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Chapter 1

Discount bonds and interest rates. Libor and swap rates. Forward prices and
forward rates. Short rate and forward short rate. Positive interest conditions.
Interest rate derivative structures.

1.1 Discount bonds and interest rates

The formulae involved with interest rate modelling can get complicated. It is important
to use an unambiguous scheme of notation that can be carried across a range of different
models and at the same time is useful for calculations.

Time 0 denotes the present. Times a, b, ¢, etc., denote various future times, as do s, t,
u, and so on. Alphabetical order will often be used to suggest chronological order. Occa-
sionally, we use an upper case T' to draw attention to a particular date (e.g. a termination
date).

We use the notation P, to denote the value at time a of a discount bond maturing at
time b. At time b, the bond pays one unit of “currency”. We fix a currency throughout here.

In fact, for any class of financial assets we have a corresponding system of discount bonds.
Thus, for dollars, P,;, denotes the price at time a, in dollars, of a bond that pays one dollar
at the maturity b.

Equally, we can speak of a “sterling” discount bond, or even a “gold” discount bond. In the
latter case, P, could denote the price at time a, in ounces of gold, of a contract delivering
one ounce of gold at time b.

Occasionally, a comma will be inserted for clarity. Thus P, ;4 denotes the value of a discount
bond at time ¢ that matures at time x + ¢.

For any fixed value of ¢, the system of discount bond prices Py for T € [t,00) is called
the discount-function at that time. The present discount function is Fyr.



Associated with any discount bond P, there are various rates that can be quoted.

For example, the simple interest rate L, is defined by:

1

Py=———. 1.1
T 14 (b—a)Lle, (1.1)

The continuously compounded rate R, is defined by:
Py = et (12
The unit of time is one calendar year, and these rates are quoted in an “annualised” basis.

Inverting these relations we find that the simple rate is given by

1 1
Ly = — 1 1.3
b b—a(Pab ) ( )

The corresponding expression for the continuously compounded rate is

1
Rab:_b

—a

log P,. (1.4)

1.2 Libor and Swap rates

The Libor rate for a given period is usually quoted on a simple annualised basis, so some-
times we call L,; the Libor rate associated with P,p.

Note that although rates can be quoted in various ways, the discount bond price is unique (it
is a price!). That is a good reason for focusing on discount bonds. These are the fundamental
“assets” of interest rate theory, and it is their behaviour we are trying to model.

Another very important type of rate frequently quoted in the over-the-counter interest rate
markets is the swap rate.

There are various types of swap rates, and various conventions dealing with day counts,
and so on. It is best therefore to give a mathematically concise definition that can be
adapted easily to various situations.

The swap rates defined in this way are “pure” in the sense that they are based on the
basic discount function, and do not take into account credit, liquidity, and other market
factors that may affect “real” swap rates.



Let 0 denote the present, ¢t some date in the future, and 71,75, ...,T, a series of future
dates beyond t.

For each such series (T4, T, ..., T,) there is a unique swap rate s;.
This rate is determined by the condition that if the rate of interest s; is paid on a unit
principal on each of the dates T3, 75, ..., T, and if the unit principal is paid at time T,,, then

the present value at time t of this cash flow is unity.

More specifically, we have the condition

s$e(Pey + Pery + -+ + Prr,)) + P, = 1. (1.5)

Solving for s; we have

B 1— P,
P, + P, + -+ -+ B,

(1.6)

St

The sum
Viry.m, = Z By, (1.7)
i=1

is sometimes called the ‘basis point value’ (bpv) at time t associated with the date system
T, Ty, ..., T),.

We note that because s; can always be expressed as a combination of various discount
bond values, it makes sense to speak of derivative payoffs based on s;.

A derivative whose payoff depends on s; can thus be viewed as a kind of exotic option
based on the discount bonds.

There are elements of convention involved in how real swap rates are quoted. For exam-
ple, if s; is paid semi-annually (i.e. T}, T3, etc., are spaced at half-yearly intervals), then 2s;
is the quoted swap rate. This is an artifact of market convention and need not concern us
here, but of course it should be born in mind.



1.3 Forward prices and forward rates

The forward price of a discount bond will be denoted by Piyp.

This is the price contracted at time ¢ for purchase of a discount bond at time a that matures
at time b.

A standard arbitrage argument shows that

Py = (18>

P
The argument runs as follows.

Suppose at time ¢ a ‘careless’ market maker is willing to sell me a b-maturity bond on a
forward basis at time a for a price Qs that is less than P,g,.

I would then purchase Q4p/ Py, a-maturity bonds at time ¢, and simultaneously short Qap/ P
b-maturity bonds.

At the same time I purchase 1/P,, b-maturity bonds on a forward basis from the dealer.

At time a, the a-maturity bonds mature, leaving me with @/ P, in cash, which I uses
to purchase 1/P;, b-maturity bonds (taking advantage of the forward agreement).

Then at time b, the long investment pays off 1/P,,, whereas I owe Q/Py on the ma-
turing short position.

Since 1/ Py, > Qan/ P, I have made a risk free profit.

A similar argument allows me to arbitrage the dealer if a forward price greater than P, is
made.

Thus we see that P, = Py /Py, is the correct forward price for a discount bond.

The associated forward rates are given by

1

Py =
tab 1 + (b — a)Ltab

(1.9)

and

Py = e bR, (1.10)



Here Ly, and Ry, are the forward rates, quoted at time ¢, for the period [a,b], on a simple
and on a continuously compounded basis, respectively.

We call Ly, the forward Libor rate made at time ¢ for the period [a, b].
It also makes sense to speak of a forward swap rate.

This is the swap rate s;, contracted at time t for a swap entered into at time a with the
payment dates by, bs, ..., b,. Then we have

. 1_Ptabn
Ptab1 +Ptab2+"'+Ptabn.

(1.11)

Sta

Clearly we have sy = s;.

1.4 Short rates and forward short rates.

The rate r, = lim,_,; Ly is called the short rate.

This is the rate of interest, at time a, on a very short period loan (e.g., “overnight”),
expressed on an annualised basis.

If we assume, as seems reasonable, that P,, is differentiable in the maturity date, then
a short computation shows that

0P,
. = — : 1.12
g b |, (1.12)
Over the short term, “compounding” is irrelevant, and thus
lin% Loy = lin}) Rap. (1.13)

The forward short rate f;, is the rate of interest contracted at time ¢ for a very short period
loan at some later time a.

For example, I might agree today to loan you $1,000,000 for one day, one year from now, at
a rate of interest of 6% annualised. Then we would have fo; = 0.06 (a =0, b=1).

The forward short rate is also called the “instantaneous forward rate” (for example, in
Heath, Jarrow & Morton 1992).
We note that the forward short rate is by definition given by the limit

Jta = im Lyp,. (1.14)

b—a
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Thus we have

_8Ptab __alnPta
ob |._, da

fta:

(1.15)

The latter relation is often effectively adopted as a definition for f;, in the literature, but it
is important to see that it is not really a definition: it derives from an underlying economic
relation.

The significance of the relation

alnpm

fa=——5_ (1.16)

P = exp (— /T fru du> ) (1.17)

Thus, at any fixed time ¢, knowledge of the discount function P, at that time, for maturity
T, is equivalent to knowledge of the system of forward short rates f;, determined (i.e. con-
tractable) at that time over the interval u € [0, T.

is that it is invertible:

Note, incidentally, that (1.17) incorporates the maturity condition Prp = 1.

1.5 Positive interest conditions

For many applications we want to build in an interest rate positivity condition.

This is not automatic in the HJM framework, but later when we examine the Flesaker-
Hughston framework and its extensions we will see how this feature can be incorporated.

For positive interest we require the following two conditions valid for all 0 < a < b < oc:

0< Py <1, (1.18)
aPab
. 1.1
T 0 (1.19)

There are various ways of ensuring these conditions are satisfied. For many models they are
not. Whether or not this is a material issue depends on the circumstances.

From a fundamental point of view, however, we require nominal interest rates to be strictly
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positive. This is because if someone offers to loan you money at a negative rate of interest,
then you can immediately take advantage of them and effect an arbitrage.

The positive interest conditions are sufficient to ensure that all the commonly encountered
rates are positive: Libor rates, swap rates, forward Libor and swap rates, short rate, and
forward short rate.

1.6 Interest rate derivative structures

Let us now turn to the consideration of interest-rate related contingent claims.
First, we need to ask what is meant by an “interest rate derivative”.

One general mathematical way of defining a European-style interest rate derivative is to
say that the payout at time 7" is any random variable Hy that is Fpr-measurable, where (F;)
is the natural filtration of the multi-dimensional Brownian motion driving the discount-bond
system.

In practice, the payout of an interest rate derivative is specified in terms of one or more
well-defined rates associated with the given contract period.

Equivalently, we let Hr be specified as a function of the values of one or more discount
bonds during the interval [0, 7']. The maturities of these discount bonds may or may not lie
in that interval.

For example, the payout
(a) Hp =max(Pr, — K,0) (1.20)
defines a call option on a discount bond (b > T).
The payout
(b) Hr = X max (Lp, — R,0) (1.21)

defines a simple caplet on the Libor rate Ly, where R is the cap rate, and X is the notional
paid per interest rate point (e.g., $1,000,000 per interest rate point above R).

Normally, a caplet is paid “in arrears”, meaning the rate is set at some earlier time a,
and paid at T', so in that case, the payout is

(C) HT = X max (LaT — R, O) 5 (122)
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for the rate L,r set earlier at time a.
However, since L,7 is known at time a, we can regard the normal caplet as a derivative
that pays the discounted value H, = P, Hr at the earlier time a, where Hy is the payout

defined in (c).

By definition, we have

(1.23)

It follows, as we noted earlier, that

1 1
Lo = —1). 1.24
r T—a<aT ) (1.24)

Therefore, the effective payout H, at time a is given by the following calculation:

Ha = PaTHT
= X.PaT max (LaT — R, 0)

1 1
= —1 —
X P, max (T—a( » > R,O)

1
= X max <T— (1= P,r) — RP,r, O>

X
= 7 max (1 =Py — (T —a)RP,7,0)

X 1
— T_a[l—i-R(T—a)]maX (m _PaT,O)

= Nmax (K — P,r,0). (1.25)
Here the strike K is given by
1

K=—#6/#— 1.26
14+ R(T —a) (1.26)
and the notional N is
N:X[l—i—R(T—a)]. (1.27)
T—a

Thus we see that a position in standard caplet is equivalent to a position in N puts on the
discount bond, where the strike price K on the put is the value of a discount bond with
simple yield R.



There are many subtle ways of transforming one type of interest rate derivative structure
into another with the same effective payoff.

This is important both in the marketing and the risk management of such products.

As another example, suppose we consider the case of a swaption, the option to enter into a
swap at time ¢ for the dates (71,T5,---,T),) at a fixed “strike” swap-rate R.

Assuming that the option is to pay the fixed rate R, then the payoff H; at time ¢ is
H; = Vi, 1, Max(s; — R, 0). (1.28)
Here Viry 1, = > iy Per; is the bpv at time ¢ for the coupon dates (T3, Ty, -+, T},).

Clearly, the option is exercised iff the “actual” swap rate s; observed at time t is greater

than R.

Thus an alternative way of writing the swaption payout H; is:

n +
Hy=|1—=Pg, —RY Pm,| . (1.29)

i=1

It should be evident that an alternative interpretation of a swaption is to regard it as an
option at time ¢ to acquire (A) a portfolio consisting of a unit of cash and a short position
in a T,-maturity bond, in exchange for (B) a portfolio consisting of R units each of the
T;-maturity bonds for ¢ =1,2,...,n.

This is the economic interpretation of a swaption in terms of the exchange of actual as-
sets.

The swaption considered above is an option to pay the fixed leg of a swap, and is thus

called a payer swaption. There is an analogous structure which is an option to receive the
fixed leg of a swap, called a receiver swaption.
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Chapter 2

Dynamical equations for a non-dividend-paying asset. Money market account
and risk premium process. Martingales, supermartingales and submartin-
gales. Martingale relations for a single asset. Transformation to the risk
neutral measure. No-arbitrage relation for derivatives. Derivative pricing.
Girsanov transformation.

2.1 Dynamical equations for a non-dividend-paying as-
set

For a single asset with limited liability and price process S;, the stochastic equation for the
dynamics of S; is:

d
% = dt—i—O't th (21)
t

This equation is defined on a probability space II = (2, F, P) with filtration (F;), with
respect to which W; is a standard Brownian motion.

We assume that u; (drift) and o, (volatility) are adapted to the filtration (F3).

Initially, we consider the simple situation where (F;) is generated by W;. Later, when
other basic assets are brought into play, we let the filtration (F;) be larger.

We can think of IT as representing the economy, and (F;) as representing the market in-
formation flow up to time t.

For many purposes we can, without serious loss of generality, assume that u, and o, are
bounded.

This will be a sufficient technical condition to ensure that the relevant stochastic integrals
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exist, and the relevant martingale condition is satisfied when this is needed. In practice this
condition can often be relaxed in various ways.

If 1 and o are constant the solution of S; is:
Sy = Soexp (ut + oW, — 25°t) . (2.2)

This is called the geometric Brownian motion model for S;.
The geometric Brownian motion model was introduced by Paul Samuelson, and was used
by Fisher Black and Myron Scholes as an assumption in the derivation of their celebrated

option pricing formula.

More generally, for path dependent u; and oy, which for simplicity we may here assume
to be adapted and bounded, we have the following solution for the asset price in terms of 1

and oy:
t t t
St:SoeXp(/ usd5+/adeS—%/o§ds>. (2.3)
0 0 0

We regard p; and o, as being specified exogenously.

We can use Ito’s lemma to verify that the stochastic equation is satisfied. First, we note
that

ds, 1(dS,)?

dl =— —= 2.4
Og St St 2 St2 ( )
Thus squaring each side we have:
dS;)?
(dlog S;)* = ( ;> : (2.5)
S
So putting these two equations together we get:
ds
Et = dlog S; + 1 (dlog S,)? (2.6)
But taking the logarithm of (2.3) we have:
t t t
log S; = log S +/ fbs ds + / o dW, — %/ o2 ds. (2.7)
0 0 0
So by taking the stochastic differential we obtain
legSt = U dt+0t th — %O'tz dt. (28)

12



Thus by squaring and only keeping the (dW;)? = dt term we also have:

(dlog S;)* = o2 dt. (2.9)
It follows immediately that
ds,
?t = Ut dt—i—O't th (210)
t

2.2 Money market account and risk premium process

To proceed further, we introduce a ‘risk-free’ asset, the money-market account, with price
process By, satisfying

dB
Et = r,dt, (2.11)

Here r; is the short-term interest rate, which we also assume to be adapted to the market

filtration (F).

The solution for the money market account process B, is

¢
B, = Byexp (/ Ts ds> . (2.12)
0

Now we introduce the market risk premium process Ay, defined for a non-dividend paying
asset by

e = T + )\tat- (213)

The process \; measures, instantaneously, the extra rate of return offered by the asset, above
the risk-free rate r;, per unit of volatility o;.

Note that in the case of a non-dividend paying asset, and in the absence of risk, the rate of
return would be r;.

In the case of a dividend paying asset, the process for y; is given by
,ut =Tt — 5t + )\tgt7 (214)

where ¢, is the dividend rate.
In the case of a single asset the drift condition (2.13) merely defines ;.

In the case of multiple assets the relation gets generalised and is equivalent to the condition
of no arbitrage.
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2.3 Martingales, supermartingales and submartingales

Now we derive an important relation that ties together the values of an asset at two different
times.

One of the central concepts in the modern theory of finance is the idea of a martingale.

The point of the martingale concept is that it gives a mathematical embodiment to the
notion of a fair game of chance.

It also helps to clarify in mathematical terms what we mean by a forecast.

In what follows we also need to know about the related concepts of supermartingale, and
submartingale.

The concept of supermartingale, in particular, plays a special role in interest rate theory.

A stochastic process M is an (F;)-martingale if

(a) E[|M]] < oo, forallt>0, (2.15)
(b) My=EI[M|F, foralls<t. (2.16)

Part (b) of this definition expresses the idea that the expected value of the process at time
t, given information up to time s, is equal to the value of the process at time s.

When there is no ambiguity we sometimes write E;[X| = E[X|F;] for conditional expec-
tation with respect to the sigma-algebra F;.

We can modify the definition above to account for martingales defined only for ¢ € [0, 7],
where 7% > 0 is a fixed time horizon.

A standard Brownian motion W; is a martingale. So are, for example, the processes given
by

1
M,; = E(Wt2 — 1), (2.17)
1
M,; = E(Wf’ — 3tW;) (2.18)
1
M, = ﬂ(Wf — 6tW? + 3t%). (2.19)
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Another example is given by
M, = exp (cW; — 35°t), (2.20)

where o is a constant.

To see that the process %(Wf — t) is a martingale, we observe that

ES[Wt2 - t] = ES[(WS + (Wt - WS))2 - t]
E (W7 + B (W, — W,)?] — t
= WZ—s. (2.21)

More generally, let us define the polynomial H"(z,y) by the generating function

o0

exp (o — &%) = Y §"H"(x,y). (2.22)

n=0

Then for each value of n, the process H"(W, t) is a martingale, and the polynomial examples
mentioned above arise as the first few values of n.

The polynomials H"(z,y) are given by

H™(z,y) = (20)"* ha(2//29), (2.23)

where h,(u) are the standard Hermite polynomials.
Martingales also arise as certain classes of stochastic integrals.

For example, if o; is F;-adapted and bounded, then
My = My + /t osdWy (2.24)
0
is a martingale.
So is:

¢ ¢
M, = Myexp (/ o dW, — %/ 0?ds> ) (2.25)
0 0

A process X; is an (F;)-supermartingale if

(c) E[|X] <oo, forallt>0, (2.26)
(d) X;>E[X;|Fs], foralls<t. (2.27)
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Similarly, a process X; is an (F;)-submartingale if

(e) E[|X] <oo, forallt>0, (2.28)
(f) X <E[X;|F, foralls<t. (2.29

A process is a martingale iff it is both a supermartingale and a submartingale. If X, is a
supermartingale, then —X; is a submartingale.

Another important way of generating martingales is by taking conditional expectations.
Thus if Z is a random variable such that E[|Z]|] < oo, then

M, = E,|Z] (2.30)

defines a martingale by virtue of the “tower property” of conditional expectation E,E;, = E,
for s < t.

2.4 Martingale relations for a single asset

Returning to the case of a single asset, let us introduce the relationship pu; = r; + Aoy into
the formula for S;. We then have

as
?t =T dt + o0y (th + >\t dt) . (231)
t

Equivalently, S; is given by

t t t
S; = Spexp (/ T ds) exp (/ os (AW + Asds) — %/ o2 ds) ) (2.32)
0 0 0

It follows that

t t
& = Sy exp (/ os (AW + Asds) — %/ o? ds) . (2.33)
Bt 0 0

Now suppose that we define the process A; by

t t
Ay = exp (—/ A AW, — %/ 22 ds). (2.34)
0 0

We call A; the risk adjustment density or risk premium density martingale. It follows from
[t6’s lemma that

dAt - _At/\t th (235)
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Equivalently, by integration of this relation, incorporating the initial condition, we have:
t
A=1- / A g dW. (2.36)
0
Thus, assuming J\; is bounded, we have the martingale relation
Ay =E,A;, forall s <t, where E,A :=FE[A; | Fy. (2.37)

Now we show the following important result:

A Sy
B,

is a martingale. (2.38)

Indeed, a simple computation shows by completing the squares that:

AtSt t 1 ! 2
= exp (0s = As)dWs — 5 | (05— A)7ds |, (2.39)
Bt 0 0

and the desired property follows since oy is bounded. The martingale property for A.S;/B;
can be written

S Sy
ANg— =E; |A\j— ) 2.4
sBS s|:tBt:|7 s<t ( O)

This is the formula that links past and future values of S;, and thus can be thought of as a
forecasting relation.

2.5 Transformation to the risk neutral measure

For any random variable X; measurable with respect to the sigma-algebra F;, we define a
new probability measure P* with expectation

E} [Xi] = ]E[jtitxt] (2.41)

This formula explains why we call A; a “density”.

The new probability measure (i.e. new rule for taking expectations) obtained in this way is
called the risk-neutral measure.

This terminology is reserved for the measure obtained by use of the density A; associated
with the risk premium process A;.
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Under the risk-neutral measure, we have

SS by St
— = . A4
B E; [BJ , s<t (2.42)

That is, the discounted asset price is a martingale (where the discounting is taken with re-
spect to the money market account).

Another way of putting this is that in the risk neutral measure the value of the asset is
a martingale when expressed in units of By, i.e., when we use B; as a numeraire.

As we shall see, there are other measures associated with other choices of numeraire.

2.6 No-arbitrage relation for derivatives

Suppose that there is a derivative associated with S; and its price process is H;.

We assume that H; is adapted to the filtration (F;) like S;, and in particular that H; is
fully characterised by an Fr-measurable terminal value Hrp, i.e. its payoff.

This means intuitively that Hp can depend in a very general way on the behaviour of
W, (and hence S;) over the interval [0, 7.

Of course, Hy might be relatively simple, like a call option Hr = max (Sr — K,0) or a
short position in a forward contract Hr = K — Srp.

But it might be path-dependent, like a knock-out option, or an Asian option, or an American
option (exercisable at some random time 7 < T, with the proceeds future valued and paid
at time 7).

For the price dynamics of H; let us write

dH
Ft = pf dt + o dw. (2.43)
t

Then a well-known hedging argument can be used to establish that

,U’f;'rt:,ut_rt. (2.44)

The hedging argument is as follows. Suppose we have a long position in the derivative, and
we wish to hedge that position with a short position in the underlying asset.

18



We form at time ¢ the portfolio with value H; — A;S; where A; is the number of asset
units shorted.

We examine the dynamics of the portfolio over the next small interval of time. The change
in the value of the portfolio is given by dH; — A; dS;.
Then if

HtO'fI
At = )
Sty

(2.45)

the “risks” (i.e. the coefficients of dWW;) cancel, and the portfolio offers an instantaneously
definite rate of return given by

Ht/%{{ — NSy

24
Ht — AtSt ( 6>

We equate this “hedged” rate of return to r; and insert the correct hedge ratio A;. Then
the desired no-arbitrage relation

H _ _
Be Tt _ B~ Tt (2.47)

O'{I O¢

immediately pops out.

This relation is general, and is applicable in a fully path-dependent context.

