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Abstract

In this paper, we investigate the generalization of the Call-Put duality equality
obtained in [1] for perpetual American options when the Call-Put payoff (y — z)™ is
replaced by ¢(z,y). It turns out that the duality still holds under monotonicity and
concavity assumptions on ¢. The specific analytical form of the Call-Put payoff only
makes calculations easier but is not crucial unlike in the derivation of the Call-Put
duality equality for European options. Last, we give some examples for which the
optimal strategy is known explicitly.

Introduction

In [1], we have obtained a Call-Put duality equality for perpetual American options. More
precisely, for an interest rate r > 0, a dividend rate 6 > 0 and a time-homogeneous local
volatility function

(Hvot) o :R% — RY continuous and such that 30,7 € R, Vo > 0, 0 < o(z) <7,
let (S¥,t > 0) denote the unique weak solution of the stochastic differential equation
dSy = Sy ((r —0)dt + o(Sy)dwy), S§ =« (1)

where (Wy, t > 0) is a standard Brownian motion. We have proved the existence of another
volatility function 7 satisfying (Hye1) such that

Yo,y >0, sup E e (y— S5)T] = sup E[e (5. —2)7],
T7€70,00 T7€70,00
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where (S},t > 0) denotes the weak solution to
dSy = S)((6 = r)dt +n(S)dW,), Sg =y. (2)

Here, 7~ denotes the set of stopping times with respect to the usual natural filtration of
the underlying.
Our primal goal was to generalize to American derivatives the Call-Put duality equality

forn=o0, VT, 2,y >0, E [e‘rT(y — S%)J’} =E [e_éT(§§ — x)ﬂ (3)

which holds in the European case. In the perpetual American case, unless o is a constant
(usual Black-Scholes model), then 7 is different from o. Then it is natural to wonder
whether the European and the perpetual American Call-Put dualities are similar in nature.
The European equality is equivalent to Dupire’s formula [3] and, to our knowledge, the
existing proofs of both results rely heavily on the following specifity of the payoff function
(y —2)" : for fixed y (resp. fixed z), in the distribution sense, 9%(y — z)* = §,(z) (resp.
85(:5 —y)T = 0,(y)). This property implies for instance that the second order derivative
of the European Put price with respect to the strike variable y is the actualized density of
the underlying asset S7%. It is not obvious at all that the equality (3) could be generalized
by replacing respectively (y — S%)* and (S7 — )T by ¢(S%,y) and ¢(z, S5.).
In contrast, we are going to show that it is possible to generalize the perpetual American
duality to payoff functions ¢(x,y) which only share global properties with (x — y)™. The
loss of the specific analytical expression only makes calculations more complicated.

More precisely, from now on, we assume that ¢ : R} x R} — R, is a continuous

function such ® = {(z,y) : ¢(z,y) > 0} # 0, ¢ is C* on ® and such that

Vr,y € ®, 0pb(x,y) <0, yp(x,y) >0, Poo(z,y) <0 and 95¢(x,y) < 0. (4)

Of course the function (y — x)" satisfies these assumptions. More general examples are
given in Section 2.

For y > 0, let us define X (y) = inf{z > 0, ¢(z,y) = 0} with the convention inf ) = +o0.
Thanks to (4), we have {x > 0, ¢(z,y) =0} ={z > 0,2 > X(y)} and 0 < X(y) < oc.
Moreover, the function y — X(y) is nondecreasing. Let us also define Y (z) = inf{y >
0,0(z,y) > 0} = inf{y > 0,z < X(y)}. As the pseudo-inverse of the nondecreasing
function X, the function Y is nondecreasing. Finally,

= {(2,9), ¢(z,y) >0} ={(z,9), * < X(y)} ={(v,y), y > Y(2)}.
We also make the following assumption weaker than (Hyo1) on the volatility functions :

(Hyot) o : R} — RY continuous and such that 37 < 400, Vz > 0, o(z) <.

When o and 7 satisfy (H.,,), then weak existence and uniqueness hold for (1) and (2) (see

for example Theorem 5.15 in [4], using a log transformation). Let

Py(z,y) = sup E[e7¢(S:,y)] and ¢,(y,z) = sup E [e“qub(:c,gi)] .

7€70,00 7€70,00
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where the notations P and ¢ standing respectively for “Put” and “Call” are slightly abusive.

The paper is structured as follows. The first section is devoted to the pricing of per-
petual American options with payoff ¢. It turns out that, as in the Call-Put case, for fixed
strike y > 0 (resp. x > 0), there is a unique z*(y) (resp. y*(x)) such that

{z: Py(z,y) > d(x,9)} = (2"(y), +o0) resp. {y: cy(y, ) > ¢(x,y)} = (0,y"()).

These exercise boundaries x*(y) and y*(x) are characterized by some implicit equations
involving ¢, and we prove that they solve explicit ODEs. The second section deals with the
duality result. We state a general result and, for two specific families of payoff functions,
we are able to find an explicit relation between dual volatilities, as in the call-put case.

1 Pricing of the perpetual American options

1.1 Pricing formulas and exercise boundaries

In this section we will use the approach of Beibel and Lerche [2] to explicit the pricing func-
tions P, and c¢,. As in [1], we will denote by f (resp. g) the unique, up to a multiplicative
constant, positive nonincreasing (resp. nondecreasing) solution of

%UZ(:L')x2f”($) +(r—)ef (@) —rfz) = 0, 2>0 (5)
(resp. %nz(x)ng”(x) + (6 —r)zg'(x) —dg(z) = 0, 2>0). (6)

Let us also recall that

Vo >0, f’(x) >0 and ¢"(z) > 0. (7)
This has been checked for example in [1] (Lemma 3.1) where o is assumed to satisty (Hyor),
but the boundedness from below is not used in the proof.
Proposition 1.1. Let us fiz a strike y > 0. If X(y) = 0, then Yz > 0, P,(z,
Otherwise there is a unique x%(y) € (0, X(y)) such that 77 = inf{t > 0,57 <
(convention inf ) = +00) is an optimal stopping time for P, and:

H5(y), y)
Faz(y))

y) = 0.
e

()}

Vo <2, (y), Ps(2,y) = é(z,y), Yo >z, (y), Ps(z,y) = flx) > o(z,y).  (8)

In addition, we have

o) y) _ flagy)) (9)
9eo(w3(y),y)  ['(25(y))
which implies the smooth-fit principle. Last, the function y € {z : X(2) > 0} — x%(y)
is C1 and satisfies the following ODE:

9:9(x;(y), y)9yd(25(y),y)
(x5 (y), v)
x5 (y)*o (x5 (y))
2[ro(x3(y),y) + (6 — 1) (y)0:0(x5(y), y)] — 5 (y) 20 (25 (y)) 020 (5 (y), y)

o(y) = |9Z,0(xs(y),y) — (10)

X
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It is strictly increasing if one assumes moreover qbﬁiyqb > 0,¢0y¢ on P.

