 7T is given by

B(t,Ty) — B(t,T,)
St (T, = Tio1)B(t,T;)

s(t,T) =

One simply needs to remember that the simply-compounded forward rates satsify

1 B(To,Ti-1)
Ty, Ty_1,T;) = T 1( BT —1>.
Then
n +
d(t, Ty) (PFS, (T, N, K)) " = d(t, Tp) (NZB To, Ti)(Ti — Ti—1) (U(To, Ti—1, T;) — K))
i=1

n n +
d(t, Tp) (NZ (To, Ti—1) — B(Ty, T;)) — NK Z(Tz - Ti—1)B(TO,Ti)>
=1

=1

n -
d(t, To) (N (To, To) — B(To,Tn)) — NK Y (T; — Ti—l)B(TmTz‘)>

i=1

n
= Nd(t,To) (s(To, T) = K) " (T = T;1) B(Tp, T3).
=1



3)c) Let us define the so-called level process G by

n

Gi=Y (Ti - Ty.1)B(t, T)).

=1

We let II correspond to the probability measure defined in 1) when choosing G as a numéraire. Show that the
forward—swap rate s(-, 7)) is an (F,II)-martingale, and then that if PSWAP,(T, N, K) represents the value at time
0 <t < Ty of the payer-swaption, we have

PSWAP,(T,N,K) = NGE"[(s(Ty, T) — K)*|F].

Since the zero-coupon bonds with maturity 7, and T,, are risky assets, then their discounted values
must be (F,Q)-martingales. By 1)b), this implies that B("?O) and B(é?"') are (F,II)-martingales, and
thus so is their difference. This shows that the forward—swap rate is an (I, II)-martingale. Then, we
have by 1)c)

G
_ il t
J-"t]—IE |:GTO

= NGE"[(s(To, T) — K)T|F].

PSWAP,(T, N, K) = E® [Nd(t, 7o) (s(To, T) — K) "G, N(s(To,T) — K) "G,

7