2.7 Derivative pricing

We have assumed that (a) both the derivative and the asset price are adapted to the same
Brownian motion filtration, (b) there are no dividends, (c) there are no transaction costs,
(d) there are no constraints (e.g. limits) on the hedge position, and (e) the hedge portfolio
can be adjusted continuously.

Note that if we further assume H; = H(S;,t) for some function H(S,t) of two variables,
then the relation above becomes a PDE (the Black-Scholes equation) if y, oy, r; and \; are

all likewise expressible as such functions.

This leads us down the “classical” path of derivative pricing, which can be highly effec-
tive when the assumptions indicated apply.

Generally, these assumptions break down if either (a) the derivative is path dependent or
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(b) the asset price dynamics are path dependent.

The implication of the no-arbitrage condition (i.e. the general hedging argument) is that the
derivative price and the underlying asset both have the same risk premium ;.

As a consequence, defining A; as before, it follows that AyH,;/B; is a martingale:

ANH, (A H,
_E, . 2.48
o —E, | (2.48)
Equivalently, we have
H [ H,
U 2.49
Bs S _Bt] ) ( )
where E* denotes expectation in the risk neutral measure. In particular, we have
ArH
H, :IE[ 4 T} (2.50)
Br
Equivalently:
Hry
Hy=FE* | —|. 2.51
=B | 5] 2.51)

This is the risk-neutral valuation formula which says in words that the present value of a
derivative is equal to the risk-neutral expectation of its terminal payoff.

For example, if pu, r and o are constant, and if Hp is a simple call option payoff on Sr,
then this reduces to the Black-Scholes formula:

In (Soe’"/K) + 30°T
oVT

In (Soe’” /K) — 30°T

Hy=5yN
0 0 T

(2.52)

— e TKN [

where

N(z) = \/%/_x e 3 e (2.53)

is the standard normal distribution function.

2.8 Girsanov transformation®

These results can be tied together nicely by the use of the Girsanov transformation.

20



We note that in the case of both the asset and the derivative, as a consequence of the
no-arbitrage condition, the term dW; + \; dt is common to the dynamics:

dsS,
t

dH,

Ft = rpdt + o (dW, + N\ dt) (2.55)
t

Now we define a new process W;* according to the formula

t
W) =W, +/ A ds. (2.56)
0

It follows that dW} = dW; + X, dt.
The essence of the theorem of Girsanov is that if W, is a Brownian motion with respect

to P, then W} is a Brownian motion with respect to P*. Then we say that W is a P*-
Brownian motion. The dynamics of S; and H; can be written

d?st = rydt + o, dW), (2.57)

t

dH,

Ft = rydt + oHdW). (2.58)
t

In the risk neutral measure, W} is a Brownian motion.

Thus we see that, as a consequence of the Girsanov transformation, the risk premium effec-
tively drops out of the dynamics for both the underlying asset as well as the derivative.

With respect to the risk neutral measure both S; and H; have a rate of return given by
ry, the rate of return offered on the locally risk-free money-market asset B;.

A more precise account of Girsanov’s theorem is as follows.

Let (Q, F, P) be a probability space equipped with a filtration (F;). Suppose that W, is
a n-dimensional (F;)-Brownian motion defined on this probability space.

Let A¢ be a n-dimensional, (F;)-measurable process satisfying

P (/Ot As|?ds < oo) = 1. (2.59)
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Under these assumptions, the process A; given by

1 t t
Ay = exp (—5/ |)\s]2ds—/ )\s-dWS) (2.60)
0 0

is well defined for all . We can verify that
t
A=1- / AAg - dW, (2.61)
0

A sufficient condition for A; to be a martingale is the Novikov condition:

E [exp G /Ot |)\S|2ds)] < o0, (2.62)

in which case ]E[AT] = 1. This condition is satisfied, in particular, if \; is bounded.

If A; is a martingale, then, given any fixed time T" > 0, we can define a probability measure
Qr on (2, Fr) by

Qr(A) =E[Arls], forall A € Fr. (2.63)

The Girsanov theorem states that, given any fixed time 7" > 0, the process W;* defined by
t

W;:W#/ Aods, te[0,T) (2.64)
0

is a n-dimensional Brownian motion on (Q, Fr, Qr).

We can, for example, verify that ¥ is normally distributed with respect to the measure Q7
by use of the method of characteristic functions.

Given any ¢ € [0, 7], we calculate the characteristic function of the random variable W,
EQT [eith*} — ]EP [ATGiZWt*}
— EP [Ateith*]

r t t t

= E” |exp (—/ )\des—%/ )\ids—l—ith—i-iz/ )\sd(s)}
i 0 0 0
r t t

=E” |exp <—/ (As —iz)dW, — %/ (s —i2)*ds — %z%)}
i 0 0

=E” _exp <— /Ot(xs —iz) dW, — %/Ot(As —iz)? ds)] exp (—32°)
= exp-(—%z%) : (2.65)

This shows that the random variable W;" is normally distributed, with mean 0 and variance t.

An elaboration of this argument leads to the result that W} is a Q)7-Brownian motion.
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Chapter 3

Dynamical equations for multiple assets. Market completeness. Valuation
of derivatives in complete multi-asset market. Hedgeable and unhedgeable
claims in incomplete markets.

3.1 Dynamical equations for multiple assets

We model the economy by a probability space (€2, F, P) equipped with standard augmented
filtration {F;} generated by a standard n-dimensional Brownian motion W « = 1,2,--- | n,
over the time interval 0 <t < T™, for some terminal date 7%. For some applications we may
wish to take T™ = oc.

According to the Ito calculus, we have th‘)‘de = §*Cdt, where 6 is the identity ma-
trix. Note that the different components of W are taken to be uncorrelated.

Let us assume we have a system of m non-dividend-paying risky assets with price processes

n

ds;

i pidt + ;Ut AL (3.1)
Here, S} (i = 1,2,--- ,n) represents the price process for asset number i.

The drift process pi and the volatility process oi® are assumed to be bounded and pro-
gressively measurable with respect to the filtration {F;}.

Intuitively speaking, the latter condition means that these processes depend on the path
of the Brownian motion from 0 up to time ¢, but otherwise, there is no source of ‘extraneous’

randomness.

This is essentially a causality condition.
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For the moment, we shall not fix the relation between the number of assets m and the
number of Brownian motions n.

In the case of a complete market, we normally require that m should be greater than or
equal to n.

In other words, for a complete market, there should be at least as many genuinely ‘in-
dependent’ assets as there are ‘sources of randomness’.

Otherwise, there may be more sources of randomness than there are independent means
of hedging away this randomness! That would mean an ‘incomplete’ market.

At time t, the relative magnitude of the price fluctuation of asset ¢ due to Brownian motion
number « is given by ¢i®, which we call the volatility matriz.

The exogenous specification of u! and o{® determines the asset price processes S¢, once
initial prices have been given, according to the formula

t t
si=spow ([ (- bo@yass ot ). 32)
0 0

Here we use the compact notation

oldW, =Y ol dW? (3.3)

a=1

and

o = Zaio‘azo‘. (3.4)

For each fixed value of i, we think of ¢ as a vector volatility process with n components,
one for each of the n independent Brownian motion.

3.2 Market completeness

For some considerations we impose a condition of market completeness. For market com-
pleteness we require first that the m x n rectangular matrix o' should be of rank n.

The interpretation of this condition is that any fluctuation in the Brownian motion is neces-
sarily realised by at least one of the assets in the form of a corresponding price fluctuation.
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More precisely, oi® is of maximal rank n at time ¢ if, for any nonzero vector n® = (n',n%,--- ,n")
we have

> 0o # 0. (3.5)
a=1

If this holds for all n* # 0, then any fluctuation dW;* in the Brownian motion results
in a nontrivial asset price fluctuation dS;.

This is evident from the basic dynamical equations.

Additionally, we will sometimes require to impose a condition on the volatility structure,
sufficient to keep it from getting to ‘close’ to degeneracy.

This can be imposed by requiring that the symmetric matrix
m .
pt?=> o0’ (3.6)
i=1

satisfies the condition that there exists a number e such that
pfﬁ > 0P, (3.7)

In other words

Z (p?‘ﬁ — 650‘/6> n°n” >0 (3.8)

a?/a

for any nonvanishing vector 7% This ensures that the eigenvalues of p;' f are bounded from
below by e.

3.3 Absence of arbitrage in a multi-asset context

Now let us consider the principle of no arbitrage.

This principle implies in the case of an asset that pays no dividend that the drift is of
the form

=1+ Y Aol (3.9)
a=1
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for some progressively measurable vector process \;, independent of the value of 7.

This is the market risk premium vector, which has the interpretation of being the extra
rate of return, above the interest rate, per unit of volatility in the factor a.

Hence, the no-arbitrage condition tells us that the given family of assets shares a com-
mon risk premium process Af.

Once we deduce the existence of a market risk premium process, we obtain the following
stochastic equation for the asset dynamics:

ds: "o
S; =rdt+ Y o (dW + Adt). (3.10)
t a=1

We note the important fact that, in a complete market, the risk premium vector is uniquely
determined by the given stochastic system.

This follows from the observation that, if (3.9) were satisfied for any other choice of risk
premium vector, say, Ay + 7y, then the market completeness would imply 7" = 0.

In an incomplete market we can then ask whether it is appropriate to regard A as be-
ing exogenously specified.

3.4 Valuation of derivatives in complete multi-asset
markets

Consider now the valuation of derivatives in a complete market.

Many aspects of the present analysis have analogues in the case of a single asset, but there
are some new twists as well that carry over to interest rate theory.

First, we need to introduce the unit initialised money market account process:

B, = exp (/Ot rsds> (3.11)

In a complete market with risk premium vector \;, the asset price processes are

t t t
S = Sl exp (/ rsds —i—/ ol (dW, + \yds) — %/ (O’;)st) : (3.12)
0 0 0
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As a consequence, we see that the ratios of S} to B; (discounted asset prices) are given by

i t ¢
St St exp </ ol (dW, + \yds) — %/ (02)2(15) : (3.13)
By 0 0

The combination dW; + \;dt appearing here suggests that, with a change of measure, the
discounted asset prices will be martingales.

To see this, we form the density martingale

t t
A; = exp (—/ AsdWy — %/ A?ds). (3.14)
0 0

A short calculation shows that the ratio

ASE o o
L= S{exp (—/ (0l — Xg)dW,s — %/ (o) — )\S)st) (3.15)
By 0 0

is a martingale:

ASETASE
n _Es[ 5 } (3.16)

This relation has to hold among all the given assets subject to a no arbitrage condition.

We may therefore consider the situation where one or more of these assets is a deriwa-
tive.

Let Hr denote the payoff of such a derivative, and let H; denote the price process for
the derivative at earlier times.

It follows that the value of the derivative is given by:
B A
H, = —E, {—THT} . (3.17)
For the present value we then obtain the risk neutral valuation formula:
HT]

Hy =E* {—

B (3.18)

If dividends are paid, then we need to modify these formulae slightly.
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In the dynamics for S} we replace r, with r, — §; where 4} is the dividend rate, and we
find that

ALSE tA §igi
M = t5t+/ﬂ
0

= 1
B, B, u (3.19)

is a martingale.

Then we can develop pricing formulae where both the assets and the derivatives pay contin-
uous dividend.
3.5 Natural numeraire and state-price density

There is an interesting economic interpretation of the basic derivatives pricing formula (3.17).

We note that the process A; is “dimensionless”, whereas B, is an asset price. Thus, the
ratio B;/A; is also an asset price.

Writing & = B;/A; we deduce that the dynamical equation for & is

d
W )+ A2t + NdW, (3.20)

&

We think of the process & as the value process for a special portfolio in the money market
account and the basic risky assets with the value process &;.

Sometimes the value process &; is referred to as the “natural numeraire portfolio”.
The present value of any other asset, when valued in units of the numeraire portfolio, acts

as an unbiased forecast for the future value of that asset, when expressed in units of the
numeraire portfolio at that time. In other words,

Another useful way of thinking about & is to define the related process
Vi=—. (3.22)
This is called the state-price density.

The state price is the value of one unit of cash in units of the natural numeraire.
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For any non-dividend-paying asset S; we have

\%
S, =E, [—TST] . (3.23)
Vi
Now suppose that S; is a ‘derivative’ that pays one unit of cash at time 7.
Then S; is the price process Pir of a discount bond with maturity T'. Thus:
Vr
Pr=E,|—|. 3.24
_— oo

3.6 Incomplete markets

We now consider more generally the case where the market is not complete.
In practice, it is common to encounter derivatives that cannot be completely hedged.

Nevertheless, we may consider a ‘decomposition’ of a given product into a ‘hedgeable’ and
‘unhedgeable’ parts.

If the market in incomplete, then typically then volatility matrix o/ is degenerate (i.e.
it has one or more zero eigenvalues).

This implies that the risk premium vector A{ that satisfies the no arbitrage condition (3.9)
is not uniquely determined by the specification of the asset price processes.

Nevertheless, we may consider the subspace of R™ spanned by the nondegenerate components
of the volatility matrix ¢®, and construct a decomposition of the form

AL =i+ ef (3.25)

Here, 97" is the vector A\ with minimum length that satisfies the condition

pr=rit > Ao, (3.26)
a=1
whereas ¢f satisfies
Y o =0. (3.27)
a=1
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We now define the process & by the dynamics

This is the unique natural numeraire process corresponding to the hedgeable part of the
portfolio.

In other words, & is the unique attainable numeraire process.

In a complete market, the derivative price process is given by
Hr
5]
However, in an incomplete market, the derivative payout Hp contains unhedgeable compo-
nents.

G, = E, [ (3.29)

Therefore, we consider the decomposition
Hr =Jr+ Krp. (3.30)

Here, Jr corresponds to the hedgeable part of the derivative.

This is obtained by taking the conditional expectation E,[Hr/&r|, and projecting the re-
sulting martingale into the subspace spanned by the volatility vectors oi®.

Then we let ¢ — T and multiply by &7 to obtain Jr.

For the remaining unhedgeable part K, its expectation is given by

K
4
R
. r—
Space spanned by 0'% Projection
/‘// ..... 7‘/\0(
. oka
agld s

Figure 3.1: The decomposition of the risk premium vector.
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Hence the hedgeable part of the product can be priced in essentially the conventional manner,
while the unhedgeable part can, say, be transferred to a specialist desk to deal with the
residual risk.
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Chapter 4

Discount bond dynamics. Interest rate volatility and correlation. Short
rate and instantaneous forward rate processes. Heath-Jarrow-Morton (HJM)
framework. Valuation and hedging of interest rate derivatives.

4.1 Price processes for discount bonds
Now we turn to the modelling of interest rate dynamics.
The key idea here is to keep the discount bonds in the centre of the stage.

The short rate, forward short rates, Libor rates, forward Libor rates, and swap rates are
all subsidiary processes.

If one focuses on discount bonds, then the theory of interest rates assumes a unified, co-
herent shape, and also fits in nicely with the consideration of other asset classes, e.g., foreign
currencies, credit-risky bonds, inflation-linked bonds, equities and so on.

As indicated earlier, we write P, for the value at time a of a discount bond that ma-
tures at time b to deliver one unit of currency. The initial discount function is given by Py,
and we have the maturity condition P,, = 1 for all a.

For any given value of b we regard P,, as a stochastic process in the a variable over the
interval 0 < a < b. Thus we have a one-parameter family of assets for which the price
processes are given by P,.

We call a the “process index” and b the “maturity index”.

We can infer from context whether P, refers to “the value at time a of a bond that matures

at b7, or “the whole process for fixed b”, or “the values at a fixed time a for a range of
maturity dates b, or “the whole system of processes”.
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We shall assume here that the market is driven by a multi-dimensional family of independent
Brownian motions Wy

The “factor index” « can be understood (as before) as labelling the basis for a finite di-
mensional vector space, or as an “abstract” index representing a Hilbert space element in
the infinite dimensional case.

The discount bond dynamics are then given by the stochastic equation

dPy,
Pab

= fap da + Qgp dW, (41)

Here 14 is the drift process for the b-maturity bond. €, is the corresponding vector volatil-
ity process. Both are assumed to be adapted to the filtration (F;) generated by Wy.

We require that ,, = 0, corresponding to the fact that a maturing bond has zero volatility.

We also make the technically useful assumption that the process (2, is differentiable in
the maturity index.

More specifically, we assume that there exists a process o, such that

b
Qab = —/ Oas dS, (42)
a
where the minus sign appears as a matter of convention.
This relation enforces the constraint €2,, = 0.

Note that in the term €., dW, there is, as indicated earlier, an implied summation over
the suppressed vector indices.

Now we impose the no-arbitrage condition. By the same line of argument as in the multi-

asset case this ensures the existence of a risk premium vector A such that the drift pg, is
given by

fab =Ta + Y AQG, (4.3)
a=1
Suppressing vector indices, we write this as e = 74 + Ao as-

Here 7, is the short rate, i.e. the rate of return on an instantaneously maturing discount bond.
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In the discussion on multi-asset dynamics, we regarded r, as an exogenously specified process.
However, in the present consideration, the short rate is given by

 OPu
o |,_,

(4.4)

T =

In fact, we shall show that r, can be effectively eliminated as a fundamental variable, and
an expression for the discount bonds can be derived entirely in terms of Ay and €25;.

Alternatively, we can eliminate €2, and an expression for the discount bond can be de-

rived in terms of the martingale A; (which incorporates AS) and the short rate process ry
(which can be specified arbitrarily). This will be shown later.

These diverse but ultimately equivalent ways of characterising interest rate dynamics are at
the root of the various apparently diverse approaches to modelling that have been developed.

Inserting the expression for the drift (4.3) into the dynamics (4.1) of the bond prices, we get

dPy,
P, ab

=roda+ Qup (dW, + Ay da) . (4.5)
Basic interest rate models usually assume the interest rate market is complete.

This means, in particular, that the process 2%, has to satisfy a nondegeneracy sufficient to
ensure that there does not exist at any time a vector n® such that ) Q% n® = 0 for all b > a.

In essence, this is equivalent to assuming that any interest rate derivative can be hedged with
a suitable self-financing portfolio of discount bonds, together with the money market account.

Because the system of discount bonds is infinite, but each individual bond has a finite
life, there are various ways in which the completeness condition can be met.

It is important to recognise that completeness is a rather strong assumption, and there-
fore may not be realised in practice.

Even if the discount bond market is not complete, there are circumstances in which it
is appropriate to regard a definite choice of A\, as being specified exogenously.

Note that the risk premium vector in the discount bond dynamics (4.5) combines sugges-

tively with the Brownian motion so as to indicate a change of measure. We shall return to
this point when we consider the valuation of interest rate derivatives.
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4.2 Discount bond volatility and correlation

Let us now consider some “local” properties of the discount bond dynamics.

The dynamical equations under the assumption of no arbitrage are

dP,
P“b = roda+ Qu - (AW, + A\, da) . (4.6)
ab

It follows on account of the Ito relations

AW dwp = 6% dt, dwdt =0, (dt)? =0, (4.7)
that
L 2—;9 ? da (4.8)
Pab — ab . .

Here Q)7 = S2'_, Q2,09 is the squared magnitude of the volatility vector for the bond
with maturity 0.

We refer to |4 as the local volatility of the b-maturity discount bond.

If we consider bonds of two different maturities, say b and ¢, then the instantaneous or
local correlation for their price dynamics is given by the process

th : th

, 4.9
] 1% (4.9)

Ptbe =
Clearly we have —1 < py,. < 1.
To work out the dynamics of F,;, we need to know the vector processes (25 and A{'.

However, to work out the probability laws for P,,, we only require the scalar combinations
|Qab|7 Ptbe; |)\t|7 and )\t : th-

4.3 Solution for the discount bond processes

The dynamical equation for the bond price involves the bond volatility, the relative risk, and
the short rate.

However, we shall show now that the short rate can be eliminated, to give a representa-
tion of the bond price process in which the exogenous variables are the volatility process and
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the relative risk process.

The solution of the bond dynamics can be expressed in the form

Pab = PObBa exp </ st (dW + )\ dS / |st| dS) . (410)
0

Here B, is the unit-initialised money market account process, given as usual by

B =oxp ([ neds) (4.11)

We observe, on the other hand, that the maturity condition P,, = 1 allows us to solve for
B, in (4.10).

In particular, if we set a = b, we get:

Ba = (Poa) exp <—/ Qo (AW + g ds) + %/ [O™E ds) : (4.12)
0 0

This shows how the short rate can be expressed in terms of the risk premium vector and the
discount bond volatility.

More explicitly, by taking logarithms in (4.12), differentiating with respect to a, and us-
ing the relation €2,, = 0, we get the following formula for r,:

re = —0,1n Py, + / Q00,05, ds — / 0usa (AW + Agds) . (4.13)
0 0

Here 0, denotes differentiation with respect to a. Thus we have solved for r, in terms of A
and Q.

In obtaining these expressions, suitable technical conditions are required to be satisfied
by the discount bond drift and volatility. We shall return later to address this issue more
explicitly.

Inserting formula (4.12) for the money market account into (4.10) for the discount bonds,
we then obtain the following general quotient formula for the discount bonds:

exp (fo Qp (AW + Ao ds) — 5 fo Q|2 ds)
p(fO Qg (AW + s ds) 2f0 1902 ds)

(4.14)

Here Py = Poy/Poa denotes the forward value of a b-maturity bond, i.e., the value negoti-
ated today for purchase at time a of a b-maturity discount bond.
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In the quotient formula (4.14) note that the numerator and the denominator are essentially
similar in structure, except the b in the numerator gets replaced by an a is the denominator.

The quotient formula is the desired explicit expression for the bond prices in terms of the two

exogenous variables, the volatility vector and the relative risk vector, with the elimination
of the short rate.

4.4 HJM dynamics for the forward short rate

The forward short rate process is given by
Jav = =0y In Pyy,. (4.15)

From the quotient formula it follows by differentiation that these rates can be expressed as
follows:

fab = —81, In POb + / stabQSb ds + / 8stb (dWS + )\5 dS) . (416)
0 0
Heath, Jarrow & Morton (1992) take a general It6 process for the forward short rates as the
starting point, and impose appropriate no-arbitrage and market completeness conditions to
obtain an expression of the form (4.16).
We write 04, = —0, 2 for the forward short rate (i.e. instantaneous forward rate) volatility.
It follows that
b
Qab = —/ Oau du. (417)

This builds in the constraint €2,, = 0, as we noted earlier.

Then for the forward short rate processes in terms of o,, we obtain:

a b a
fab = fOb + / O sb (/ Osu du) ds + / Osp (dWS + )\s dS) . (418)
0 s 0

Taking the stochastic differential of this expression on the process index we get

b
df oy = O (/ Cau du) da+ og - (AW, + Ay da) . (4.19)
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These are the dynamics of the forward short rate, sometimes called the HJM dynamics.

