Bivariate support of forward Libor and swap rates
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Abstract. Based on a certain notion of “prolific process”, we find an explicit expression
for the bivariate (topological) support of the solution to a particular class of 2 x 2 stochas-
tic differential equations that includes those of the 3-period “lognormal” Libor and swap
market models. This yields that in the lognormal swap market model (SMM), the support
of the 1 x 1 forward Libor L; equals [I}, c0) for some semi-explicit —1 < [} < 0, sharpening
a result of Davis and Mataix-Pastor (2005) that forward Libor rates (eventually) become
negative with positive probability in the lognormal SMM. We classify the instances [; < 0,
and explicitly calculate the threshold time at or before which L} remains positive a.s.

1. INTRODUCTION

The swap market model (SMM) is useful for swaption pricing, as in Jamshidian (1997).
Recently, Davis and Mataix-Pastor (2005) have shown that eventually forward Libor rates
become negative with positive probability in the “lognormal” swap market model with
constant volatilities. They use the Stroock and Varadhan’s Support Theorem and solve
the associated deterministic ODE control problem to arrive at this negativity result.

While to our knowledge new, this result would not surprise those who use “curve genera-
tor” software to strip discount factors from market par swap rates. Should by mishap a rate
on the swap curve be much larger than previous rates, the stripped discount curve will not
be decreasing, producing negative forward rates. What is interesting about the Davis and
Mataix-Pastor result is that even when forward Libor rates are positive initially, they will
eventually become negative (often immediately) with positive (albeit small) probability.

This paper derives an explicit formula for the joint support S(Ly, Y;) of the solution
(L,Y) to a certain class of two-dimensional stochastic differential equations (SDE) with
deterministic volatilities ratio. This class includes the SDEs that arise from a three-period
“lognormal” swap market model (SMM) and a “lognormal” Libor market model (LMM).
It turns out that the joint support will be either R%, where R := [0, 00), or the region
between two simple graphs, namely, S(L;,Y;) = {(l,y) € R% : ¢l* < y < Cy*}. Here,
0 < ¢ < 4 and a are explicitly provided in terms of Ly, Yy and the volatilities.
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In our application to market models, L will be the (n 4 1) x 1 forward Libor rate, and
Y can be either the n x 2 forward swap rate S (SMM) or the n x 1 forward-Libor rate L*
(LMM), n > 1. The formula for the support of (L,Y") will be identical in both cases.

Assuming deterministic volatilities for L and S (“lognormal SMM”), our bivariate sup-
port formula leads to the precise moment ¢* at or before which L} > 0 a.s. We find an
interesting range of parameters for which ¢* > 0. There are also (time-decaying volatility)
cases such that Ly > 0 a.s. for all ¢ > 0. In most cases though P{L; < 0} > 0 for all ¢ > 0.

For example, in the one-factor case with Sy = Ly and flat volatility ¢ for L and S of 10,
15, or 20 percent annually, t* equals 282 i.e., about 69, 31, or 17 years. Forward Libor L}

0.2
can thus become negative only after such rather large t*, and then with a small probability

g2
227" 1 o) for t >t
eo“t—1

Interesting as it is, Davis and Mataix-Pastor’s finding of negative Libor rates in SMM
does not in our view diminish the practical usefulness of the swap market model, either
as providing approximations for fast European swaption calibration in the Libor market
model, or as a fast means for Bermudan swaption pricing by Markovian approximations.

and a rather small negative support, namely, S(L}) = |

1.1. Summary of main results. Section 2 provides formulae for the joint support S(L, Y;),
where L > 0 is what we call a “log-prolific” process, e.g., a geometric Brownian motion, and
Y, = g(t, L;) exp( fot f(s, Ls)ds) for given continuous functions f and g > 0. We basically
show that S(Ly,Y;) equals R2 when f is unbounded, but when f is bounded,

S(Ltay;t) _ {(l,y) c Ri— : €'Iginfl f(s,l)ds < g(ty l) < efotsuplf(s,l)ds}‘
This result has surely far less applicability than the Stroock-Varadhan’s Support Theorem,
and is more elementary, but it suffices for our applications, and has the advantage of
yielding an explicit formula. In section 3, we apply it to the SDE system,

dL = LodW, (L > 0)
dY =Y f(t,L)dt + Y XdW, (Yy > 0)

where W is a Brownian motion, o, > 0 and )\, are deterministic functions, and f is a
bounded continuous function. (The two-factor case, also treated, is easier, for then L,
and Y; will be bivariately lognormally distributed under an equivalent measure, implying
S(L,Y;) = R3.) Surprisingly, we find that if @ := g is not a constant, then S(L;, Y;) = R%,
but otherwise the above formula holds with g(t,1) = Yo Ly l* exp(3a(a — 1) [ o2ds).

In Section 4, we quickly develop the facts needed about SMM and LMM, leading to their

SDEs, which will be of the above form, with f(t,1) = —"Qtiﬁl in SMM and f(t,1) = —"f—j:;l
A

in LMM. In these cases, when a := 2 is a constant, we find that if a > 0, then

t Le ¢
S(Lt,YZ) _ {(l,y) c ]Ri : e—%a(l-i—a)fo olds < ﬁlz < e%a(l—a)fo G?ds}7 (a > O)

and if a < 0, then
t o Le t o
S(Lt,}/t> _ {(Ly) c (O, 00)2 . €%a(1_a)f0 oids S YL;C/L S 6—%a(1+a) fo O'sds}' (a < 0)
0
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Section 5 applies this result to SMM, with Y being the forward swap rate S (so, A is
(2+L)S—L
1+L

find that L; > 0 a.s. if and only if a is constant on [0,¢], 0 < a < 1, and eza(l+a) [y olds <
SoLy®a*, where a* := (2)%(1 —a)*'if0<a<1,a*:=2ifa=1,and a* :==1if a = 0.
In particular, P{L; < 0} > 0 for all ¢ > 0 if @ is not a constant, or else if a < 0, or
a>1, or a*Sy < Lj. As another instance, when o and A are constants 0<a<1, and
a*Sp > Lg, it follows that P{L; < 0} > 0 if and only if t > t* := log(SOL a*). In

volatility of S) to see when forward Libor L* = can possibly become negative. We

a(a+1)02
particular, for a = 1, the threshold time ¢* is simply given by t* = log(ZS‘))
We show that if a is not constant or is a negative constant then S (Ly) = [ 1, 00), while
if a is a positive constant then S(L;) = [I}, 00) for some well-characterized —1 < [} < 0.

