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Financial derivatives and PDE’s
Lecture 6

Simone Calogero

January 27, 2021

Remarks
e More information on the financial concepts introduced in this lecture can be found in
the text Basic financial concepts, available on the course homepage.
o Unless otherwise stated, it is assumed throughout the course that assefs pay no divi-
dend.

Throughout the course we assume that the following is given:

e a probability space (2. F,[P).
e a P-Brownian motion {W(#)};=q and

e a non-anticipating filtration {;(f)}:gn- f [%\ = g W ({')

Also, we are only interested on what happens in some finite time interval ¢ € [0,7] and in

this case it is usually assumed (even if not always necessary) that —
—_—
~
JF() = F = Fu(T)

i.e., the full information is revealed at time 7" and it is contained in the Brownian motion.

All variables in financial mathematics are represented by stochastic processes. The most
obvious example is the price of financial assets.

All stochastic processes describing financial variables in this course are assumed to be in

O Fw().
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Stock price

The price per share a time ¢ of a stock will be denoted by S(t).

Most commonly S(t) = 0, for all £ > 0, however in some models it is possible that S(t) =0
with positive probability (risk of default).

{S(t)}i=0 is a stochastic process. If we have several stocks, we shall denote their price by

{S1(t) =0, {S2(t) }iz0, ete.

P

In this course we assume that {S(t) },>0 is given by a generalized geometric Brownian motion,
defined as follows. — N&
',og{ Cg Ng("k/(’ 30§ TN e

N
srocuhsT C W ETORe s
Generalized geometric Brownian motion glocc®S> W T NTU RIS
PSS (A.S)

Given two stochastic processes {a(t)}i=0. {o(6)}i=0 € C°[Fw(t)], the stochastic process
{S(t)}s0 € COLFiw ()] given by —_—

o s =swen( [[awiss [oave) o )

is called generalized geometric Brownian motion with mean gf !Eg-return (or log-
drift) {a(t)}i>0 and volatility {o(t)}i=0. e

— ‘t—
Since N = Ste) * A (N & ( 3&\)&)(57
IR S = g |, 4ea KD ’

d(log S(t)) = alt)dt + a(t) dW(t)..—
/x — f— mm—
then the log-price of the stock is a diffusion process with drift rate a(t) and diffusion rate
o;(t) (i.e., o(t)? is the rate of quadratic variation of log S(t)). —

——

When a(t) = a € R and o(t) = ¢ > 0 are deterministic constant, the process (1) is called
~—— . -
geommetric Brownian m

ion. SH) = S(Oﬁ'elt* T w )
Since

S(t) = S(0)eX dX(t) = a(t)dt + o(t)dW (1),

X
then 1to's formula gives < (‘(’\ - % (,\ x ('—(—\\ ) ‘!; 9453 = S(oj c

(@) 2

dswr= Yy xedt  + H&,x(\% Qe ()

x LA (kX (4)) dx(F) kX (9;\
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Jwi AW =
¢ Jweodt =o
AbdE =

dS(t) = S(0)eXVdX (t) + 15((1)@\'(”(1){@)(5)(@)

= S{ta(t)dt + ()W +;a (1)S(1)d

=0

/@

(2)

that is

\\ dS(t) :t Ha()SH)dW (),
-1

Prescribing S(t) as in (1) with given {a(t) Y20, {o(8) }i=0 € CO[Fu(t)] is equivalent to pre-

scribing S(t) as in (2) with given {p(t) =0, {o(t) h=0 € C°[Fuw(t)]. The latter will be used
z z JIC At Wil D¢ u

most_commonly in this course.

_/\/’\—/-

where

[ In the presence of several stocks, it is reasonable to assume that each of them introduced a
new source of randomness in the market.

