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ABSTRACT. In this work we introduce the notion of fully incomplete markets.
We prove that for these markets the super—replication price coincide with
the model free super—replication price. Namely, the knowledge of the model
does not reduce the super—replication price. We provide two families of fully
incomplete models: stochastic volatility models and rough volatility models.
Moreover, we give several computational examples. Our approach is purely
probabilistic.

1. INTRODUCTION

We consider a financial market with one risky asset, which is modeled through
a semi—martingale defined on a filtered probability space. We introduce and study
a new notion, the notion of fully incomplete markets. Roughly speaking, a fully
incomplete market is a financial market for which the set of absolutely continuous
local martingale measures is dense in a sense that will be explained formally in the
sequel. We prove that a wide range of stochastic volatility models (see for instance
(Heston 1993), (Hull and White 1987) and (Scott 1987)) and rough volatility models
(see Gatheral, Jaisson and Rosenbaum 2014) are fully incomplete.

The main contribution of this work is the establishment of a surprising link
between super-replication in the model free setup and in fully incomplete mar-
kets. Namely, we prove that for fully incomplete markets, the knowledge of the
probabilistic model does not reduce the super—replication price, i.e. the classical
super—replication price is equal to the model free super—replication price. We deal
with two main setups of super—replication. The first setup is the semi-static hedg-
ing of European options and the second setup is the super-replication of game
options.

In the first setup, we assume that in addition to trading the stock the investor
is allowed to take static positions in a finite number of options (written on the
underlying asset) with initially known prices. The financial motivation for this
assumption is that vanilla options such as call options are liquid and hence should
be treated as primary assets whose prices are given in the market.

We consider the super—replication of bounded (path dependent) European op-
tions. Our main result in Theorem 3.1 says that for fully incomplete markets, the
super—replication price is the same as in the model free setup. Moreover, when the
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probabilistic model is given, we show in Theorem 3.3 the novel result that there
is a hedge which minimizes the cost of a super-replicating strategy, i.e. that there
is an optimal hedge. This is done by applying the Komlés compactness principle,
see e.g. Lemma A 1.1 in Delbaen and Schachermayer (1994). This compactness
principle requires an underlying probability space. Hence, in the continuous time
model free setup, the existence of an optimal hedge is an open question which is
left for future research.

In Bouchard and Nutz (2015), the authors proved the existence of an optimal
hedge in a general quasi sure setup (which includes the model free setup). In their
non trivial proof, they first considered the one-period case and then extended it
by induction to the multi-period case. Clearly, such an approach is limited to the
discrete-time setup.

Model-independent approach with semi-static hedging received considerable at-
tention in recent years. The first work in this direction is the seminal contribution
by Hobson (1998). For more recent results in this direction, see for instance (Ac-
ciaio et al. (2015), Beiglboeck et al. (2015), Dolinsky and Soner (2014, 2015(a)),
Galichon, Henry-Labordere and Touzi (2014), Guo, Tan and Touzi (2015), Hou and
Obléj (2015), and Henry-Labordere et al. (2014)).

Our second setup deals with super—replication of game options. A game contin-
gent claim (GCC) or game option which was introduced in Kifer (2000) 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) T'. 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 Ay = Xy —Y; > 0 is the penalty which the seller pays to the buyer for
the contract cancellation.

A hedging strategy against a GCC is defined as a pair (7, 0) which consists of
a self financing portfolio 7 and a stopping time ¢ which is the cancellation time
for the seller. A hedging strategy is super-replicating the game option if no matter
what exercise time the buyer chooses, the seller can cover his liability to the buyer
(with probability one). The super-replication price V* is defined as the minimal
initial capital which is required for a super-replicating strategy, i.e. for any = > V*
there is a super-replicating strategy with an initial capital =.

For the above two setups (semi-static hedging of European options and hedging
of game options), we prove that for fully incomplete markets, the super—replication
price is the cheapest cost of a trivial super—replicating strategy and coincide with the
model free super—replication price. For game options, a trivial hedging strategy is a
pair which consists of a buy—and-hold portfolio and a hitting time of the stock price
process. We show that for path independent payoffs X; = f2(S) and Y; = f1(S;)
the super—replication price equals to ¢g(Sg) where g (determined by f1, f2) can be
viewed as the game variant of a concave envelope. We give a characterization of
the optimal hedging strategy and provide several examples for explicit calculations
of the above.