It should be clear that the arbitrage-free dynamics of the discount bond system and the
HJM forward short rate dynamics are for most practical purposes entirely equivalent.

Given the solution of the stochastic equation for f,;,, we can use the relation

b
P, = exp (—/ fau du) (4.20)

The forward short rate processes are important from a conceptual point of view, but it
should be noted that practical applications invariably refer back to the bond price process
P, and the short rate process r,.

to find the bond price.

4.5 Risk neutral valuation of interest rate derivatives

For the value of H; at time t of a hedgeable interest rate derivative that pays Hr at time T,
we have the forecasting relation

A H; ArHr
=E . 4.21
g, | (121)
Equivalently, we can write this in the form
H
H, = BE) {—T] . (4.22)
Br

Here E; denotes conditional expectation in the risk-neutral measure induced by A; which is
defined by the exponential martingale

¢ t
Ay = exp (—/ As - AW — %/ |2 ds) : (4.23)
0 0

One of the important features of interest rate theory is that the discount bonds themselves
can be viewed as a species of “derivative”.

The bond that matures at time 7" has a payoff of unity at that time.
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As a consequence, if we set Hy = 1 in (4.21), we have the following risk-neutral valua-
tion formula for the discount bond price process:

B [Ar
Pir = 1B, [BT] . (4.24)

An expression of this form was derived by Vasicek (1977).

In the risk neutral measure this can be written as follows:
1

Pr = BE} {B_}
T

T
= E} {exp (—/ T ds)} . (4.25)
t
These formulae are often used as a starting point for interest rate modelling.

This is because it is possible to specify A; and r; exogenously, without any a priori re-
lation holding between them.

In particular, it follows from the risk-neutral valuation formula that P; = 1, and that
for any choice of the process r; and risk premium density A;, the ratio
AtPtT
4.26
= (4.26)

is a martingale.

This implies that the bond-price system P, satisfies the no-arbitrage condition, and thus
qualifies as a bona-fide interest-rate model.

Thus summing up, we see that there are two apparently distinct but nevertheless entirely
equivalent ways of “covering” the entire category of interest rate models:

(a) by specifying the relative risk process and vector volatility processes,

(b) by specifying the relative risk density together with the short rate process.

We shall return later to investigate in more detail the problem of how to characterise a
general interest rate model, but let us first consider some specific interest rate models.

4.6 Market Models*

A good example of an important spin-off of the HJM approach, which has enjoyed consider-
able popularity as a basis for applications, is the so-called "market model” methodology.
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There are a number of different variations on this approach—too many to attempt to survey
here—according to which the forward Libor rates and/or swap rates associated the discount
bond system are regarded as the “fundamental” dynamical entities.

In its simplest form, the idea of the market model is as follows. The forward Libor rates Ly,
are defined in a standard way by the relation

1
N 1 + (b — a)Lta57

(4.27)

Ptab

where Py, = P/ P, denotes the forward price made at time ¢ for purchase of a b-maturity
discount bond at time a.

For convenience we introduce a “tenor” parameter § = b — a, and write Lfa = Liap-

)

It is then a straightforward exercise in Ito calculus to work out the dynamics of Ly , starting
from the bond price dynamics given by
dP,
T — pydt 4 Qup(dW, + \dt). (4.28)
Fir
The result is a relation of the following form:
dLd, 1+ 8L
LU ta (Qt,a - Qt,a_;_g)(th + )\tdt - Qt,a+5)' (429)

Ly, oL},

The key observation that follows is that if w,, is a prescribed deterministic volatility process
for a given fixed tenor then we can solve the equation

1+6L9,
(SL‘; : (Qt,a - Qt,a+6) = Wta (430)
ta

for the bond volatility in terms of the forward Libor rates and wy,.

This shows that there exists an HJM model with the prescribed deterministic volatility
for the given forward Libor rate.

The next step is to change measure so as to eliminate the drift, which can clearly be carried
out since now we know the bond volatility process.

As a consequence, we are left with a log-normal process for the forward Libor rate in the
new measure.
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It is generally recognised that the market model framework has probably been the single
most influential development in interest rate theory in the post-1992 years following the
advent of the HJM approach.

Many authors have contributed, in one way or another, and to varying degrees, to its orig-
ination and promulgation, and it would be impossible here to attempt with any success an
objective account of the development of the market models and their various extensions,
with all the relevant attributions.
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Chapter 5

General theory of short rate diffusion models. Diffusion processes. The
Feynman-Kac formula. Derivation of the discount bond pricing equation.

5.1 General theory of short rate diffusion models
An interesting and important class of interest rate models can be obtained by assuming:

(a) the short rate is a diffusion process,

(b) the discount bonds depend on r; as a state variable.

Such models are often called “short rate” models.

Many of the most well-known interest rate models fall into this category, including for exam-
ple the Vasicek model, the CIR model, the Black-Karazinski model, the Black-Derman-Toy
model, the Hull-White model, and the rational lognormal model.

More specifically, we consider a family of discount bond price processes P, such that
P = P(t,r,T). (5.1)

Here P(t,r,T) is a function of three variables. Thus the short rate acts as a “state variable”
for this family of models.

The short rate process r; (t > 0) is assumed to satisfy a stochastic differential equation
of the form

dry = p(t,re) dt + o(t, ry) dWs. (5.2)

Each of u(t,r) and o(t,r) is a function of two variables.
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The process W, is a standard one-dimensional Brownian motion with respect to the nat-
ural probability measure.

Our goal is to derive a partial differential equation satisfied by the function P(t,r,T') that
arises as a consequence of the dynamical equations for Pr.

This is called the ‘bond pricing equation’.

5.2 Diffusion processes

Before embarking on a derivation of the bond-pricing equation, we digress briefly to say a
few words about diffusions.

This is a topic of great interest in its own right, with many applications.

A process X; satisfying a stochastic differential equation of the form
dXt = a(t, Xt) dt + b(t7 Xt) th (53)

where a(t, z) and b(t, z) are deterministic functions is called a time inhomogeneous diffusion.

If a(t,z) and b(t,z) do not depend explicitly on ¢, then X; is a time homogeneous diffu-
si0n.

Generalisations of (5.3) can also be considered for which X; and W; are both multi-dimensional.

Early interest rate models (e.g., the Vasicek and CIR models) were based on homogeneous
diffusions, but later it was recognised that inhomogeneous diffusions added flexibility to the
models for fitting initial data, in particular initial yield curve and implied volatility data.

Homogeneous diffusions are more appropriate to equilibrium models, but these are not so
useful in a banking context.

If f(t,x) is a smooth function of two variables, then by Ito’s formula we have

_(90f [ 1,0°f Of of

Here, of course, the derivatives df/dt, Of/0x and 82 f /0x? are valued at z = X,.

The second order differential operator

1,8 9

43



is called the generator of the diffusion.

The generators of diffusions arise naturally in connection with elliptic and parabolic par-
tial differential equations, and in certain cases there are natural probabilistic interpretations
of the solutions of these equations.

These results form the basis of the importance of PDE methods in finance, and have numer-
ous practical applications. We give a few examples.

(a) Consider the parabolic equation

o _

o= L, (5.6)

subject to the initial condition (0, ) = f(x), for some prescribed continuous function f.

Now let [E* denote the expectation operator. Here, the superscript = indicates that we
assume that initially X, = x.

Under appropriate technical assumptions, the solution of (5.6) is given by

P(t,x) = E[f(X)]. (5.7)
(b) A more general result is the following. Consider the partial differential equation

0

8—11{} =LY — g+ h, (5.8)

subject to the initial condition (0, z) = f(x).
Here, g(x) > 0, h(t,z) and f(z) are prescribed continuous functions.

Then, under suitable technical assumptions, the solution of (5.8) can be expressed in the
form

t u t
st =5 | e (= [Coxpas) X dus e (- [Coxas) rx)] - 59)
0 0 0
This result is known as the Feynman-Kac formula.

(c) We now turn to a different kind of result, involving stopping times. Let f(z) be a
smooth function, and let 7 be a stopping time such that E*[r] < oc.

We recall that 7 is a stopping time relative to the filtration {F;} if for every ¢ the event
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{r <t} is Fi-measurable.

Intuitively, this means that once we reach any given time ¢, we can determine whether
the even has occurred or not.

Then Dynkin’s formula says that
B0 = o)+ B | [ px)as). (5.10)
0
(d) Another very useful result is the so-called Kolmogorov forward equation, also known as
the Fokker-Planck equation.

This is a partial differential equation for the probability density function p(t,z) of X;:

o0 _ 15"

L ) — () (5.11)

Given an initial distribution p(0, z) for Xy, we can work out the distribution of X, at later
times ¢ by solving this equation.

We see, for example, that if a = 0 and b = 1 is a constant, then the diffusion is a Brownian
motion and the Fokker-Planck equation reduces to the heat equation.

These results have various multi-dimensional generalisations.

5.3 Derivation of the bond-pricing equation

Let us return to the bond-price process P,y = P(t,r,T), t € [0,T].

For each fixed value of T', we can use 1t6’s lemma to obtain

oP oP 0*P oP

The bracketed expressions are valued at (t, 7).

In the case of an interest rate system driven by a single Brownian motion, the no-arbitrage
dynamics of P, are given by

dPtT = (Tt + )\tQtT)PtT dt + QtTPtT th (513)
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Equating these two relations we see that the volatility process is given by

1 8P(t,7“t,T)
P(t,r,T) or '

Qr =o(t,ry) (5.14)

Comparison of the drift terms appearing in (5.12) and (5.13) then allows us to deduce that
the risk premium process A\; must be of the form

A= At m), (5.15)

for some function A(¢,7) of two variables.

In the light of these observations, we can equate the drifts in (5.12) and (5.13) to obtain the
following PDE:

oP  OP | ,0°P opP

This is the bond-pricing equation for the short-rate state variable models.

We require a solution of this PDE subject to the terminal condition Pry = 1, or equiv-
alently, P(T,r,T) = 1 for all r.

5.4 Solution and calibration of the bond pricing equa-
tion

To obtain an interest rate model by this technique, we first need to specify the functions
wu(t,r), o(t,r) and A(t,r).

Then we solve the stochastic differential equation (5.2) for the process ry, t > 0.

Ideally, we want diffusions such that r, > 0, for all ¢ > 0, but some models, particularly
older models such as the Vasicek model, do not necessarily have this property.

We then solve the partial differential equation (5.16) for P(t,r,T) subject to the termi-
nal maturity condition P(T,r,T) = 1, which must hold for all values of the variable 7.

Finally, we may also wish to impose an initial condition P(0,7¢,T") = Pyr, where

o = — (8TP0T)\T:0 . (517)

This condition incorporates the initial discount function Pyr into the dynamics.
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The “terminal” condition P(T,r,T) = 1 is typical of the sort of information one needs
to obtain a unique solution of a parabolic equation such as (5.16), if we are told the func-
tions p, o and .

This is related to the fact that, subject to some technical considerations, the ordinary heat
equation

op  10%¢

ot 20x2
has a unique solution ¢(¢, x) if we supply the initial condition ¢(0,x) = f(z).

(5.18)

It will thus not always be possible to impose an initial condition such as (5.17) as well.

This point is illustrated, for example, in the so-called “equilibrium” or “stationary” models,
for which p, o and A do not depend on the variable ¢, and are functions of r alone.

In this case 1, t > 0, is a stationary diffusion process.

Some well-known examples of models of this type are:

(a) the Vasicek model, for which p(r) = k(6 —r), o(r) = o, and A(r) = X where k, 6, 0 and

A are constants;

(b) the CIR model, for which u(r) = k(0 —r), o(r) = o/r and A(r) = &{\/r/o, where k, 0,
o and & are constants.

In both cases, k and 0 are taken to be positive.

In the CIR model we also require k6 > 102, which ensures that r, > 0, for all ¢ > 0, if

2
we assume that rq > 0.

It should be noted that the CIR volatility parameter has different “dimensions” from the
Vasicek volatility parameter.

In these examples, the specification of the parameters k, 0, o, A, & and ry is sufficient
to completely determine the initial discount function.

In other words, in a stationary short rate model we cannot expect to be able to incorpo-
rate an arbitrary initial yield curve.

Historically, this is one of the reasons why the “extended” models were developed. Origi-
nally, the goal of interest rate modelling was to determine, by equilibrium conditions, a finite
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dimensional ‘class’ of yield curves to which the actual yield curve would have to belong.

Thus, one way to incorporate initial conditions is to regard the functions u, o, A as only
partially specified. For example, if we set

p(t,r) =k(t)(0() —r) and o(t,r) =o(t), (5.19)

then we obtain the so-called extended Vasicek model, due to Hull and White, and to Jamshid-
ian.

In this case, the disposable functions k(t), 6(t) and o(t) are chosen so that the initial condi-
tion is satisfied for the discount function.

That only “uses up” one of the three functions (6 as it happens), so it is possible (in princi-
ple) to fix some other initial conditions as well, e.g. implied volatility data for certain classes
of interest rate options.

If sufficient initial “market” data is specified to fix all three functions, then we say that
the model has been calibrated.

There is no known general a prior: principle that dictates which initial data should be
incorporated into an interest rate model.

The banking industry is still experimenting with this issue.

A more useful point of view, perhaps, is based on the idea of conditioning.

That is to say, the interest rate model is always conditioned on the data available, and
likewise the pricing of derivatives is always conditional on the information supplied regard-
ing the prices of other derivatives.

Of course, we might try to calibrate an equilibrium model to the initial yield curve, e.g.
by choosing the parameters k, 6, o, A and 7y in the case of Vasicek or CIR to fit the initial
term structure.

In practice, one expects this to be difficult since the initial (i.e. current) yield curve can
exhibit a good measure of highly tuned microstructure (e.g. with some rates specified down
to a basis point).

Also, due to spreads and variations between deals there is necessarily some ‘fuzziness’ in

the specification.
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It should be clear that a short-rate model is a fortiori a discount bond model, and is there-
fore an HJM model.

Thus, mathematically speaking, short rate models constitute a subset of the HJM class,
not a distinct class.

Sometimes it is said that ‘all’ HJM models are short rate models. This is true, but only if

one gives a rather different interpretation to the meaning of ‘short rate’ model. Usually it is
clear from context.
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Chapter 6

Theory of affine term structure models, including the Vasicek model and the
Cox-Ingersoll-Ross (CIR) model.

6.1 The Vasicek model

Let us consider in more detail the model of Vasicek (1977).

The short rate is assumed to follow a dynamical relation of the form
dry = k(0 —ry) dt + o dW,. (6.1)
The constants k, # and o are taken to be positive, and have the following interpretation:
o is the absolute volatility of the rate ry,
0 is the mean reversion level,
k is the mean reversion rate.

Clearly, r; is a diffusion process.

The dynamics of r; are exactly solvable in the case of the Vasicek model. The result is
called an Ornstein-Uhlenbeck process, and the solution for r; is as follows:

t
1y =04 (ro — 0)e M + 0’/ =t qw,. (6.2)
0

One easily checks that (6.2) satisfies (6.1), subject to the initial condition 7.

The technique we use to solve (6.1) is to multiply each side of the equation by the inte-
grating factor e, and the result drops out quickly.
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The theory of this process is described in a well-known article by Doob.
From the formula for r; we can read off a number of qualitative features of the process.
For example, since E [ f(f eks dWS} = 0, we see that

E[r,] =0+ (ro — 0)e™*. (6.3)
This result shows that the mean of r, starts at rg, and then over time reverts to 6.
The ‘speed’ of this movement is governed by the constant k.

Also, we have
o2

o

var [ry] =

— e*%t) . (6.4)

Thus the variance of r; is initially zero, and it increases to a maximum level given by %02 k.
The calculation of the variance involves a simple application of the Ito isometry.

In particular, if f(s,t) is deterministic, then
t 2 t

( / f(s,t)dWS) - / (s, )ds. (6.5)
0 0

There is a characteristic time-scale 1/k associated with the mean-reversion rate. This de-
termines the time scale over which r; moves from ry towards 6.

E

The bond pricing equation is exactly solvable in the Vasicek model if we assume the rel-
ative risk A is a constant.

The solution can be written as follows:
1
P(t,r, T) = exp (E (1 — e_k(T_t)) (R —1r) — (T —t)R>™ — ;—ks (1 — e_k(T_t))Q) . (6.6)

The constant R* here is defined by

- Ao o2

The significance of R> is that it represents the continuously compounded rate of interest
(yield) on a bond of very long maturity. This is seen as follows.
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We recall that, given the bond price P,r, the continuously compounded yield R;r is
Py =exp (—(T — t)Rur) . (6.8)

Inverting this relation we have

1
RtT = _T——t In ]DtT. (69)
Hence in the present example we have
R = Rt (1 — B) -t (1— e HT) ¢ _r (1 — e HT=0)? (6.10)
! ! k(T —t) 4k3(T — 1) ‘ '

Thus for fixed ¢, we have Ry — R as T — oo.

On the other hand, we can also check that R;; = 7. In other words, the yield on a very
short maturity bond is the short rate.

6.2 Affine models

The expression for the bond price in the Vasicek model can be simplified if we introduce the
variable u =T — t for the time to maturity, and set

Btu = ]Dt,t—‘,—u = P(t,Tt,t + U) (611)
Here By, represents the price at time ¢t of a bond with u years until maturity.

We call v the tenor of the bond.

For convenience, let us define the function

flu) =+ (1—e*). (6.12)
Then for the Vasicek bond price we have
2
B = exp (~ i+ (70 = 0B = TP (w)) (6.13)

We note that the exponent is a linear function of r;, and the coefficients are functions of w.

The class of interest rate models for which B,, = P, , can be put into the form

B,, = ¢~ /wr—a(w (6.14)
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is of special interest. These are called the stationary affine models.

A short rate model generates a stationary discount bond system if r; is stationary and
By, can be expressed in the form By, = B(ry, u), where B(r,u) is a function of two variables.

If the bond price takes the more general form
Py — ¢~ FGDIn-G(e.1) (6.15)
for deterministic functions F(¢t,T") and G(t,T'), then we have an extended affine model.

For example, it is an interesting exercise to show that in the case of an extended Vasicek
model, for which r; follows a process of the form

dr, = k()(0(t) — r,) dt + o(t) dW,, (6.16)

where k(t), 6(t) and o(t) are positive, deterministic functions, then the bond price system is
of the extended affine type.

In the extended Vasicek model (also sometimes known as the Hull-White model), it is a
straightforward exercise to show that

t t
re = roe P 4 A0 / €B(S)Q(S) ds + e P® / eﬁ(s)a(s) dW, (6.17)
0 0
where
t
B(t) :—/ k(s)ds (6.18)
0
The relevant calculations follow the arguments given earlier.

In particular, for constant parameters, this reduces to the previous expression given for
the short rate process r;.

6.3 The CIR model

In this important and rather more complicated model (Cox, Ingersoll & Ross 1985), the
short rate is assumed to be a mean reverting square-root process, for which the dynamics are
given by:

d?”t = k:(Q — Tt) dt + O'\/Ftth. (619)
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The solution of this equation is not as easy as in the Vasicek model.

Nevertheless, its essential features can be revealed by writing the dynamics in integral form

t
=604 (ro — 0)e " + 0/ e_k(t_s)\/EdWS. (6.20)
0

The mean reverting property of r; is apparent.
We immediately infer the mean of r;:

Efr] =0+ (ro—0)e ™. (6.21)
By use of the Ito isometry we then obtain

var[r] = E[(r,—E [Tt])Q]
= ol R {/t e%srsds] (6.22)
0

Substituting the expression for E [r,] into this and integrating, we get:

20

2
var [ry] = o5 (1- e_m)2 + U—Toe_kt (1—e™). (6.23)

k

Thus for small ¢ we have var [ry] ~ otr.

Whereas, for large ¢ we have var [r;] — 026/2k.

It is a subtle result due to Feller that:

(a) if ro > 0, then 7, > 0, and

(b) if 7o > 0 and k6 > 102, then r; > 0 (strictly positive interest rates).

Now so far we have not yet considered the market price of risk.

To obtain a solution for the bond pricing equation it turns out that we need to assume
that the relative risk process is of the special form

N = SV (6.24)

g

where ¢ is a constant.

o4



Then we can solve for Pyr as a function P(t, 7, T).

If we write P, in the affine form

Py = ¢~ FG:TIm=G(.1)

then the solution for F(¢,T) and G(¢,T") can be found in terms of k, 6, ¢ and &.

In particular, writing

P(t, r, T) — efF(t,T)rfG(t,T)’

we see that the bond-pricing equation reduces to two conditions, namely

1+%—€:(k+§)F+%a2F2

and

oG
T —kOF.

We need to solve these subject to the boundary conditions

oF

F(T,T) =0, G(T,T)=0, and — = 1.

Ot |,y
For convenience, we define the constants

vi=Fk+E, v = V2 4 202

Then the solution is given by

20e7 —1
F(t,T) = (e — 1)
(v+v)(e™ —1)+2y
2k0
a1 _ 2’}/6(7""/)”” o2

‘ (v +v)(e" — 1) + 29

where x =T — t.
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Chapter 7

Overview of term structure frameworks. Admissible term structures and
term structure comparison. Dynamics of the term structure density. Positive
interest HJM volatility structure.

7.1 Overview of term structure frameworks

Dynamical models for interest rates suffer from the fact that it is difficult to isolate the
independent degrees of freedom in the evolution of the term structure.

The question is, which ingredients in the determination of an interest rate model can and
should be specified independently and exogenously?

We shall consider briefly two examples of this can be done for general interest rate models,
indicating as well the associated drawbacks.

Example 1. Dynamic models for the short rate. The independent degrees of freedom are
given by:

(a) the specification of the short rate r; as an essentially arbitrary Ito process, and
(b) a market risk premium A (o =1,2,--- ,n).

The model for the discount bonds is

T
Pr = iEt [AT exp (—/ rsds)} . (7.1)
A, :

Here E; denotes conditional expectation with respect to the filtration F;. The density mar-

tingale A; is defined by
¢ ¢
Ay = exp (—/ AsdW — %/ Aids) . (7.2)
0 0
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where

AdW, =Y A2dW? (7.3)

a=1

An advantage of this general model is that r, and A{' can be specified exogenously, and for
interest rate positivity it suffices to let the process r; be positive.

There are two disadvantages to this approach.

Firstly, the model is specified implicitly: the conditional expectation is generally difficult
to calculate. Secondly, the initial term structure is not fed in directly.