Thus, when dta,ling with i}_&cks we assume the existence of N independent Brownie
motions {Wy(t)}izp.. ... {Wn(t]}i=0 and model the evolution of the stocks prices

{S1() hz0s - {SN () b0

by the following N-dimensional generalized i ownian motion:
-, N k=A .. N
dSi(t) = (p;..(t.) + Zakj(t)dl-{f}(t)) Si(t) (3)
pu—— j:]—‘\‘gc
for some stochastic processes {ji(t)}e=0. {on;(t) }i=0 € C'[Fw(t)], jk=1,...,N.

/ucﬂ = (e G J\*NCQ

G () J\\‘})(j('\ «— Gu&(—l’WA \5(/&(&\ ¥ G}q(‘\’j A\%;&) o
e 6 ) A W (O

. "edN> 77 "~ N

/ Foe ML v = i\_-,_ N
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Financial derivative

A financial derivative (or ,@W\_ﬂ'ﬂﬂ is a contract whose value depends on the
performance of one (or more) other asset(s), which is called the underlying asset.

There exist various types of financial derivatives, the most common being options, futures,
forwards and swaps.
e

_—

Financial derivatives can be traded over Eggounter (OTC), or in a regularized exchange
market. —

In the former case, the contract is stipulated between two individual investors, who agree
upon the conditions and the price of the contract. In particular, the same derivative (on the
same asset, with the same parameters) can have two different prices over the counter.

Derivatives traded in the market, on the contrary, are standardized contracts. Anyone, after
a proper authorization, can make offers to buy or sell derivatives in the market, in a way
much similar to how stocks are traded. Let us see some examples of financial derivatives (we
shall introduce more examples later). _
WANGAC DTR\VA TWES TwA

Call and put options TX k»:j:;‘“iv'ibés S P CUAC ExcWANGE M?k,t‘\_g

A call option is a contract between two parties, the buyer (or owner) of the call and the (t" 6. /
seller (or writer) of the call. ’)

o — c>ocCb
The contract gives to the buyer the right, but not the obligation, to buy the underlying asset 1‘ ’T /i‘ 1‘

at some future time for a price agreed upon today, which is called strike Erice of the call.

If the buyer can exercise this option only at some given time ¢ = 7" > 0 (where t = 0
s option

corresponds to the time at which the contract is stipulated) then the call option is called

European, while if the option can be exercised at any time in the interval (0,77, then the

~uUropes Al DE EXEICISEC ahy tme In the wmtervar {4, 2

option is called American.
— rte———————

The time T" > 0 is called maturity time, or expiration date of the call. K

The seller of the call is obliged to sell the asset to the buyer (at the strike price) if the latter
decides to exercise the option.

If the option to buy in the definition of a call is replaced by the option to sell, then the
option is called a put option.

In exchange for the option, the buyer must pay a premium to the seller.

Suppose that the option is a European option with strike price K, maturity time 7" and

premiunf i [b on a stock with price S7t) at time . In which case is it then convenient for the
e

4
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buyer to exercise the call? Let us define the payoff of a European call as

Y = LTR\RC

—

e V= (8(1) = K)y = max(0.5(T) = K) - (call); T = asvary

similarly for a European put we set

Y =(K-ST); (put).

Bt Note that Y is a random variable, because it depends on the random variable S(T').

’\“V( Clearly, if Y > 0 it is more convenient for the buyer to exercise the option rather than
buving/selling the asset on the market.
—_—
A call (resp. put) is said to be in the money at time ¢ if S(#) > K (resp. S(t) < K).

The call (resp. put) is said to be out of the money if 5(t) < K (resp. S(t) > K.

If S(t) = K, the (call or put) option is said to be at the money at time .

European derivatives

European call and put options are examples of more general contracts called European
derivatives.

Given a function g : (0,o0¢) — R, a standard European derivative with pay-off Y =
g(S(T)) and maturity time 7" > 0 is a contract that pays to its owner the amount Y at time

T>0.  g.e, \(@—K)* FoB hoxle  wENCE (D)= (- \63*

Here S(T') is the price of the underlying asset (which we take to be a stock) at time 7',

The function g is called pay-off function of the derivative, while Y (t) = g(S(t)) is called
intrinsic value of the derivative.