We note that the above two setups were studied recently for the case where hedg-
ing of the stock is subject to proportional transaction costs (see Dolinsky (2013) for
the game options setup and Dolinsky and Soner (2015)(b) for semi-static hedging
of European options). In these two papers it was shown that if the logarithm of the
discounted stock price process satisfies the conditional full support property (CFS)
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then the super-replication price coincides with the model free super—replication
price. Thus, our results in the present paper show that the behavior of super—
replication prices in fully incomplete markets (without transaction costs) is similar
to their behavior with the presence of proportional transaction costs in markets
which satisfy the CFS property. Intuitively, one might expect that the notion of
fully incomplete market is stronger than the CFS property. However, as we will see
in Remark 2.4, this two properties are in general not comparable.

In Cvitanic, Pham and Touzi (1999), the authors studied the super—replication
of European options in the presence of portfolio constraints and stochastic volatil-
ity. One of their results says that if the stochastic volatility is unbounded (and
satisfy some continuity assumptions), then, even in the unconstrained case, the
super-replication price is the cheapest cost of a buy—and-hold super-replicating
portfolio, and is given in terms of the concave envelope of the payoff. These results
can trivially be extended to the case of American options. The main tool that
the authors used relies on a PDE approach to control theory of Markov processes
(Bellman equation).

Our results are an extension of the results in Cvitanic, Pham and Touzi (1999).
We present a purely probabilistic approach which is based on a change of measure.
The main idea of our approach is that in a sufficiently rich probability space, the
set of the distributions of the discounted stock price process under equivalent mar-
tingale measures is dense in the set of all martingale measures. We give an exact
meaning to this statement in Lemma 8.1.

The idea to use a change of measure for the construction of dense pricing distri-
butions goes back to Kusuoka (1992). In this unpublished working paper, Kusuoka
deals with super—replication prices of European options in the Black—Scholes model
with the presence of proportional transaction costs. The author uses the Girsanov
theorem in order to construct a set of shadow prices such that any Brownian mar-
tingale (with some regularity assumptions) is a cluster point of this set.

Several important questions remain open and are left for future research. The
first question is whether our results can be extended to a more general setup of
super—replication, where we super—replicate American or game options and allow
to take static positions in European and American options. Recently, there were
several papers that studied static hedging of American options (with European
options/American options) in a discrete-time setting, see Bayraktar, Huang and
Zhou (2015), Bayraktar and Zhou (2015, 2016), Deng and Tan (2016), and Hobson
and Neuberger (2016). The second question is whether one can extend the results
to the case of more than one risky asset. It seems that our definition for fully
incomplete market can be extended to this case as well. However, we leave the
technicalities for future research. In particular, for the case of more than one risky
asset, it is not clear what is the game variant of a concave envelope and what is the
cheapest cost of a trivial super—replicating strategy. Another task is to provide an
interesting computational example for model free semi—static hedging with finitely
many options. This was not done so far even for the case of one risky asset. We
remark on more open questions in Section 3 and Section 6.

The paper is organized as follows. In the next section, we introduce the con-
cept of fully incomplete markets and argue that a wide range of stochastic volatility
models and rough volatility models are fully incomplete. This is proven in Section 5.
In Section 3, we formulate and prove our main results for semi-static hedging of
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European options. In Section 4, we formulate our main results for game options.
Furthermore, we provide several examples for which we calculate explicitly the
super—replication price and the corresponding optimal hedging strategy. In Sec-
tion 6, we prove our results for game options. To that end, we prove some auxiliary
lemmas in Section 7. In the last Section, we give an exact meaning to the density
property of fully incomplete markets.