Proof. For x > 0, let h(z) = ‘z’}fgf)/). The function h is nonnegative and we have h(07) =0
because mhj& f(z) = 400 (see [1]) and mlil&(;b(:c,y) exists thanks to the monotonicity
assumption and is finite thanks to the concavity assumption made in (4). We have
also h(z) = 0 for x > X(y). Therefore the function h reaches its maximum at some
zi(y) € (0,X(y)). In particular we have h/( *(y)) = 0 which also writes F(z(y),y) =0
where the function F(z,y) = 224 — S g defined on ®. This proves (9).

Oz p(2,y) f/(
Now since 9?¢(z,y) < 0 on {z < X(y)} and ff,(x 2) is a positive function (see (7) for the
convexity of f), 0. F (z,y) = —‘Z’((ggf;?iz(ﬁzy) + 1 f,)(x)gx) is positive on (0, X (y)) which ensures

uniqueness of % (y). The implicit function theorem, yields that z? is C! in the neighborhood

of yand z;(y) = —7; P ( (@605 ().0)?
z*(y)' is positive if ¢d? qb > amqb& ¢ on ®. From (9) and the ODE (5) satisfied by f, one
gets

" * *

s (y) 2 , ), y) (6 — P (y)

f'(x3(y)) w5 ()20 (25 (y)) | 0xb(5(y), )
so that we can express 0, F(x}(y),y) only with the derivatives of ¢ and deduce (10).

When = > x%(y), the optimality of 77 follows from the arguments given in the proof of

Theorem 1.4 [1]. Let us now assume that = € (0,2%(y)) and set 77 = inf{t > 0: SF = 2}
for z > 0. Using the strong Markov property and the optimality result when the initial
spot is % (y), then Fatou Lemma, we get for 7 € 7 o,

Ble™7¢(ST,y)] < Bl 0o(STrs, w)] < HminfBle R0 NO(ST, )]

a(y) t—+o00 &)

By It6’s formula,

1
de™""$(SF,y) =" 502(55)(53)23%(5?, y)+ (r = 0)SF0.0(S¢ . y) — ro(Sy,y) | dt
+ e 0,(SE, y)o (ST)SEAW,

On {t < 77} we have SY < 2} (y) < X(y). In case r > 0, it is obvious that the
drift term is nonpositive since it is a sum of three nonpositive terms. This ensures that for
t>0, Bl <y>/\t¢(Sf,\T Y y)] < ¢(x,y) and 77 = 0 is optimal.

In case r < 4, let us check that the drift term is still nonpositive by proving that the sum
of the two last terms is nonpositive.
The function is x — (r — §)xd,é(x,y) — ré(x,y) is nondecreasing on (0, X (y)) since its

derivative is equal to —00,¢(z,y) + (r — §)xd?¢(x,y). Thus, using (5) for the second

ByF(w*(y . Since 8, F(z%(y), y) = Du (@ (y),) 0y ¢ (x5 (1), y)— (@ (¥),9)02, P(xh (1))

)
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equality, we have for z < z*(y)

(r = 0)z20:9(x,y) —ro(x,y) < (r—10)2(y)0:0(x5(y),y) — ro(x5(y),y)

e e @)
- (b( cr(y)ay) ( 6) o’(y) f(x;(y))
L o (5 ()

- 2¢( o‘(y)Jy) ( o‘(y)) cr(y) f(x:(y)) <0

O

Proposition 1.2. Let us fir a strike x > 0 and assume Y (z) > 0. If Y(x) = +oo,
then Yy > 0,¢,(y,x) = 0. Otherwise there is a unique y,;(x) € (Y (r),+oc) such that
s = inf{t > 0,5} > y;(x)} (convention inf () = +oc) is an optimal stopping time for c,
and:

o(w, y;(x))

0 (@) 9(y) > é(z,y).  (11)

Yy > yn(), ey, z) = d(z,y), Yy < y,(x),c,(y,z) =

- p(zyn(x) _ g(y;(2)) . )

In addition, we have s = L and the smooth-fit principle holds. Last, x € {z :
Oyo(z.yy(x) g’ (y5(@))

0 <Y(z) <oo} s yi(x) is C' and satisfies the following ODE:

Do (55 () 0y b, y5(x))
oz, yi(x))
y yp(x)*n*(y ()
2[00(x, () + (r — 8)yi() 0y (x, yi(2))] — yis(2)* 0 (yy () 2 (, y3i(x))

It is strictly increasing if one assume moreover ¢0,0,¢ > 0,¢0y¢p on {¢(z,y) > 0}.

(@) = |05,0(x,y(x)) —

(12)

Proof. We introduce h(y) = % which vanishes for y < Y(z) and for y = 4+00. Indeed,

the concavity ensures that y — ¢(x,y) is bounded from above by some linear function and

we have already shown in [1] that g(y) > cy'*™ for some a,c > 0. We then obtain easily
y—Foo

Oyd(@yy(x) g (v ()

d(@yn(z) — glyy(@)

be checked by arguments similar to the ones given in the proof of Proposition 1.1. To obtain

the ODE (12) satisfied by y;, the calculations are the same as for (10) in Proposition 1.1

exchanging r < d, 0 < n and 0, < 0,,. O

. The uniqueness of y,(x) € (Y (x), +o0) and the optimality of 77 can

Remark 1.3. We incidentally obtain in the proof of Proposition 1.1 that

Vo < x;(y)v (’l“ - 5>$8x¢($7 y) - T¢(x7 y) <0.
Simalarly,
Yy >y, (), (0 — r)ydy¢(w,y) — dg(x,y) < 0.

In particular, thanks to (4), the denominator of the second term in the r.h.s. of (10) (resp.
(12)) is positive.
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1.2 Estimates on the exercise boundaries

Now, we would like to get also estimations on the exercise boundaries. As in [1], we use a
comparison to the Black-Scholes model with constant volatility for which estimations are
easier to get.