A further simplification can be achieved by introducing the state price density:
t
Vi = Asexp (—/ 7’st> . (7.4)
0

E[Vr]
T

It follows that

P =

(7.5)

Then it is sufficient to specify the state price density V; alone, and we recover r; and A¢
from the relation

d
% = —Ttdt — )\tth- (76)

t
Example 2. The Heath-Jarrow-Morton framework. In this case the independent dynam-
ical degrees of freedom consist of:
(a) the initial term structure Py,
(b) the market risk premium process A¢, and
(c) the forward short rate volatility process og. for each maturity 7.

The model for the discount bonds is

Py = exp ( /t ' ftsds> | (7.7)
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The forward short rates are

0

t t
for = = In Py - / o Qurds + / oo (dW, + Ads), (7.8)
T s=0 s=0

where

T
o= —/ op du. (7.9)
u=t

The advantage of the HJM framework is that it allows a direct input of the initial term
structure, as well as control over the volatility structure of the discount bonds.

A disadvantage of the HJM approach is that there is no guarantee of interest rate posi-
tivity, and it is not easy to impose a condition on oy to achieve this.

Now we consider an alternative framework for isolating the independent degrees of free-
dom in interest rate dynamics that has the virtue of retaining the desirable features of both
examples cited above, while eliminating the undesirable features.

The key idea is the introduction of a term structure density process p;(x) defined by

0

Here By, denotes the system of bond prices at time ¢ when we parameterise the bonds by
the tenor variable x = T'— ¢t (Musiela parameterisation), so

Bm; - _Ptﬂg_;,_m. (711)

We make the assumption that B;, — 0 for large x.

It is then a straightforward exercise to verify that the interest rate positivity conditions

0
0< th S 1, and a—Btz <0 (712)
i

are equivalent to the following relations on py(x):

pi(z) >0, and /OOO pi(z)dr = 1. (7.13)

We therefore conclude that any positive interest rate model can be regarded as a random
process on the space of density functions on the positive real line.
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The idea is that we treat the yield curve as a mathematical object in its own right, identified
as a “point” p lying in the space 91 of all possible yield curves.

With the specification of an initial yield curve py we model the resulting dynamics as a
random trajectory p,; in 9. By bringing the structure of 91 into play it is possible both to
clarify the status of existing interest models, and also to devise new interest rate models.

7.2 Admissible term structures and term structure com-
parison.

There is a natural ‘information geometry’ associated with the space of yield curves.

Let ¢ = 0 denote the present, and F,, a family of discount bond prices satisfying FPyy = 1,
where z is the tenor (0 < z < 00).

We impose the condition that interest rates should always be positive with the following
criterion:

Definition. A term structure is said to be admissible if the discount function Py, is of
class C* and satisfies 0 < Py, <1, 0,FPy, <0, and lim,_,o, Py, = 0.

An admissible discount function can be viewed as a complementary probability distribution.
In other words, we can think of the tenor date as an abstract random variable X, and for
its distribution write

PriX <z]=1- Py,. (7.14)

The associated density function p(z) = —0, P, satisfies p(x) > 0 for all z, and

/ p(u)du = Py,.

We say that a density function is smooth if it is of class C° on the positive half-line
RY = [0,00).

Proposition 1. The system of admissible term structures is isomorphic to the convex
space D(RL) of everywhere positive smooth density functions on the positive real line.

The requirement that Fy, should be of class C'*° can be weakened, but in practice any term
structure can be approximated arbitrarily closely by a ‘nearby’ term structure with a smooth
density.

It is reasonable to insist that the forward short rate curve fo, = —0,In Py, is piecewise
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continuous and nonvanishing for all x < oco.

Given a pair of term structure densities p;(z) and ps(x) we can define a distance function
¢12 on 9 by

p—— / 6 (0)6(2)d, (7.15)
0

where &;(x) = /pi(z). We call this angle the Bhattacharyya distance between the given
yield curves.

The geometrical interpretation of ¢1o arises from the fact that the map p(z) — £(x) as-
sociates to each point of 9 a point in the positive orthant S of the unit sphere in the
Hilbert space L?*(RY), and ¢y2 is the resulting spherical angle on S*.

Note that 0 < ¢ < %71’ and that orthogonality can never be achieved if forward rates are
nonvanishing.

As a simple illustration we consider the family of discount bonds given by
R —K
P — (1 N _x) 7 (7.16)
K

where R and s are constants.

In this case we have a flat term structure, with a constant annualised rate of interest R
assuming compounding at the frequency k over the life of each bond.

For k = 1 this reduces to the case of a flat rate on the basis of a simple yield, and in
the limit kK — oo we recover the case of a flat rate on the basis of continuous compounding.

For the density function p(z) = —0, P, associated with (7.16) we obtain

plz) =R (1 + @>(KH) . (7.17)

K

Let us write p;(x) for the density corresponding to R = R; (i = 1,2) for a fixed value of k.
A direct calculation of the integral (7.15) for k = 1 gives

. Ri—Ry, "Ry)’
In the limit kK — oo (continuous compounding) we find that

1o = cos ! (Q—VRle)
Ri+ Ry /)

(7.18)

(7.19)
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Note that the bracketed term in (7.19) is the ratio of the geometric and arithmetic means of
the two rates. In this limit we have p(z) — Re %,

7.3 Dynamics of the term structure density

Now let us consider the evolution of the term structure density.

We write Py for the random value at time ¢ of a discount bond that matures at time
T, where T € R} and 0 < ¢ < T, and assume, for each T', that Pr is an Ito process on the
interval t € [0, T:

dPtT = mtTdt + ZtTth- (720)

The absolute drift m,r and the absolute volatility process ¥, are assumed to satisfy regu-
larity conditions sufficient to ensure that dp Py is also an Ito process.

For interest rate positivity we require 0 < P,y < 1 and dr P,y < 0.
Additionally we impose the asymptotic conditions limy_. P,y = 0, and limy_, o, Or Py = 0.

Because Pr is positive, the forward short rate process fir is an Ito process iff —O0r Py
is an Ito process.

For no arbitrage we require the existence of an exogenous market risk premium process
A such that

myr = rtPtT + )\tZtT. (721)

We do not assume the bond market is complete. If the bond market is complete, however,
then \; is determined endogenously by the bond price system.

We introduce the Musiela parameterisation x = 1" — ¢, and write B, = P44, for the
price at time t of a bond for which the time to maturity is x.

We have the following dynamics for B;,:
dth = (Tt — ft,t+x)Bt:(:dt + Et,tJr:):(th + )\tdt) (722)

Now consider the time dependent term structure density p;(z) defined by (7.10), for which
we have the normalisation condition

/OO pi(x)de =1, (7.23)

=0
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or equivalently

/ " — Ddu = 1. (7.24)

=t

The relation

pi(T —t) = firPir (7.25)

allows us to deduce an interpretation of the normalisation condition. In particular, the
formula

t

says that the value at time ¢ of a continuous cash flow in perpetuity that pays the small
amount f;,du at time wu is always unity.

Thus we can think of f;, as defining the ‘convenience yield’ associated with a position in cash.

An analogous calculation shows that

e 1
/ Pl frudu = — (7.27)
t K:
for any positive value of the exponent k.

This relation can be interpreted by saying that if we ‘fix’ the convenience yield (e.g., by
swapping the unit of cash for the corresponding future cash flow), and then rescale all the
interest rates Ry, by the same factor x, so Ry, — KRy, for all u > ¢, then the value of the
promised cash flow scales inversely with respect to k.

Returning now to the evolutionary equation we write

Wty = —ath,Hw. (728)
Then we obtain the following dynamics for p;(x):
dpi(x) = (repe(x) + Oppe(x))dt + wie (AW + Aidt). (7.29)

The process wy, is subject to the constraint fooo wiedr = 0, which implies that wy, is of the
form

Wiz = pi(2)(vi() = 1), (7.30)

where v;(x) is unconstrained, and
U = / pe(w) v (u)du. (7.31)
0
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It follows from equation (7.28) that the absolute discount bond volatility ¥, is given in the
Musiela parameterisation by

[o¢]
2t,t+x = / Wiy du
U

=z

- / h p(w)vy(u)du — 7, By, (7.32)

=T

This relation has an interesting probabilistic interpretation. Suppose, in particular, we write
I.(u) for the indicator function

Lo (u) = x(u = x), (7.33)

where x(A) is unity if A is true and vanishes otherwise.

Then the bond price By, can be written in the form of an abstract ‘expectation’:
By, = /OO pe(u) I (u)du = M, [1,], (7.34)
where
Mgl = [ pwlgl)d (7.35)

for any function g(z).

The absolute discount bond volatility can then be expressed as an abstract covariance of
the form

Siive = My [Ly] — M [L] M [v,]. (7.36)

We see that the bond volatility structure 3, 4., is invariant under the transformation v;(x) —
v (z) + oy, where oy is independent of z.

This ‘gauge’ freedom can be used to set \; = —%. Then )\; and X, are both determined by
v (z).

Proposition 2. The general admissible term structure evolution based on the filtration
generated by a Brownian motion Wy on 'H is a measure valued process pi(x) on D(RY) that
satisfies

dpi(x) = (repe() + Oppe(x)) dt + pe(x) (1 (x) — 7)) (AW — ydt) (7.37)
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where vy, = fo pi(w)vy(uw)du. The volatility structure v,(z) can be specified exogenously along
with the initial term structure density po(x). The associated short rate process vy = p:(0)
satisfies

dry = (rf + Oupe()|,—p) dt + re(1(0) — ) (AW, — dt). (7.38)

The dynamical equation for the term structure density can be solved exactly as follows:

Proposition 3. The solution of the dynamical equation for p,(x) in terms of the volatility
structure vy(x) and the initial term structure density po(x) is

exp (fstzo VerdW, — % ft—o VsQTd8>

* t (7.39)
122 o) exp ([ Vaud Wy — 3 1, Vids ) du

pt(T —t) = PO(T)

where

Viu = v(u —t). (7.40)

Proof*. The second term in the drift on the right of (7.37) can be eliminated by setting
x =T —t, which gives us

dp(T —t) = repe(T — t)dt + pe(T — t) (T — t) — i) (AW, — Ddt) . (7.41)

Integrating this relation and separating out the terms involving 7; we obtain

o exp (fst:o rsds + fst:() ve(T — s)dWs — 5 [, "A(T - s)ds)

AT =1) = po (7.42)
€xp <f5t:0 Ddes - % fst:() ﬂgds)
It follows by use of the definition (7.40) that
t t 9
exp <fS:0 reds + fs:O VerdW, — 3 f 0 VsTd5>
pie(T —1) = po(T) (7.43)

exp ([ 7AW, — § [, 72ds)

Then with an application of the normalisation condition (7.24) we deduce as a consequence

of (7.43) that
t t t
exp (—/ r.ds + / v dW, — %/ Dfds)
s=0 s=0 s=0
e’} t t
= / po(u) exp (/ VeudWy — %/ Vfuds) du. (7.44)
u=t s=0 s=0

When this relation is inserted in the denominator of (7.43), we immediately obtain (7.39).

O
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7.4 Positive interest HJM volatility structure.

It is interesting in this connection to note, by setting 7' = ¢ in (7.39), that the short rate
process is given by

exp ([ 1L Vad W, = 3 [ Vids)
f:it po(u) exp (fstzo VeudW, — 2 f =0 Vs%»ds)

r: = po(t) (7.45)

We observe in particular that in a deterministic model, with V,; = 0, this formula reduces

to ry = po(t)/ ft po(u)du, or, in other words, r; = fo.
For the market risk premium process it follows from (7.31) together with the relation A\, = —7;
that

S po)Visexp ([ VaudWe = 3 [ Vids) du
S oty exp ([ Vaud W, = § [ Vids ) du

AY = — (7.46)

These formulae show that, given the initial term structure density po(z) and the volatility
structure v;(z), we can reconstruct the short rate process and the market risk premium pro-
cesses.

We deduce from (7.39) that the corresponding formula for the bond price process is

fuoi po(u) exp fst: VeudWy — f V2ds
Py =" ( ’ = ) (7.47)

fuoit po(u) exp (fstzo VeudWs — 3 f -0 \Qids)

For the unit-initialised money market account B;, satisfying dB; = r;B;dt and By = 1, we
have

exp <fst:0 v, dW, — 3 ftzo ﬂzds)
fuoit Po (u) exp (fstzo ‘/S“dWS f =0 Vﬁids)

which follows directly from (7.44).

B, = (7.48)

The density martingale A; is given by

t t
Ay = exp ( / v dW, — 1 / yfds) , (7.49)
s=0 s=0
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For the state price density we have

0 t t
7, = / po(u) exp < / VeudW, — 1 / Vids> du. (7.50)
u=t s=0 s=0

As a consequence we can then check that Z; = A;/B,.

If we divide (7.39) by (7.47) we are led to a recipe for constructing the general positive
interest HJM forward short rate system f;r in terms of freely specified data:

exp ( [y VardW. = § [, Virds)
S polu) exp ([ Vaud W, = 3 [y Vads) du

fir = po(T) (7.51)

Note that when 7" = t this expression reduces to formula (7.45). A short calculation then
allows us to deduce the following result:

Proposition 4. The general positive interest HIM forward short rate volatility structure
18

o = fir(Vir — Usr) (7.52)
where fir is given by (7.51), and
fuoiT po(u) Vi exp (fstzo VeudWs — 5 f -0 Vsid3>
S polw) exp [y VeudWe = § [y Vids) du

(7.53)

tT —

The initial term structure density po(x) and the volatility structure Vi, (u > t) are freely
specifiable.

In other words, in the HJM theory the forward short rate volatility is not freely specifiable
if the interest rates are to be positive.

Instead it must be of the form (7.52) where V;r is freely specifiable, along with the ini-
tial term structure.

This result establishes a connection between the present approach and Example 2, and
resolves the outstanding difficulty associated with that example.

66



Figure 7.1: The system of admissible term structures. A smooth positive interest term
structure can be regarded as a point in D(RY ), the convex space of smooth and everywhere
positive density functions on the positive half-line R} . Associated with each point p € D(RY)
there is a ray ¢ lying in the positive orthant S, of the unit sphere & in the Hilbert space
H = L*(R}). A dynamical trajectory on D(R!) can then be mapped to a corresponding
trajectory in Sy.
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Chapter 8

Construction of admissible models. Moment analysis and the role of per-
petual annuity. The information content of the term structure. Entropic
calibration. Canonical term structures.

8.1 Construction of admissible models

As a consequence of Proposition 3 we see that the general term structure density can also
be expressed in the form

po(t + )My o
PR =T 7 ) 8.1
t( ) fu:O po(t + U>Mt,t+udu ( )
or equivalently
T M,
,Ot(T — t) = oopO( ) tT 7 (82>
fu:t pU(U)Mtudu

where for each T the process M;r is a martingale (0 < ¢t < T < 00) such that M,y > 0 and
MOT == 1

The process M,r is the exponential martingale associated with V,r.

This expression for p,(T" — t) arises also in the Flesaker and Hughston framework, in which
the discount bond system has the representation

fuoiT po(u) My, du
foit Po (U)Mtudu .

U

Pir = (8.3)

Quasi-lognormal models. An interesting class of specific models is obtained if we restrict
the Brownian motion to be one-dimensional and let the volatility structure Vi, = v(u — t)
appearing in (7.39) be deterministic.
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Then V;, is a function of two variables defined on the region 0 < ¢t < u < co. The result-
ing term structure model has a good deal of tractability and exhibits some desirable features.

In particular, the function V;, has the right structure for allowing a calibration of the model
to a family of implied caplet volatilities for a fixed strike (e.g., at-the-money).

If the dimensionality of the Brownian motion is increased then other strikes can be in-
corporated as well.

Semi-linear models*. Another interesting special case can be obtained if we write

pol) = / T e g(R)R, (8.4)

0

for the initial term structure density, where ¢(R) is the inverse Laplace transform of pg(u).

Then for certain choices of the martingale family M, the integration in (8.3) can be carried
out explicitly.

An example can be obtained as follows. Let M; be a martingale (0 < ¢t < oo) and @
the associated quadratic variation satisfying (dM;)? = dQ, and set

My = exp ((a + BT)M, — 5(a + BT)*Q;) . (8.5)

This model arises if we put
(T —t) = (a+ BT)oy (8.6)

in Proposition 2, where the process o, is defined by dM; = o;dW;. Then the u-integration
can be carried out explicitly in the expressions for p;(z) and Py, and the results can be
expressed in closed form:

_ Jreo9(B) (J, g " Mindu) dR

Fir = 555 oo : 8.7
v fR:() ¢(R) (fu:t eiuRMtudU) dR ( )
Here the bracketed expression in the integrand in the numerator is given by:
T L (M, — R/B)”
e Mydu = eXp( t +aR/p
g IV 20, /
M, - R/3
N E—z—Fla+ 4T Q>, 8.8
(g T etV (83)
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where

N(z) = \/%_W /_ " exp (—Le€2) de (8.9)

is the normal distribution function, and the 4 sign is chosen in accordance with the sign of (.

For example, in the case of an initial term structure with a constant continuously com-
pounding rate r, corresponding to the choice ¢p(R) = 6(R — r), we obtain

N (M50 % (o + BTV
N(iMi/Qi/ﬁ (oz—i—ﬂt)\/Q_) '

P = (8.10)

8.2 Moment analysis and the role of the perpetual an-
nuity

Some interesting aspects of the term structure dynamics are captured in the properties of
the moments of p;(x), defined by

xt:/ xp(x)de, ajﬁn):/ (x — Z)"py(z)dx (8.11)
0 0

where n > 2.

For example, in the case of a continuously compounded flat yleld curve 1ven at t =
by the density function py(r) = Re 7® we have 7o = R, 7;” = R, = 3R3 nd
~(4) —4

=9R™ "

The first four moments, if they exist, are the mean, variance, skewness and kurtosis of
the distribution of the ‘abstract’ random variable X characterising the term structure.

The mean 7; is a characteristic time-scale associated with the yield curve, and its inverse
1/z, is an associated characteristic yield. The financial significance of Z; will be discussed
shortly.

For simplicity we introduce the following notation for the variance process:
vy = / Ppy()dz — (3)2. (8.12)
0
We assume that p;(z) and the discount bond volatility X, fall off sufficiently rapidly to
ensure that lim, . "p;(z) = 0 and lim,_,o "% 1, = 0 for n = 1,2, and that the integrals

I~ a"py(x)de and [ a5, de exist for n = 1,2.
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Proposition 5. The mean x; of an admuissible arbitrage-free term structure satisfies
dft = (tht — 1)dt + it(th + )\tdt), (813)
where ¥y = [ Sy oda.

There is a critical value z; for the first moment given by

1 _

Tt

such that when z;, > 7z} the drift of 7, is positive, and the drift increases as = increases.
When z; < zf, the drift of 7, is negative, and the drift decreases further as z; decreases.

The first moment Z; has the natural financial interpretation of being the value at time ¢
of a perpetual annuity paid on a continuous basis.

In particular, an integration by parts shows that
oo
Ty :/ thdﬂi, (815)
0
corresponding to an annuity of one unit of cash per year paid continuously in perpetuity.

Higher moments of the term structure density can then be interpreted in terms of the du-
ration, convexity, etc., of the annuity—in other words, as a measure of the sensitivity of the
value of the annuity to an overall change in interest rate levels.

For example, let us write
By, = e @), (8.16)

where r4(x) is the continuously compounded rate at time ¢ for tenor x, then under a small
parallel shift Ar in the yield curve given by

ri(z) — ri(x) + Ar, (8.17)
we have, to first order,

Therefore, to first order the value of the annuity changes by the amount

Ty — Ty — %Ar/ 2% p,(z)d, (8.19)
0
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where in obtaining the second term we use an integration by parts.
Proposition 6. Under a parallel shift in the yield curve the change A%y in the value of
the perpetual is

Ai’t = —Dt.ftAT, (820)
where the duration Dy of the perpetual annuity is given by

5 [ 2 pu(x)da
I zpu(z)da

D, = (8.21)

8.3 The information content of the term structure

Now we introduce another important example of a functional of the term structure, the
Shannon entropy of the density function p;(x). This is defined by

Silp] = — /0 " pul) In py()d. (8.22)

Because p;(z) has dimensions of inverse time, S;[p] is defined only up to an overall addi-
tive constant. The difference of the entropies associated with two yield curves therefore has
an invariant significance.

One can think of S;[p] as being a measure of the ‘information content’ of the term structure
at time ¢t. In particular, the higher the value of S;[p], the lower the information content.

Since p(z) is subject to a dynamical law, we can infer a corresponding dynamics for the
entropy.

Proposition 7. The entropy associated with an admissible arbitrage-free term structure
dynamics obeys the evolutionary law

dSt = (Tt(St —+ In Tt — 1) + %Ft) dt + </ Vt(ac)st(x)d:c — DtSt) th* (823)
0

where dW* = dW; + \dt, si(x) = —pi(x) Inpe(x) is the entropy density, and the process I'y
15 defined by

Iy, = /Ooo(yt(x) — ) pi()dz. (8.24)
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8.4 Entropic calibration

The principle of entropy maximisation can be used as the basis for a new yield curve cali-
bration methodology.

In particular, given a set of data points on a yield curve, the ‘least biased’ term structure
can be determined by maximising the Shannon entropy subject to the given data constraints.

The general idea behind the maximisation of entropy under constraints can be sketched
as follows.

Suppose that, given a function H(X) of a random variable X, we are told that the ex-
pectation of H(X) with respect to an unknown distribution with density p(z) is U, i.e.,

/0 " H@)p()ds = U (8.25)

The aim then is to find the density p(z) that is least biased and yet consistent with the
information (8.25).

In other words, we wish to eliminate any superfluous information in p(x).
We also have the normalisation condition
/ p(x)dx = 1. (8.26)
0

Subject to the constraints (8.25) and (8.26) we then determine the density p(x) that max-
imises the entropy.

This is carried out by introducing Lagrange multipliers, and considering the variational
relation

)
7 (=plnp — ApH —vp) = 0. (8.27)
The solution is
p(z) =exp(—AH(z) —v—1), (8.28)

where \ and v are determined implicitly.

Let us illustrate the idea by considering the situation in which we are given a set of data
points on the yield curve together with the value of a perpetual annuity.
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The problem is to calibrate the initial term structure to the given data.

This example is interesting because if we are given only the value z( of the perpetual annuity;,
then the maximum entropy term structure is

po(r) = Re F, (8.29)

where R = 1/Zy, and thus Py, = e % for the discount function.

Therefore, we see that it is the annuity constraint that leads to the desired exponential
‘die-off” of the discount function.

This feature is preserved in the more elaborate examples we discuss below, where bond
data-points are introduced as well.