2. FuLLy INCOMPLETE MARKETS

Let T be a finite time horizon and let (Q, F, {F;}1_,,P) be a complete probability
space endowed with a filtration {F; }~_, satisfying the usual conditions. We consider
a financial market which consists of a savings account B = {Bt}tT:O and of a stock
S = {St}tho. The savings account is given by

(21) dBt = TtBt dt, BQ == 17

where {rt}tTZO is a non—negative adapted stochastic process which represents the
interest rate. We will assume that {rt}z;o is uniformly bounded. The risky asset
is given by

(22) dSt = St (’f‘t dt + V¢ th) , S() > O,

where v = {1, }1_ is a progressively measurable process with given starting point
vy > 0 satisfying fOT v2ds < oo P-a.s., and where W = {W;}, is a Brownian
motion with respect to the filtration {F;}7_.

Let C(vp) be the set of all continuous, strictly positive stochastic processes a =
{Oét}tT:() which are adapted with respect to the filtration generated by W completed
by the null sets, and satisfy: i. ap = vg. ii. a and é are uniformly bounded.

Definition 2.1. A financial market given by (2.1)-(2.2) is called fully incomplete
if for any € > 0 and any process o € C(vy) there exists a probability measure Q < P
such that:

i. {Wt}tT:O is a Brownian motion with respect to the probability measure Q and the
filtration {}'t}tTZO,

7.
(2.3) Q(la=v]eo >€) <k,

where ||u — v||oo := SUPg<s< |Ut — vt| is the distance between u and v with respect
to the uniform norm.

Let us briefly explain the intuition behind the definition of a fully incomplete
market. Consider the discounted stock price S; := %tt, t € [0,T]. From (2.1)-

(2.2), we get dS; = 14,S; dW;. Thus, Definition 2.1 says that for a fully incomplete
market, for any volatility process a € C(vy) we can find an absolutely continuous
local martingale measure Q < P under which the volatility of the discounted stock
price S is close to a. In fact, using density arguments, we will see (in Lemma 8.1)
that in fully incomplete markets, the set of the distributions of the discounted stock
price under absolutely continuous local martingale measures is dense in the set of
all local martingale distributions.

Remark 2.2. Observe that the probability measure P is already a local martingale
measure. Thus, by taking conver combinations of the from AP + (1 — \)Q where
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A > 0 4s "small” and Q is an absolutely continuous local martingale measure, we
deduce the following. If Definition 2.1 is satisfied, then if we change the condition
Q < P to the more restrictive condition Q ~ P of equivalent probability measures,
the modified definition will be satisfied as well.

The main results of this paper (which are formulated in Sections 3-4) say that
for fully incomplete markets the super-replication price is the same as for the path—
wise model free setup. Namely, the knowledge of the probabilistic model does not
reduce the super—replication price. We will formulate and prove this result for two
setups. The first setup is a semi-static hedging of European options. The second
setup is dealing with game options.

The following Proposition (which will be proved in Section 5) provides two fam-
ilies of stochastic volatility models which are fully incomplete.

Proposition 2.3.
1. Consider the following stochastic volatility model:

(2.4) dvy = a(t,vy) dt + b(t, v,) AWy + c(t, v) AWy, 1y > 0,

where W = {W;}L_, is a Brownian motion with respect to {F;}L_, which is inde-
pendent of W. Assume that the SDE (2.4) has a unique strong solution and the
solution is strictly positive. If the functions a,b,c: [0,T] x (0,00) — R are contin-
uwous and for any t € [0,T], x > 0 we have b(t,x) > 0, then the financial market
given by (2.1)-(2.2) is fully incomplete.

IL. Let {F}E o be the usual augmentation of the filtration generated by W and v.
Assume having a decomposition vy = Vt(l)yt(z) where vV is adapted to the filtration
generated by W, and v? is independent of W. Moreover, assume that vV v are
strictly positive and continuous processes. If nv® has a conditional full support
(CFS) property, then the market given by (2.1)-(2.2) is fully incomplete.

Recall that a stochastic process ¥ = {;}1_, has the CFS property if for all
te (0,7
supp P(X,71|8)0,9) = Cx,[t, T] as.,
where C[t, T is the space of all continuous functions f : [¢,T] — Ry with f(t) = y.
In words, the CFS property prescribes that from any given time on, the asset price
path can continue arbitrarily close to any given path with positive conditional
probability.