Proposition 1.4. Let us consider two volatility functions o1 and o9 (resp.ny and 1y )
satisfying (H.,,) such that Vo > 0,01(x) < oo(x) (resp. Vo > 0,m1(x) < no(z)). Then, we
have:

Va,y >0, Py (2,y) < Poy(x,y) (resp. Yo,y > 0,cy,(y,2) < cp(y, 7))

and we can compare the exercise boundaries:

Vy > 0,27, (y) < a7, (y) (resp. Yo > 0y, () <y (2) ).

Proof. Let us focus on the put case. If P, (z,y) = ¢(z,y), we have clearly P, (z,y) <

—rr 0L
P, (z,y). Otherwise we have P, (z,y) = ¢(x} (y),y)Ele 1] where for i € {1,2},
2% = inf{t > 0 : S = z} with S;"" solving (1) for the volatility function ¢;. Thanks
to (7), we know that f,, is a convex function. According to the proof of Proposition 1.9 [1],

z,09

— , 1 -
Ele *51®] <Ele *#:®)]. Therefore,

xT,o
—prr %2

Py (z,y) < ¢(y, (y), y)Ele "2 @] < Py, (z,y).

]
Proposition 1.5. Let @ (resp. 7j) denote an upper bound of the function o(.) (resp. n(.)).
Then,
a(o) .
Vy >0 st X(y) >0, ———X(y) <z;(y) < X(y)
a(@) — 1
N b(7)
resp. Vo >0 s.t. 0 <Y(z) < 400, Y(2) <y,(z) < o) 1Y(:c)
/’7 —
where a(s) = dortet/2 (i;r+§2/2)2+2m2 is an increasing function on (0,+00) such that
im0 a(s) =0 and
lima(g): s Zf(s >.T
s—0 —o0 otherwise

(resp. b(s) =1—a(s) > 1).

Proof. When 6 = r, the properties of a(c) = 3 — /1 + ?—;" are obvious. Otherwise, a(s) =

A(‘Sg_—zr) with A(z) =z +1 — \/(l’ +3)? + 2. Remarking that lim, _., A(z) = —oo,

A(0) = 0 and lim, . A(z) = —5=, one easily deduces the limits of a(<) as ¢ tends to 0 or
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(@32 + =~ (v+3+55)
Ve e
A'(x) has the same sign as — (x + 2(‘?2’;)). In particular A’ is negative on (0, 4+00) when

+o0. Since A'(x) = and (z43)+ 2% —(z + 5 + ﬁ)z = ﬁ <0,

d > r and positive on (—o0,0) when § < r. One easily deduces the monotonicity properties
of a.

Let us deduce the estimation for the put case. Thanks to Proposition 1.4, we have
xi(y) > 2i(y). The solution of the EDO (5) with a volatility function constant equal

to 7 is fx(x) = 2%°). Let us consider the function z € (0, X(y)) afgz’vyi) - ;fgg Its
_ﬁ((;:z)(iiz()ﬁ’y) + fﬁ(;gf_)(i%)(f ) is greater than af(gl since ¢ < 0 and 7f3(1(£3f_)(£%)(;) —

. Integrating this inequality between 2%(y) and X (y) then using (9) and remarking

derivative
a(E(l;l
that by (4), 8,¢(X(y)7,y) < 0 and 5% (X ()7, y) = 0, we get — X (y) > “TLL(X (y) -
2%(y)) and thus:

rs) = 47X,

(@) —1
dxy) g7(y)

The proof for y; works in the same way considering the function y — Byoley) o)

O

Remark 1.6. In the Call-Put case ¢(z,y) = (y —x)T, since ?d(x,y) = 0 forx < X(y) =

y, under (Hyo1) one obtains z%(y) < a(“g()glly by an easy adaptation of the arguments given
in the proof of Proposition 1.5. In [1], this estimate combined with the ODE (10) derived
below allowed us to characterise explicitly the set of exercise boundaries x’ and get a one-
to-one correspondence between the volatility functions satisfying (Hye1) and the exercise
boundaries.

For general payoff functions ¢, because 0>¢ does not vanish, we were not able to get under
(Hvo1) an upper-bound for x better than x}(y) < X (y) which already holds under (H.;).

vol
That is why we work with hypothesis (H.,,) in the present paper.

vol

2  Duality

Let us now investigate conditions ensuring
Va,y >0, Py(z,y) = cy(y, x). (13)

First, in order to use the pricing formulas given in Propositions 1.1 and 1.2, we assume
that for all > 0, Y'(x) > 0 condition which implies X (0%) = 0.

Since ® # (), there exists (z,y) € RY x R% such that ¢(z,y) > 0. Then X(y) > 0 and
Y (x) < +00, and by Propositions 1.1 and 1.2, the functions z — P,(z,y) and z — ¢, (2, z)
do not vanish on (0, 400). If for some y’ € (0,y), one had X (y') = 0, then ¢ and therefore
P, would vanish on (0,400) x (0,4']. In particular P, would vanish on {z} x (0,/]
preventing (13). In the same way, if one had X (+00) < +oo, then ¢, would vanish on
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(0, 400) x [X (400),400) preventing (13). That is why we make the following assumption
on X:
Vy >0, X(y) >0, X(07) =0 and X (+00) = +o0. (14)

This assumption automatically ensures Y (0%) = 0, 0 < Y(z) < +oo for z > 0 and
Y (+00) = +00. We are now able give a necessary and sufficient condition for (13) to hold.

Theorem 2.1. Assume that ¢ satisfy (14) and that o and n satisfy (H..,). Then, (13)
holds if and only if x;, and y; are increasing reciprocal functions.

Proof. This result can be checked by an immediate adaptation of the proof of Theo-
rem 4.1 [1], except for the increasing property in the necessary condition that we explain
here. The equality of the exercise regions writes

{(z,y) € RL) 12 < ap(y)} = {(z.y) € (RL)? 1 yy(@) <yl (15)

and thus x <z (y,(7)). Therefore (2, y;(x)) belongs to the exercise region for 2’ < z and
we get y,y(z') < yy(x). Similarly, 27 is nondecreasing. Therefore, using Propositions 1.1,
1.2 and 1.5 , we get that 2 and y, are continuous nondecreasing functions from R? onto
R%. From (15), they are reciprocal functions. Since they are both continuous, they are
increasing. O

Let us recall here that under the following assumption on ¢
GO2,0 > 0,¢00,¢ on D, (16)

Propositions 1.1 and 1.2 ensure that the exercise boundaries are automatically increasing.
We give a general class of functions ¢ that satisfy all the required assumptions.

