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Abstract In this paper we study the existence of an optimal hedging strategy for the shortfall
risk measure in the game options setup. We consider the continuous time Black—Scholes (BS)
model. Our first result says that in the case where the game contingent claim (GCC) can be
exercised only on a finite set of times, there exists an optimal strategy. Our second and main
result is an example which demonstrates that for the case where the GCC can be stopped on
the whole time interval, optimal portfolio strategies need not always exist.
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1 Introduction

A game contingent claim (GCC) or game option, which was introduced in [8], is
defined as a contract between the seller and the buyer of the option such that both
have the right to exercise it at any time up to a maturity date (horizon) 7. If the
buyer exercises the contract at time ¢ then he receives the payment Y;, but if the
seller exercises (cancels) the contract before the buyer then the latter receives X;.
The difference A; = X; — Y is the penalty which the seller pays to the buyer for
the contract cancellation. In short, if the seller will exercise at a stopping time o0 < T
and the buyer at a stopping time T < T then the former pays to the latter the amount
H (o, t) where

H(o,7) == Xolo<r + Yrﬂrfa €))

and we set [p = 1 if an event Q occurs and [y = 0 if not.
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A hedge (for the seller) against a GCC is defined here as a pair (7, o) which
consists of a self—financing strategy 7 and a stopping time o which is the cancellation
time for the seller. A hedge is called perfect if no matter what exercise time the buyer
chooses, the seller can cover his liability to the buyer (with probability 1). The option
price is defined as the minimal initial capital which is required for a perfect hedge.
Recall (see [8]) that pricing a GCC in a complete market leads to the value of a zero
sum optimal stopping (Dynkin’s) game under the unique martingale measure. For
additional information about pricing of game options see, for instance [5-7, 10-12].

In real market conditions an investor (seller) may not be willing for various rea-
sons to tie in a hedging portfolio the full initial capital required for a perfect hedge.
In this case the seller is ready to accept a risk that his portfolio value at an exercise
time may be less than his obligation to pay and he will need additional funds to fulfill
the contract.

We consider the shortfall risk measure which is given by (see [2])

R(m,0) :=supEp [(H(O’, T) — VOZT/\T)+:|

where {V/ zT:o is the wealth process of the portfolio strategy w and Ep denotes the
expectation with respect to the market measure. The supremum is taken over all ex-
ercise times of the buyer and corresponds to the case where the investor has no infor-
mation on the buyer exercise strategy. The only assumption is that the buyer exercise
strategy is a stopping time with respect to a given filtration.

A natural question to ask, is whether for a given initial capital there exists a hedg-
ing strategy which minimizes the shortfall risk (an optimal hedge). For American op-
tions the existence of an optimal hedging strategy is proved by applying the Komlds
lemma and relies heavily on the fact that the shortfall risk measure is a convex func-
tional of the wealth process (see [14, 16]). For the game options setup, the shortfall
risk measure, as a functional of the wealth process is given by

R(r) = infsup Ep [(H(a, ) — v;fM)Jr] . )

This functional is not necessarily convex (because of the inf) and so the Komlos
lemma can not be applied here.

In this paper we treat the simplest complete, continuous time model, namely the
Black—Scholes (BS) model. Our first result (Theorem 1) which is proved in the next
section says that for the case where the option can be exercised only on a finite set of
times, there exists an optimal hedging strategy. The proof is based on the dynamical
programming approach and the randomization technique developed in [17, 18]. Up
to date there are several existence results for risk minimization in the game options
setup (see [2, 3] and Section 5.2 in [9]). The above papers treat essentially discrete
time trading and due to admissability conditions the trading strategies are compact.
In the current setup trading is done continuously, and so it requires a new method of
proof.

In Section 3 we provide the second result of the paper (Theorem 2). This is an
example which demonstrates that for the case where the GCC can be stopped on the
whole time interval, optimal portfolio strategies need not always exist. We combine
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the machinery developed in [13] with additional ideas which allow us to treat the
shortfall risk measure for game options. Formally, we show that the inf in (2) which
ruins the convexity leads to non existence of optimal hedging strategies.