Remark 2.4. The notion of fully incomplete markets and the CFS property are in
general not comparable.

It is well known that a Brownian motion with drift satisfies the CFS property.
Hence, e.g. the log price of the Black—Scholes model satisfy the CFS property, but
being complete, it is clearly not fully incomplete.

Let us give a simple example of a fully incomplete market which does not satisfy
the CFS property. Consider a probability space which supports two independent
Brownian motions W and W and a Bernoulli random variable & ~ Ber(0.5) which
is independent of W and W. Consider the market given by (2.1)-(2.2) with r = 0
and vy = et Ie—o, t € [0,T]. By looking at probability measures which are supported
on the event {£ = 0}, we deduce from Proposition 2.3 (by applying any one of the
two statements) that this market is fully incomplete. On the other hand, we observe
that it does not satisfy the CFS property. Indeed, consider the event D = {S; =
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So Vt < T/2}. Clearly, D = {£ = 1}. Hence, P(D) = P(§ = 1) = 1/2 and the
conditional support supp P(S|r/2,1)|D) contains only one function f : [T/2,T] — R
which is defined by f = Sy. This is a contradiction to the CFS property.

Even if we insist on strictly positive volatility we can still construct similar ex-
amples that produce martingales with atoms such that with positive probability, the
conditional support supp P(S|1/2,11|S)j0,7/2)) is a finite set. This is clearly a con-
tradiction to the CFS property. Thus, without adding additional assumptions (it
is an interesting question to understand what these assumptions would be), fully
incompleteness in general does not imply the CFS property.

We end this section with several examples of fully incomplete markets.

Example 2.5. Stochastic Volatility Models.
I. The Heston (1993) model:

dSt = St (’l"t dt + \/ﬁt thS)

dU, = k(0 — Uy) dt + £V/T, dWV,

where {W2YE, and {WVP YL, are two Brownian motions with constant correlation
p € (=1,1). Moreover, k,0,& > 0 are constants which satisfy 2k0 > £2. The last
condition guarantees that U 1is strictly positive. Thus, applying Ité’s formula for
v, := VU, and using the relations WS = W and WY = pW + /1 — p2W, we
obtain that v is solution of (2.4) with a(t,x) = § (g —z)— chf b(t,z) = %\/1 —p?
and c(t,z) = %p.
II. The Hull-White (1987) model:

dS; = Sy(ry dt + /U, dW)

dUt = Ut(K dt + ethU),

where {W2YE, and {WYP YL, are two Brownian motions with constant correlation
p€(—1,1) and k,0 € R are constants. Clearly, v := VU satisfies the assumptions
of Proposition 2.3 (part I) .
II1. The Scott (1987) model:
dS; = Si(r dt + \eVt dW)
dU; = —kU dt + 0dWY,
where {W2YE o and {WVP}E_ are two Brownian motions with constant correlation
p € (=1,1) and \, k,0 > 0 are constants. By applying It6’s formula for v := XeY,
this model can be treated similarly as the Heston model. ([l
Example 2.6. Rough Volatility Models.
Consider a model where the log—volatility is a fractional Ornstein—Uhlenbeck process
(see Gatheral, Jaisson and Rosenbaum (2014)). Formally, the volatility process is
given by vy = vpe"Ut where k > 0 is a constant and U, = e~ fot eMdBE . Here,
B = {BH}I_ is a fractional Brownian motion with Hurst parameter H € (0, 1)
and A > 0 is a constant. The integral above is defined by integration by parts
t t
/ eMdBH = MBH — ) / BH v gy,
0 0
Let {Fi}E o be the usual augmentation of the filtration generated by W and v.