Example 2.2. Let ¢ : R, — R be an increasing concave function C* on (0,+00) and
such that ¥(0) = (07) = 0, ¢, : R — RY (resp. ¢, : R — R%) be a C? increasing
convex (resp. concave) function such that 1, (07) =0 (resp. 1, (07) = 0 and ¢, (+00) =
+00). Then the function ¢(z,y) = Y((¥y(y) — ¢¥u(x))") satisfies (4). It is such that

X(y) =07 (), Y(2) = ¢, (a(x)) and (14) and (16) hold.

For some specific payoff functions of this family, we are now going to state conditions
on o and 7 such that 7 and y; are reciprocal functions. We first recall results obtained
in [1] in the call-put case ¢(z,y) = (y — x)*. Then, we address two generalizations :

¢(,y) = (y(y) = vu(@))" and ¢(z,y) = (y —2)"".

2.1 The call-put case ¢(z,y) = (y — z)"

Let us recall here the main result obtained in [1]:

Theorem 2.3. Let us consider two volatility functions satisfying (Hyo1). The following
conditions are equivalent:

(1) Vx,y > 07 PJ(I’vy) = Cﬁ(y>x)'

(2) =6 where 3(y) = 2(y — w3 (1)) (ry — 623 (1)), v (W) (5 ()]

(3) 0 = where n(x) = 2(y3(x) ~ ) (rys(x) ~ 00)/ [y (x)n(y(x) ).
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As proved in [1], if o (resp. n) satisfies (Hyo1), then & (resp. n) also satisfies (Hyo1). This
very convenient property ensures that for a given volatility function o satisfying (Hvol),
there always exists a dual volatility function 7 also satisfying (Hyer) such that condition (1)
above holds. Unfortunately, for the more general payoff functions that we consider in the
sequel, stability of the Hypotheses (Hyo1) or (H.,,;) is no longer straightforward. And it
may happen that no dual volatility function 7 can be associated with o.

2.2 The case ¢(x,y) = (¢y(y) — ¢u(2))"

In this section, we will focus on the case ¢(z,y) = (¢, (y) — 1. (z))" where ¢, : RT — R%
(resp. ¥, : RY — R%) is a C? increasing concave (resp. convex) function such that
¥, (07) = 0 and ¥, (+00) = +oo (resp. 1,(0%) = 0). Then one has X (y) = ;' (¢,(y))
and Y (2) = v (1(x).

Let us first give an example of application of Theorem 2.1 when 1, and v, are power
functions and the local volatility functions ¢ and 7 are constant.

Example 2.4. Let us suppose that ¢(x,y) = (v —27)* wherey' € (0,1] and v > 1. When
the local volatility function o is a constant and equal to s, f(x) = 2% with a(s) given in

. g Uy,
Proposition 1.5. The equality 22&eWy) — F@W) ypeon yiclds i (y) = ( a(s) ) Y.

b(z5(y)y) f@5 () a(s)—y
In the same way, for 1 constant equal to v, as g(x) = 2*¥) with b(v) = 1 —a(v), y;(z) =

1/
b ’ . . .
(b(y()y—)y> 27/ These boundaries are reciprocal functions as soon as

Y'a(e) +b(v) =17,

According to Proposition 1.5, when r > 0, for fized ¢ € (0,+00) this equation admits a

solution v € (0,+00) iff ¢ < a™'(y(1 — ) and it admits a solution s € (0,+00) for

any fired v € (0,400). When & > r, there is no solution if y(1 — %) < —5%= and
otherwise it admits a solution v for fized ¢ < a=(y(1 — %)) and a solution s for fized
v > b (Y (14 ).

For general functions ¢, and v,, we are able to investigate uniqueness for the ODEs
(10) and (12) which respectively write :

Vo (5 (Y)Y (y)

W= ) — vl ) )
y zy(y)?o® (25 (y))
Sy 5) — Ga ) + = 00 () s (o] + 72 3P (s (o) )

o @)

= ) — () .
) v (@)

2[6(vy (g5 () — V(@) + (r = 6)ys (2)8y (w5 ()] — w5 (2)* 0 (5 ()0 (5 ()
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!/

Proposition 2.5. When 1 satisfies (H.,,), the boundary y;(x) is the unique solution y(x)
of (18) on R that is increasing, such that Y (x) < y(x) and y(07) = 0.

Proof. Let us consider y;(x) and y2(x), two solutions of (18) on R* that are increasing and
such that y;(x) > Y(z) and y;(0%) = 0 for i € {1,2}. In particular, y; and y, are bijections
on R* and we may define I(x) = y; '(y2(z))/z. By an easy computation, one checks

Fla) =L (M «
T\ Yy (zl(x))

o () = Wy (2 ()
Uy (ya(2)) — Yo ()

[0(thy (y2(2)) — tha(@)) + (r = O)ya (@)t (y2(2))] — y2()*n*(y2(2) )by (y2(2)) '

1+

x |1
Jr2

The constant 1 is clearly solution to this equation and we want to check that I = 1. Let
us suppose that [ % 1. Thanks to the Cauchy-Lipschitz theorem, it induces that either
Vo >0,1(z) > 1 or Vo > 0,1(z) < 1. Let us suppose Va > 0, () < 1. Then, it is easy to
see from the last expression that

Ve >0, I'(z) > =(1 — I(z)).

SHL=

Indeed, since ¢/, is non decreasing, we have ¢, () > v/.(zI(x)) and the terms into brackets
are also greater than 1 because 1, is increasing and both denominators are nonnegative
as Uy (y2(x)) > Yu(x), yh(x) > 0 and y, solves (18). In particular we have shown that
I'(z) > 0 and therefore,

(1—1(1)).
Thus, we get I(1) — I(x) > (I(1) — 1)In(z) — oo and so I(x) — —oco which is

Ve e (0,1), I'(x) >

SHE=

z—0t z—0t
contradictory since Yz > 0, I(z) > 0.
When YV > 0,1(z) > 1, considering ;5 '(y1(x))/z instead of I(x), we get the same
contradiction as previously. O

Now let us turn to the uniqueness result on the boundary x(y).