2 Existence result

Consider a complete probability space (€2, F, IP) together with a standard one—dimen-
sional Brownian motion {Wt}?i()’ and the filtration F; = o{Wj|s < t} completed by
the null sets. We consider a simple BS financial market with time horizon T < oo,
which consists of a riskless savings account bearing zero interest (for simplicity) and
of arisky asset S, whose value at time ¢ is given by

S, = Soexp (Kwt - K2/2)r) , 1€00,T]

where Sp, k > 0 and ¥ € R are constants.
Define the exponential martingale

2

D D
Zt = eXp —;Wl — ﬁt

>, tel0,T]. 3)
From the Girsanov theorem it follows that the probability measure Q which is given
by

d
£|f, =2Z;, tel0,T] “)

is the unique martingale measure for the risky asset S.

Next,let T :={0 =Ty < T} < --- < T, = T} be a finite set of a deterministic
times. Consider a game option that can be exercised on the set T. Denote by 7t the
set of all stopping times with values in T. For any k = 0, 1, ..., n the payoffs at
time T} are path-independent and given by Y7, = fi(S7,) and X7, = g« (S7,) where
Sk 8k : (0, 00) — R are measurable functions and 0 < f; < gi. The payoff function
H is given by (1). We will assume the following integrability condition

Ep[X7,] <00, k=0,1,...,n. 5)

A portfolio strategy with an initial capital x > 0 is a pair # = (x, y) such
that y = {)/t}[T:0 is a predictable S—integrable process and the corresponding wealth
process

t
v :=x+/ VudSy,, t €0, T]
0

satisfies the admissibility condition V;* > 0 a.s. for all ¢.

Let us recall some elementary properties that will be used in the sequel (for de-
tails see Chapters IV-V in [19]). The continuity of S implies that the wealth process
{(vr }IT=0 is continuous as well. Moreover, since {St}tT:o is a Q-martingale then the
wealth process {V/* ;T=o is a Q-local martingale, and so from the admissibility con-

dition we get that {Vfﬂ}[T:() is a Q—super martingale. On the other hand, due to the
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martingale representation theorem, for any nonnegative (Q-martingale {M,}tT=O there
exists a portfolio strategy 7 such that V* = M; for all 7 a.s.
For any x > 0 denote by A(x) the set of all portfolio strategies with an initial
capital x. A hedging strategy with an initial capital x is a pair (7, o) € A(x) x Tr.
The shortfall risk measure is given by

Rr(m,0) :=sup, .7 Ep [(H(a, 7) — V;TM)Jr] , (m,0) e A(x) x Tr,
Ry (x) == inf(7 o)eA()x T2 R (T, 0).

Now, we are ready to formulate our first result.

Theorem 1. For any x > 0 there exists a hedging strategy (7, 5) € A(x) x Tt such
that
Ry(%,6) = Rp(x).

Remark 1. We emphasis that in contrast to previous work on game options (see
[2, 3] and Section 5.2 in [9]) the trading in our setup is done continuously. Namely,
the investor trades the risky asset continuously, but the GCC can be exercised only
on a finite set of deterministic times. This can be viewed as a game version of the
Bermudan options.

2.1 Proof of Theorem I

We start with some preparations. Let U : [0, 00) x (0, 00) — R be a measurable
function such that for any y > 0, U (-, y) is a bounded, nondecreasing and continuous
function. Let U, : [0, c0) x (0, 0c0) — R be the concave envelop of U with respect
to the first variable. Namely, for any y > O the function U.(-, y) is the minimal
concave function which satisfies U.(-, y) > U(:, y). Clearly, U, is continuous in the
first variable. Thus, for any y > O the set {x : U(x,y) < U.(x, y)} is open and so
can be written as a countable union of disjoint intervals

: U, y) < Uelx, Y = (@), ba)). (6)
neN

From Lemma 2.8 in [17] it follows that U,(-, y) is affine on each of the intervals
(an(¥), by (¥)). Since U, U, are continuous in the first variable, then the functions
an, by 1 (0,00) - R4, n € N are determined by the countable collection of func-
tions U(g, ), Uc(q,-) : (0,00) — R for nonnegative rational ¢, and so they are
measurable.