Assume that we have the representation BH = pBH:t (/1 — p2 BH:2 where p €
—1,1) is a constant an "+, B™% are independent fractional Brownian motions.
1,1) i tant and B™*, BH:2 are independent fractional Browni ti
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Moreover, we assume that BH:' is adapted to the filtration generated by W. Then

we have vy = I/t(l)l/t(2) where

t
yt(l) = g exp (/@pe_kt/ e dBf’l) ,
0

t
Vt(2) = exp <m/ 1— p2e M e dBf’2> .
0

By Guasoni, Rasonyi and Schachermayer (2008, Proposition 4.2), fractional Brow-
nian motion has the CFS property. This together with Pakkanen (2010, Theorem
3.8) gives that In v has the CFS property. Thus, as the assumptions of the second
statement in Proposition 2.8 hold true, the market is fully incomplete. [l

3. SEMI-STATIC HEDGING

In this section, we deal with the super-replication of European options. Since
the exercise time of the European options is fixed (compared to e.g. game options),
then for deterministic interest rates, it is possible to discount the asset price and
the payoffs of the European options. Therefore, for that case, we can directly
assume without loss of generality that the interest rate is r = 0. For stochastic
interest rates, writing the discounted payoffs of European options in terms of the
discounted asset price is not always possible, and even when possible the new payoff
function can loose its continuity. Thus, in the case of stochastic interest rates, the
assumption r = 0 is not natural. However, to make things simpler, we assume in
this section that r = 0.

Denote by C[0,T] the space of all continuous functions f : [0,7] — R equipped
with the uniform topology. Consider a path-dependent European option with the
payoff X = H(S), where H : C[0,T] — R is a bounded and uniformly continuous
function. We assume that there are N > 0 static positions which can be bought at
time zero for a given price. Formally, the payoffs of the static positions are given by
X; = hi(S) where hq,...,hn : C[0,T] — R are bounded and uniformly continuous.
The price of the static position X; is denoted by P;. Therefore, the initial stock
price Sy and the prices Py, ..., Py of the options hq, ..., hy are the data available in
the market.

First, consider the case where the investor has a probabilistic belief in the market,
modeled by the given filtered probability space (2, F, {F; }1_o, P) introduced before.
In this setup, a hedging strategy is a pair 7 = (¢,~) where ¢ = (cg, ..., cxy) x RVN*1
and v = {%}?:0 is a progressively measurable process with fOT V2UESE dt < oo P-
a.s. such that the stochastic integral [~dS is uniformly bounded from below. The
corresponding portfolio value at the maturity date is given by

N T
Zi=co+ Y cihi(S) +/ YudS.,.
i=1 0
The initial cost of the hedging strategy m is
N
(3.1) C(m)=co+ Y _ciP;.
i=1

A strategy 7 is a super—replicating strategy if

Z1 > H(S) P-as.
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Then, the super-replication price is defined by
V;]fL.__,hN (H) =int{C(m) : = is a super-replicating strategy}.

Next, we consider the case where the investor has no probabilistic belief, just
the market data given as information. Such an investor is modeled via the robust
hedging approach. Let {S;}~, be the canonical process on the space C[0,T],
ie. Si(w) = w(t), w € C[0,T]. Consider the corresponding canonical filtration
F; = o{Sy : u < t}. Denote by M the set of all probability measures @ on C[0,T]
such that under Q, the process {S;}7_, is a strictly positive local martingale (with
respect to its natural filtration) and Sop = Sy @Q-a.s.

In the robust setup, a hedging strategy is a pair 7 = (c,7) where ¢ € RV*! and
v = {’yt}tTZO is an adapted process ( w.r.t. the canonical filtration) of bounded vari-
ation with left-continuous paths such that the process [ ~dS is uniformly bounded
from below, where here, we define

T T
/ YuldSy = YrST — 0S80 — / Sedry:
0 0

using the standard Stieltjes integral for the last integral. The corresponding port-
folio value at the maturity date T is given as before by

N T
Z3(8) = co+ 3 eihi(S) + / udS..
i=1 0

Moreover, as before, the cost of the hedging strategy 7 is given by (3.1). The
robust super—replication price is defined by

Vhy....ny (H) = inf{C(m) : 37 such that Z7(S) > H(S) VS strictly positive, Sy = Sp}.

The following theorem says that if the financial market is fully incomplete, then
the corresponding super—replication price is the same as in the model free setup.
Namely, for fully incomplete markets the knowledge of the probabilistic model does
not reduce the super-replication price.