2- 25% J§ o2ds

For a = 1, we get explicitly, [; = 0 if Loeft;5 o2ds < 25y and Iy = \/LJ: — 1 otherwise.
0.0 s da_l

2. PROLIFIC PROCESSES AND CERTAIN BIVARIATE SUPPORT RESULTS

2.1. Topological support. Weset R := [0, 00), and fix a stochastic basis (€2, (F;)cr, , F, P)
throughout, assuming for simplicity that F{ consists of the events of probability 0 or 1.
The (topological) support S(X) of an n-dimensional random variable X is defined by

S(X):={zeR":P{X € U} > 0 for all open subsets U of R" containing z}.

Note, S(X) is a nonempty closed subset of R™. Also, X € §(X) a.s., and if f: S(X) —
R™ is a continuous mapping, then S(f(X)) equals the closure of f(S(X)) in R™.

Lemma 2.1. Let X and Y be two random variables and h be a continuous function on R.

Then, S(X,M(X)+Y) ={(z,y) € R*: (z,y — h(x)) € S(X,Y)}.

Proof. Define the homeomorphism ¢ : R* — R? by ¢(z,y) = (z,h(z) +y). Then,
S(X,W(X)+Y) = S(p(X,Y)) = o(S(X,Y)) = {(2,y) € R?: (z,y—h(z)) € S(X,Y)}. O

2.2. Prolific processes. We call a univariate measurable process X = (X;){2, prolific if

P{sup | Xs—c(s)] <e} >0
s€[0,t]
for all ¢ > 0, ¢ > 0, and continuous functions c : [0,¢] — R with ¢(0) € S(Xp).*

Basically this means that the set of paths of X which in any bounded interval [0,¢]
lie uniformly within an e-band of any curve ¢ has positive measure. Intuitively, like a
Brownian motion, X can follow any conceivable continuous path, at least approximately.

Clearly, if X is a prolific process, then it remains prolific under any equivalent measure;
further, f(X) is then prolific for any homeomorphism f : R — R, as is the process
(c(t) + Xi)ier, for any continuous function ¢ on Ry := [0,00) (as is (c(t)Xy)ier, if ¢ > 0).

INote, for X to be prolific, it is sufficient that the defining property holds for all polynomials ¢ (by the
Weierstrass approximation theorem) or for all continuous, piecewise-linear functions c.
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We call a measurable process X log-prolific if X > 0 and log(X) is prolific. It is easy
to see that a positive process X is log-prolific if and only if P{sup,cjo 4 [Xs —c(s)] <e} >0
for all t > 0, € > 0, and positive continuous functions ¢ on [0,¢] with ¢(0) € S(Xj).

Clearly, if X is prolific (resp. log-prolific) then S(X;) = R (resp. S(X;) =R, ) for ¢ > 0.

2.3. Examples of prolific processes. The primary example is the Brownian motion:
Proposition 2.2. A Brownian motion W (with Wy = 0) is prolific.

Proof. Let t > 0, € > 0, and ¢ be a continuous function on [0, ] with ¢(0) = 0. We must
show P{sup e [Ws — c(s)| < e} > 0. As pointed out in footnote 1, we may assume c is
smooth. By Girsanov’s theorem, the process (W, — ¢(s)):_, is a Q-Brownian motion on
[0, ¢], where Q is the equivalent measure defined by 42 = exp(—3 fot (d(s))*ds+ fo s)dWs).

It follows that (see e.g. [2], Exercise 2.8.11, p. 99),

<4n+1>2 2 2edu
Q{ sup |[Ws—c(s)| <e :/ dn+ 1)e
{sup W —e(s)] <} = | Z N

which is positive, since the integrand is positive. The desired result follows as Q ~P. [

n=—oo

A deterministic change of time shows that all continuous Gaussian local martingales are
prolific and their stochastic exponentials are log-prolific:

Proposition 2.3. Let X = fo o dWy, with W a Brownian motion and o > 0 deterministic
with [X]; == fot o2ds < oo for allt. Then X is prolific and E(X) = X3 s log-prolific.

Proof. Assume first that [X],, = oo. Let ¢ > 0, ¢ > 0, and ¢ be a continuous function

n [0,¢] with ¢(0) = 0. Let 7 denote the inverse of [X], which exists since [X] is strictly
increasing (as o > 0) and has image [0, 00) (as it is continuous and [X],, = oo). Clearly,
(2.1) {sup | Xs—c(s)] <e}={ sup |Xrw) —c(r(n))] <e}.

s€[0,t] u€(0,[X]¢]

As is well-known, the process (X ())isZ, is a Brownian motion under the time-changed
filtration (Fr())52y. Therefore, by Prop. 2.2 it is prolific. Applying its prolific property
to the curve co 7 : [0,[X];] — R, we see that the set on the right-hand side of Eq. (2.1)
has positive measure. Hence, so does the set on left-hand side, showing X is prolific.

Next assume [X], < co. Let ¢t > 0. Define X = Jo 7sdWs, where G, = o, for s <t
and o, = 1 for s > t. Since [)A( o = 00, the previous case shows that X is prolific. Since
X = X on [0, and ¢ was arbitrary, X is prolific too. Finally, since [X] is continuous and

deterministic, it follows that X — % is also prolific, implying £(X) is log-prolific. O

The following result provides more examples of prolific processes, but will not be used.

Proposition 2.4. Let W be a Brownian motion under an equivalent measure Q, and o

be a positive C* function on R with bounded derivative such that [ o‘d_:;:) = LOOO % = 00.

Then the (unique) solution X to the stochastic differential equation dX; = o(X)dW;,
Xo =0, is prolific, and if more strongly o is bounded, then £(X) is log-prolific.
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Proof. The SDE has a unique solution X since o is globally Lipschitz (as ¢’ is bounded).

The function g defined by g(x) := Oz UCEZ) is a C? diffeomorphism on R by the assumptions.

st 5= Note () = gy = o(/(2) 0d 1) =2 (/)2 = o HD(1 ),
Define the processes Z := W — 3 fo (X;)dt and Y := f(Z). Then, by It6’s formula,
4y — % P2Vt + f1(2)dZ = %a’(Y)a(Y)dt +o(Y)dZ
_ %am(a'm — (X))t + o(V)dW.