Forany 0 <11 < tp < T and a J;, measurable random variable ®; > 0 denote
by H;, 1, (®1) the set of all random variables ®, > 0 which are F;, measurable and
satisfy Eq(®3]F;) < Oj.

The following auxiliary result is an extension of Theorem 5.1 in [17].

Lemma 1. Let 0 < t; < to < T and let ©®1 > 0 be a F;, measurable random
variable. For a function U as above, assume that there exists a function G : R — R
such that (U (x, y)| < G(y) for all x, y and Ep[G(S;,)] < oo. Then there exists a
random variable © € H;, 1, (1) such that

Ep [U(®, Sp)|F,]
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=ess SuP@zqu,Q(@l) Ep [U(®27 St2)|—7:l1]
= ess suP@zGHq,t;(@l) Ep [Uc(®2’ Stg)|]:tl] .

Proof. Since U, > U, it is sufficient to show that there exists ©® € H;, 1, (@) such
that

Ep [U(O©, S,)IF,]
= 55 SUPo, et (o) Er [Uc(©2, S1)I 71, ] -

Choose a sequence O™ ¢ Hi.1,(©1), n € N such that

lim Bp (VO $0)IF, | =ess  sup  Ee[Ue@2 50)IF]. ()
"o ©26H1,.1, (O1)

From Lemma Al.1 in [4] we obtain a sequence A" € conv(®™ @+ )
m € N converging P a.s. to a random variable A. The Fatou lemma implies that
A e Hypn(O1).

By applying the dominated convergence theorem, the inequality |U.(-, S;,)| <
G (Sy,) and the fact that U, is concave and continuous in the first variable we obtain

Ep [Uc(A, S,)I1F, ]
= limy— 00 Ep [Uc(A™W, 51,)|F4, ]
> lim,— 0o Ep [Uc(A™, S, 7, ]
This together with (7) gives

Ep [Uc(A, S)IF ] =ess  sup  Ep[Uc(©2, S| Fy,]- ®)
®2 EHtl RY) (®1)

Next, introduce the normal random variable
1
I:= (W@ - W) — E(W,2 — Wi).

Observe that Ep[I"W;,] = 0 and so we conclude that I' is independent of the o—
algebra generated by W;, ¢ € [0, #1] U {f2}. From Theorem 1 in [20] it follows that
there exists a measurable function ® : C[0, 7] x R2 — R such that we have the
following equality of the joint laws

((W[o’[l], Wi, , A) ; IP) = ((W[O,Il]v Wi, ® (W[(),tl], Wi, F)) ; IP)) .
In particular ® (Wo,1,7, Wi,, T') € Hy,.1,(©1) and
Ep [Ue (A, Si) 1F ] = Ep [Ue (® (Wio,1, Wiy, T) L S) 152, ] -

Thus, without loss of generality we assume that A = @ (W[O,tl]’ Wi, F).
We arrive to the final step of the proof. Introduce the normal random variable

A 2 2
F = (Wtﬁ:?rz - Wll) - g(W[z - th) - gr‘
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Observe that Ep[f‘ Wyl = ]E]p[f‘l"] = 0. Thus, [ is independent of the o—algebra
generated by W;,t € [0,#1] U {r;} and T. Let F~! be the inverse function of the
cumulative distribution function F(-) := IP(f‘ < -). Recall (6) and define the random
variable

© 1= ALAgU, 0 (an(S).ba(S1y)

+ 2 e bn(St)Iae(@n s,y ba (s L

I‘<F*1( A—an(Sry) )

+ 2 nen @ (S Aaean(Si) b)) la_ ¢ Aantsy) -
2 R (;b —_k )
n (Sty)—an (Sty)

Let G be the o—algebra generated by W;,r € [0, t;] U {2} and I". From the Bayes
theorem, the tower property for conditional expectation and (4) we get

Eq (01F,) = Er (Z217 )

AZ;

= Ep (Ep (7219) 171 ) = Be (7217, ) = Eq (AVF).