Theorem 3.1. Assume that the financial market given by {S;}_, is fully incom-
plete. Then Vﬁ,_..th (H) = Vi,,...hy (H). (might be —c0).

Proof. Clearly, V&,.A.,hN (H) < V... .hy(H), and so we need to establish the in-
equality Vﬁ,__.7hN (H) > Viy,..hy (H).

For a measurable function H : C[0,T] — R denote by VF(H) and V(H), the
classical (i.e. w.r.t. the probabilistic belief P) and the robust super-replication
price of the claim fI(S) for the case N = 0, respectively. Denote by Q the set of all
probability measures Q < P such that {W;}_ is a Brownian motion with respect
to Q and the filtration {F;}7_,.

For any hedging strategy m = (¢,7) and Q € Q, the stochastic integral

¢ ¢
/ YudSy :/ VuVuSudW,, t€[0,T]
0 0

is a local martingale bounded from below, hence a super—martingale. Thus, from
Lemma 8.1 and the fact that H(S) — Zf;l ¢;ihi(S) is a bounded and continuous
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function, we get

N N
Vi (H) = inf (Zcﬂ% +VF(H - Zcihi))
’ i=1

(crven pt

N

N
inf ¢;Pi + sup Eg[H(S) — cih; (S )
()(Z sup EqlH(5) — 3 cihu(5)]

Y

N N
> inf c;Pi + sup Eq[H(S) — c;ihi (S )
o nf (Z sup EQUH(8) = 3 eihi(S)
By applying Hou and Obt6j (2015, Theorem 3.2) for the bounded and uniformly
continuous claim H(S) — vazl ¢;h;i(S), we obtain

N N
inf ¢;P; + sup Eg[H(S) — cihi(S >
o nf (Z sup EQUH(8) = 3 eihi(S)]

N N
= inf)eRN (;C{PZ + V(H — ;Clhl)>

(e1,..00eN
= Viy,oohn (H)
and the result follows. O

Next, we prove for the probabilistic model that there is an optimal super—
replicating strategy, i.e. a strategy which achieves the minimal cost. To this end,
we need an additional assumption which rules out an arbitrage opportunity, i.e. a
case where Vi?l...‘,hN (H) = Vh,,...hy(H) = —00. Thus, as in Hou and Obldj (2015)
(see Assumption 3.7 and Remark 3.8 there) we assume the following.

Assumption 3.2. Thereise > 0 such that for any (y1,...,yn) € Hij\il[ﬂ—e, Pi+e]
we can find a probability measure Q € M for which Eg[h;(S)] =y;, i =1,...,N.

Theorem 3.3. Consider the super—replication problem on the filtered probability
space (Q, F,{F:}1_,P) described above. If Assumption 3.2 holds true, then there
exists a super—replicating portfolio strategy & such that C(7) = Vf?;,m,hzv (H).

Proof. Let (™ = (c("),w(")), n > 1, be a sequence of super-replicating strategies
for which lim,, o C(x(™) = Vi, (H). Clearly V¥, (H) < [|H||o. Hence
without loss of generality we assume that for any n, C(7(™) < ||H||e + 1. Let
us prove that the sequence ¢(™ € RN*1 n € N, is bounded. Choose n € N. We
deduce from Assumption 3.2 that there exists a probability measure @ € M such
that for any i =1,..., N,

Pi—c if ™ >0
Pi+e if™ <o.

Eq[hi(S)] = {

Lemma 8.1 implies that there exists a probability measure Q € Q such that
Eglhi(S)] < P; —e/2 if cgn) > 0 and Eqg[h;(S)] > P; +¢/2 if cz(") < 0. Thus,
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using the supermartingale property of each [ ~(") dS under Q, we obtain
(3.2) |H||oo + 1 > C(x™)