As an SDE for Y with random coefficients, the above has a unique solution, and since X
and f(Z) are both solutions, it follows that X = f ( ). Therefore to show X is prolific, it
suffices to show Z is prolific. The process M := E(5 fo Xt dW;) is a Q-martingale since

o’ is bounded. Let 7" > 0 and define the measure ]P” by & G = Myp. By Girsanov’s Theorem,
Z is a P’-Brownian motion on [0,7]. Prop. 2.2 implies Z is prolific, as T" was arbitrary.
Hence, X = f(Z) is prolific. Finally, if o is bounded, then X — @ = [o(X)dW', with
W' :=W — 1 [o(X)dt a Q-Brownian motion on [0,7"] where % = E(3 [o(X)dW)r.
But then the first part implies that X — % is prolific, showing £(X) is log-prolific. O

Remark: The above result generalizes to when o = o(t,z) is C' in both ¢ and x. The

proof is similar: one defines g(t, z) := fo - ty and f(t, z) as the inverse of g in z, and shows
similarly that X; = f(t, Z;), where now Z; := W, — fo s0.(s, Xs)ds + fXg Z; ZZ dy)ds.

A Poisson process is not prolific, but its sum with a Brownian motion certainly is.
We conjecture that infinite activity Lévy processes are prolific, and the sum of a prolific
continuous semimartingale with a purely discontinuous semimartingale is prolific.

2.4. Bivariate support results: bounded case. This case leads to our most interesting
applications where the joint support is a region in Ri between two similar graphs.

In this subsection, given ¢ > 0 and a bounded, continuous function f = f(s,z) on
[0,¢] x R or on [0,t] x R, we define the continuous functions

fo(s) = irclff(s,x), F.(t) ::/O f«(s)ds

£7(5) = sup f(5,2), W@:Af%m

Lemma 2.5. Lett > 0, and f be a bounded continuous function on [0,t] x R. Then, for
any xg,x € R and Fi(t) <y < F*( ) there exists a continuous function ¢ on [0,t] such
that c(0) = x, c(t) = x, and [, f(s,c(s))ds = y.

Proof. Let C denote the Banach space of all continuous functions on [0 t], with norm
[e|l = sup,epoq lc(s)]- Define the function F' on C by F(c) := fo ))ds. Let C' :=
{c € C:¢c(0) =z, c(t) = x}. We must show that F'(C’) contams the 1nterval (FL.(t), F*(t)).
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We first show that F' is continuous and C’ is connected, implying F'(C’) is connected.
Let ¢ € C and € > 0. Then, using the uniform continuity of f over compact sets, one easily
sees that there exists a § > 0 such that |f(s, z) — f(s,¢c(s))| < £ for any s € [0,¢] and z € R
satisfying |z — ¢(s)| < d. It follows that |F(¢) — F(c)| < € whenever ||¢ — ¢|| < §. Hence,
F is continuous. Next, C’ is a (closed) affine subspace of C, hence connected. (Indeed,
C' = +C for any ¢ € C', where Cy is the closed subspace {c € C : ¢(0) = ¢(t) = 0}.)

Since as just shown, F'(C') is connected, i.e., is an interval, it suffices to show that for
every £ > 0, there exist ¢*, ¢, € C' such that |F(c¢*) — F*(t)| < € and |F(c.) — Fi(t)| < €.
We will only show the of existence ¢* as the existence of ¢, is similar.

Let € > 0. The continuity of f and f* implies that for any s € [O t] there is a number
r} and an open set Uy containing s such that |f*(u) — f(s,2})| < & for all u € Us. Since
[0,¢] is compact, it is covered by a finite number of such sets Usl, -+ U, . This implies
that there exists a piecewise constant function p on [0, t] (taking values in the finite set
{f(sz, Ty ), i =1,---n}) such that |f(s,p(s)) — f*(s)| < 5 for all s € [0,¢]. Clearly then,

|f0 ))ds — F*(t)| < 5. So, it suffices to show that there exists a ¢* € C' such that
fo \f s,p(s ) f(s,c*(s))|ds < 5. To this end, say p is constant on the intervals (ti,l,ti]
with values p;, where 0 = tg < t;--- < t,, = t. Set m := max(|zol, |z, |p1], -, |Pnl),

C := Supjg y)x [—mm) |f], and choose any 0 < § < S(T Shrink 0 > 0 if necessary so that
20 < t; — t;_q for all 7. Then the continuous piecewise-linear function ¢* whose graphs
joins the points (0, x0), (0,p1), (t1 — 0,p1), (t1 4+ 6, p2), (t2 — 0, p2), =+, (tn1 + 0, 0n), (L —
d,pn), (t, ) has the requisite properties. Indeed, set g(s) := |f(s,p(s))— f(s,¢*(s))|. Then,
by construction, g = 0 on the intervals [t; 1+, t;—d], and on the rest of [0, ¢], which consists
of the n+1 intervals [0, d], [t—¢], and [t;—0d,t;+0],i = 1,--- ,n—1, we have g < 2C because

the graphs of both ¢* and p lie in [0,¢] x [—m, m]. Therefore, fttﬁ& (s)ds <400 < 5057

As there are n + 1 such intervals, we see that fo s)ds < £, as desired. O

Theorem 2.6. Let X be a prolific process, t > 0, and f be a bounded continuous function
on [0,t] x R. Then

S(X,. / £(s, X)ds) = R x [F.(t), F*(t)].