Thus ® € H;, 1, (©1). Finally, let us notice that U(®, S;,) = U.(®, S;,), and so,
from the tower property of conditional expectation and the fact that U, (-, y) is affine
on each of the intervals (a,(y), b, (y)) we obtain

Ep [U(©, $,)IF, ] =Ep [Ep (U(O, 5,)IG) |F4]
= Ep [Ep (Uc(©, S)IG) | F1, | = Ep [Uc(A, Su)IF, ]

This together with (8) completes the proof. O

We arrive at the following Corollary.

Corollary 1. Let B : [0,00) x (0,00) — R be a measurable function such that
for any y > 0, B(-,y) is a bounded, nonincreasing and continuous function. Let
B¢ : [0,00) x (0,00) — R be the convex envelop of B with respect to the first
variable.

(i). Let 0 < t1 < tp < T andlet ©1 > 0 be a F;, measurable random variable.
Assume that there exists a function G : R — R such that |B(x, y)| < G(y) for all
x, y and Ep[G(S;,)] < 0o. Then there exists a random variable ©® € H, 1, (01) such
that

Ep [B(©, S,)| 7]
= essinfe,en,, o Ep [B(©2, $,)I 7]
= essinfo,et, @) Ep [B(©2, Sp)|F].

(ii). Let ty = 0. The function b : [0, 00) — R which is defined by

b = inf Ep|B(®,S, = inf Ep|B(®, S,)]|, >0
(x) ot p[B(©,S,)] ottt p[B°(©, S,)], x

is convex and continuous.
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Proof. (i). The result follows immediately by applying Lemma 1 for U := —B.
(ii). The convexity of b follows from the convexity of B¢ in the first variable and
the fact that for any x1, x > 0 and A € (0, 1),

AAx) + (1 = 2)Ax) C Adxy + (1 = L)xp).

In particular b is continuous in (0, co). It remans to prove continuity at x = 0. Since
B is nonincreasing in the first variable, then b is nonincreasing as well. Thus, it is suf-
ficient to show that b(0) < lim,_, o b(1/n). To that end, choose ®™ € Hg ,(1/n),
n € N such that
lim Ep [BC(@)("), 5,2)] — lim b(1/n).
n—o00 n—o0

From Lemma Al.1 in [4] we obtain a sequence A" € conv(®™ @+ )
m € N converging PP a.s. to a random variable A. The Fatou lemma implies that A =
0, and so by applying the dominated convergence theorem together with convexity
and continuity of B¢ in the first variable we get,

b(0) = lim Ep [BC(A("), S,z)] < lim Ep [Bf(@“”, S,z)] — lim b(1/n)
n—oo n—oo n—oo
and continuity follows. 4

Now we are ready to prove Theorem 1.

Proof. Let x > 0. For any 7 € A(x) we define Ry () as in (2) where the infimum
and the supremum are taken over the set J.
Moreover, define the random variables \IJ,f, k=0,1,...,nby

vy = (vr = vi)'

and fork =0, 1,...,n — 1 by the recursive relations

+ +
W7 = min ((er - vg) , max <(YTk - Vﬁ) ,Ep(w,fﬂvn))) .

In view of (5) the random variables W7, k = 0, 1, ..., n are well defined. From the
standard theory of zero—sum Dynkin games (see [15]) it follows that

Wi = Rr(m).
Moreover, for the stopping time
o= T/\min{t eT: ¥ = (X, — V,”)+}
we have Rt () = Ry (w, o).

Thus, in order to conclude the proof we need to show that there exists 7 € A(x)
such that

W7 = inf W7, 10
0 rTeA(x) 0 (10)



386 Y. Dolinsky

We apply dynamical programming. Introduce the functions By : [0, 00) x (0, c0) —
R,k=0,1,...,nby

Bu(z,y) == (fu(») — )T,

and fork =0, 1, ..., n — 1 by the recursive relations

Bi(z, y) = min ((gx(y) —2)", max ((r(y) —2)",

inf®k+1€7{o.rk+]4k ) Ep [BkJrl(@kJrl7 ySTkJrl*Tk)])) .