In the more general situation, the bond prices with a given set of tenors x; (i =1,2,--- ,r)
are observed to be By,, = 7;.

In addition, we have the initial value o = ¢ of the perpetual annuity.

Subject to these constraints, the maximum entropy term structure is determined by the
variational principle

% (—p(x) In p(z) — Ap(x)z — Z pp(a) Ly, () — Vp(l“)> =0, (8.30)

where I, (x) = 1 for x > z; and vanishes otherwise.

The parameters A, ;' and v are determined by the normalisation condition and data con-
straints

/OO zp(x)dr =&, and /OO L., (x)p(x)dx = n;. (8.31)

=0 =0

The solution is

plx) = ! exp (—/\x - Z ,uifxi(x)> : (8.32)

where

Z(A\ ) = /000 exp (—)\x — Zui[m (m)) dr. (8.33)



The Lagrange multipliers are then determined implicitly by
OlnZ Oz
o\ ot

As a consequence of (8.32) we see that pointwise calibration to the discount bond prices,
along with the information of the price of the annuity, gives a piecewise exponential term
structure density function.

If there is further information at our disposal, then that can also be included in the system
of constraints so that all available information is used efficiently in the calibration procedure.

We now consider in more detail the simple case where the observed data consist of two pieces
of information—the bond price FPyp, for a fixed maturity date 77, and the value £ = zy of
the perpetual annuity.

This is a rather artificial example; nevertheless it serves to illuminate the main points of
the procedure.

The variational problem implies the existence of three rates rg, 71, and R such that the
term structure density is

—Rx
] ree for 0<zx<T}
plz) = { rie”f for Ty <z < oo. (8.35)
The constraints are given by:
T
/ p(x)de =1— Pypy (8.36)
0

for the bond price;

/000 p(x)dx =1 (8.37)

for the normalisation; and

/ zp(x)dr =& (8.38)
0
for the perpetual annuity.

A short calculation shows that these relations reduce to:

1 % (1= e 1) = Py, (8.39)
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" —7T _—prm, [ TO —1 4
—5 ¢ + 7= (8.40)
T —To —RTy 1 To .

Clearly, given Py, and &, we can proceed to infer values of r¢, r1, and R.

In particular, equation (8.39) allows us to deduce the bond price Pyp, if we are given rg
and R, whereas we can use (8.40) to eliminate 7 in (8.41) to obtain

=41 (1-2) =¢ (8.42)

for the value of the perpetual in terms of ry and R.

Alternatively, given the initial short rate rq and the value of the perpetual £ we have

1— ToTl
R=———. 8.43
e (5:49)
This value of R can then be inserted in (8.39) to determine the bond price.
The scale factor ry is given by
r = RPOTleRTl. (844)
Thus we obtain
—Rx
| ree (0<z<T)
o) = B e (e ) (8.45)
for the term structure density, and
-2 (1—ef) (0<z<T)
— R -

for the discount function, from which yield curve Ry, can be constructed via the standard
prescription
In P
Ryp = ——2 (8.47)

i

and it should be evident by inspection that Ry, is continuous in z.
In this example we can alternatively regard the short rate 7y and the bond price Fyp, as
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the actual ‘independent’ data. Then (8.39) can be used to deduce R, which allows us to
infer the annuity price £ by use of (8.42).

This illustrates the point that, although we assume from the outset the existence of a per-
petual, we can infer an implied value of that instrument by the use of other market data
(e.g., the short rate).

The same idea carries forward in the case where we have multiple data points for the bond
prices, for a given set of n maturity dates 7; (j = 1,2,--- ,n), and we are led to a simple
iterative algorithm for determining the term structure in terms of the short rate and the
specified bond data points.

Proposition 8. Given a set of bond prices Por, (j = 1,2,---,n) and the existence of
the value of the perpetual annuity, the maximum entropy term structure density function is

p([E) = Z ]Tka+1 (x)rke_Rx' (848)
k=0

Here Ty = 0, Ty1q = o0, Inp,, () = 1 if @ € [T, Tis1) and vanishes otherwise, o is the
short rate, and

T, = e*RTk _ e_RTk-H (849)
The value of R is determined from equation (8.39).
The corresponding discount function Py, is given by
FPow = Fory, — %(G_RTk —e 1) (8.50)

for x € [Ty, Tkt1).

Proof. To see this, we insert the piecewise exponential density function (8.48) into a
series of constraints of the form (8.36) for the bond prices, together with the normalisation
constraint (8.37) and the perpetual constraint (8.38).

Then the bond price constraints give rise to a set of relations of the form

Lk (=RTx _ o=RTiir) = g — Py (8.51)
R - 0T% OTk+1 ) .
for k=0,1,--- ,n—1.

In particular, for & = 0, we recover (8.39), which can be used to solve for R in terms of
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the short rate ry and the bond price Py, .

Then, by substitution of this in (8.51) for general k, and the use of further bond price
data, we obtain the other rates i, (k # n).

As for r,, we note that if we divide the integration range in (8.36) into two regions [0, 7},
and [T, oo, then the normalisation condition becomes

"n —RT,

— "= P 8.52
R 0T (8.52)
which determines 7, in terms of R and Fyy,.

Substitution of these results in the perpetual constraint

] & 1 T
R Z(Tk — rpg)e Tk (Tk + E) + FOQ =£ (8.53)
k=1

allows the implied value £ of the perpetual annuity to be determined from the short rate r
and the bond price data Fyr,.

The discount function can be determined by use of the fact that
1— Py, = / p(u)du
0
Ty T
= / p(u)du + rk/ e fdy (8.54)
0

when z € [Ty, Thy1). %

Next, we turn to the problem: Given an existing term structure ps(z) and a set of new
data points, how does one determine the new term structure that is ‘closest’ to the previous
one?

This can be addressed by use of the statistical J-divergence:

J(p1,p2) =S (%(Pl + 02)) - % (S(p1) + S(p2)) - (8.55)

Here, as before, the entropy is defined by

S(p) = — /000 p(x)Inp(z)d. (8.56)



Statistical J-divergence defines the ‘separation’ between p; and p,.

The solution to the problem here is given by the p; that minimises the J-divergence, subject

to the constraints:

/Ooopl(x) =1

/ p1(x)dx = Por,.

T;

and

Introducing Lagrange multipliers p;, we must solve for

5;;1 <J(101702) - ZZ:;M /O°° ITi(fB)p1($>d$> = 0.

The solution can be written as:

pi(z) = Z 17T (@Wﬂz(ﬂf)-

Here, Ty = 0, T},11 = o0, and

Let us write

o
/ pa(z)dr = Qor;,
This is just the bond prices in the ‘old’ term structure.

To eliminate Lagrange multipliers, we note that

T;
/ p1(x)dx =1 — Pyr,,
0

which implies

i—1

Tj+1
1-— POTi = Z/ pl(.fE)dCE

j=07T;

i—1

1 Tjt1
B Z 2exp(d;) — 1 / pa()dz.

=0 T;
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If we also recall that

Tj+1
/ p2(x)dz = Qor, — Qo (8.65)

I;
then the solution for this calibration problem can be summarised in the following form.

Proposition 9. Given a set of bond prices Por, (j = 1,2,---,n) and an existing term
structure density p(x), the minimum J-divergence term structure density function is

ple) = (Z kaTMl(:c)Ak) i) (3.66)

Here Ty =0, Ty = 00, Iy, (x) =1 if & € [T}, Ti1) and O otherwise, and

POTk - POTk+1

Ay =—-——"-T 8.67
; Qor, — Qotyyy (8.67)
The corresponding discount function Py, is
Por, — P,
Pz = Por, = 5———=(Qor, — Qo) (8.68)

Qor, — Qory,
for x € [Ty, Tit1).

8.5 Canonical term structures®

As an interesting example of a class of models that arises as a consequence of the maximisa-
tion of an entropy functional under constraints, we let the term structure density be of the
form

€xXp (—gtT - ethtT)
€xXp <_gtu - ‘gthtu) du’

p(T = 1) = (8.69)

u=t

where 6, is a one-dimensional Ito process, and the functions ¢, and h;7 are deterministic,
defined over the range 0 <t < 7T < o0.

At each time ¢ the term structure density thus defined belongs to an exponential family
parameterised by the value of ;. If we set

Z(0) = / exp (=g — Ohuw) du, (8.70)

=t

then we find that all the moments of the function h;r can be determined from the generating
function Z(0) by formal differentiation.
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For example, for the first moment of h;r we have

/ hiupa(t — £)du = —2BZ0). (8.71)
u=t ae

The corresponding bond price system can then be written in the Flesaker-Hughston form

fOiT Ntudu
P =2 8.72
. fu:t Ntudu ( )
where Ny = exp(—gir — 0hyr). By Ito’s lemma, it follows that Nyp satisfies
dN, . :
Mf:—ﬁm+@mﬁﬁ—mﬁﬂ+y@wm{ (8.73)

where the dot indicates partial differentiation with respect to ¢, so g7 = 0ygsr and htT =
Orhyr.

We assume that the trajectory 6; of the canonical parameter satisfies a stochastic equa-
tion of the form

d@t = Oétdt + 615th. (874)

The no-arbitrage condition implies that N;r is a positive martingale. Therefore, the drift of
N7 vanishes for all T":

iz + hury + aghyr = 1By (8.75)

This relation implies that the processes «a; and 3, determining the dynamics of 8; are of the
form

ay = Atgt + Bt7 and %61:2 = Ctet + Dt (876)
where the functions A;, By, C; and D; are deterministic.

It follows that 6; is a square-root process. Substitution of these equations into (8.75) gives
a set of Bernoulli equations of the form

hor + Ashyr — Cyh2p = 0 (8.77)
for hy and

it + Bihyr — Dihifp = 0 (8.78)
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for gr.

The general solution of (8.77) is

1 ¢ ! C
— _e A,d — —du+ Er ), 8.79
ha </ > </ exp(f Audv)” ) &7

where Er is an function of 7', determined by the initial term structure.

To proceed further, let us consider the special case where D; = 0 and 6, is positive and
mean-reverting. Then B; and C; are both positive and A; is negative, and for g,r we have

t
gt = _/ Buhquu + FT; (880)
0

where Frp is another arbitrary function. In the elementary case where A;, B; and C; are
constants, the functions h;r and g,r are given by

A
hir = C — Gl (8.81)
and
B . (Gp— Ce
9T =5 In <—TGT —C ) — Fr, (8.82)

where G+ = AEp + C. The condition that h;7 should be positive ensures that G is of the
form Gp = CHre T where the function Hyp satisfies Hp > 1 but is otherwise arbitrary.

For N,r we then obtain:

B
Hp —eAT \© A0,
Niz = (m> exp (C< Hye AT _1y 1T} (8.83)

The function Fr is then determined by the specification of the initial term structure for ¢ = 0.

In particular, because Nor = po(T'), we obtain

Hy —eAT \© A6, Aby
Nir = po(T) (—HT — eA(T_t)> exp <C(HTe—A(T—t) "1 ClHpe 1)) (8.84)
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Chapter 9

Review of the Flesaker-Hughston framework. Integral formulae for discount
bonds. Supermartingales and potentials. Rational log-normal model.

9.1 Risk-adjusted discount bond volatility

We return now to the general theory of interest rate dynamics, and establish another ex-
pression for the discount bonds, which we call the integral representation.

This representation has the advantage of bringing out the positive interest condition.

Recall that for the general arbitrage-free dynamics of a discount bond system we have the
following dynamics:

d-Pab
Pab

Here P, is the value of a discount bond at time a that matures at time b, r, is the short
rate, (), is the bond volatility vector, and )\, is the relative risk vector.

= roda + Qg (AW, + A\, da). (9.1)

The economy is modelled by a probability space (€, F, P) with filtration (F;). We as-
sume that (F;) is generated in a standard way by a multi-dimensional Brownian motion.

We recall the fact that under suitable technical conditions the solution to the dynamical
equation is

P, = Py B, exp (/ Qg (AW + Asds) — %/ Q2 ds) (9.2)
0 0

Here B, is the unit-initialised money market account process.

The solution for B,, obtained by setting P,, = 1, is

B, = (P()a)_1 exp (—/ Qo (AW + s ds) + %/ an ds> ) (9.3)
0 0
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For the short-term interest rate r,, we have
Te = —0,1In Pyy + / 00,05, ds — / 0afsa (AW + Agds). (9.4)
0 0
Putting these ingredients together (inserting (9.3) into (9.2)) we have the formula

(fo o (AW + Agds) — 5 [ Q?bds)

exp
P, = Py,
" oxp ([ Qsa (AW, + Ay ds) — L [7Q2,ds)

Here, Py, = Pop/ Poa denotes the forward value of a b-maturity bond.
Recall that Py, is the value negotiated today for purchase at time a of a b-maturity bond.
It will be useful to build an analogy with the single asset situation.

In that case we recall that for the dynamics of a non-dividend paying asset S; we have

¢ ¢
S; = SoB; exp (/ os (dWs + Agds) — %/ o’ ds) ) (9.6)
0 0

Then, introducing the density martingale, we deduce, under suitable technical conditions,
that the following ratio is a martingale:

A.S, ! [ 2
= exp (05 = Xs)dWs — 5 [ (05— As)"ds | . (9.7)
B, 0 0

In the case of interest rate dynamics, o, gets replaced by {24, and a result similar to (9.7)
holds for each discount bond.

More specifically, we have

AaPzz a a
s Y = Py exp (/ Vap AW — %/ % ds) (9.8)
a 0 0

Vab = Qab - )\a' (99)

where

The quantity V,;,, which we call “risk-adjusted volatility”, plays a useful role in the theory
of interest rates.
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Note that V,; contains the information of both the discount bond volatility and the in-
terest rate market price of risk.

This is because of the constraint Q,, = 0 (a maturing bond has zero volatility), which
implies that A\, = —V,, and that Q. = Vi, — Via.

Note that “risk premium” and “volatility” have the same units (inverse square-root time),
so it makes sense to combine them additively.

Now, setting P,, = 1, we obtain a formula for A,/B,, and for the discount bonds we get

_ POb exXp (foa ‘/Zgb dWs — % foa ‘/s% dS)
Poq exp (foa Viea AW, — % Oa V2 ds) '

sa

P (9.10)

In this expression we note that, for each fixed value of b, the numerator is an exponential
martingale.

9.2 Integral representation for discount bonds

We have thus represented P, as a quotient of the form

Aab
Py = , 9.11
" D O

where A, is a one-parameter family of positive martingales.

Here the martingale property holds with respect to the “natural” probability measure P.
We make technical assumptions sufficient to ensure that the bond price goes to zero for
large values of the maturity, and that the martingale property of A, is preserved under

differentiation with respect to the maturity parameter.

We find then that A,, can be expressed in the form
Ay :/ (—0sPos) Ms ds. (9.12)
b

Here M, is a one-parameter family of martingales, initialised to unity at time zero (Mys = 1)
to ensure satisfaction of the initial condition Ay, = Ppy.

The argument that establishes the integral representation is as follows.
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Since limy,_,o, P, = 0 by assumption, we have lim; ., Ay = 0, and thus

Ay — — / D,y ds. (9.13)
b

By assumption, 0;A, is a martingale.

Since Ag, = Py, it follows that

o asAas
B asF)Os

M,, (9.14)

is a unit-initialised martingale, and thus we obtain (9.12).

In particular, for a positive interest rate model it is necessary and sufficient that initial
interest rates are positive, and that the martingale family M,, should be positive.

With these ingredients in place, we see that the discount bond process can be written in the
form:
_ fboo(—ﬁsPoS)Mas ds

P,y = 2t .
" [X(=0Pos) Mys ds

(9.15)

This is the “positive interest” integral representation for the general interest rate model.

By a “Flesaker-Hughston” model we usually mean any representation of the discount bonds
in the form (9.15) for some choice of the martingale family M,;.

One can verify by inspection that if initial interest rates satisfy the positivity conditions
0< Py <1 and 0OyFPy <O0. (9.16)
If the martingale family M, is positive, then the positive interest conditions
0<Pyp<1 and 0OyP,; <0 (9.17)

are satisfied for future valuation dates, and for bonds of all maturities.

9.3 Integral representations in the risk-neutral mea-
sure

A representation of the form (9.15) exists for any measure equivalent to the natural measure.
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That is to say, in the absence of arbitrage, and with some technical conditions, given a
probability measure P equivalent to the natural economic measure P, there exists a martin-
gale family M,, such that the discount bonds P,;, are given by an integral representation of
the form (9.15).

In the case of a complete market the representation thus obtained is unique.

We note that if M,, represents the martingale family with respect to the natural proba-
bility measure P, then

M,
My = ==
Aq

is the appropriate new martingale family, with respect to a new measure P, where A, is the
change-of-measure density martingale.

(9.18)

This is because if M; is any martingale with respect to P, then M,;/A; is a martingale
with respect to P, where P is defined in terms of conditional expectation by

. E.[AX
E.[X,] = 7[/\" )

for any random variable which is measurable with respect to Fy.

(9.19)

Now by use of the risk neutral measure we have the bond valuation formula
-1
Pa = BaEa - | - 9.20
' [BJ (520)

Here B, = exp ( foa T's ds) is the money market account.

By inspection we evidently have
-1
Ap=E, |—=]|. 9.21
= |5 ] (9.21)
Therefore we deduce that the martingale family for the risk-neutral measure is
~ A r
My =E, | ————1.
{(_asPOS) BJ
As a consequence, we see that for the natural measure we have
Mas = AaMas
« r
= AE, -5
{(_asPOS) BJ

Agrg
B Ea {(_GSPOS) BJ

(9.22)

(9.23)
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This gives us a construction for the martingale family M, given r, and A, together with

initial bond data.

9.4 Potentials and positive supermartingales

Let us return now to the representation of the discount bonds given by

Aab
AoLa ‘

Pab:

For A, here, we have

Aab:PObeXp</ Vsdes—%/ Vﬁ,ds),
0 0

where

For A,, we have

We note that Ay, = E,[Ap].
The quantity V; = Ay, is the state-price density.

The state-price density satisfies the following differential equation:

dVvy
7: = —T dt — )\tth

Thus we see that if r; is positive, then V; is a positive supermartingale.

Now as a consequence of (9.24) we have

E[V}]

Py = .
0t Vo

Thus to ensure that the initial discount function vanishes asymptotically, we require

Jim E[V] = 0.
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A positive supermartingale V; that satisfies (9.30) is called a potential.

We see therefore that the concept of a potential is mathematically very natural as a ba-
sis for interest rate theory.

In the potential method we represent the bond price by a formula of the following form:

Eq|Vp
Py = ‘La ] (9.31)
The potential method can be used to generate a number of new and potentially interesting
interest rate models.

There are several ways of representing potentials.

One method is to introduce strictly increasing adapted process A; defined for all time
0 <t < oo, and write

Vi = Ei[Asc] — A (9.32)

If we write A; in the form

t
At:/ nsds (9.33)
0

where 7, is positive, then clearly

0 t
Vi = E {/ nst} —/ Nsds
0 0
= E; [/ nsds}
t

_ /t " Eufin.ds. (9.34)

Now, if we define Py according to (9.29), clearly we have

~ E[n,]ds
Py = 55 , (9.35)
" ) Elnds
Therefore, for the derivative of Py, we obtain
E[n:]
—0iPy = ———. 9.36
o= = Bnlds (930
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If we define

Et[m]
My = ————. 9.37
= (0. Pu) (9-37)
we obtain
V.= / (—0sPos) Mysds (9.38)
t

where M, is a unit-initialised positive martingale family, and we are back to the Flesaker-
Hughston representation.

Another useful way to represent potentials is by the introduction of a square-integrable
random variable X, satisfying

E[X2)] < . (9.39)
Then we define the martingale
X = E; [ Xo] (9.40)
and write
Vi = E: [(Xoo — X0)?] (9.41)

In other words, V; is defined to be the conditional variance of X, given information up
to t.

We recall that for any random variable X, the conditional variance of X with respect to F;
is defined by

Var,[X] = E[(X — E;[X])?]. (9.42)
One can check that V; is a supermartingale, and that E[V;] — 0 as t — oo.
In this approach the entire interest rate framework is captured in the specification of a

single random variable X,,. We shall have more to say about such conditional variance
framework shortly.
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9.5 Rational Models

Now suppose we let the positive martingale family My, be of the form
Moy = ap + By M, (9.43)

where oy and 3, are positive deterministic functions satisfying o, + 6, = 1, and M, is any
positive martingale, normalised so that initially we have My = 1.

Then a short calculation shows that

Fy + Gy M,
a - 9 .44
" F.+ GoM, (9.44)
where Fj, and Gy, are positive decreasing functions, satisfying
Fb + Gb == POb (945)

where Py, is the initial discount function.

Inspection shows that Py = 1, 0 < Py, < 1, and 0,P,; < 0, the positive interest condi-
tions.

This is the so-called rational model (Flesaker & Hughston 1996).

If M, is chosen, for example, to be a geometric Brownian motion, then we obtain the rational
log-normal model.

In the extended rational log-normal model we have

M, = exp (/ o(s)dWy — %/ o?(s) ds) (9.46)
0 0
where o(s) is deterministic.

This model is one of the simplest of all interest rate models.

It admits completely analytic formulae for the valuation of caps, floors and swaptions of
all maturities.

A short calculation shows that the short rate, in the case of a general rational model, is
given by

F'(t) + G'(t) M,
F(t)+ G(t)M,;

(9.47)

Tty = —
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It is not difficult to show then, in the case of the extended rational log-normal model, that
r, 1s a diffusion.

In other words, in the RLN model r, satisfies a stochastic equation of the form
d?"t = (S(t, Tt) dt + ’7(75, 7}) th (948)
where 0(t,7) and 7(t,7) are each deterministic functions of two variables.

It is an interesting exercise to show in this case that (¢,r) is a quadratic polynomial in
the short rate.

The two positive roots to this equation correspond to (time dependent) upper and lower
bounds on the interest rate process.

The RLN model is an important example of a completely tractable system of interest rate
dynamics exhibiting many desirable qualitative features.

A relatively complete analysis of the valuation of caps and swaptions in the rational log-
normal model has been given by Musiela & Rutkowski (1997).
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Chapter 10

Multi-currency interest rate dynamics. Compatible exchange rate systems.
Geometric analysis of foreign exchange volatility and correlation. Quanto
effects. International models for interest rates and foreign exchange.

10.1 Interest rate and foreign exchange dynamics

Let us consider the problem of constructing an extension of the basic HIM framework suit-
able for the valuation of interest rate and foreign exchange derivatives.