Proposition 2.6. Let o satisfy (H.,;) and ¥, be such that :

vol
Va € (0,1),3C, > 0,Vz > 0, .(ax) > Cuihy(z). (19)

The boundary x}(y) is the unique solution x(y) of (17) on R that is increasing and
such that 3o € (0,1),
vy >0, aX(y) < x(y) < X(y). (20)

Hypothesis (19) is satisfied by the function z* with a > 1 but not by the function
exp(bx) — 1 with b > 0.
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Proof. The boundary z7(y) satisfies (20) with o = azl(ﬁll according to Proposition 1.5.

7)
Let z; and z3 denote two solutions of 7) satisfying (20) with respective constants a;, g €

(1
(0,1) and I(y) = y (" (22(4))) /¥y (y). One has
iy = ) < [f<y> — ul(22(9)) /2, (v)

() 1= (22(y)) /¥y (y)

2rt), (y) (L(y) — 1)

A ) — alw) + (7 Owaly) (e <m+xz<y>2az<x2<y>>wg<x2<y»]—f<y>)~

X

Let us suppose that I (y) ;‘éAl. Thanks to the Cauchy-Lipschitz theorem, we have either
Yy > 0,1(y) > 1or Yy > 0,I(y) < 1. Let us suppose that Vy > 0, I(y) > 1. As in the last
proof, the second bracket is greater than 1, and we get

Y, (y) V2 (72(y)) /Yy ()
Vy(y) L= (w2(y)) /Yy (y)

)
Since 22(y) < X(y) = (¥z) (¥ (y)), we have 0 < 1,(z2(y))/vy(y) < 1 and therefore
I'(y) > 0. Since x, satisfies (20) with constant a,, we get by (19)

‘v’y > 07 ¢x(x2(y)) 2 ¢x(a2X(y)) Z Caz%(y)-

vy >0, I'(y) > (I(y) - 1)

Since z — %= = —1+ 1le is increasing on (0,1) and I is increasing, we deduce that
W (y> T Ca
vy > 1, I'(y) > I(1) —1)——2
W)= wy(y)(() )1_Ca2

As a consequence,

fy) - I1) > (I(1) - 1)1_0 -In (Zzg ;) o oo

In the same time, since z; satisfies (20) with constant oy, we have X( ) = () (W (v))

<
+71(y) and therefore it (z) < (zby)_l(wm(;))- We get o, (27 (22(y))) < wm(xi(ly)) <

w”’(cmz(y)) wy ) and thus I(y) < c— which is contradictory with I(+o00) =

When Vy > 0,1(y) < 1, considering 1, (x5 (x1(y))) /1, (y) instead of I(y), we reach the
same contradiction as previously. O

Like in the call-put case, we are now able to state a more precise duality result.

Theorem 2.7. Let us assume that o and n satisfy (H.,,) and set

Aly) = [wy@ ey >>} s 2y ()= o e () + (= ()4 o ) 0 00 3 ()2 o3 ()
Yy ACAIAO) ; 25 (y)202 (25 (y)) )
Ty i) e (2) 215ty (i ()b () (r—B)u ()0, (u ()]~ (@) 22 (s (W (s (@)
B(z) = [‘w;@)w‘;(y‘;(x))] X ’ PR @) e which
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are positive functions according to Remark 1.3. Then, the following assertions are equiva-
lent :

(1)Vx,y >0, Py(x,y) = c,(y,z).

(2) Yy >0, min[1 + ¢y (y) Ay), 0(y (y) — (27 (y))) + (r = 6)yiby, (y)] > 0 and n = & where

1

5(y) = ;\/ 25y () — (a2 (9))) + (r — S)yutt ()] —— )

L+ 4(y)Aly)

(21)

If one assumes moreover that v, satisfies (19), they are also equivalent to
(8) Yz >0, min[1 — 7 (x) B(z), (¥, (v (7)) =2 (2)) + (r —0)x3p; (z)] > 0 and o = n where

1

) = ;\/ 20y (5(2) — ) + (1 — D)t ()] -

1 —l(x)B(x)

(22)

Notice that one easily recovers the call-put formulas given in Theorem 2.3 if one takes

o) = 2 and P (y) = y.

Proof. Since the payoff function satisfies (16), by Theorem 2.1 the assertion (1) is equiv-
alent to the reciprocity of the functions z and y;. Therefore the implications (1) =
(2) and (1) = (3) are obtained by combining respectively (y;) (v} (y))z;(y)" = 1 and

[

() (yn(x))yp(x)" =1 with (17) and (18), the positivity of the terms between brackets in
(21) and (22) coming from Remark 1.3.
Let us prove (2) = (1). Computing (2% ')'(z) thanks to (17), then using (21) written

at the point y = ' (z), we check that ;=" solves the same ODE as y;. Since " is

o (o

increasing and z7,~'(0%) = 0, we conclude by Proposition 2.5 that ;=" = y;.

To prove (3) = (1), we check in the same manner that y;~'(y) solves the same ODE as
23 (y). The function y; () is increasing and according to Proposition 1.5, y(r) < BY () for
3= b(bﬁ()ﬁll > 1. With the concavity of ¢, and ¢, ' combined with t,(07) = ¢ 1(0T) = 0,
this ensures

vy >0, (y,) 7 (y) = X(y/B) = (a) ™ (y(y/B)) = ()~ (¥ (y)/B) = X (y)/B.

By Proposition 2.6, we conclude that (y;)~" = . O]

g

To give an analytical example of non constant dual volatility functions, we now assume
that |¢(z,y) = (ay —27)" | with @ > 0 and v > 1. For a,b,c > 0, we introduce the
reciprocal functions

1 ,YSL"Y—FCL
—x
o bxY+e¢

and z*(y) = F (bay —a+ +/(bay —a)? + 4cay>] . :

y'(z) = 5

Under some assumptions on the coefficients a, b and ¢, these functions are the exercise
boundaries associated with explicit dual volatility functions.
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Proposition 2.8. Let us assume that either r > ¢ and max(c/a,b) < 1 with min(c/a,b) <
1 orr < ¢ and max(c/a,b) < W with min(c/a,b) < W. Let us also assume
(v —1)b(2¢ —a) + c(y +1) > 0. Then, the volatility functions

olx) = é\/zway*(x) )+ (= O s

1 [ay*(z) — 2"
y (o) [ ayar!

n(y) = i\/ 2[ray — dx*(y)]A(y) with A(y) =

with B(x) = } , and

= Lo

are well defined and satisfy (H..;). Moreover, we have Yo =y" and x; = x* and thus the
duality holds: Vx,y >0, P,(x,y) = ¢,(y, ).