Let us argue by backward induction that for any k, Bx(z, y) is measurable, and for
any y the function Bi(-, y) is continuous and nonincreasing. For k = n this is clear.
Assume that the statement holds for £ 4 1, let us prove it for k. From Corollary 1(ii)
it follows that for any y the function B(-, y) is continuous and nonincreasing. For
any z > 0 the measurability of the function B (z, -) follows from the fact that the
set Ho, 1.7, (2) is separable (with respect to convergence in probability). Since By
is continuous in the first variable we conclude joint measurability and complete the
argument.

Next, from Corollary 1(i) it follows that we can construct a sequence of ran-
dom variables Dy, Dy, ..., D, such that Dg = x and forany k = 1,...,n Dy €
Hr, .1, (Dr—1) satisfies

Ep | By (Dg, S1,)|F = inf Ep | Br (O, ST FT1._, |- 11
p [ B (Dx, St Fr_, | ess@/(E%Tkirllka(Dk_l) p Bk (O, St Fr_,]. (11

Since By, k = 0, 1, ..., n are nonincreasing in the first variable then without loss of
generality we assume that Eg[ Dy |F7,_,] = Dy for all k.
Finally, the completeness of the BS model implies that there exists 7 € A(x)

such that V}i = Dy forall k = 0,1,...,n. Observe that SiTk

Fr1,_, and has the same distribution as S7,_7,_,. Thus, from (9) and (11) we obtain
(by backward induction)

is independent of

Bu(Vi.S1) =V as. Vk=0,1,....n. (12)
On the other hand, for an arbitrary 7 € A(x) we have Vﬁ € Hkalka(V}Ll), k =
1, ..., n. Hence, similar arguments as before (12) yield

Bk(V}Z, St,) < V7 as. Vk=0,1,...,n. (13)

By combining (12)—(13) for k = 0 gives that for any 7 € A(x)
Wi = Bo(x, So) < WF
and (10) follows. |

Remark 2. We observe that the proof of Theorem 1 and Lemma 1 can be adjusted
to the case where the volatility and the drift are deterministic functions of time. How-
ever, in order to make the presentation more friendly we assume constant parameters.
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3 Example where no optimal strategy exists

In this section we consider a game option which can be exercised at any time in the
interval [0, 1]. The payoffs are given by
X = (1 4+ sin(zwt)) max(Z;, 1/2), t € [0, 1]
Yy =Xy,
Y, =0, fort <1
where Z; was defined in (3). Notice that Ep[supy-, <y X;] < 00.
Denote by 7T the set of all stopping times with values in the interval [0, 1]. Obvi-

ously, the equalities Y|o,1) = 0 and Y| = X imply that (the buyer of the game option
will not stop before ¢+ = 1) the shortfall risk measure is given by

R(r,0) = Ep [(X(, — V;’)’L] .
As in (2), for a portfolio strategy 7 we have
R(7) := inf R(m, :ianE[X—V”+].
(r) := inf R(r,0) = inf Bp | (Xo — V)
Similarly to Section 2, for an initial capital x we define

o . _ . 7\t
Rx) := (n,n)elzlizx)xTR(TL o) = (n‘a)el./rﬁllt;x)xTEP [(XU Vo ) ] '

For any 7 the process {(X; — V,”)J“}tlzo is continuous, and so from the general
theory of optimal stopping (see Section 6 in [9]) it follows that there exists ¢ = o ()
such that R(m, o) = R(x). Namely, the existence of an optimal hedging strategy is
equivalent to the existence of an optimal portfolio strategy. We say that 7 € A(x) is
an optimal portfolio strategy if R(w) = R(x).

We arrive at the main result.

Theorem 2. Assume that the drift term v # 0 and let

1
V= EE[P’ [Z11z,<1/2] (14)

observe that 9 # 0 implies that v > 0. Then for any initial capital x € (0, v) there is
no optimal strategy.