We consider an international economy consisting of a set of n currencies, and for each
currency a family of discount bonds denominated in that currency.

For such an economy it is possible to deduce a set of formulae for the price processes of
these discount bonds and the associated exchange rates, subject to the conditions of no ar-
bitrage.

In the multi-currency situation we do not wish to single out any preferred currency.

So we work with the natural measure P, and transform to the risk neutral measure as-
sociated with a choice of currency only for special applications.

In the multi-currency situation there is a numeraire process associated with each currency,
and these are all related to one another via the exchange rate process.

If Sfj denotes the price of one unit of currency ¢ in units of currency j (e.g., the price
of one pound sterling in dollars), then the relation is given more specifically by

&Sy = ¢, (10.1)

where £ denotes the price process for the numeraire asset, expressed in units of currency i.
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The effect of the no arbitrage condition on the international interest rate and foreign ex-
change markets is to ensure the existence of a “global” numeraire asset, the value of which
can be expressed in any currency.

If the market is complete, then the global numeraire is completely determined by the given
asset processes. More generally, we simply assume the existence of a global pricing kernel.

The global numeraire has the property that the ratio of the value (in a given currency)
of any nondividend-paying tradable asset to the value (in the same currency) of the global

numeraire is a martingale with respect to natural measure.

An arbitrage-free complete system of interest rates and foreign exchange is called an “Amin-
Jarrow” economy.

Let us write P’ for the value (in units of currency i) at time a (time 0 is the present)
of a default-free discount bond that matures at time b to deliver one unit of currency 4.

We shall write B! for the value at time a (in units of currency 7) of a money market account
for currency ¢, initialised to one unit of currency at time 0.

The money market account for currency i can be expressed in terms of the short rate ri

for the currency by the formula
B! = exp </ rt ds) . (10.2)
0

We shall write \, for the risk premium vector for currency 1.

Thus A\, determines the excess rate of return (above the short rate in currency i), per unit
of volatility, for assets denominated in that particular currency.

For the discount bonds we have the following dynamics:

dP? ) ) )
P—;b = 7! da+ QL (AW, + N da). (10.3)

ab
Here 2, is the discount bond volatility vector for currency i.

For any given value of i, the dynamics (10.3) look much like the bond dynamics we have
already considered.

However, in the present context, the multi-dimensional Brownian motion W} drives the
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whole economy, and \i* is the risk premium vector for any asset denominated in that cur-
rency.

Now let us consider the process S% for the exchange rate. This must of course be of the
form

ij g .
a;ii‘; = ) da + v dW,, (10.4)

where p% is the drift and v/ is the volatility vector.

In a complete market with no arbitrage, the drift and volatility take the following remarkable
form:

pid =t =l (N =AM (10.5)
and

Vi =N — A\l (10.6)

a

10.2 Compatible exchange rate systems®

Suppose we have an n-by-n matrix S¥ of positive Ito processes based on a multi-dimensional
Brownian motion W'

We assume that S% satisfies the compatibility conditions
Sid gik — ik, (10.7)
and that S¥ = 1.
It follows that S% = 1/S57¢ and that S¥ = 1.
We call such a set of processes a “compatible exchange rate system”.

What constraints does the form (10.7) place on the resulting exchange rate dynamics?

For any compatible exchange rate system there exists a set of positive processes & such
that

SI=¢€/g. (10.8)

The proof of this follows if we write (10.7) in the form in the form S¥ = S* /S*  Fixing a
value k, we define ¢ = S* for all 4.
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This is well-defined procedure since S¥ is always positive, and shows that S% splits into
a quotient.

The split (10.8) is not unique, since it is invariant under the transformation & — &8
for any positive process 7,.

We shall investigate the consequences of this freedom later.

Suppose we therefore write

dg, _
G

for the stochastic equation satisfied by £&, for some given choice of &..

R da + X' dW, (10.9)

Without loss of generality we define the process r by setting R. = ri + Ai*. Then we
have

dgt ) ) )
; — 1 da+ N (dIV + N da). (10.10)
A short calculation making use of the [t6 quotient relation shows that
sy i i ij j
S = (rd —r.)da+v? (dW, + N da). (10.11)

The exchange rate volatility v/ is thus given as indicated earlier by

Vi =N — )L (10.12)

a

Clearly we have v = —pd*. Thus we see that the splitting of /% to a difference of two vector
processes arises from the compatibility condition.

Recall that S% is the price of one unit of currency i in units of currency j.

Thus the volatility vector for the price of sterling in dollars is minus the volatility vec-
tor for the price of one dollar in sterling.

Now a currency is not a non-dividend paying asset.

The “dividend” earned by currency ¢ is the interest it continuously accumulates in a money
market account.
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Thus in (10.11) the overall drift in the value of currency i is of the form
pd =l — ol N (10.13)

)
a’

This is given by the risk-free rate on the valuation currency j, less the “dividend yield” r
plus the excess rate of return.

The excess rate of return is given by the inner product of the volatility vector for cur-
rency ¢ (when priced in units of currency j) times the relative risk vector for the valuation
currency.

10.3 Geometric analysis of FX volatility

The volatility vectors for a compatible foreign exchange rate system have to fit together to
form a polytope in the multidimensional Euclidean space in which the Wiener process takes
its values.

This is on account of the relation v;; + v, + v = 0.

Thus for three currencies we have a triangle, four give a tetrahedron, and so on.

In that picture the vertices of the figure correspond to currencies, and the length of the
edge joining two given vertices is the magnitude of the instantaneous volatility of the asso-

ciated exchange rate.

The cosine of the angle between two edges (whether they intersect or not a common vertex)
measures the instantaneous correlation between the movements in the given exchange rates.

The relation l/fj = )\{ — M allows one to take this set of ideas a step further, incorpo-
rating the relative risk into the picture.

In particular, if we fix an origin, then the relation l/tij = )\{ — Al shows us that the sys-

tem of risk premium vectors for the various currencies, viewed as emanating from the origin,
determines the location and structure of the volatility ‘polytope’.

10.4 Scale transformations®

Now suppose that we are just given the process S¥. To what extent does this process deter-
mine 7’ and A} in a complete market free of arbitrage?

97



DM

t

Figure 10.1: Four currency tetrahedron. The six edge-length correspond to the volatilities of
the sixz exchange rates for the four given currencies. The angles between edges determine the
corresponding correlations.

The exchange rate volatility v given by (10.12) is invariant under the transformation
€ = Taba, (10.14)

since the exchange rate S¥ itself is left unchanged.

Under the scale transformation (10.14) we find, after a short calculation, that the risk pre-
mium and short rate transform as follows:

No— AL+, (10.15)
7l — ol 4 ®, — U2 -\, (10.16)

Here the vector process ¥, and the scalar process @, are defined by

dm,

= &, da+ U, dW,. (10.17)

Tq

The process A’ is thus determined by the exchange rate system up to a transformation of
the form (10.15) for an arbitrary vector process W,.

Geometrically, this can be pictured as a translation of the entire volatility polytope in the
direction given by V.

One can think of such transformations as representing “global” change in the international
economy. For example, one might have an overall drop in interest rates coupled with a

general change in risk aversion as regards some particular source of risk.

Once \! is fixed, then the interest rates are determined up to an overall change of level
.
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10.5 “Quanto” effects”

It is worth noting the effect that a transformation to the risk neutral measure associated
with a given “domestic” currency j has on the bond price process for a “foreign” currency.

The process for the domestic bond price, when we transform to the risk neutral measure,
becomes

—ab — i da 4 Q7 AW, (10.18)

where dW? = dW, + N da.

The bond process for the “foreign” currency i, which in the original measure is given by

dP? ) ) )
P—;l’ =1’ da+ Q. (dW, + X! da), (10.19)
ab
transforms to
P . . . g
P—;b =71’ da+ Q. (AW! — v da), (10.20)
ab

when expressed in terms of W7, which is a Brownian motion in the risk neutral measure
associated with currency j.

Note the appearance of v = M — A the foreign exchange volatility vector, in this for-
mula.

The “quanto” correction term appearing here involves the inner product of the foreign dis-
count bond volatility vector and the exchange rate volatility vector.

This can be re-expressed in more familiar terms as a product of the bond volatility level, the
foreign exchange volatility level, and a correlation factor.

10.6 Martingale representation for FX and interest rate
systems”

An Amin-Jarrow economy is completely characterised by a set of n one-parameter families
of unit-initialised martingales denoted M?_, along with a set of initial term structure data

as?

P, for each currency, and a set of initial exchange rates S’ .
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We require that the initial exchange rates are compatible in the sense that SgS7* = SiF
(e.g. the price of sterling in dollars times the price of one dollar in yen gives the price of
sterling in yen).

For positive interest rates we require, in addition to the above, that the martingales M?_ are
strictly positive, and that the initial discount functions P, exhibit positive interest in the
sense that

0<P,<1 and 0,P), <0 (10.21)

for all maturities. Here 0, denotes differentiation with respect to b.

For the discount bonds in currency ¢ we have an integral representation of the form

i fboo<_aSPgS)M(§s ds
@ faoo<_aspgs)McZ;s dS'

(10.22)

Here again P?, denotes the value (in units of currency i) at time a (time 0 is the present) of
a discount bond that matures at time b to deliver one unit of currency 1.

Note that each discount bond is valued in its “own currency”.

The system of exchange rates is then given by

Sij _ Sij faoo(_aSPéS)MZLs ds
© Y [X(=0,PL)Misds’

(10.23)

Taking into account the given initial conditions, it follows that the compatibility conditions
Sidgik — gik (10.24)
are satisfied.

The numeraire process, which in currency 7 has the value £, is given by

~ &
A B 10.25
ga fa (_ SP(;S>M3LS ds ( )

where initial values & are such that
So = &/ (10.26)

The existence of such a system of initial values is ensured by the initial compatibility condi-
tions on the exchange rates.
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The basic martingales M’  are defined for all s > a > 0 (up to some time horizon), and
satisfy

E, M}, = M!,. (10.27)
There is an explicit formula for the risk premium vector for each currency, given by
. ©(_9.Pi VM o
= e e 1029
Here the vector process o’ is defined by
dM!, = M o' dW,, (10.29)

The discount bond volatilities are given in terms of the basic martingales according to the
scheme
Q= aib - V..

aa’

(10.30)
where the “risk adjusted” volatility V7, is given by

X 0,Py Mo ds
- Jy” ooy Mis 0 ds. (10.31)
fb 8SPOSM(ZISCZS

Thus N, = -V}

aa’

consistent with equation (10.28).

The short rate is given by

. 0u P, M
i Y00Mea 10.32
fa fa (_aSPSS)Més ds ( )

With this information at hand we can verify again that the cross-currency process Stij satisfies

dS% , , , ‘ ,
5‘; = (rl —ry)da+ (N, = Xy) (AW, + X, da). (10.33)

We shall return to the matter of international interest rate and foreign exchange systems in
greater depth in due course.
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Chapter 11

Axiomatic framework for continuous asset price dynamics. Perpetual floating
rate notes. Price processes for discount bonds. Dynamics of the state price
density.

11.1 Axiomatic framework for continuous asset price
dynamics

The idea now is to develop an axiomatic scheme that will ensure the existence of an arbitrage-
free system of discount bonds over all time horizons, but that is general enough also to allow
a place for other systems of assets.

The methodology that we propose, which in effect unifies a number of important features
of the theory of interest rate modelling and the theory of volatility modelling, is based on a
conditional variance representation for the state price density, and makes use of the Wiener
chaos expansion technique in a novel way.

We model the unfolding of random market events in the usual way with the specification of
a fixed probability space (€2, F, P) which we denote as II.

We assume that the economy II is equipped with the standard augmented filtration & =
(Fi)o<t<r- generated by a system of one or more independent Wiener processes (W)o<i<r-
(=1,--- k).

Here T™ represents a fixed time horizon, which for the moment we leave unspecified but
eventually will be assumed to be infinite.

The probability measure P is to be interpreted as the “natural” measure, and filtration-
dependent concepts (such as adaptedness or the martingale property) are defined relative to
D,
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We assume in this investigation that the random processes on II followed by asset prices
are continuous semimartingales adapted to ®.

The absence of arbitrage in the economy will be characterised according to the following
scheme.

We assume the existence of a continuous semimartingale &, adapted to ®, which we call
the “natural numeraire” process, satisfying & > 0 for all ¢t € [0,7*], such that the following
three axioms hold:

(A1) There exists a strictly increasing (and hence “risk-free”) asset with price process B,
(the money-market account).

(A2) If Sy is the price-process of any asset, and Dy is the adapted dividend rate for that asset,
so that D,dt represents the small random dividend paid at time ¢, then the process M;

defined by
St /t Ds
My =—+ [ —ds
: gt 0 gs

(A3) There exists an asset (a floating rate note) that offers a dividend rate sufficient to
ensure that the value of the asset remains constant.

ia a martingale.

Now let us examine some of the consequences of these axioms.

Existence of risk adjustment density

Since the process By introduced in (A1) is by assumption continuous and strictly increasing,
there exists an adapted process r; > 0 such that

¢
B, = Byexp (/ rsds>. (11.1)
0

Because the money market account is a non-dividend paying asset, it follows as a consequence
of (A1) and (A2) that there exists a positive martingale A; such that

B,
2t A, 11.2
& (11.2)

Since A; is positive, there exists an adapted vector-valued process \; such that

dAt - —AtAthVt, (113)

103



where here, and similarly elsewhere, we use the shorthand
k
AdWy = AFdW. (11.4)
a=1

As a consequence of (11.3), we then have

t t
Ay = poexp (—/ AdWy — %/ )éds). (11.5)
0 0

Uniqueness of the money market account

At most one process B; can exist satisfying axioms (A1) and (A2). For if B} were another
such increasing price process, then we would have

A pr

= 11.6
By B (11.6)
for some positive martingale p;. But this relation implies that
— = (ry —rf)dt + — (11.7)
Ay o Pt

which shows that for A; and p; both to be martingales we have r, = .

Dynamic equations for risky-assets

Axiom (A2) implies, in the case of a non-dividend-paying asset, that S; can be written in
the form

_ BiM,

Sy N, (11.8)
where M; is a martingale.
Thus, if we write dM; = 6,dW, it is a straightforward exercise to verify that
dS; = (r4Sy + My dt + e dWr, (11.9)
where the vector-valued process 1, is defined by
Uy = B/ft + \Sh. (11.10)

In particular, if the asset price S; is positive, then M; is positive, and we can write 6, =
(o — A\¢) M, for some vector-valued process oy, from which it follows that ¢, = 045;.
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In that case the dynamical equation satisfied by S; can be written in the form

ds,
?t = (Tt+)\t0t)dt+gtth7 (1111)
t

where o, is the adapted vector-valued volatility process for the given asset, and \; has the
interpretation of the market risk premium.

We recognise (11.11) as the dynamics of a risky asset with limited liability in a market
with no arbitrage.

However the dynamical equation
dSy = (rySy + Nty )dt + hdW, (11.12)

has the advantage of holding in the more general situation for assets such as portfolio po-
sitions including borrowing, short sales, or derivatives, where the value of the position may
swing into the red as well as the black.

Risky assets with dividend

In the case of a dividend paying asset these formulae need to be modified slightly, and in
place of (11.12) we obtain

dSt = (Ttst - Dt + Atwt)dt + l/Jtth (1113)

as a consequence of (A2), with ¢, defined as before according to v, = Bi0;/A; + S,

Then if S; is positive we can introduce a proportional dividend rate §; by the relation
D; = 6,S;, and we obtain the simplified expression

dsS

?t = (’f’t — (St + )\tUt)dt + Utth, (1114)
t

where o, is defined as before by ¢, = 0;S5;.

Clearly, (11.14) conforms to the familiar dynamics of a dividend or interest paying asset
with limited liability.

For example, if .S; is the price of a foreign currency, then ¢, corresponds to the overnight rate
for that currency. We consider the case of a foreign currency in greater detail later.
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Assets of constant value

Now let us examine axiom (A3) more closely. Such a “cash” asset that maintains a constant
value has the interpretation of being a floating rate note.

Equation (11.14) shows that if we set S; = 1 for all ¢ € [0,7*] then the “dividend” rate
offered for such an instrument must be r,. It follows that

1 Ly . .
—+ / “ds  isa martingale. (11.15)
gt 0 fs

In particular since r; and & are positive we deduce that

E E} < o0 (11.16)

and

E [/0 g—sdsl < 0o (11.17)

for all t € [0,T7].

11.2 Price processes for discount bonds

To proceed further we introduce a system of discount bonds on the economy II.

More precisely, this will be the discount bond system associated with the base currency
in terms of which the other assets on Il are priced and with respect to which the money
market process B; is defined.

The discount bond price processes will be denoted Py, where 0 <t <T <T* < o0.

We shall as usual regard the zero-coupon bond for a given value of T as a default-free
contract that pays one unit of the base currency at time 7.

Then P,y denotes the price of the bond at time ¢, and by the definition of the contract
we require that Ppp =1 for all T € [0, T7].

For the moment we make no other assumptions concerning the discount bond processes
other than those properties applicable to all assets implicit in axioms (A1), (A2), and (A3),
though later we add a further important assumption concerning the asymptotic behaviour
of the bond prices in the case of an infinite time horizon.
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Since P,r represents the price process of a non-dividend-paying asset for each value of
T € [0, T, it follows from axiom (A2) that Pir/& is a martingale, and hence that there
exists a family of positive martingales M, such that

P = . (11.18)

Because M,y is a positive martingale for each bond maturity date T' € [0, T*], there exists a
vector-valued process €2;7 such that

dMr
My

We thus that the dynamics of the discount bond system are given by

dPyr
Byr

= (re + M&yp)dt + QppdW,. (11.20)
We recognise ;7 as being the T-maturity discount bond vector relative volatility process.

It then follows, by integrating (11.20), if we make use of the relation P; = 1, that the
discount bond price processes can be represented in the form

exp (fy Asords + [y QurdW, = L [ 02ds)

PtT = POtT ; : t )
exp (fy AsQuds + fy QudW, = § [y 02ds)

(11.21)

and that the money market account process is given by a corresponding expression of the
form
B
B, = , . t . (11.22)
Povexp (fy AoQuds + fy QudWVy = 3 [ 02,ds)

Here we have used the notation Py = Pyr/ Py for the t-forward price made at time 0 for a
T-maturity discount bond.

The volatility structure approach

An interesting feature of the expressions (11.21) and (11.22) is that the discount bond sys-
tem and the money market account can be represented directly in terms of the market risk
premium process \; and the bond volatility process 2,7, together with the initial discount
function Py, without direct reference to the short rate r;.
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It is therefore legitimate to regard A\, and ;7 as being subject to an exogenous specifi-
cation.

Indeed, historically this observation is of considerable significance since it forms the ba-
sis of the approach to interest rate derivatives pricing frequently used in practice according
to which one “models the volatility structure”.

In such an approach one typically assumes market completeness, then transforms to the risk
neutral measure to eliminate the market risk premium, and then models the bond volatility
process exogenously, calibrating it to a suitable given set of market interest rate option data.

It has been a problematic feature of the volatility approach, however, that if A\, and Q;r
are specified exogenously, then there is no guarantee that axiom (A1) is satisfied—that is to
say, the resulting interest rates need not be positive.

Additionally, there is no reason to suppose, a priori, that the bond volatilities will take
on a given form in the risk neutral measure.

Let us therefore put to one side the “volatility structure” approach, and return to the
consideration of the assumptions (A1), (A2), and (A3) in the context of a term structure
model.

Martingale relations

Because the discount bonds are non-dividend-paying assets, it follows as a consequence of
(A2) that the martingale relations

E {%1 < 00 (11.23)
and
o w20

hold forall 0 <t <u <T <T™,
Here E;[—] denotes as usual the conditional expectation with respect to the o-algebra F;.

It follows from (11.23) by setting ¢ = T that the existence of the discount bond system
implies that the inequality
1

E {d < (11.25)
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holds for all ¢ € [0,7%].

It is interesting to note, as was shown by Baxter (1997), that the inequality (11.17) is
the additional assumption required to ensure the differentiability of the bond price system
with respect to the maturity date.

Instantaneous forward rates

In other words, as a consequence of (11.17) there exists a family of continuous semimartin-
gales f,, adapted to @, for all 0 <t < wu < T, such that

P = exp (— /T ftudu> ) (11.26)

—6T1n PtT = ftT7 (1127)

It then follows that

where Or denotes differentiation with respect to 1", and also that

tlln,jl"ftT =TT (1128)
and

lim 7 = 0. (11.29)

t—T

The importance of the existence of the instantaneous forward rates is that the class of
interest rate models under consideration here is equivalent to the family of all positive in-
terest HIM models (Heath, Jarrow and Morton 1992) defined over the relevant time horizon.

We take the view here nevertheless that the instantaneous forward rates are in some sense
secondary, and that primary significance should be attached to modelling the natural nu-
meraire process &;.

Risk neutral valuation formula
In particular, setting w = 7" in (11.24) we obtain the pricing formula

1
PtT == £tEt |:—:| . (1130)
&r
Thus, once axioms (A1), (A2), and (A3) have been specified, the associated discount bond
system is also determined.

We note that P,r is unchanged if we multiply & by a positive constant.
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11.3 Dynamics of the state price density

It is be useful now to introduce the related process V; = 1/& which has the interpretation
of being the state price density.

It follows from equation (11.1) that V; = A;/B:, and from (11.16) we have E[V;] < oo
for all t € [0,77].

In particular, since B; is F;-measurable and increasing we deduce that

o | Ar Ar]  EiAr] A

fort < T.
In other words, we have E,[Vr] < V;, and thus we see that V; is a supermartingale.

Now writing the risk neutral valuation formula in the form

VT}
Pyp=E, |-L], 11.32
\r t{% (11.32)

we see that Pop < 1 forallt <T.

Pricing kernel

The quotient K;r = Vr/V; can be regarded as a “pricing kernel” for derivatives (Constan-
tinides 1992).

In particular, suppose that H, is for ¢ € [0,T] the price process of a derivative asset on
IT with a European-style payoff Hr at time 7.

Then by (A2) we have
Hy; = E; [KyrHr], (11.33)

a relation that remains valid independently of any hedgeability considerations.

Note that no assumption of market completeness is made in our axiomatic scheme.

Properties of the state price density
It follows from the dynamical equations for B; and A; that the dynamics of V; are given by

AV, = —rVidt — \V,dW,. (11.34)
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Therefore, given V; we can recover the short rate r; and the market risk premium process ;.