Proof. . Set Y, := fg f(s, Xs)ds. Obviously F.(t) < Y; < F*(t), implying the inclusion
“C”. To show the “D”, let x € R and F,(t) < y < F*(s). Since the support is a closed set,
it suffices to show that (z,y) € S(X;,Y;), i.e., that for all e > 0, PA > 0, where A := {| X, —
x| <e}n{|Yi —y| <e}. Let € > 0. Choose any zy € S(Xp). By Lemma 2 5 there exists a

continuous function ¢ on [0,¢] such that ¢(0) = zg, ¢(t) = z, and fo c(s))ds = y. The
uniform continuity of f over compact sets easily implies that there ex1sts a 6 > 0 such that
| f(s,2)=f(s,¢(s))| < § whenever [z—c(s)| < d. Set I' := {sup,¢( | Xs—c(s)| < min(e, d)}.
Since X is prolific, PI" > 0. Hence, it suffices to show I' C A. But, on I', we have

t t t
- = Xs ds — y d S aXS - ) d .
yl=| / J(s, X,)ds / £(s,e(s))ds / F(5.X0) — f(s,e(s)|ds < ¢
Hence, I' C {|Y; — y| < e}. Also, T C {|X; — x| < €} since ¢(t) = z. Thus I C A. O
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We will use the following consequence which is formulated for log-prolific processes.

Corollary 2.7. Let L be a log-prolific process. Let f = f(t,l) and g = g(t,l) be two
functions of t > 0 and | > 0. Assume f is continuous and for each t is bounded on
[0,t] x (0,00), and g is continuous in | and positive. Then, for any t > 0,

t ]{7 i
S(Ly, g(t, Ly) elo /L4y = closure {(1, k) € (0,00)* : ™) < R eFTOY,
A

Proof. By considering the continuous mapping ¢(z,y) = (%, ¢¥) on R?, it suffices to show
S(Xy, h(t, Xy) +Yy) = {(z,y) € R*: F.(t) <y — h(t,z) < F*(t)},

where X :=log(L), h(x) = log(g(t,e")), and Y; := fo (s,Lg)ds. For g =1, ie., h =0,

this follows from Theorem 2.6 applied to the function f(s,z) := f(s,e”) (since V; =

fo , and for a general g it then follows from Lemma 2.1. O

2.5. Bivariate support results: unbounded case. This case is less interesting; it will
be applied to one-factor market models with “generic” time-dependent volatilities.

Theorem 2.8. Lett > 0, and f be a continuous function on [0,t] x R such that

irelg/abf(s,c(s))ds = —00, 6(3:161(123/ f(s,e(s

for some 0 < a < b < t, where C is the space of all continuous functions on [0,t]. Then:
(a) For any xy, , y € R there exists a continuous function ¢ on [0,t] such that ¢(0) =

2o, ¢(t) =z, and [ f(s,c(s))ds = y.
(b) For any cadlag prolzﬁc process X, we have, S(Xi, fot (s, X,)ds) = R2.
Proof. (a): Define the function F' on C by F(c fo ))ds, and let C' = {c €

C : ¢(0) = zg, c(t) = x}. We must show F(C) = R. As in the proof of Lemma 2.5,
F is continuous (under the sup norm) and C’ is connected. Hence, F/(C') is an interval.
Therefore, it suffices to show that for any k € R, there exist ¢*, ¢, € C' such that F'(¢*) > k
and F'(c,) < k. We will only show the existence of ¢* as the existence of ¢, is similar.

Let k£ € R. The assumption on f implies that there exists a ¢ € C such that

(2.2) /Oa f(s,z0)ds + /ab f(s,c(s))ds + /tf(s,a:)ds >k + 1.

Set m := max(|xzol, |z, [c(a)], |e(b)]), C := SUP[ 1 [m,m |f|; and choose 0 < o < min(35, a)

and 0 < 8 < min(5,t —b). Let ¢* € C' be the function that equals zy on [0,a — af, is
affine-linear on [a — «, al, equals ¢ on [a, b], is affine-linear on [b,b + ], and equals z on
[b+ [3,t]. Then, in view of Eq. (2.2) and these definitions, we have,

a b+
F(c)—k—1] < / (s, 20)— £ (s, (s))] ds+ / (s, 20)—f (s, ()] ds < 2Ca+2C < 1.

Hence, F(c¢*) > k, completing the proof of part (a).
(As an aside, by a slight change in the proof, part (a) is valid also when a = 0 or b = t.)
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(b): Since X is cadlag, X has bounded paths on [0,¢]. Therefore, as f is continuous,
for almost all w € Q the function s — f(s, Xs(w)) is bounded, hence integrable, on [0, ¢].
As such, Y; := fg f(s,X,)ds is well-defined. Let € > 0 and (z,y) € R? Tt suffices to show
PA > 0, where A := {|X; — x| < e} N{|Y; —y| < e}. By part (a) there exists a continuous
function ¢ on [0,¢] such that ¢(0) € S(Xy), c¢(t) = x, and fot f(s,c(s))ds = y. The
uniform continuity of f over compact sets easily implies that there exists a § > 0 such that
| f(s,2)=f(s,¢(s))| < 5 whenever [z—c(s)| < d. Set I' := {sup,c(g 4 [Xs—c(s)| < min(e, d)}.
Since X is prolific, PI" > 0. Hence, it suffices to show I' C A. But, on I', we have

¢ ¢ ¢
Yooyl =1 [ fs.X0ds = [ fls.clons| < [ 175X = flsielo)lds <=
0 0 0
Hence, I' C {|Y; —y| < e}. Also, I' C {|X; — z| < &} since ¢(t) = . Thus I" C A. O

Remark: The condition on the continuous function f in Theorem 2.8 is obviously satisfied
if inf,cg fabf(s,x)ds = —o0 and sup,cp fabf(s, x)ds = oo, or, using an argument like that
for Lemma 2.5, simply if inf,cg f(s,2) = —o0 and sup,cp f(s,2) = oo for all s € [a, b].

Corollary 2.9. Let L be a cadlag log-prolific process. Let f = f(t,1) and g = g(t,1) be
two functions of t > 0 and | > 0. Assume that f is continuous and for each t is bounded
on [0,t] x (0,00), and g is continuous in | and positive. Let o be a continuous function on
R,. Then, for anyt > 0 such that « does not vanish identically on [0,t], we have

t
S(Lt, g(t, Lt)efo (f(s,Ls)+a(s) log(Ls))dS) _ Ri

Proof. Set f(s,z) := f(s,e®) + a(s)z and h(z) := log(g(t,e®)). It suffices to show that
S(X,Y;) = R? where X := log(L) and Y; := h(t, X;) + fot f(s, X,)ds. By Lemma 2.1,
we may clearly assume g = 1, i.e., h = 0. As such, by Theorem 2.8 (b), it suffices to
show that infeec [ f(s,¢(s))ds = —oo and sup,.. fab f(s,¢(s))ds = oo for some 0 < a <
b < t. We only show the latter, as the former is similar. Obviously, it is enough to show
SUD,eR fab f(s,x)ds = oo for some 0 < a < b < t. Since f is bounded [0,#] x (0, c0), this
follows once we show sup, g ff a(s)xzds = oo. But, this is equivalent to f; a(s)ds # 0 for
some 0 < a < b < ¢, which holds because a does not vanish identically on [0, ¢]. O

Remark: In our application of Corollaries 2.7 and 2.9, the function f(¢,1) will be of
the separable form ((¢)h(l) for some continuous bounded function k. In this case, simpler
proofs are possible even with the continuity of 5 (and «) weakened to local integrability.