The term “European” refers to the fact that the contract cannot be exercised before time
T, while the term “standard” refers to the fact that the pay-off depends only on the price

of the underlying at time 7.

The pay-off of non-standard (or exotic) European derivatives depends on the path of the
asset price during the interval [0, T]. For example, the pay-off of an Asian call is given by
_—— 5

y - (& /'Tsu)}z} ~ K)..
— ®'U TN ® STRAWE L, B
M 0Ty — THE Asun
p® TIE IS\ <Al ’ CAce
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The price at time ¢ of a European derivative (Wlot) with pay-off ¥ and expiration
date T will be denoted b}_\-' II

y (1) ,__
b\__,g Hence {Ty () Yepo,r) Bs a ‘»tuthz?ti@ TT \/ ( \ ) = Y \y
D

I" A standard American derivative with pay-off function g is a contract which can be
exercised at any time_t € (0, 7] prior or equal to its maturity and that, upon exercise, pays

/ the amount g(S(t)) (i.e., the intrinsic value) to the holder of the derivative. % ()(\ = ()r" va A
coe Ao

L —

( Non-standard American derivatives are defined similarly as the European ones but with the
further option of earlier exercise. In this course we are mostly concerned with European MNE& I
derivatives, but in the laset we also discuss briefly some properties of American call/put <Ll

\_ options.

Zero-coupon bonds

//5 A zero-coupon bond (ZCB) with w]“ and fw 1 is the European derivative
that pays the constant pay-off ¥ =1 at time T % {:
that pes | T)=4

Let B(t, 7}), or simply B(t), denote the value at time ¢ of the ZCB. t‘ 2

—_— —

The continuously compounded, or short, interest rate of the ZCB is defined as
ey 200 ALErest 1

7 )= %log B(t),

hence, integrating in the interval [t, T]. we can write the value of the ZCB as

= /
Thus, given a model for the interest rate, i.e., given a stochastic proccss\{-r( )}y € COlFw ()],

the value of the ZCB satislies

e
i

\

If the institution issuing the ZCB bears no risk of default, the ZCB is called a risk-free
asset.
In this course it is assumed that all risk-free assets have the same interest rate L@’ which
is called risk-free rate.

N ———
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The discount process

Let {r(t)}i=0 be a stochastic process modeling the risk-free rate. Denote by B(f) the value
at time ¢ of a risk-free asset (e.g., a risk-free ZCB). The stochastic process { D(t) }!>.3
by -

\\’D(‘P%/D(q-_)

If 7 <t and X(t) denotes the price of an asset at time ¢, the quantity D(t)X(t)/D(r). i
called the t-price of the asset discounted at time 7.

is called the discount process. 7‘

When 7 = 0 we refer to D(t)X(t)/D(0) = D(t)X(t) = X“ t smm\aa the discounted . SN

price of the asset. ( ; g"ﬁj C)(?( S +ﬂ'(55 JS) @

For instance, the discounted (at time ¢ = 0) price of a stock with price S() at time f is given
by S*(t) = D(t)S(t) and has the following meaning:

S*(t) is the amount that should be invested on the money market at time ¢ = 0 in order
that the value of this investment at time ¢ replicates the value of the stock at time f. Notice
that S*(t) < S(t) when r(t) = 0.

The discounted price of the stock measures, roughly speaking, the loss in the stock \-'alueﬁé/
due to the “time-devaluation” of money expressed by the ratio B(0)/B(t).
————

Portfolio

The portfolio of an investor is the set of all assets in which the investor is trading. Mathe-
matically it is described by a collection of N stochastic processes

- {hi(t) }es0: {ha(t) }es0. - {hn(t) 1m0 € COlFw (1)),

where . (t) represents the number of shares of the asset k at time t in the investor portfolio.