Integrating (11.34) from ¢ to T" we get
T T
V=V, —/ rsVsds —/ A VidW. (11.35)
t t

Taking the conditional expectation of each side of (11.35) we obtain

E, [Vy] =V, — E, UtT rSVSds] . (11.36)

Dividing by V; we then arrive at the formula

T
PtT =1- Et |:/ Ktsrsd8:| s (1137)
t

which has a natural economic interpretation from which a number of interesting consequences
can be deduced.

It follows for example as a corollary of (11.37) that for any two maturity dates 77 and
T5 we have

Ty

PtTl - Pth = Et |: Ktsrsd3:| . (1138)

T1

Therefore if Ty, > T3, we deduce that P, < P, and hence that the random forward price

P,
Pror, = PtTQ, (11.39)
tTh
made at time t for purchase at time 7T of a Ty-maturity discount bond satisfies
0< PtT1T2 <1 (1140)

forall0 <t <T; <T) < 0.

This in turn implies the positivity of all forward rates.

Interpretation of the instantaneous forward rates

Another interesting corollary of (11.37) follows if we differentiate each side of this equation
with respect to T, from which we deduce that

firPr = Ey [Kypry) . (11.41)
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This relation shows that the instantaneous forward rates can be interpreted as the value, at
time ¢, future-valued to time T, of the contingent claim that pays the short rate rr at time
T on a unit principal.

It follows that the term structure density p;(z) for tenor z = T — ¢ is the value at time
t of an instrument that pays the rate rr at time 7" on a unit principal.

Equation (11.37) says that ownership of a T-maturity discount bond is equivalent to own-
ership of one unit of the cash asset, but without the right to the dividend flow of the cash
asset from time ¢ to time 7'

To put the matter in another way, a money-lender will be willing at time ¢ to part with
one unit of cash in exchange for a discount bond maturing at time 7' together with a con-

tinuous flow of interest from time ¢ to time 7.

Equivalently, to hold a T-maturity floating-rate note is the same as holding a T-maturity
discount bond together with the right to a continuous stream of interest from time ¢ to 7.
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Chapter 12

The conditional variance representation for the state price density. Interest
rate models as elements of L?(Q2, F, P). Elements of Wiener chaos. First
chaos models.

12.1 The conditional variance representation

Now suppose we consider the case of an interest rate system with an infinite time horizon
T* = co. It follows from (11.37) that

T
POT =1—-E |:/ K08T5d8:| . (121)
0

This relation can be interpreted as saying that the value of a T-maturity discount bond at
time 0 is one unit of cash less the present value of the interest stream from time 0 to time
T.

The idea is that by holding the discount bond one forgoes the dividends associated with
the cash until the maturity date of the bond—at which point one acquires the cash.

On the role of potential

The ownership of a discount bond that never matures (i.e. matures at 7' = o) is equivalent
to ownership of a unit of floating rate note stripped of its interest stream for all time—in
other words, the ownership of nothing.

As a consequence we conclude that

7llIIl POT = 0, (122)
or equivalently
Vo =E [/ rsVsds] ) (12.3)
0
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Indeed, we shall now take it as part of the definition of a discount bond system that 7™ = oo
and that the natural numeraire & and the interest rate r; are such that (12.2) holds, or

equivalently
[e.@] TS
& {/ —ds} =1 (12.4)
0 58

Alternatively, it follows from (11.32) that the asymptotic condition (12.2) holds if and only
if

lim E[Vy] = 0. (12.5)

T—o0

This is the condition that the process V; is a “potential”, i.e. a positive supermartingale
with the property that its expectation vanishes in the limit.

Thus, as was pointed out by Rogers (1997), it should be regarded as an essential element of
interest rate theory that the state price density should have this property.

Recursive relation of the state price density

We see therefore that once an appropriate asymptotic condition has been placed on the
discount bond system we have the key relation

V,=E, [/ rsVsds} ) (12.6)
t

This formula has the economic interpretation that a floating rate note that promises to pay
the rate r; on a unit principal in perpetuity necessarily has the value unity.

An alternative expression for V; can be deduced from (12.6) if we define the increasing
process

t
A = / reVids. (12.7)
0
Then we obtain the relation V; = E; [A,] — A; as discussed earlier.
This forms the basis of the Flesaker-Hughston framework and its extensions (see, e.g., Fle-
saker and Hughston 1996, 1997, 1998, Rutkowski 1997, Musiela and Rutkowski 1997, Rogers
1997, James and Webber 2000, Hunt and Kennedy 2000, Jin and Glasserman 2001).

In the present investigation, we take an alternative point of view and emphasize a rather
different feature of the state price density that emerges in this context: namely, that V; can
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be interpreted as a conditional variance.

This makes use of an idea appearing in Meyer (1966). More precisely, let o, be a vector
process satisfying

o =1V, (12.8)
Then we can define a random variable X, by the formula

Xoo:/ oy dW,. (12.9)
0

The existence of X, is guaranteed by virtue of axiom (A3) which implies that

E {/ T5‘/5d8:| < 0. (12.10)
0

It follows immediately then by virtue of the Ito isometry that

Vi = E, / agds}
L/t
- . )
= Et </ O'SdWS> ]
t

[e’s) + 2
= E, </ o dW, —/ adeS) ] . (12.11)
0 0

However, because

E; [Xo] = /t osdWs, (12.12)
0
we deduce that
Ve = Bt [(Xoo — B¢ [Xa])] (12.13)
which we recognise as the conditional variance of X, with respect to the o-algebra F;.
In particular we note that X, € L*(Q, F, P).

We shall take the view that the random variable X, should in some sense be regarded
as the “primitive” in the construction of the associated interest rate system.
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12.2 Interest rate models as elements of L*((), F, P)

Let us now recapitulate what we have learned so far.

The market is characterised by a probability space II = (€, F, P) which we can assume
to be the classical Wiener space associated with a system of n independent Brownian mo-
tions.

If we assume the existence of an arbitrage-free system of discount bonds on II then it fol-
lows from the considerations of the previous sections that there exists a random variable
Xo € L3(IT) with zero mean such that the state price density V; is given by the conditional
variance

Vi =B [(Xoo — B¢ [Xo))?] (12.14)
and the discount bond system is given by
E
Py = 2Vl (12.15)
Vi

The state-price density is fully determined by the random variable X .

Conversely, given the state-price density process, we can determine the short rate process
and then use the relation af = rV; to construct the integrand in the expression for the
corresponding asymptotic random variable X .

We therefore have a correspondence between arbitrage-free positive interest rate models
and square-integrable zero-mean random variables on the Wiener space II.

Interestingly, this space has a very rich natural structure that can be exploited in the anal-
ysis of the associated interest rate systems.

The key point is that we can represent X, and therefore characterise the corresponding
interest rate system, by use of a Wiener chaos expansion.

In particular, the integrand o in the defining equation (12.9) can be expanded in a unique
way in a series of the form

Os = Qs +/ Gss, AW, +/ / Gss15, AW sy AW + - -+ . (12.16)
0 o Jo

Inserting this expression into (12.9) we then obtain the following representation for the
random variable X .:

Xoo = / osdWs + / / Gss, AW dWs + -+ - . (12'17)
0 0 0
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The integrands ¢, = ¢*(s), Pss; = P*1(S, 81), Dss s, = P*1*2(s, 81, S2), and so on, appearing
here are deterministic tensor-valued functions, where s > 51 > 59 > - -.

Then for the expectation of the square of the random variable X, we have

E [XZ] :/ ¢§d8+/ / @2, dsids + - - - . (12.18)
0 0 s1=0

It should be evident by consideration of formula (12.13) that for each choice of X, we obtain
a specific interest rate model.

Nesting of interest rate models

In addition, the different models thus arising are nested in a natural way.

To be precise, by an interest rate model we mean the filtered probability space II together
with the pair (V;, Pyr).

We shall call an interest rate model that only contains terms up to order n in the ex-
pansion of X, an n'-order chaos model.

If X, contains only the n'" order term we shall call the resulting interest rate model a
“pure” chaos model of order n. It should be evident that the n'"-order chaos models are
contained as a subset of the m™-order chaos models, for all n < m.

Despite the relatively high level of abstraction in the overall framework, the inputs of such
models are simply the deterministic functions ¢, ¢s 5, , @s.s,.5, and so on.

It follows that interest rate models can be classified according to their chaos structure, and
indeed all positive interest HJM models based on a Brownian filtration can be systematically
built up in this way.

12.3 Elements of Wiener chaos

Before we embark upon the analysis of specific interest rate models it will be helpful first if
we review briefly in a little more detail the basics of the Wiener chaos technique.

This will also give us the opportunity to develop the notation further. The material discussed
in this section is for the most part well established, and we refer the reader for example to
Nualart (1995), Qksendal (1997) or Teichmann (2002) for further details. The foundations
of the chaos technique can be found in Wiener (1938) and Ito (1951).
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The applications of Wiener chaos to problems in finance were pioneered by Lacoste (1996).
Let H be a real Hilbert space with scalar product (-, ).

Given an element h € H, its norm will be denoted ||h|. We introduce a field of ran-
dom variables W = {W),,h € H}.

We say that W is a Gaussian field if W is a Gaussian family of random variables with
zero mean such that E[W,W,] = (g, h) for all g,h € H.

Under this definition the map h — W), is a linear isometry of the space H onto a closed
subspace of L?(Q, F, P), which we denote by H;.

It follows immediately that Wg4en) = aW, + bW), for any a,b € R and g,h € H.
The elements of H; are zero-mean Gaussian random variables.
Next we introduce the Hermite polynomials H,,(z), defined by the formula
1 10 d"
P -

Ho(z) = —(—1)"el’

Tl

1.2

(e72%), n>1, (12.19)
and Hy(z) = 1.
These polynomials play a fundamental role in the Wiener chaos expansion.

The Hermite polynomials of degree one, two, three and four are H(z) = x, Ha(z) = 3(2*—1),

Hs(z) = #(2® — 3x), and Hy(x) = 5;(2* — 627 + 3) respectively.

Let X and Y be random variables with a jointly Gaussian distribution such that E[X] =
E[Y] =0, and E[X?] = E[Y?] = 1.
Then for all n,m > 0 we have

1

E[H, (X)Hn(Y)] =

S (E[XY])" . (12.20)

For each n > 1 we denote by H,, the linear subspace of L?(§2, F, P) generated by the random
variables {H,,(W},),h € H,||h|| = 1}, with the convention that H, denotes the constants.

For n = 1, we recover the space H; of zero mean Gaussian random variables.
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It should be evident from (12.20) that H,, and H,, are orthogonal for n # m.
The subspace H,, is called the Wiener chaos of order n.

If we denote by G the o-field generated by the random variables {W),,h € H}, then the
space L*(€, G, P) can be decomposed into the following infinite orthogonal sum of the sub-
spaces H,, :

L*(9,G,P) = & yH,. (12.21)
This fundamental decomposition of L?(Q, G, P) leads to the representation of any element
of this space by series of terms resulting from the orthogonal projection of the given element
on to the various chaos subspaces.
Now let us reduce the generality of the underlying Hilbert space and consider the case
H = L*(R, B, i), where B denotes the Borel o-algebra on R, and p is the Lebesgue mea-

sure.

In this case any element of the n''-order Wiener chaos can be represented as an Ito in-
tegral of a square integrable function.

More precisely, let us consider the subspace A" of R defined by
A" ={(s,51," "+ ,8p-1) ERL;0< 5,1 <o <5y < s < o0} (12.22)

Also, let the function ¢, : R} — R, be square integrable in the sense that

0o s Sn—1
/ / . / G2(8,51, -+, Sn_1)dSp_1 -+ - dsids < oo. (12.23)
o Jo 0

Then if we let W; denote a one-dimensional Brownian motion, we can verify that the random
variable I,,(¢,) defined by the multiple Ito integral

In(¢n):/0 /0 /0 Gl 51, Sp1 AW, - AW, AWV, (12.24)

is an element of the n'* Wiener chaos subspace H,,.

Indeed, the integral on the right hand side of the equation above is an Ito integral on
A" since the integrand is adapted and square integrable.

Now let us write FY for the o-field generated by W; over the totality of the infinite time
horizon.

119



By combining expression (12.24) with the decomposition (12.21), one is led to the result
that any square integrable random variable X € L?(Q, FY P) can be expressed as a chaos
expansion according to the scheme

X = i L(én), (12.25)

where the deterministic functions ¢, € L*(R'}) are uniquely determined by the random
variable X (see, e.g., Revuz and Yor 2001).

Inner product formulae for L?(II)

It is a straightforward exercise to verify explicitly by use of the Ito isometry and the stochas-
tic Fubini theorem (interchange of integration and expectation) that elements of distinct
chaos spaces are orthogonal.

For example, if X € Hy, and Y € H, we have

X = /0 s(s)dW,,  amd Y = /0 /0 6(s, 51)dW,, dW,, (12.26)

for some choice of ¢(s) € L*(R}) and ¢(s, s1) € L*(R?%), and thus

E[XY] = E[ (s dW/ /gbssl dWSIdW}

E{//qs ssldwslds}
_ /0 E[/¢ ssldwsl]ds

— 0 (12.27)

On the other hand, if A, B € H, are two elements of the same chaos, e.g.,

:/ /a(s,sl)dwsldWS, B:/ /ﬁ(s,sl)dWsldWS, (12.28)
o Jo o Jo
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then their inner product is given by

E[AB] = [// ssldwsldW/ /ﬂssldwsldw]
C [ ([ wtonr, [ atssoan) o]
= /OO [/ (ssldwsl/ﬂssldwsl]ds

E
= / / a(s, s1)3(s, s1)ds1ds. (12.29)

Thus the random variables A and B are orthogonal in Hs if and only if the corresponding
elements of L?(R%) are orthogonal.

Factorisable chaos elements

Another useful result arises in the case for which ¢,(t1,ts, -+ ,t,) is “factorisable” in the
special form

On(8, 81,y Sn1) = h(s)h(s1) -~ h(Sn_1), (12.30)
for some element h(t) € L*(R}) with unit norm.
Then for this choice of ¢, we have the relation I,,(¢,) = H,(W), where H,(W}) is the

" Hermite polynomial formed from the unit-norm Gaussian random variable W), defined
by

W), = /Oo h(s)dWs, /Oo h*(s)ds = 1. (12.31)

We note, in particular, that

exp {aWh - 5o ] Za (12.32)

The formulae presented in this section apply in the case of the Wiener chaos based on a
standard one-dimensional Brownian motion.

The extension to the general case of a multidimensional Brownian motion is straightforward,

and consists of replacing the deterministic coefficients ¢s, @ss,, @ss;s,, €tC., with tensorial ex-
pressions of the form ¢*(s), **'(s, s1), P**1*2(s, s1, S2), and so on.
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12.4 First chaos models

Now we proceed to consider in more detail the structure and classification of interest rate
models according to the scheme outlined in the previous sections.

The first Wiener chaos offers the simplest application of the method and gives rise to a
deterministic interest rate model.

One should remember that the majority of the applications of interest rate theory start
from the deterministic case, so this case should not be regarded as trivial.

Indeed, the chaos framework offers new insights into the relation between deterministic
models and their stochastic generalisations.

It is interesting to note in this connection that even in the case of a deterministic inter-
est rate model there is still a random variable underpinning the dynamics.

For simplicity we shall assume that the dimension of the Brownian motion is one.

In the case of a first chaos model we then write
X = / o dWs, (12.33)
0

where ¢, is a deterministic function of one variable.

A straightforward calculation by use of the Ito isometry confirms that the corresponding
expression for the potential is given by

Vt:/ P2ds. (12.34)
t

This is clearly a positive supermartingale that tends to zero in expectation, and it is evident
that the interest rate model that arises is deterministic.

The corresponding expression for the discount bonds is

Py — Jr_0ds (12.35)

ftoo d2ds’

Thus, the first chaos is sufficient to characterise a deterministic interest rate structure.

In other words, we can identify the space of positive interest yield curves with the first chaos.
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As a simple example, suppose we take

¢y = VRe 31 (12.36)
for the first chaos expansion.
Then the associated discount bond becomes

P = e RT-Y), (12.37)
We remark that there is a direct link between the chaos structure presented here and the

applications of information geometry considered earlier in our discussion of the space of
admissible yield curves.

123



Chapter 13

Second chaos models. Factorisable second chaos models. Foreign exchange
systems.

13.1 Second chaos models

The second chaos models are the simplest models that introduce stochasticity.

In a single-factor second chaos model the random variable X, can be represented in the
form

Xoo:/ o dW,, (13.1)
0

with the adapted process o, given by

Os = Qbs +/ gbssldWsl‘ (132>
0

Here ¢s = ¢(s) is a deterministic function of one variable, and ¢g5, = ¢(s, s1) is a determin-
istic function of two variables.

The second chaos representation for X, is then given by
Xoo = / G dW + / / Gss, AW, dW. (13.3)
0 o Jo
In the case of a second chaos model we can think of the deterministic coefficients ¢(s) and
¢(s,s1) as supplying just enough freedom to allow for calibration to the initial yield curve

and a complete set of caplet prices for all tenors and maturities.

It is a straightforward exercise to show as a consequence of equation

Vi =E, [(Xoo — E [XOO])Q} ) (13'4>
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that we are then led to the following expression for the state price density:

0 t 2 e’} S
1% :/ <¢s —|—/ gzﬁssldWSl> ds +/ / gbiSldslds. (13.5)
t 0 t t

The derivation of formula (13.5) can be established most directly if we write

t
where the positive martingale family M;, is defined for 0 <t < s < oo by the relation

The fact that V; can be represented in this way follows as a consequence of

V, =E, Utm afds} : (13.8)

Then a short calculation making use of the relation (13.2) and the conditional Ito isometry
gives

t 2 s
M, = <¢s —|—/ ¢ssldWsl> —|—/ gbildsl. (13.9)
0 t

To check that the expression appearing on the right hand side of (13.9) is indeed a martingale
we note that

My = R, — Qs + Qs (13.10)

where, for each value of s, R, is the martingale

t
Rts = ¢S +/ ¢ssldWsl (1311>
0

and () is the associated quadratic variation:

t
Qtsz/ ¢%5, ds1. (13.12)
0

If Ry is a martingale and Q; is its quadratic variation, then RZ, — @y, is also a martingale,
and hence so is My, since (), is deterministic and independent of .

On the other hand @, is just the extra term required to ensure M;, is positive for all
0<t<s<o0,asis clear from expression (13.9).
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The discount bond system can then be put into the Flesaker-Hughston form

foo Mtsds
Pp ="t ——, 13.13
[ Myyds (13.13)
and the initial term structure that corresponds to this system is given by
> Mosd
Py — 3z Mols (13.14)
fO MQSdS
More explicitly, we have My, = ¢ + fOS 2. ,ds1 and hence:
00 (19 s 19
+ dsy) ds
FPor = Jy (924 Jy 6u,do1) (13.15)

B fooo (¢§ + fos gsldsl) ds

Clearly, by an overall adjustment of the scale of X, we can set the denominator in (13.15)
to unity.

With this choice of normalisation the corresponding term structure density is given by
p(T) = Mor.

Expressions for the discount bond volatility and the market price
of risk arising in the case of a general second chaos model

Making use of the Ito quotient identity
d(A/By) dA, dB, (dBy)*  dA;dB;

= — + — , 13.16
(A;/By) Ay By B? Ay By ( )

we deduce that the discount bond volatility is given by

" Upsd “Upsd
Qp — dr Ul ) Ueds (1317)
fT Mtst L/; Mtsds
and that the market risk premium vector is given by
foo Utsds

A= —e——. 13.18
¢ J; Mtsds ( )

Here for convenience we have introduced the vector-valued process U, defined by U, =
2R;s0s. We note that the constraint Qppr = 0 is automatically satisfied.
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The instantaneous forward rate process f;r can be calculated by use of the formula f;r =
—O7r In P,y and we find

My
L — 13.19
Jer [2° My ds (13.19)
The short rate process is given analogously by the formula
Mtt
= -, 13.20
n j; MtSdS ( )

which is equivalent to the relation af =rV.
At first glance, the expressions related to the second chaos might look complicated.

However the only exogenously specified ingredients are the deterministic functions ¢4 and

¢S$1 .

In fact, all the formulae above can be expressed in terms of the underlying Gaussian random
variables Ry,.

Option pricing in a second chaos model

We observe that for fixed values of ¢ and s the random variable M;s defined by (13.9) is given
by the square of a Gaussian random variable, plus a constant.

Therefore, for fixed t and T the random variable

@:/J%@ (13.21)
T

can be understood as the integral of a parametric family of squared Gaussian random vari-
ables, plus a constant.

The next step is to define the joint distribution function of the random variables Z;7,, and
ZtTg by

For,(z,y) = Prob [Zyp, < x and Zip, < y]. (13.22)

We denote the corresponding joint density function by firr, (z,v).

Now the payoff for a call option that expires at time ¢ and is written on a T-maturity
discount bond is

Ht - (PtT - K)+, (1323)
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for some strike K.

Therefore, according to (11.33) the price of this instrument is

Ho=FE [Vi(Pr— K)"]. (13.24)
By virtue of (13.13) this is evidently equivalent to

Ho=E [(Zy — KZy)"], (13.25)

which can be written in terms of the density function f(z,y) in the form

Hy = /000 /000 f(z,y) (xz — Ky)* dady. (13.26)

Analogous formulae can be derived for other types of options.

13.2 Factorisable second chaos models
A considerable simplification can be achieved when the second chaos coefficient ¢g,, sepa-

rates, that is to say, when ¢, can be written as a finite sum of products of functions of one
variable.

In this situation we obtain a model characterised by a finite set of state variables.

We shall examine in some detail the case where there is a single such term, and set
Ps = (13.27)

and

¢ss1 = ﬁs’Ysu (1328)

where a;, (s and s, are deterministic functions of one variable.

The resulting “factorisable” second chaos model then depends on a single state variable.
This model is completely tractable in the sense that it leads to closed-form expressions both
for bond prices and various types of options on bond prices, which we discuss at greater

length below.

First we observe that in the factorisable case we have
t
¢s + / Gss; AW, = s + B Ry, (13.29)
0
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where the Gaussian martingale R; is defined by

t
R, = / Yo, AW, (13.30)
0

At any given time t, the random variable R; is the sole state variable that characterises the
interest rate system in this model.

If we define the corresponding quadratic variation process @)y by

t
Qi = / Vids, (13.31)
0

then it follows that the process R? — @ is also a martingale, and the positive martingale
family M, defined by (13.9) reduces to expression

My = a2 + 2Qs + 20,8 Ry + B2 (R} — Q1) - (13.32)
Clearly, Qs > Q) for all s > t, so M, > 0 for all values of R;.