3. APPLICATION TO A CERTAIN SDE SYSTEM
3.1. The SDE setup. We assume in this section that L and Y are processes following
dL = LodW, (Lo >0)
dY =Y (f(t,L)dt + NdW +~dZ), (Yy > 0)
where W and Z are independent Brownian motions, f is a continuous function on R, x
(0,00), and o > 0, A, are optional processes with fOT(Ut2 + A2 +42)dt < oo a.s. all T > 0.
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With £(X) := exp(X — [X]) denoting the stochastic exponential of a continuous semi-

martingale, the solution to this system is given by

L= LOS(/ od W),

Y = Yy exp( /O (L dDE( / AWE( / ~dZ).

3.2. The one-factor case. The case 7 = 0 is the interesting case. We show in particular
that when o and \ are deterministic, if a := 2 is not a constant on [0,¢], then S(L,,Y;) =
R?, but otherwise, S(Ly,Y;) = {cl* <y < Gy} is the region between two simple graphs
for some explicit constants 0 < ¢; < Cy (depending on t, Ly, Yy, a, o, f).

Lemma 3.1. Assume vy =0 and a := g is deterministic and C*. Then, for all t > 0,

(3.1) Y, = 2/_0 L i e L) —al (L) + Sas(1-a)o2)ds
ao )
0
where a' = %. In particular, if a := % 1S a constant, then
(32) Y; — %L?efg(f(s,Ls)Jréa(la)og)ds. (CL/ _ 0)
0

Proof. Using basic It calculus on stochastic exponential and logarithm, we have

£ / M) = exp / a% _ % / A2d)

= exp(/adlog(L) + % /(a02 — \)dt)

1
= —-exp(— /log(L)da + - /(aa2 — A3)dt),
La

the last equality following by integration by parts (with boundary term Ja5). As ao® —\* =
0

a(1 — a)o?, the desired result follows from this and the formula for Y in section 3.1. O

Both formulae for Y above are of the form of those Section 2. The corresponding results
of Section 2 lead to our main result for the joint support of the solution to such SDE.

Theorem 3.2. Assume v = 0, a = % is deterministic and C1, and o, = o(t,L;) for
some continuous function o(t,l). Let t > 0. Assume further that L is log-prolific and
the function f(s,1) = f(s,1) + sa,(1 — ay)o?(s,1) is bounded on [0,¢] x (0,00). Then,
S(L,Y;) =R3 if a is not a constant on [0,t], and otherwise,

t. ; L t ;
S<Lt7 Y;) — closure {(l7y) c (07 00)2 : efo inf;~o f(s,l)ds < _Yolgc/z < efo Sup;~q f(s,l)ds}'
0
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Proof. If a is not a constant, then in view of Eq. (3.1), Corollary 2.9 applied to f, with
g(t,l) = %l“t and «a := —d/, yields 8(L;,Y;) = R2.?> The statement for the case of
0

constant a follows immediately by combining Eq. (3.2) with Cor. 2.7 applied to f. O

Remark: A similar argument shows that if more generally a := ? is a C! function of L

(i.e., \ = o(t, Ly)a(Ly)) and f(t,1) := f(t,1) + ta(l)(1 —la(l))az(t, [) — 1a'(1) is bounded,
t. 7 — dz t g
then S(Lt,Y;f) _ {(l7y) c (0’ 00)2 . €f0 inf; f(s,l)ds < Yioe fLO a(z) < €f0 sup; f(s,l)ds}.

3.3. The two-factor case. In this not so interesting case, v is not identically zero, im-
plying S(L;,Y;) = R2, as shown below, or seen alternatively by changing measure to that

under which Z + [ @dt is a Brownian motion, where (L;, Y;) are bivariately lognormal.

Lemma 3.3. Let K, X, L be three positive random variables. Assume that K is indepen-
dent of both X and L, and S(L) = S(K) =Ry. Then S(L, XK) = R%.

Proof. Set Y = XK. Let y > 0,1 > 0, and € > 0. It is sufficient to show that PA > 0,
where A := {|log %| <e}yn{|L—1| <e}. Since | € Ry = S(L), there clearly exists x > 0
such that (I,z) € S(L,X). It follows PT > 0, where I' := {|log 2| < £} N {|L — | < &}.
Set k := L. Since S(K) = R, we have PII > 0, where II := {|log £| < £}. Hence,
by the independence assumption, P(IINT) = PII)P(I") > 0. But IINT C A, since
|log§] = [log £ +log £| < |log =| + |log %|. Hence, PA > 0, as desired. O

Proposition 3.4. Assume o, \, and v deterministic. Let t > 0, and assume 7y is not
identically zero a.e. on [0,t]. Then, S(L,Y;) = R?.

Proof. Set K; := &([~dZ); and X; := Yoexp(fot f(s,Ly)ds)E([ X\dW);. Clearly, K, is
independent of both X; and L,. Also, S(L;) = S(K;) = R,, as both L; and K, are
lognormal with positive variance. Since Y; = X K;, Lemma 3.3 yields S(L;, Y;) = Ri. O

4. APPLICATION TO THE THREE-PERIOD LIBOR AND SWAP MARKET MODELS

4.1. Arbitrage-free market model. All martingales here are presumed right continuous.

Proposition 4.1. Let I be a nonempty set and (B;)icr be a family of positive functions
on Ry x Q. Then, for any T > 0, the following three conditions are equivalent.

(a) For some j € I, there exists an equivalent probability measure P? such that
P/ -martingale on [0,T] for all i € 1.

(b) For all j € I, there exists an equivalent probability measure P! such that
P/ -martingale on [0,T] for alli € I.