If hy.(t) is positive, resp. negative, the investor has a long, resp. short, position on the asset
. — —_— —— —
k at time 7.
-\

It ll;b{ ) denotes the value of the asset & at time ¢, then {LL( “}}3} is a stochastic process;
the portfolio value is the stochastic process ﬁ)}tzﬂ given by

7

= 2 —c Y
SEE BASIC CANANGIAL W NCERS
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V(t) = 3 b (0).
k=1

i For modeling purposes, it is convenient to assume that an investor_can trade any fraction of

shares of the assets, i.e., hy(t) : @ — R, rather than h,(t) : Q@ — Z
Lw" — ?\

Markets

assets is said to be “N + M dimensional”.
e —~m——

In Most of this course we shall focus on the case of 15+1 dimensional markets in which

[ A market in which the objects of trading are N risky assets (e.g., stocks) and M risk-free
z the risky asset is, typically, a stock.

We assume that the price of the stock follows the generalized geometric Brownian motion
dS(t) = u(t)S(t)dt + o (t)S(H)dW (t), r (5)

while the value of the risk-free asset is given by
dB(t) <B(t)r(t)dt, = (6)

where {r(f)};=o is the risk-free rate of the money market.

Moreover we assume that the market parameters {yu(f)}iso, {o(t)} =0, {r(t)}i>0 have

continuous paths a.s. and are adapted to the filtration {Fy (f)}=0, i.e., they belong to

A portfolio process invested in this market is a stochastic process {Gs(t), h B(ﬂ}?ﬁﬂ e CUlFw(t)],
where hg(t) is the number of shares of the stock and hg(t) the number of shares of the risk-
free asset in the portfolio at time ¢.

The value of the portfolio is given by
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Self-financing portfolio

Consider a portfolio {hg(t},@@) b0 € CU[Fiw (t)] invested in a 1+1-dimensional market.
S— = - N ———— — —

We say that the portfolio is self-financing if purchasing more shares of one asset is possible
only by selling shares of the other asset for an equivalent value (and not by infusing new cash
into the portfolio), and, conversely, if any cash obtained by selling one asset is immediately
re-invested to buy shares of the other asset (and not withdrawn from the portfolio).

To translate this condition into a mathematical formula, assume that (hg, hg) is the investor
position on the stock and the risk-free asset during the “infinitesimal” time interval [t, t+6t).

\ \
Let V™ (t + 4t) be the value of this portfolio immediately before the time ¢ + 8¢ at which the K\A s |\" ‘,,7
position is changed, i.e., (\AS ‘\Ae ‘

I—

7 V) = i g1 = 3 h A
Li_t_\;dt) ul}:ﬂdthsS(u}i—h;}B(u) Eé‘(t+5t)+h_m§{t+5r),, ¥ L/ {_‘\%k

- A4
where we used the continuity in time of the assets price. N ['t\ — \Lu(i:it)
T bist

E At the time t + dt, the investor sells/buys shares of the assets. Let (h§, hY;) be the new
position on the stock and the risk-free asset.
e
Then the value of the portfolio at time ¢ + 4t is given by

> V(t+0t) = heS(t+ dt) + hiy B(t + 61).

The difference V'(f 4+ d¢) — V'~ (t + 6t), if not zero, corresponds to cash withdrawn or added
to the portfolio as a result of the change in the position on the assets. In a self-financing
portfolio, however, this difference must be zero. We obtain

V(461 —V (t+6t) = 0% (hs — he)S(t+6t) + (hg — hp) B(t + 61) = 0.
-

B

Hence, the change of the portfolio value in the interval [t,t + dt] is given by
——

8V = V(t+6t) — V(t) = WsS(t + 6t) + hiyB(t + 6t) — (hsS(t) + hpB(t)) = hsdS + hpdB, &
BV = V{48 = V() = P8t +50) + WaB(+ 61) = (hsS(1) + hpB(©) = hsS + hgdB.
N (s v
where 05 = S(t + dt) — S(t), and 0B = B(t + dt) — B(t) are the changes of the assets value
in the interval [t. + §t]. This discussion leads to the following definition.
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Vi) < V) x| V@) Ase) v g ) de )
= ° 5