Remark 3. If # = 0 then P = Q. In this specific case (see Theorem 7.1 in [2]) there
exists an optimal hedging strategy.

Remark 4. Let us notice that for a given stopping time o € 7 the functional

7 — R(mw,0) = sup Ep [(H(a, 7) — V;TM)JF]
teT
is convex. Thus, by following the same arguments as in [14] (which are based on
the Komlés lemma) one can prove that (for a given o) the infimum in the expression
inf;c A(x) R(, 0) is attained. Hence, Theorem 2 implies that for any x € (0, v) we
have the following

inf R(w,0)= min R(w,0) > R(x) Yo € Tr.
reA(x) TeA(x)
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Before we prove Theorem 2 we will need some auxiliary results. We start with
the following lemma.

Lemma 2. The function R : [0, 00) — [0, 00) is convex and continuous. Namely, the
shortfall risk measure R is convex and continuous as a function of the initial capital.

Proof. The proof will be done by approximating R(-). For any n € N let 7, be the
set of all stopping times with values in the set {1/n,2/n, ..., 1} (0 is not included).
Set,

R, () :=infsc, R(, 0)
Ry (x) :=inf, 7, infrc 4x) R(T, 0).

We argue that R, converge uniformly to R. First, we have the obvious observation
R, (-) > R(-). Next,letx > 0 and (7, o) € A(x) x T. Define o, € T, by

1
0, :=—min{k e N: k/n > o}.
n

Clearly, 0,, > o. Thus, there exists a portfolio 7, € A(x) such that ng’ = V7. From
the inequality o, — 0 < 1/n we obtain

R(wy,0n) — R(m,0) < Ep [|Xo - Xtr,,|] <Ep |: sup | Xy — Xs|j| .

lt—s|<1/n

Since (77, 0) € A(x) x T was arbitrary we conclude that

0 < Ruy(x) — R(x) < Ep |: sup | X; — Xs|j| :

lt—s|<1/n

From the dominated convergence theorem

lim Ep sup |X;,— X[ =0
n—00 lt—s|<1/n

and uniform convergence follows.

It remains to argue that for any » the function R,, : [0, o0) — [0, 00) is convex
and continuous. Fix n € N. For any k = 1,...,n let gx : (0,00) — (0, 00) be
such that X;;, = gi(Sk/x). Introduce the functions ék : [0,00) x (0,00) — R,
k=0,1,...,nby .

Bu(z.y) == (ga(y) — )7,

fork = 1,...,n — 1 by the recursive relations
Bi(z, y) = min ((gk(y) —9f, inf Be| B @, ysl/n)D :
Or+1€Ho0,1/n(2)

and fork =0

Bo(z,y) = inf Ep[él(@)], S, )]. (15)
Y ®1€Ho,1/1(2) Yo1m
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Observe that R, (+) is “almost” as R (-) defined in Section 2 for the set T := {0, 1/n,
2/n, ..., 1}, the only difference is that for R, (x) stopping at zero is not allowed. This
is why in (15) we do not take minimum with (go(y) —z) ™. Using similar arguments as
in the proof of Theorem | we obtain that R, (x) = éo (x, Sp). Finally, from Corollary
1(ii) we get that for any vy, éo(-, y) is convex and continuous. This completes the
proof. O

Next, we observe that for any stopping time o € 7 and A > 0

TinfO [(Xo — D' +1Z,T] = Xy min(1, A Z,). (16)
>

This brings us to introducing the function

F(A) = inf Ep[X,; min(1, AZ;)], A > 0. (17)
oeT

Obviously F : (0, 00) — [0, 00) is concave and nondecreasing. Inspired by Corol-
lary 8.3 in [13] we prove the following.

Lemma 3. (i). Forany x > 0 and ) > 0,
R(x) > F(A) — Ax.

(ii). Let A > 0 be such that F is differentiable at A. Then for x = F'(\.) we have
the equality
R(x) = F(A) — Ax.