(¢) There exists a positive function & on Ry x Q such that EB' is a P-martingale on
[0,T] for alli e I.

i
% 5 a
Bt

EZSCL

2When o and ) are deterministic but not necessarily continuous, a more direct proof of this case that does

not utilize Eq. (3.1) and Corollary 2.9 seems possible from following observation. The condition a := g is

not a constant on [0, ] is equivalent to fot loA|ds < \/fg a2ds\/f0t A2ds, which is in turn equivalent to L,

and & ( %%)7 which are then bivariately lognormally distributed, to have joint support equal to R%r.
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Proof. (b) = (a) is obvious. (a) = (c): Given j € I with the said property, define £ = 4L,

where M is the unique (right-continuous) P-martingale such that M; = E(% | Fi) a.s. for

all t. Asis well known, N is a P/-martingale on on [0, T] if and only if N'M is a P-martingale
on [0,T]. Applied to N = %, it follows £ B® = NM is a P-martingale on [0, 7] for all 4.

(¢) = (b). Suppose such ¢ exists and let 7 € I. On [0,7], set M := 87 et P

_ _ E(¢0B3)
be the probability measure with ‘ﬁ% = Mry. Then, % is a P/-martingale on [0, T] for any
1 € I, because M% = ¢B' is a P-martingale on [0,7] . O

We call a family (B?);c; of positive functions on R, x) an arbitrage-free price system
if for every T' > 0 it satisfies any, hence all, of the above three equivalent conditions.
While the “prices” B* need not be measurable, their ratios are always semimartingales:

Proposition 4.2. Let (B%);c;r be an arbitrage-free price system. Then B gre positive

B7
semimartingales, each with positive left limits, for all i,j € I.

Proof. Let T > 0. On [0, T], since gi is a P/-martingale, it has positive left limits, and it

J
is a P-semimartingale on [0, 7"]. This proves the desired result since 7" was arbitrary. [

4.2. Forward Libor and swap rate processes. Henceforth, throughout the paper, we
fir an arbitrage-free price system (B!, B, B3). We define

B2
5. BI—B?’_
B2+ B
* Bl
L 7§_1

The processes L, S, and L* are semimartingales by Proposition 4.2. Given an integer
n > 1, if we think of B’ as the zero-coupon maturing in year i +n — 1 (although we do not
require B!, ; = 1), then L, S, and L* respectively represent the annual (n+1) x 1 forward
Libor rate , the n x 2 forward swap rate, and the n x 1 forward-Libor rate processes.

One easily verifies that S = L*gfjr#, and by inversion that L* = %.3

The first equation shows that S is positive if L and L* are so. But, the second shows L*
becomes negative whenever S < QJ%L, even though L and S may be positive.

In what follows, we fix a time interval [0, 7] and an equivalent measures P* under which
g—; and g—i are martingales on [0, T]. In general, the choice of P* depends on T, and even
then there may be many such measures P3. But, in so far as the support is independent of

3Diving top and bottom of the defining formula of S by B2,
B'/B*-B*/B* 1+4+L*—-1/(1+L) L*+L+L*L
1+B3/B2 1+1/(1+L) 2+ L
Similarly, dividing the top and bottom of the defining formula of S by B? yields g—; =1+ (2+4+1L)S.

S:
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the choice of equivalent measure and 7" is arbitrary, the results to be derived for S(L;, S;)
and S(L}) will hold under P for all times ¢ > 0, regardless of the choice of measure P? and
the interval [0,7]. So, for convenience, we will suppress the notational dependence on 7.

Proposition 4.3. The processes L, S+f dLS] - ond L*+f diL, L ] are P3-local martingales.

2+L_ 7 14

Proof. As L = g—i —land (24+L)S = g—; — 1 are P3-martingales, and by It6’s product rule,
d((2+L)S)=(2+L_)dS+S_ dL+d[L, S],
it follows that S+ [ ZLfLS] is a P>-local martingale. As 2 33 = (1+L*)(1+ L) is a P3-local

martingale, so is L*(1+L)— [ L*dL = [(14L)_dL*+[L*, L]; hence so is L*+ [ dﬁ-f . U

4.3. Libor and Swap market model SDE. Henceforth we assume dL = LodW and
dS = pdt + S(A\dW + vdZ) for some P3-independent Brownian motions W and Z and
optional processes o, A and v with fOT 02 + A2 +42)dt < oo a.s. for all T. We must have

= —52%2 because S+ [ dz[if] is a P3-local martingale by Proposition 4.3, while d[L, S] =

LSo\dt. It follows that (L, S) satisfies the SDE system of Section 3 with f(¢,1) = —(’Qt—iil:
dL = LodW,
oAL
dS = S(———dt + \dW +~dZ).
(CopdH AW+ rdZ)
Assuming L* follows dL* = p*dt+ L*(N*dW +~*dZ), we similarly get pu* = —L1L+Z’\ since
L+ [ d[liLL lis a P3-local martingale. This yields a similar SDE for L* with f(¢,1) = — Uifll,

4.4. Joint support of forward Libor and swap rates. We call the system (B!, B?, B?)
above a lognormal SMM (resp. lognormal LMM) if o is positive, deterministic and
continuous, A and 7 (resp. A* and 7*) are deterministic, and a := 2 (resp. a* := 2-) is C*.*
Theorem 3.2 is applicable to both models, and yields the same joint support formula in

both cases due to the fact that inf;- QLH = inf; #l = 0 and sup; QLH = Sup;~ ILH =1.

Theorem 4.4. In the lognormal SMM, S(Ly, S;) is given for any t > 0 as follows.
(a) S(Lt, S;) =R if y is not identically zero a.e. on [0,t].
(b) S(Lt, S) = R2 ifa:=2 zs not a constant on [0,t].
(¢) If y=0 on [O t] and a := 2 is a constant on [0,t], then, for a > 0, we have
1 ¢ 2 L 1 ¢ 2
(41) S(Lt, St) _ {(l,y) c Ri : @_5“(1+a)f0 osds < SLZZ < 65a(1_a>f0 Gsds}7 (a > 0)
0
and for a = 0, we have S(Ly, S;) = Ry x {So}, and for a < 0, we have

o2 L§
(4.2) S(Li, S;) = {(l,y) € (0,00)*: ezall=a) fyolds < Soly < emzallta) fy of 41 (a < 0)

4The assumptions that o is continuous and a is C! are likely superfluous: o\ is already locally integrable
by Schwartz inequality, which should be enough. See also the remark after Cor. 2.9 and footnote 2.
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Moreover, in the lognormal LMM, S(L¢, LY) is given by replacing all occurrences the
symbols Sy, Sy, a, A\, v in the statements above by Ly, Ly, a*, \*, v* respectively.