Definition 1. A portfolio process {hs(t), hg(t)}i=0 € C°lFw(t)] invested in the 1 + 1-
dimensional market (5)-(6) is said to be self-financing if its value process {V (t) }1=o satisfies

=

[ av(t) = hs(t)dS(t) + hp(t)dB(t), &= (8)

The owner of a self-financing portfolio makes a profit in the time interval [0, 7] if V(T) >
V(0), while if V(T") < V(0) the investor incurs in a loss.

Exercise 4.10

Show that given a diffusion process {hg(t)}>0, it is always possible to find a diffusion process
{hp(t)}i=0 such that the portfolio process {hs(t), hp(t)}i=o is self-financing.

Arbitrage portfolio

We now introduce the important definition of arbitrage portfolio.

Definition 2. A self-financing portfolio process in the interval [U,@ is said to be an arbi-
trage portfolio if its value {V(t)}icio 1 satisfies the following properties:

= =°
No ANIUAL WEALTU RCV\EC tenl
poon €T
ST 1V

4 ( (i) V(0) =0 almost surely;

(ii) V(T) > 0 almost surely; NO CHANCE T (0P2C

o (i) PV(T) >0)>0. Som&  CHAncE =° s A

Hence a self-financing arbitrage portfolio is a risk-free investment in the interval [0, 7] which
requires no initial wealth and with a positive probability to give profit.

is clear that if two measures P and PP are equivalent, then the arbitrage property is satisfied
with respect to PP if and only if it is satisfied with respect to [P.

The guiding principle to devise theoretical models for asset prices in financial mathematics
is to ensure that one cannot set-up an arbitrage portfolio by investing on these assets, in

[We remark that the arbitrage property depends on the probability measure P. However, it
[ which case the market is said to be arbitrage-free.

10
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Hedging portfolio

Suppose that at time ¢ a European derivative with pay-off ¥ at the time of maturity T > ¢
is sold for the price I1y-(t).

An important problem in financial mathematics is to find a strategy for how the seller should
invest the premium 11y (t) of the derivative in order to hedge the derivative, i.e., in order to
ensure that the portfolio value of the seller at time T is enough to pay-off the buyer of the
derivative.

reminm of the derivative only on the 1+1 dimensional

We assume that the seller invests the p

Definition 3. Consider the E umpmw derivative with pay- (}ﬁ Y and f.imf‘ o mu,t'm'it'f,! T,
where we assume that@ . =0 €
COlFw(t)] invested in the underlying stock and the risk f!'{-’f asset is said to be—an hedg-
ing portfolio if its value of the portfolio satisfies V?(T\) _}/)

The main questions that we want to answer are:
1) What is a reasonable “fair” price for the European derivative at time ¢t € [0, 7] ?

2) What investment strategy (on the underlying stock and the risk-free asset) should the
seller undertake in order to hedge the derivative?

11
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Exercise 4.10

den 28 januari 2021 15:37

VE) ~ W®SE) ¢ W) Bt
M) 2@ dSE) 1 \pPABCE)

SELE -C\NKNCING
AI —~
0N THE othER \r‘o(°>’ B"’ e S PRoDL RO LG

AV = Qs+ A e D)D)
= (M) 5B+ WIS ¢ ALyl 35

(e ) B & g () dBE) + ANy ()

O
o = (it ~o pervsE dug ) = )AL + () Jw ()
AND ADE) = - 2 &) 3(%{#

So THT SELF -~ FINAR U NG P esPTRTY iM T LTS
(VD) SE) 4 WLDSE) & QU1 AST)

L IGEIBE « \DEBE) = L AT o M)

= A ) = _ et NE)sE) ¢ ML) A )
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