Proof. (i). Let x > 0 and A > 0. Choose arbitrary (7, 0) € A(x) € T. Then, from
the super—martingale property of an admissible portfolio we have

x = VJ > EqlVF]=Ep[Z,V]]. (18)
This together with (16) gives
R(m,0) +Ax = Ep[(Xo — VOT +AZ, V] ] = F(M).

Since (77, 0) € A(x) € T was arbitrary we complete the proof.
(ii). In view of (i), it is sufficient to show that R(x) < F(L) — Ax. Leto; € T be
an optimal stopping time in (17), i.e.

F(A) = Ep [X,, min(1, A Z5,)]. (19)

Such stopping time exists because the process {X; min(1, LZ;)} }:O is continuous. Set
Ty = XGAHZUA <1/5.- From (16) it follows that for any x>0

FO) = Bp | (Xe, = T +32, 2]

On the other hand from (19)

F() =Ep[(Xe, = T)" +21Z5, V1]
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Thus,

% < Ep [Z(,ATA], for > A

and % > Ep [ZJATA] for A < A.
From the fact that F’(A) = x we conclude that
X = E]p [ZU}LT)L] = EQ [TA] .

The completeness of the BS model implies that there exists 7 € .A(x) such that
Vg = Y. From (19) we get

R(x) + Ax < R(m,03) +Ax = Ep [(Xo, — Vo) +AZ5, Y3 ]
= Ep [ X0, min(1, 1 Z,,)] = F()
as required. O

While Lemmas 2-3 are quite general, the following lemma uses the explicit struc-
ture of the payoff process {X f}t1=0'

Lemmad. (i). Forany A > 2, F(A) = 1.
(ii). The derivative of F from the left (exists because F is concave) satisfies
F’ (2) > v where v is given by (14).

Proof. (i). Let A > 2. Obviously, Ep[Z,] = 1 for all o € T. Hence, from the simple
formula max(z, 1/2) min(1, 2z) = z we obtain

FG) 2 F@) = inf Bp[Z,(1 +sin(zo)] 1.
oe

On the other hand, taking c = 0 in (17), we get F(A) < 1 and so F = 1 on the
interval [2, 00).
(ii). Choose A < 2. Clearly, (we take 0 = 1 in (17))

F(\) < Ep[max(Z1, 1/2) min(1, AZ1)]
<Ep[Zilz10+ 520z, <12] = 1 = 52Ep [Z1]z,<102] -
This together with the equality F(2) = 1 gives F’ (2) > v. O
Now, we have all the ingredients for the proof of Theorem 2.
Proof. From Lemma 3(i) and Lemma 4(i) it follows that for any x
R(x) > F(2)—2x =1-—2x.

Let us prove that
R(x)=1-2x, Vx < F'(2). (20)

Since R is convex (Lemma 2) then it is sufficient to show that R(0) < 1 and
R(FL(2)) <1-2F (2.
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The first inequality is trivial, R(0) < Xo = 1. Let us show the second inequality.
The concavity of F implies that there exists a sequence A,, 1 2 such that for any n the
derivative F’(A,) exists. Hence, from the continuity of R (Lemma 2), the concavity
of F and Lemma 3(ii) we obtain

R(FL(2)) = lim R(F'(A;)) = lim [F(hy) — 2y F'(hn)] =1 —2F (2)
n—o0 n—od

and (20) follows.
Next, let x € (0, v). Assume by contradiction that there exists a hedging strategy
(r,0) € A(x) x T such that R(r, 0) = R(x). From Lemma 4(ii) and (20) we obtain

R(m,0)=1-2x. 21
Observe that if o takes on values (with positive probability) in the interval (0, 1) then
Ep [Xs min(1,2Z,)] = Ep[Z,(1 + sin(ro))] > Ep[Z,] = 1.
Thus, from (16) and (18)
R(m,0)+2x > Ep [(Xo — V)T +2Z,V]] > 1
which is a contradiction to (21). On the other hand if o = 0 then
R(m,0)=X9o—x=1—x,

also a contradiction to (21).
We conclude that the only remaining possibility is 0 = 1. Let us show that there
is a contradiction in this case as well. Introduce the event