Proof. Since L is prolific by Prop. 2.3, and in view of the SDE derived for (L, S) in Section
4.3, the results of Section 3 are applicable with the function f(¢,1) := —"5—1;’. Parts (a) and
(b) thus follow immediately from Prop. 3.4 and Theorem 3.2 respectively. As for part (c), if
a > 0 then inf;~q f(t,1) = —ao? and sup,, f(t,1) = 0, while if a < 0 then inf;~q f(¢,1) =0

and sup,, f(t,1) = —ao?. As such, (c) is immediate from Theorem 3.2. The case of LMM

follows by applying the same argument to the function f(¢,1) = —Ufﬁl. O

5. THE SUPPORT OF FORWARD LIBOR IN THE LOGNORMAL SWAP MARKET MODEL

5.1. The threshold. We now apply Theorem 4.4 to the lognormal swap market model to
analyze the support of forward Libor L* and find out the first time t* after which L* may
become negative. In most cases we find P{L; < 0} > 0 for all ¢ > 0. The most interesting
case is when 0 < a < 1 is a constant, with the case a = 1 particularly tractable.

Proposition 5.1. Given t > 0, in the lognormal SMM, Lf > 0 a.s. if and only if v =0
on [0,t], a :== 2 is constant on [0,#], 0 < a < 1, and ezall+a) fyodds < SoLgy“a*, where
a* = 3)1—-a)'if0<a<l a:=2ifa=1 anda” =1 ifa=0.

Proof. Since L* = M, we have, for any ¢ > 0,

1L
(L <0} ={S; < L }
¢ Wt oL L
It follows P{L; < 0} > 0 if and only if S(L,, S;) N {(l,y) € R3 : y < 2+rl} is nonempty.

This holds in particular if S(L;, S;) = R%, which is the case by Theorem 4.4 if either v
is not identically zero, or @ is not a constant on [0, ¢].

We are thus reduced to the case of v = 0 and constant a, which we henceforth assume.

Case a = 0. In this case, S(Ly, Si) = Ry x {Sp}. Since the function 0 < [ +— ZLH is
increasing with asymptote 1, it follows that P{L} < 0} > 0 if and only if Sy < 1, which is
equivalent to the statement in theorem for this case (as a* :=1).

Case a < 0. In this case, Eq. (4.2) of Theorem 4.4 is applicable. We have S(L;, S;) =
{(1,y) € (0,00)? : ¢;l* <y < Cyl*} for some positive constants ¢; and C;. Since a < 0, this
set is the region between two decreasing graphs that approach 0 (the [-axis) for large I.
Therefore, it clearly intersects {(I,y) € R : y < QLH} Hence, in this case, P{L; < 0} > 0.

Case a > 1. In this case, Eq. (4.1) of Theorem 4.4 is applicable. We have S(L;, S;) =
{(lLy) € RZ : ¢1* <y < Cyl*} for some positive constants ¢, and Cy. Since a > 1, the
curve [ — Cl* has slope 0 at [ = 0 for any C' > 0. But, the curve [ — QLH has slope % at

= 0. This implies that the graph the former lies strictly below the graph of the latter
for sufficiently small [ > 0. Hence, the intersection of the joint support with {y < ZLH} is

nonempty, implying that in this case P{L; < 0} > 0.
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Case a = 1. In this case Eq (4.1) simplifies to

t o L
S(Li, Sy) = {(l,y) € R? : e~ loovds] < S—Oy <.

We note that the intersection of this set with {y < 2 +l} is nonempty if and only if the

slope of the linear map [ — g—ge* Jo 734s] is less than 1 5 (which is the slope of | — 2—+l at

[ =0). Therefore, P{L; < 0} > 0 if and only if ‘Lq—ge* Jooids < %, which is equivalent to the
statement in the theorem in this special case (as a* := 2).
Case 0 < a < 1. In this case, let us rewrite Eq. (4.1) as

S(Lt,St) = {(Z,y) € Ri . Ctla S y S Ctla},

where

So _1 t g2 S ¢ 2
¢ = Oefga (1+4a) fO ds Ct . ~o 7a(1 a fo ds

L ' L“

Clearly, this set intersects {y < if and only if the graph of the (lower) curve [ — ¢;®

2+l
(which has slope oo at [ = 0) intersects {y < +l} Moreover, since 0 < a < 1, this will
happen if and only if graph of the curve [ — ¢;* intersects the graph of the curve [ — ZLH
in precisely two points. We conclude that P{L; < 0} > 0 if and only if the equation
(2 + 1)1 = 1/¢; has precisely two solutions [ > 0. But, by taking derivative and setting
it to zero, it is easy to see that the convex function 0 < [ — (2 +1){*"! (which is near co
at near [ = 0 and [ = oo) has a unique global minimum at [ = % — 2, with the value of
a* := (2)*(1—a)**. Therefore, P{L; < 0} > 0if and only if 1/¢, > a*, which is equivalent
to the statement of the theorem for this case.

All the cases have been covered, and the proof is complete. O

Thus P{L; < 0} > 0 if any of the stated conditions fails, e.g., if a*Sy < L or if v #0.
Consider the case where v = 0, ¢ and A\ are constants, 0 < a < 1, and SoLy%a* > 1.
Then, the result implies that P{L; < 0} > 0 if and only if ¢ > o +1) ——=%——log(So L, “a*).

The special case a = 1, v = 0 gives P{L; < 0} > 0 if and only if fo o2ds > log 2 2So (In

this case, it is also easy to see that {L; <0} C {L; < g—gefo o%ds _ 9} for all t > 0).

The special case a = v = 0 gives P{L; < 0} > 0 if and only if S, < 1.