When r > ¢, it is easy to fulfill the required assumptions by taking for example a, b
and ¢ such that b < 1 and 1/2 < ¢/a < 1. When r < §, the first condition is satisfied if

max(c/a,b) < and the second condition can be rewritten 2 > % — %% Thus

m and then £ = b::—ﬁ, one can get dual volatility functions.

1
1+(6/r—1)y
taking for example b <

Proof. First step: let us check that the functions o and n are well defined and satisfy
(Hlo1)- Since we have max(c/a,b) < 1 and min(c/a,b) < 1, we get y*(z) > 127 = Y ()
(and thus z*(y) < (ay)"/" = X(y)). Since y*(x)’ > 0 (and thus z*(y)" = 1/y* (z*(y)) > 0),
this ensures B(x) > 0 and A(y) > 0. For r > 4, it is then clear that r(ay*(z) — z7) +
(r —&)yzY > 0 and ray — 0z*(y)” > 0. For > r, the condition max(c/a,b) < m
and min(c/a,b) < m ensures that r(ay*(x) — 27) + (r — §)ya? > 0, but also
ray — 6x*(y)Y > 0 (or equivalently ray*(x) — dz¥ > 0) since <r/§ for vy > 1.

1
1+(6/r—1)y
Thus, n is well defined and positive. Since

() = 1 o br* + 2cx” + ac
Y o (bxY +¢)?

B(z)
1-y(y=1)z7"2B(x)

we get after some calculations that is equal to

1, (bx7 +¢)((1 = b)z? +a —¢)

fyx b(1+ (v —1)b)z® + ((y — 1)b(2c — a) + ¢(y + 1))27 + c(yc +a — ¢)

and is positive because we have assumed (v — 1)b(2c — a) + ¢(y + 1) > 0 (all other terms
are positive). Thus o is well defined and we have

o(z) = \/2 (s = 1) + (r = 8)7] (ba7 + ¢)((1 = b)a7 +a — ¢) -
Yo(1+ (v — Db)z2 + ((y = 1)b(2c —a) + c(y + 1))z7 +c(yc+a—¢)

that is clearly bounded from above. To see that 7 is also bounded from above we calculate
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ray —0x*(y)? oy —x*(y)  ba*(y)* + 2ca(y)T +ac
= /2

using that 1/2*(y) = y* (z*(y)).
Second step: We have éx”’ < y*(z) < max(3, )22 and thus max(; %)—1/w(ay)1/~/ <

brc/a b?
o . I202 xT
*(y) < (ay)'/". From the definition of o, we get B(z) = 2[r(ay*(:E)—I'Y)—l-(r—é)'(yz)ﬂ+7(’y—1)z'¥g2(w)'
Combining this equality for z = z*(y) with the definition of B, we deduce that z* solves
the ODE (17). In the same manner, we show that y* solves the ODE (18). Thanks to

Propositions 2.5 and 2.6, we conclude that y* = y; and z* = 7. O

Remark 2.9. For b = 1, we get cases where o and n satisfy (H.,,) but not (Hye1) since

vol

* r—ob)xzY+ra—adc bx274+2cx+ac)((1=b)zY +a—c
n(y*(z)) = \/i( e X e . For § > 1, b = ey

v > 1 we get cases where 1 satisfies (Hyo1) and o satisfies (H.,,) but not (Hyo1) (see (23)).

vol
If we have max(c/a,b) < 1 when r > 6 or max(c/a,b) < m when r < §, one can

check that o and n satisfy (Hyo1)-

and

We have plotted in Figure 1 an example that illustrates the duality. We have computed
prices of American options with finite maturity 7', precisely sup E[e "7 ¢(S*, y)*] and

T€To, T

c:(T,y,x) = sup E [e“sﬁb(m,gf)} where the supremum is taken over 7jp, the set of
T€To, T

stopping times almost surely smaller than 7. We see that both converge to the same limit
when 7' is large.

2.3 The case ¢(x,y) = (y—x)"", v € (0,1]

Let us first give an example of application of Theorem 2.1 for this payoff when the local
volatility functions ¢ and 7 are constant.

Example 2.10. When the local volatility function o is a constant and equal to s, f(x) =

a(s) i ; ; y 10 Oed(@n()y) (x5 ()
™) with ((I()C) gwen in Proposition 1.5. The equality . = T
* als

xi(y) = w0y In the same way, for n constant equal to v, as g(z) = 2°@) with b(v) =

then yields

1 —a(v), yp(x) = b(ll’j()”_)vx. These boundaries are reciprocal functions as soon as

a(s) +b(v) =~.

According to Proposition 1.5, when r > 6, for fized ¢ € (0,400) this equation admits a
solution v € (0,+00) iff ¢ < a~(y—1) and it admits a solution ¢ € (0,+00) for any fized
v € (0,400). When 6§ > r, there is no solution if v —1 < —<*— and otherwise it admits a
solution v for fived ¢ < a™'(y — 1) and a solution < for fited v > b~' (v + 5=).
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0.10

o
o)
)

Figure 1: P,(T,x,y) (solid line) and ¢5(T,y, z) (dashed line) in function of the time T for a = 1.5,
b=5/9,¢c=1,z=1,y=0.99, r=0.2 and 6 = 0.1.

For the particular choice ¢(z,y) = (y — 2)*” the ODEs (10) and (12) write

ey vy (y)o® (x5 (y))
e e ) e P A ) R (R AT Ay M
V(@) (y, ()
200(y5(x) = 2)* +v(r = )y (@) (yp(x) — )] + 7(1 = Yy (x)*n* (5 (x))
Since Y(z) = z, y,;(x) > = and by Remark 1.3, d(y,(z) — z) +v(r — d)y;(z) > 0. It turns
out that uniqueness holds for the ODE (25) under these conditions.

(25)

yy(r) =

Proposition 2.11. When 1 satisfies (H,,,), the boundary y,(x) is the unique solution y(x)
of (25) on RY. that is increasing, such that y(07) = 0 and min[y(z) —z, é(y(z) —x) +~y(r —
Ny(x)] > 0 for all x > 0.