A :={max(Z;, V{") < 1/2}.
Observe that on the event A we have
(Xl—VI”)++221V1” =(1/2-Z)(A-2V")+Z; > Z1 = X1 min(1, 2Z;). (22)

From (18) and the fact that x < v it follows that
- 1
EplZi Vil <v = E]E]P’ [Z11z,<12] -

This together with the inequality V" > 0 gives P(A) > 0. Thus, by combining (16),
(18) and (22) we obtain

R(m,0)+2x =Ep [(X) — V)T +2Z, V]|
> Ep [X1min(1,2Z))] = Ep[Z;] = 1

which is a contradiction to (21). O

We end this section with the following two remarks.
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Remark 5. The message of Theorem 2 is that the inf in (2) which ruins the convexity
of the shortfall risk functional R(;r) can lead to non existence of an optimal strategy.
Observe that in the above constructed example, the payoff process X is continuous
and the payoff process Y has a positive jump in the maturity date.

One can ask, what if we require that both of the payoff processes X and Y will be
continuous, is there a counter example in this case as well?

The answer is yes. Let us apply Theorem 2 in order to construct a counter example
with continuous payoffs.

Consider a simple BS financial market with time horizon 7 = 2 which consists
of a riskless savings account bearing zero interest and of a risky asset .S, whose value
at time ¢ is given by

S = Soexp (kW; + (& —«?/2)t), t €0, 1]
Sy = Siexp (k(W, — W) —k2(t — 1)/2), t € (1,2]

where, as before, Sp, k > 0 and ¢ # O are constants. Namely, this is a BS model
which has a drift jump in # = 1. Obviously this market is complete and the unique
martingale measure is given by % |Fr := Z:n1 Where Z; is given by (3). Consider a
game option with the continuous payoffs

X; = (1 + sin(wr)) max(Z;, 1/2), € [0, 1]
X, =X, te,2),
Y, =0, 1e0,1]
Y, =@ — DXy, te(1,2]
Denote by R the corresponding shortfall risk. We argue that for an initial capital
O<x<v:=1Ep [Z1HZI<1/2] there is no optimal hedging strategy.
Indeed, let = be an admissible portfolio strategy and o be a stopping time with

values in the interval [0, 2]. From the super—martingale property of the portfolio value
and the fact that Z is a constant random variable after t = 1 we obtain

Voar = EplV7 | A1

This together with the Jensen inequality and the fact that X is a constant random
variable after t = 1 gives

Ep [ (Ron = VI | < Be [Be (%o - VIR ]| =B [(X0 - v)T]. @3)
From (23), and the relations f’[o,l] =0, 1?2 = }A(z we obtain
Rew.o A1) =B [ (Ron = VEDT] < Be [ (Ro = VI = R ).

Namely, we can restrict the investor to stopping times in the interval [0, 1], but this is
exactly the setup that was studied in Theorem 2. From Theorem 2 we conclude that
there is no optimal hedging strategy for x € (0, v).
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Remark 6. From Theorem 1 it follows that for any n there exists a hedging strategy
(7tn, 04) € A(x) x T, such that

R,(x) = Ep [(Xan - V;Tn")Jr]

where R, was defined in the beginning of the proof of Lemma 2.

Theorem 2 implies that we should not expect that these optimal hedging strategies
(7tn, on) € A(x) x Ty, n € N will converge in a strong sense when n goes to infinity.
Indeed, if these hedging strategies would converge in a strong sense, then we can
argue that the limit is an optimal hedging strategy for the continuous time problem.
This is a contradiction to Theorem 2 (at least for x € (0, v)).

By applying the weak convergence theory we can show that (7, 0,,) € A(x) X T,
n € N has a cluster point (with respect to convergence in law). However, in view of
Theorem 2 we conclude that the representation of the cluster point will require an
enlargement of the probability space, i.e. an additional randomization.

An interesting question which is left for the future, is whether by allowing the
investor to randomize from the start (in the spirit of [1]) will provide an existence of
an optimal hedging strategy.
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