The significance of the number a* := (2)*(1—a)*"!, 0 < a < 1, is that it is the minimum
of the function 0 < [+ (2 +1)I%!. We have 1 < a* < 3. This a* is a concave function of
a, its limits at a = 0is 1 and at a = 1 is 2, and it reaches the maximum of 3 at a = %
Corollary 5.2. In the lognormal SMM Ly >0 a.s. for allt > 0 if and only if v =0, a
is constant, 0 < a <1, and exp(3a(l +a fo o2ds) < SoLy“a*. O
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5.2. Support of L;. We conclude by showing S(L;) = [I;,00) in the lognormal SMM
(unless S is deterministic) for some —1 <[ <0, and classify the cases Iy = —1 or [} = 0.

Theorem 5.3. In the lognormal SMM, for any t > 0, we have S(L;) = [—1,00) if v is
not identically zero or a := g is not constant on [0,t], and otherwise we have:

(a) If a =0, then S(L}) = [So — 1,25)).

(b) If a <0, then S(L}) = [—1,00).

(¢) If a > 0, then S(L;) = [If,0), where

i SOLaaef%a(1+a) f(f Ugds(Q + .Z').Z’a —
;= .

>0 14+

(a>0)

(d) If a>1, then —1 < Iy < 0.

(e) Assume 0 < a < 1. Seta* := (3)*(1 —a)* ' ifa <1 and a* :=2 ifa=1. If
L2 eza(i+a) Jootds < g* Sy then If =0, that is, S(L}) = Ry; otherwise we have —1 < [f < 0.

(f) Assume a =1. Then S(L) =R, if Loeo 7345 < 28y and otherwise

2 — 250 Jyoids
Lo
/%efot o2ds __ 1
0

Proof. Define the continuous function f(z,y) := % on RZ. Then, L* = f(L,S),

S(LI) = [ -1, OO) (CL =1, Loef[fagds > 250)

which implies S(L*) is the closure of f(S(L,S)). Note also, f(x,y) > f(2,0) = % > —1,
which easily implies f(R%) = (—1,00). Hence, S(L;) = [~1,00) when S(L,S) = R,

which is the case by Theorem 4.4 when ~ is not identically zero or a is not constant on
[0,¢]. Assuming v = 0 and a is constant on [0, t], it remains to prove (a)-(f).

(a). Assume a = 0. Then S; = Sp; hence L} = f(L,Sp). But, it is easy to see that
the function 0 < z — f(xz,Sp) is decreasing, implying its image is (f(00, Sy), f(0, S0)] =
(So — 1,25,]. Hence, S(L}) = [So — 1,25)].

(b)-(f). Assume a # 0. Then, by Theorem 4.4, S(L;, S;) is connected, contains the
graph of the function 0 < z +— f(z,cx®) for some ¢, > 0, and the rest of S(L;, St)
lies above this graph. Hence, S(L*) is connected, and since f is increasing in y, we
have —1 < infg(r,s,) f = infoso f(2, cx®). Setting I} = inf,oo f(x, x®), it follows that
S(LY) = [If, 00) once we show sup,., f(z, ¢z®) = co.

(b). Assume a < 0. Then, —1 < [} < lim, . f(z, cx®) = lim, e = —L. So, I} =
—1. Also, sup,~, f(z, c;x®) > limy, o f(x, ;x®) = lim, | 2¢,2% = o0. So, S(L}) = [—1,00).
(c). Assume a > 0. Then, sup,. f(z, c;x®) > lim, o f(z, ¢2®) = lim, thj; = 00

Hence, S(L}) = [l,,00). Also in this case by Theorem 4.4, ¢, = SyLg e~ 2(1+a) Joo%ds: hence
the formula for [ in (c) follows from the definition [} := inf,~o f(z, c;z®).

(d). Assume a > 1. Then by Proposition 5.1, I; < 0. This together with part (c) imply
that I[J = f(x., qa?) for some x, > 0 because f(z, c;x®) is near 0 for small z and is large for
x large (so, the inf, which is [; < 0, in attained at an x, > 0). Hence, I > —1 as f > —1.
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(e). Assume 0 < a < 1. If L§ eall+a) Jy o3ds < a*Sy, then [y = 0 by Proposition 5.1.
Otherwise, by Proposition 5.1, [ < 0, and this implies that [ = f(z., ¢;x¢) for some x, > 0
(as f(z,cix®) is near 0 for small = and is large for x large), implying [ > —1 as f > —1.

(f). Assume a = 1. By (e), if Ly elooids < 25y, then I = 0, as desired, and if otherwise,
then If = f(x., cix,) for some x, > 0. But then, since z, minimizes f(z, ¢;x), and

d (2¢; + 2cix — 1)(1 + ) — 2c02 + cpa® —x) 20 — 1+ 202 + ¢
—f(z,c) = 5 = 5 ,
(1+2) (1+2)

dx
we must have 2 — Cit + 2z, + 22 = 0. The positive solution is z, = —1+, /é — 1. Therefore,

t
I e, +a?) -z, 1-2c,—x, 2-2¢ . 9 _ Q%e—f()agds
t - - —_

14+ . 14 z, 1 B Lo [fo2ds
Vg — 1 S—ge-fo -1

(We used ¢, = i—‘;e_ Jooids for g = 1. Note also 0 < o < % as Loefé5 oids 2Sp here.) O

-1

The theorem gives explicit expressions for S(L;) in all cases except the case a > 1 and
the case 0 < a < 1 and L§ eza(1+a) [golds . q*G In these two cases, the theorem shows
that S(L}) = [I}, 00), for some —1 < [ < 0. Part (c) yields that in both cases
B SOLO—aeféa(lﬂz) I ofds(Q + x*)a:‘j —z,
- 1+,
for some x, > 0 that (setting the derivative to zero) is easily seen to satisfy the equation

i

9

2a02° 1 + (3a — 1)z + ax®t = &e%a(lﬂ) Jooids,
0

For a = 1, we found the single positive solution z, of this equation in part (f). Evi-
dently, one also gets a closed-form solution for a = 2, a = 3, and a = %, but not for other
a > 0. It is not difficult to show that for a > 1 the positive solution z, is unique, while

1 t . .. .
for 0 <a <1 and Lgez?1+9) Jootds > xSy, there are precisely two positive solutions, one

(1-a)

larger than 2 o and the other smaller, with the valid solution (a minimum) the larger one.
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