For the integral of M,, we can write
/ M,sds = Ay + BrR, + Cp (R} — Q) , (13.33)
T

where for convenience in what follows we define the following processes:
A = / (a2 + 32Qs) ds,
¢
By = 2 / Oésﬁsds ’
t

C, = / BF2ds. (13.34)
¢
Setting 7' =t in (13.33) we see that the state price density is given by
‘/t - At + Bt.Rt + Ct (R? - Qt) 5 (1335)

and thus that the discount bond price can be written as the ratio of a pair of quadratic
polynomials in the state variable R; :

_ Ar+ BrR + Cr (R — Q1)
T = ~
Ay + BiRy + Cy (R} — Q1)
Given these expressions, it is then a straightforward exercise to work out formulae for the

bond volatility, the market price of risk, the short rate, and the instantaneous forward rates,
all of which depend upon R;.

(13.36)

Because R; is a Gaussian martingale, it is in principle straightforward to simulate the dy-
namical trajectories of these quantities.
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Valuation of options in second chaos models

The present value Hy of a European-style call option with strike K exercisable at time ¢ on
a discount bond with maturity 7" is given by

Hy =E [V (Pr — K)*]. (13.37)
Now clearly, according to
‘/;5 - At + Bth + Ct (RtQ - Qt) 5 (1338)
and
Ar + BrRy + Cp (R} — Q)
Pr = , 13.39
T A+ BiR, + Gy (R? - Q) (13.39)
we have
Vi(Pr—K) = (Ar—KA;) — (Cr — KCy) Qy
+ (Br — KBy) Ry + (Cr — KC)) R2. (13.40)

To proceed let us therefore now fix ¢, 7" and K, and introduce the standard normally dis-
tributed random variable Z = R;/1/Q;.

Then (13.40) above can be written in the form
Vi(Pr—K)=A+BZ+CZ% (13.41)
Here the quantities A, B and C' are defined by:

A = (AT — KAt) — (CT — KCt)Qta

B = (Br—KB)Q,",

C = (Cr—KC)Q. (13.42)
)

Therefore if we construct the polynomial P(z) = A+ Bz + Cz?, we see that the value of the
call option is given by

1 1
Hy = —/ P(z)e 27 dz, 13.43
o= P (13.43)

which by an analysis of the roots of P(z) can be reduced to a simple explicit expression
involving the normal distribution function and its density.

Analogous formulae can then be deduced for various other types of options, as we shall
indicate shortly.
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Explicit formulae for options on discount bonds

Let us proceed then case by case to examine the behaviour of the polynomial P(z) more
closely.

First we distinguish the cases C' = 0 and C' # 0. If C' = 0 then P(z) is linear, and for
the value of the call option we obtain

Hy = AN(—zy) + Bp(2) (13.44)
when B > 0, and

when B < 0. Here zg = —A/B is the single root of P(z), N(z) is the standard normal
distribution function, and p(z) is the standard normal density function.

If C # 0, then we need to consider the sign of the discriminant A = B? — 4AC.

If A < 0 then for C > 0 the option is guaranteed to expire in the money, and we have
Hy = Por — KPy.

If C' < 0 then the option will expire out of the money and Hy = 0.
If A > 0 then, again, we have to consider the cases C' > 0 and C' < 0.

Let us write

_ -B+VA

_ —-B-VA
N ’ 2C

2C
for the roots of P(z). Then if C' > 0 we obtain

z1 29 (13.46)

H() = (POT — KP()t> (N (21) + N (—22))
— % <B - \/Z) p(z1) + % (B + \/Z> p(z2), (13.47)
and if C' < 0 we obtain
Hy = (Por — KPy) (N(z1) — N(z2))
— 2 (B VA) =) + 5 (B+VE) ple). (13.48)

Thus we see that in the factorisable second-chaos framework the pricing of options on dis-
count bonds is completely tractable.
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More generally, the value of an option on any predesignated set of deterministic cash-flows
is also tractable, for example an option on a coupon bond.

To obtain the above formulae, we have set Ay = 1. This can be achieved without loss
of generality by changing the scale of X..

Valuation of swaptions

Now we shall demonstrate that in the factorisable second-chaos framework we can also derive
explicit results for a swaption that pays (Sy, — K)T at a series of future dates T, for some

strike K, where ¢ = 1,--- ,n, and .S, is the swap rate
1 — P,
! Zi:l Pth‘ ( )

The effective payoff at expiry t is therefore equal to

n +
H, = (1 — P, —K Y Ptﬂ) : (13.50)

=1

and the price for this instrument at present is

Hy=E |V, (1 — P, — Kzn: Pt;p,i) ) (13.51)
i=1
The analysis turns out to be quite similar to the bond option case.
In the case of a swaption we define the quantities
A" = At—ATn—KiATi)—(C’t—CT—KiC’Ti)Qt
i=1 i=1
B* = |B,—Br, — Kzn:Bn) 12
i=1
cr = |Cy—=Cp, — Ki Cn) Q. (13.52)
i=1

for fixed t and T;.

The value of the swaption is then given by

1.2

1
Hy = —/ P(z)e 2% dz, (13.53)
" V2 s
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where in the present case the polynomial P(z) is given by P(z) = A* + B*z + C*22.
When C* = 0 we have

Hj = A*N(—z3) + B*p(%) (13.54)
for B* > 0, and

H; = A"N(z;) — B*p(%;) (13.55)
for B* < 0. Here 2 = —A*/B*.
When C* # 0 then we have to consider the discriminant A* = B*? — 4A*C"*.

For A* <0 we have that, for C* > 0 the contract is guaranteed to pay off and the value at
present is H; = Py, — Por, — K Y i, Por;.

On the other hand in the case that C* < 0 the contract will expire worthless and Hj = 0.

Finally, when A* > 0 we define the two roots of P(z) by

. —B*—/A* _ —B*+VA

2] = 50 : 25 50 (13.56)

The value of the swaption contract is then given by

HS = <P0t_POTn_KiPOTi) (N(ZI)"‘N(—Z;))

=1

-] (B = VA7) o)) +

5 (B* + \/E) p(22), (13.57)

1
2

when C* > 0; whereas if C* < 0 we get

H - (Pm B KY P) (N() = N(3)

i=1

— (B VE) o) + 5 (B V) ). (13.58)

It is a remarkable feature of the factorisable second chaos models that they admit tractable
closed-form expressions for both options and swaptions.
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13.3 Foreign exchange systems

In conclusion we consider how the framework presented here generalises to the situation
where there is a foreign exchange system, with a family of discount bonds associated to each
currency.

It will be demonstrated that a chaotic representation exists for the entirety of such an
international system of interest rates and foreign exchange.

As a byproduct of this result, we are also led to a simple class of stochastic volatility models
for general asset pricing dynamics.

For convenience we shall write S;? for the price of one unit of currency ¢ in units of currency j.

Here i,5 = 0,1,--- , N, and we may think of the case i = 0 as referring to the particu-
lar base currency with respect to which the axioms (A1), (A2), and (A3) are framed.

In fact, there is ultimately no special significance to the choice of base currency: the entire
system is symmetrical in the ensemble of currencies.

We shall assume in the present investigation, as before, that the foreign exchange market is
“frictionless” in the sense that

S Gk — Gik (13.59)
for all 7, 7, k.

Let us write B! for the value in units of currency i of a money-market account in that
currency, initialised to one unit of currency .

We assume that for each currency there exists a strictly increasing money-market asset,
with a corresponding strictly positive short rate process r! such that

¢
B} = B} exp (/ rids). (13.60)
0

Constant value assets

We also assume the existence of a floating rate note in each currency.

That is to say, for each ¢ we assume the existence of an asset of constant value in units
of currency i, paying a dividend at the rate r?.
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Derivative of the exchange rate process as a ratio system

Writing Si° for the value of one unit of currency ¢ in units of the base currency, we see that
the product S{° B! represents the base-currency price of a non-dividend paying asset.

Therefore by axiom (A2) we deduce for each value of i that

. giopi
M} =+t~ (13.61)
&
is a martingale, from which it follows that the process V;* defined by
) SiO
V==t (13.62)
&
is a supermartingale.
Since 5787 = S/ for all i, j, we thus deduce that
N VA
Sy =% (13.63)
Vi

This gives us a general expression for the exchange-rate process as a ratio of supermartingales.

As a consequence we deduce that the dynamics of S are given by

dsy
SH

=[] =i N (X = X)) ] dt+ (M = X)) dWw, (13.64)

where \! is the market price of risk process associated with assets that are denominated in
currency 4.

The derivation of (13.64) follows directly from the relation
dV,! = —riVidt — NV dW, (13.65)

together with the Ito quotient rule.

It is interesting to note that in the general arbitrage-free exchange rate dynamics the FX
volatility is completely determined by the associated market price of risk processes.

Foreign discount bonds

Let us consider the discount bond system for foreign currency number i. We denote by P
the value at time t of a bond that pays one unit of currency ¢ at time 7.
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In this case S{°PY. is the base-currency price of a non-dividend paying asset, and there-
fore S;° P/ /&, is a martingale by (A2).

It follows that S°Pl./& = K, [SP Phy/&x].

Thus, from S°/¢ = V" and Pip = 1, we deduce from this line of argument that

P = —ttn (13.66)

Asymptotic behaviour

Now we make the additional assumption that limr_, Pl = 0 for all 4.

It follows that a conditional variance representation exists for the state-price density as-
sociated with each currency.

In other words, there exists a set of random variables X' € L*(Q,F,P) fori =0,1,--- ,N
such that

Vi=E, [(Xgo _E, [X;O})z] . (13.67)

These random variables then each admit a chaos representation in terms of the vector Wiener
process W& (a =1,--- k).

We see that once the random variables X’ have been specified for i = 0,1,---, N then
the international system of interest and foreign exchange is completely determined by the
relations

bV
P = 7; (13.68)
RV
Py = t‘[/tiﬂ (13.69)
and
Vi =E, [(X;O ~E, [X;o]f] . (13.70)

We can refer to the random variables X! as the generators of the corresponding interest
rate and foreign exchange system.
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It should be evident that although we have consistently used the language of foreign ex-
change in the discussion above, the matrix process Sfj can be used to characterise the price
of any asset in terms of another, providing that these prices are always positive and that we
interpret the associated short-rate systems as continuous dividend streams.

As a consequence we see that the generic model for such a “basic” asset price is a pro-
cess of the form
E: [(Yao — Bt [Vac))’]

St = )
Ei [(Xoo — Bt [Xoo])]

: (13.71)

that is, a ratio of conditional variances, where X, and Y, are elements of L*(Q, F, P).

For example, if we think of S; as a dollar-valued share price (and we approximate the
dividend flow as continuous—an equity index might work better for that!) then X, carries
the information of the dollar risk premium, and the dollar interest rate, whereas Y., carries
the information that is more specific to the particular stock.

The simplest models leading to a nontrivial asset price stochasticity are those for which
at least one of X or Y., is an element of the second chaos.
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Chapter 14

Real and nominal interest rates. Models for inflation. Valuation of index-
linked bonds and other inflation related products. General principles for the
design of inflation-linked products.

14.1 Inflation linked bonds*

Now we consider a general model of inflation and inflation-linked derivatives.

The idea is to formulate an approach to the valuation of inflation derivatives that is as
close as possible to the methodologies for valuing foreign exchange and interest rate deriva-
tives.

The theory of inflation has aspects that relate to both interest rates and foreign exchange.
In particular, a useful way of thinking about inflation is to treat the consumer price index
(CPI) as if it were the price of a foreign currency.

We begin by considering an economy consisting of discount bonds and index-linked dis-
count bonds.

The indexing of the index-linked discount bonds is with respect to the consumer price index
which at time a has the value C,.

We think of C, as representing the value, in units of the domestic currency (henceforth,
dollars) of a typical basket of goods and services at that time.

An increase in C, over an interval of time then indicates that there has been inflation
over that period.

We shall define an inflation linked discount bond to be a bond which pays out Cj at the
maturity date b. In other words, the inflation linked bond pays out enough in dollars to buy
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a unit of goods and services at that time.

Our problem is to formulate a general theory for the price processes of the consumer price
index and index-linked bonds, and tie this in with the HJM theory of interest rate derivatives.

Indexation is debt is not a new idea. An early example occurs in 1742 when Massachusetts
issued bills linked to the price of silver on the London Exchange. The risks in indexation to
a single commodity became apparent a few years later when the price of silver rose in excess
over general prices.

As a consequence, a law was passed in Massachusetts requiring a wider base of commodities
for indexation.

In 1780 notes were issued again, indexed this time with the intention of preserving the
value of notes issued as wages to soldiers in the American Revolution.

In this case, both the principal and the interest of the notes were indexed to the com-

bined market value of five bushels of corn, sixty-eight and four-sevenths pounds of beef, ten
pounds of sheep wool, and sixteen pounds of sole leather.

14.2 Payout structures for inflation-linked products®

We denote by PY the value of a nominal discount bond at time a with maturity at time b.
At maturity the nominal discount bond pays one dollar.

Then a typical inflation-linked derivative has a payout or payouts given by functions of
nominal discount bonds (at various times and of various maturities) and the consumer price

index (at various times). Some examples are as follows.

(a) Inflation cap. This pays out if inflation (as measured by percentage appreciation in
the CPI) exceeds a certain threshold K over a given period.

Thus if the period in question is the interval (a, b), then the payout H, at time b is given by:

a

e s [ (S 1) -], a4

where X is some dollar notional.
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In practice the payout would have to be delayed to some still later date ¢ (to allow for
official publication of the relevant CPI figure), so the effective payout is

Hy, = X P} max K% — 1) - K, 0] : (14.2)
(b) Inflation swap. For a succession of intervals (a;,b;) (i = 1,...,n) we receive the inflation
rate
C
Iy = FZ —1 (14.3)

for that interval (with payment delayed to some slightly later time ¢;), and pay a fixed rate,
all on a fixed notional.

(c) Zero strike floors on inflation. Here the idea is to protect the receiver of the infla-
tion leg in an inflation swap against a deflation scenario.

Thus instead of simply receiving I, which can go negative (deflation), one receives max|[/,, 0].

(d) Inflation swaption. This confers the right to enter into an inflation swap (e.g., as a
payer of the fixed rate) at some specified future time, with a given “strike” fixed rate.

(e) Inflation protected annuity. This pays a fixed “real” annuity on the future dates a;:

INC,,

H, —
7 CO

(14.4)
Here f is the nominal annuity rate (e.g., 5%), N is the notional.

The effect of the CPI is to inflate the actual payment appropriately.

(f) Knockout option. A typical structure, for example, might pay if the total inflation
exceeds a certain threshold K at time T'.

Knockout would occur if the total inflation drops below a certain specified critical level
K’ between time ¢t and T

C C
Hr = N max {(FT — 1) — K,O} unless (FT — 1) — K’ <0 at some time a
in the interval t < a < T, in which case Hr = 0. (14.5)

There are many variations on this kind of structure.
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The basic idea is to make the option premium cheaper by having the contract specify a
cancelling of the structure in the event of certain circumstances.

(g) Cap on “real” interest rates. This might, for example, pay off
Hy, = X max[LE — K 0]. (14.6)

Real rates are not necessarily available as a basis for contract specification. Instead we can
use a proxy.

(h) Prozy cap on “real” interest rates. This instead would pay
Hy, = X max[LY — I, — K, 0], (14.7)

where L, is the relevant per-period Libor rate.

Then if the Libor rate exceeds the inflation rate over the given interval by more than a
specified amount, there is a payoff.

Here we have used the difference between the Libor rate and the inflation rate as a con-
venient proxy for the “real” interest rate over the given interval.

Clearly, more “exotic” structures can also easily be represented. Analogues both from the
FX world (treating C, as a foreign exchange rate), and the interest rate world (treating I,
as a kind of “rate”) can be formulated.

14.3 General theory of inflation®

There are three ingredients: the “nominal” discount bonds P}, the “real” discount bonds

PR and the consumer price index C,,.

The real discount bonds are defined as follows.

By PZ we mean intuitively the price at time a, in units of goods and services, for one
unit of goods and services to be delivered at time b.

Thus P% is the discount function that characterises “real” interest rates. If we lived in
a pure barter economy, with no money, then P% would define the term structure of interest

rates.

For example, if the price of bread happened to be a good proxy for goods and services
in general, then one “unit” of goods and services could be represented by 100 loaves of bread.
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The real term structure of interest rates would then supply information like how many
loaves of bread you should in principle be willing to part with today in exchange for a sure
delivery of 100 loaves one year from now.

The answer might be, say, 97 loaves, and that enables us to define the one-year real in-
terest rate.

Associated with the system of real discount bonds we have a corresponding system of real
interest rates. We denote a typical real rate with the notation L.

The index-linked discount bonds are related to the real discount bonds by the consumer
price index, which acts as a kind of exchange rate.

In other words, if we multiply the P% by C,, that gives us the dollar value of the b-maturity
real discount bond at time a.

In the foreign exchange analogy, we think of the nominal (dollar) discount bonds as the
“domestic” bonds. We think of the real discount bonds as “foreign” discount bonds, and the

CPI plays the role of the exchange rate.

Note that the actual inflation rate I, for the period (a,b) is not strictly analogous to an
interest rate in the usual sense — it is only known at time b (or later!).

It is thus best thought of as an appreciation in an asset price.

But in that case what is the relation between “real” rates, “nominal” rates, and “infla-
tion” rates?

Clearly care is required, and we must not confuse categories just because these are all loosely
referred to as “rates”.

Part of the goal is to gain some insight into the relation between these various “rates”.

14.4 Price processes for nominal discount bonds*

As usual in an HJIM type framework, we assume an economy where uncertainty in the future
is modelled by a multi-dimensional Brownian motion defined with respect to the natural
probability measure.
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Assuming no arbitrage, and thus the existence of a risk premium vector, we can write the
dynamics for the price processes of the nominal discount bonds in the form

= (rY + NVQN)) da + QY dW,. (14.8)

Here 7Y is the nominal short rate, A2 is the nominal risk premium vector, Q% is the nominal
vector volatility, and W, is the Brownian motion vector.

By analogy, for the real discount bonds we have
— & — (B NFQE) da + QF dw,. (14.9)

It then follows by virtue of the foreign exchange analogy that the price dynamics for the
consumer price index are

d
g“ = [rN —rB L ANOY — 2AB)da + (NY — A\E) aw,. (14.10)

a_

We note that the CPI volatility vector can be expressed as the difference between the nom-
inal and real risk premium vectors.

Thus we can write

= (rY —rB 4 XNy ) da + v, dW,, (14.11)

where v, = AY — A\ is the CPI volatility.

In the absence of a risk premium, we see that the drift of the CPI is given by the dif-
ference between the nominal short rate and the real short rate.

In reality, the drift of the CPI contains another term, given by the product of the nomi-
nal risk premium vector and the CPI volatility vector.

Thus if by the instantaneous rate of inflation I, we mean the drift process for the consumer
price index, we have:

I, =7 —plf L ANy (14.12)

w —

This is an expression of the so-called “Fisher equation”, which relates the inflation rate to
the nominal interest rate minus the real interest rate plus a risk premium term.
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14.5 Transfer to the nominal risk neutral measure®

For the valuation of derivatives we want to introduce a change of measure such that the ratio
of any of the nominal bonds P to the nominal dollar money market account is a martingale.

Suppose we write BY for the nominal money market account, which satisfies
dBY = rN BN da. (14.13)
Then we introduce a new probability measure PV as usual according to the scheme

E,[Ay X

EY (X)) = B[]

(14.14)

where E denotes conditional expectation with respect to the measure PV given the filtra-
tion up to time a, and where X, is any random variable adapted to time b.

We call PV the nominal (or dollar) risk neutral measure.

Here the change of measure density process A, is defined by

1

A, = exp (—/ MV dw, — 5/ ()\éV)Q ds) . (14.15)
0 0

With respect to PV the process W2 defined by
dWXN = dW, + \Y da (14.16)
is a Brownian motion.

Then for the processes P} and P we can write

BN = N da + QN awy (14.17)
ab
and
dP£ N R R N
s = (2 = vaQ}) da+ QF dWY. (14.18)
ab

We note that the process (14.18) for the real discount bonds picks up a “quanto” term in
the drift in the nominal risk neutral measure.

This is appropriate since the real discount bonds are not denominated in dollars.
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The process for the consumer price index in the risk neutral measure is:

dc,
C,

(rY —rByda + v, dWN. (14.19)

a

Thus in the risk neutral measure the nominal risk premium term disappears, and we see that
the drift on the CPI is given by the difference between the nominal and real interest rates.

The process is like that of a foreign currency, and we can think of the real interest rate
as playing the role of the “foreign” interest rate.

Normally we expect 7YY and r® both to be positive.

There are good economic arguments to support the idea that both nominal and real in-
terest rates should be positive.

We note that by construction the ratio process PY /B, is a martingale in the nominal risk
neutral measure.

So is C,P%/B,, where C,P% is the (dollar) value of an index linked discount bond.

14.6 Valuation of inflation linked derivatives®

Now let Hr be a random variable corresponding to the payout of an inflation linked deriva-
tive.

We can think of Hr as depending in a general way of the values of nominal discount bonds,
and the consumer price index at times between the present and the maturity date 7.

There are many examples of inflation linked derivatives for which the payout depends in
a direct way only on the nominal discount bonds and the consumer price index, but not on
the real discount bonds.

These we shall call “index linked” derivatives, and it should be noted that these structures
are in principle more straightforward to value and hedge than inflation linked derivatives,
that also involve real interest rates.

The basic derivatives valuation formula is given in the risk neutral valuation scheme by

Hy =EY {@} .

14.20
= (1420)
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In particular, we can consider the case where Hr is the payout Cr of an index linked discount
bond, normalised by the value of today’s CPI. Then we have

|

14.21
o (1421)

P(%:EN[

which shows that today’s market for index linked bonds tells us the initial real discount
function.

In reality, we have to work a bit harder, on account of the lagging effect, and the fact
that we generally have to work with coupon bonds.

Finally, by use of the foreign exchange analogy let us consider a simple Black-Scholes type
model for the valuation of index derivatives.

Let us assume deterministic interest rates (nominal and real), and a deterministic CPI
volatility, with a prescribed local volatility function v;. Then for the CPI process we can

write:
CoPyt ! 1
Cy = ONOt exp </ vs dWs — —/ V2 ds> , (14.22)
For 0 2 Jo

where the expression CoPgl/ Py is the forward value for the CPL

In this case the situation is entirely analogous to the corresponding problem for foreign
exchange, and by use of the Black-Scholes formula we can get a crude valuation for some
products in this way, though of course care is required in the case of longer dated structures.
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