Proof. Let yl( ) and ya(x) denote two solutions of (25) satisfying the above hypotheses

and I(z) = ﬂ We have I'(z) = 1 (% — f(:c)) where

F(zy) =2y — 2)[0(y — 2) +7(r — 8yl + (1 — )y’ (y).
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Writing the estimations satisfied by v, (resp. u») at y;'(y2(z)) (resp. ) one obtains
F(zI(z),y2(x)) > 0 (vesp. F(z,y2(z)) > 0). Moreover, since 0,F(z,y) = —2[20(y —
z) 4+ ~(r — &)y] both zI(z) and = belong to the interval (0, W) on which z —
F(z,y2(x)) is decreasing. One easily concludes by the same argument as in the proof of
Proposition 2.5. 0

Proposition 2.12. If o satisfies (H.;) and max (r — 0, (5‘2(_73;&]”‘)) > U= 7 , then

zk(y) is the unique solution x(y) of (24) on R% that is increasing and such that EI&? > 0,

o

Yy >0, ey < x(y) < min (1 w)y

Proof. By the convexity of  — 1/z, one has r/(vd + (1 —v)r) < r(y/d + (1 —)/r) =
(yr+ (1 —)0)/d. Therefore, using Remark 1.3 for the first inequality, one deduces

r < W+(1_7)5y.

Toly) < 75+(1—7)ry_ 4]

Let x(y) denote a solution of (24) and I(y) = %, one has I'(y) = f(yz—lG(y)
with

2[r(I(y)y” — 25(y)*) +1(r = 6y (y)*] — V(1 = Ny (y)*0° (25(y))

1—
2r(y — 5 (y)? +7(r = 0)as(y)(y — 25 (y)] + (1 = V)5 ()0 (25 (y)

al () 7) y = z5(y) < z(y) <y, which implies that the

G(y) =

By Proposition 1.4 and Example 2.

denominator in the definition of G is not greater than (272[[12? S i) B PTG 7)62> xt(y)2.

a(7) a

)
Ifr—o0> % and z(y) < y, then z*(y) < 27" (z%(y)) = yI(y) and

(o

va*(@)(2(r — 0) — (1 —7)5?)
29?[r — a(0)(r = 9)] + (1 — 7)a?(0)o?

o—r)(~vo —~)52 S+~ %
If O > G and a(y) < Uy then i (v) < o7 (55 () = I ()

and using the first inequality in (26), we get

_ 2(6—r)(v0+(1—~)r _
102() (AU - (1 9)7?)
292r + (1 — v)a?(o)a?

\V/y > 07 G(y) > > 0.

Yy >0, G(y) >

In both cases, when I(1) > 1 then Yy > 0, I(y) > 1 and for y > 1, I(y) — I(1) >
c(1(1)—1) log(y) for some positive constant c. This contradicts the inequality 27 (2% (y)) <

27! (y) < £ which holds as soon as for all y > 0, z(y) > ey. When I(1) < 1, then for y > 1,
I(y) — I(1) < ¢(I(1) — 1) log(y) which contradicts the positivity of 1. O

Theorem 2.13. Let us assume that o and n satisfy (H.;). Then, the following assertions
are equivalent:
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(1)Vz,y >0, Py(x,y) = cy(y,x).
(%Vy>Q$A) o2 (x5(y)) > A5 [r(y — =5 (1)) +v(r = 8)as (y) (y — 25(y)] and n =5
5%w:2ww—xxwﬂ+vw—5w@—xan
Yy?
2[r(y — 23 (y)* +v(r = )y (y)(y — 25 (y)] + (1 — )i (y) o (25 (y))

V(2 =)z ( o (x5 (y)) — 2(1 = 7)[r(y —'$*(y))2%-ﬁ( — 0z (y)(y — x5 (y))]
If moreover max (r 5, 8= rl ngﬂﬂ)r ) > , they are also equivalent to
(8) Vo > 0,y (x)*n* (v () > A5 [65(y;(« ) 2)? +(r = 0)yn(2)(yn(x) — 2)], yp(x) >

Mm and o(z) = n(x) where

2[r(yp(z) = 2)* + y(r — S)a(yy(z) — )]

2

n(z) = o

200(y, (@) — 2)* +1(r = Oy (@) (y,(x) — 2)] + y(1 = V)yp(@)*n’ (y, (@)
VA2 = Ny (@) n?(y;(x) — 2(1 = V(g5 () — %)% +v(r = §)ys(@)(yy () — =)
Using (26), the numerator in the first term of the r.h.s. of the equation giving 62(y) is

positive. Notice that in (3), the condition v; (1) > m
the analogous term is satisfied as soon as 9 § r.

x that ensures the positivity of

Proof. The proof is similar to the one of Theorem 2.7. For (1) = (3), y;(z) > M:ﬂ
comes from y; = 25" and (26). For (2) = (1), one remarks that according to (26)

and Proposition 1.5, Vz > 0, 27! (x) > max(=——2 x) which, combined with Proposi-

yr+(1-=v)s8?
tion 2.11, ensures that 27" = y;.
For (3) = (1), since according to Proposition 1.4, Example 2.10 and Remark 1.3, b(b(”) x>
Yy, (z) > max (1, Wi_w» x, one has b(”()) b=, < (7 Y(y) < min (1, M) Y. O]

To obtain an analytical example of non-constant dual volatility functions, we consider
the same reciprocal boundaries as in [1] :

1
=3 (by—a—i— \/(by—a)2+4cy) with a,b, ¢ > 0.
Under some assumptions on a, b, ¢, these functions are the exercise boundaries associated
with explicit dual volatility functions.

Proposition 2.14. Let us assume that max(c/a,b) < min(1, 7= min(c/a,b) > 1—v

§r+76 )

and 52 [max(}), &) — 1][r max(3, %) — ((1 —y)r +79)] < max ( -0, %). Then
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the volatility functions

Y bx? + 2cx + ac+ (v — 1)(bx + ¢)?

n(y) = 2y —a*W)]é(y — 2*(y)) +v(r = d)ylbr*(y)* + 2ca*(y) + ac]
v y2b(b +v — Da*(y)? + 2¢(b+ v — Da*(y) + ca($ + v — 1)]

o(z) = \/Z [ZE(I —b)+a-— c} [a:[r —b((L =)r +78)] +alr — £((1 —)r + 75)]]

are well defined and satisfy (Hyo1). Moreover we have y; = y* and xj, = 2* and thus the
duality holds: Vx,y >0, P,(x,y) = ¢,(y, ).

We have plotted in Figure 1 an example that illustrates this duality result.

Remark 2.15. Let us comment briefly the assumptions on the coefficients a,b,c. Under
the second hypothesis, max(1/b,c/a) < (1 —~)~' and therefore the third assumption will
be automatically satisfied if

| <

(max(1/b,a/c) — 1) <r —3§ when r >4,

(6 —=7)(vd+ (1 —7)r)
(1 =)0 +r

2

(max(1/b,a/c) — (1 =) +~d/r)) < when r < 0.

=3 =2

When r > 0, it is always possible to take b and a/c close enough to 1 so that the equivalent
condition max(1/b,a/c) < 1+ ~*(1 — §/r) is satisfied. In the same manner, if 6 > r, the
first hypothesis writes min(1/b,a/c) > 1—y+~d/r, and the third assumption will be always
satisfied if one takes parameters such that 1/b and a/c are close enough to 1 —~ + ~d/r.
This is nonetheless compatible with the second assumption only if 1 — v < m, i.€.
S/r < f:—”’ Otherwise, there are no parameters a, b, ¢ that fulfill the three assumptions. Let
us remark incidentally that this condition is the same as the condition v —1 > — <= which

appears in the Black-Scholes case (see Example 2.10).

Proof. First step: let us check that the functions o andn are well defined and satisfy (Hyol)-
The denominator in the definition of ¢ is equal to b(1 + (v — 1)b)x? + 2¢(1 + (v — 1)b)x +
ac(1+ (v — 1)c/a): this is a second degree polynomial with positive coefficients because
max(c/a,b) < 1. It is then easy to check that o is well defined and satisfy (Hyo1) using

that max(c/a,b) < min(1, m) We get after some calculations

(1 (2)) = 2[2(1—=b) +a—d[(yr + (1 =1)3) = db)a + (yr + (1 = 7)d — §%)al[ba? + 2cz + ac]
! " (z + a)2b(b+ v — 1)a2 + 2¢(b+ v — D)x + ca( + v — 1)]

From the first hypothesis and the argument given at the beginning of the proof of Propo-
sition 2.12, one obtains max(c/a,b) < min(1, M). Using the second hypothesis and
the one-to-one onto property of the function y*, we deduce that 7 is also well defined and

satisfies (Hyol) -
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Second step: We easily check that z* and y* respectively solve the ODEs (24) and (25).
Since max(c/a, b) < min(1, M), we have y*(z) > x and 0(y*(x) —x)+~(r—20)y*(z) >
0. Proposition 2.11 then ensures that y* = y,. Since ba? + 2cx + ac > (bx + ¢)?, we have
22(1-b)+a—calr =b((1—)r+7)] +alr — 2((1 —)r +~0)]

2 br + ¢ br +c
2

max(y, &) = 1] [rmax(, %) = (1= 2)r-+29)

(6 =7)(y0 + (1 =9)r)
Sﬁmax<r_5’ (1=7)0+r )

By Proposition 2.12, we conclude that z* = z7. 0

o (x)

IA

IA

Y

2.4 The theoretical calibration procedure

In [1], the calibration issue was the practical motivation for our interest in Call-Put duality.
Even if, in the present framework, calibration is purely theoretical since the payoff ¢(z, y) is
not traded, we are going to explain shortly how to recover the local volatility function from
the perpetual prices of options. More precisely, let us suppose that we observe for all K > 0
the market price p(K) of the American security with payoff ¢(., K), with either ¢(z,y) =
((y —2)")” and v € (0,1] or ¢(x,y) = (¢Y,(y) — ¥u(2))*, with ¢, and ¢, satisfying the

assumptions mentioned before. We also assume that either max (r — 9, %#) >

(IT or 1, satisfy (19) so that we have equivalence between the three conditions in

Theorems 2.13 or 2.7. We denote by zy the current value of the stock, and we suppose
that there is a function o satisfying (H.,,) such that VK > 0, p(K) = P,(zo, K) and that
7 is well defined and satisty (H.,,). Within this framework, as in the call-put case, we are
able to get (o(x),0 <z < xp).
Indeed, let us define Y = inf{K > 0,p(K) = ¢(xo, K)}. Since p(K) = c5(K, ), we
have Y = y%(zo) and
2

VK <Y, %Kyp”(l() + K@ —7r)p'(K)—0dp(K)=0

We deduce then VK <Y, 5'(K) = %\/2(51!)(1()4;){/{((}”{;5)13/([()) because p”(K) _ 8%0;,([(, xO) _
P(x0,Y)

=59 "(K) >0 for K <Y using (7). Then, we get (y%(z),0 < 2 < x¢) solving backward
either (25) or (18) starting from y%(z¢) =Y. Finally, we get (0(z),0 < z < x) thanks to
Theorem 2.13 or 2.7, using that o(z) = g(z).
Now, to formalize our calibration result, we introduce the set

¥ = {0 satisfying (H.,,) s.t. 7 is well defined and satisfies (H.;)}-

vol

Proposition 2.16. Under the above assumptions on ¢, r and 6, for o1,09 € X2,

VK >0, P, (29, K) = Py,(z0,K) & 04| (0.20] = 02‘(0 and y3, (z0) = y3, (o).
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Proof. The necessary condition is a consequence of the above calibration procedure. To
check the sufficient condition, we consider o; and oy in ¥ such that

Vo < x9,01(7) = 0o(x) and y3 (v0) = y3,(z0) =Y.

On the one hand, we have x} (Y) = 2}, (Y) = w9, and thus 2} (y) = 2,(y) for y <Y
since they solve the same ODE. Therefore, using either Theorem 2.13 or Theorem 2.7,
one gets d1(y) = do(y) for y < Y. On the other hand, the smooth fit principle gives

95, Y)  9,6(z0,Y) _ 95,(Y) . 1,2~2 _
9&1 v = ZS(HUO?Y) = g&z(Y)' The set of solutions to 53°67{(y)g"(y) + (6 —7)yg'(y) —dg(y) =0

on (0,Y7] is a two-dimensional vectorial space, and by the previous equality, g5, and g5, are

proportional on (0,Y]. Therefore, we have for 0 < K <Y, P, (29, K) = ¢(x0,Y) ‘Z‘_fl ((I;))
71

G(x0,Y) 22 = Py, (w0, K), and Py, (29, K) = @0, K) = Py, (w0, K) for K > Y O
o2

Like in Proposition 5.1 [1], we can get an analogous calibration of the complementary
upper part of the local volatility function to the perpetual prices of the “Call” options with
payoff (K, xy) by exchanging the roles of 7 and o, and of r and 0.
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