N N
> e+ Eg[> M hi(S)] + g 31l

i=1 i=1

T
n 3 n
> Bl (5)— | a5+ 5301l

N
€ n
> —|[Hlloo + 5 > I
i=1

From (3.2), we derive that |cl(-n)| < w forallm € N;i=1,...,N. More-
over, by applying (3.2) again we get that c(()n) is uniformly bounded (in n). We con-
clude the uniform boundedness of ¢(™) as required. Thus, there exists a subsequence
(for simplicity we still denote it by n) such that lim,_, ¢(™ = &= (&, ..., én).
Next, we apply the Komlds theorem. Set Z, = fOT fyt(”)dSt, n € N. Clearly
Zy > H(S) —co — Zfil ¢ihi(S) and so the sequence Z,, n € N, is uniformly
bounded from below. Thus, by Delbaen and Schachermayer (1994, Lemma A 1.1)
we obtain the existence of a sequence Zn € conv(Zy, Zni1,....), n € N, such that
Zn, m €N, converges a.s. Denote the limit by Z. Using the fact that the set of
random variables which are dominated by stochastic integrals with respect to a local
martingale is Fatou closed, see Delbaen and Schachermayer (2006, Remark 9.4.3),
we can find a trading strategy 4 = {%;}7_, such that fot HudSy, t € [0,T] is uniformly
bounded from below and fOT 4:dSy > Z. Finally, we argue that # := (&,%) is an
optimal super-replicating strategy. Clearly, C(#) = lim, 0o C(m,) = V,]ip__’hN (H).
Moreover, it is straight forward to see that fOT A d Sy > 7> H(S)féofzilil ¢ihi(S)
a.s., and the result follows. O

Remark 3.4. A priori, it seems that we used a weaker assumption than As-
sumption 3.2. Indeed, we only used that there exists € > 0 such that for any
(15 dn) € {=1,1}" there exists a probability measure Q;, . jx € M for which
Eq,, i [hi(S)] =Pi+eji, i =1,.., N. However, by taking convexr combinations
of such probability measures, we see that the weaker condition is in fact equivalent
to Assumption 3.2.

Remark 3.5. Let us remark that for the model free hedging, the existence of a
super—replicating strateqy with minimal cost is an open question.

Remark 3.6. Usually, the common static positions are Call options. However,
due to the Put—Call parity, we can replace the call options by put options and hence
hi,...,hn can be assumed to be bounded. A natural question is what if H is un-
bounded, for instance if H(S) = maxo<i<T St is a lookback option. In this case we
can show that if hy, ..., hx are bounded, then for fully incomplete markets the super—
replication is infinity. Namely, if the static positions are bounded, we cannot super—
replicate a lookback option. Thus, in order to have a reasonable super—replication
price we need to assume that one of the h; is unbounded as well. For instance we
can take a power option h;(S) = S%., p > 1. In this case Theorem 3.1 is much more
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delicate and in particular, requires some uniform integrability conditions. Thus, the
question whether Theorem 3.1 can be extended to the unbounded case remains open.

4. HEDGING OF GAME OPTIONS

In this section, we deal with the super-replication of game options. Consider a
financial market which is given by (2.1)—(2.2). We assume that Definition 2.1 holds
true, i.e. the market is fully incomplete.

Consider a game option with maturity date T and payoffs which are given by

th = fl(St) and Xt = fg(St), te [O,T],

where f1, fo : Ry — R, are continuous functions with f; < fo. In addition, we
assume that there exists L > 1 such that for all z,y > 0

(4.1) @) — fi(y) < Lz —y <1+f(>+f§/>) =19

The condition (4.1) is weaker than assuming Lipschitz continuity, and allows to
consider Power options (in addition to e.g. Call and Put options). We deduce from
(4.1) that for any = > 0

2L L I .
Ji <2L—1x> S2<2L—1$+ <1+ 2L—1) fz(I)>7 1=1,2.

For fi(x) := max(x, f;(x)), i = 1,2 we obtain

f( 2 L L \; 8L -2,
fi(zL—f”) §2<2L—1+1+2L_1)fi($):2L_1fi($)

N ~ n n—1 n
and so f;(z) < maxo<y<1 fi(y) (gﬁ:f) for (%) <z< (2251) ,neN.

We conclude that there exists L, N > 1 such that for any = > 0
(4.2) filz) < filx) < LA+ 2N), i=1,2.

Next, we introduce the notion of hedging. Recall S, = %i, t € [0, 7], the discounted
stock price, which by (2.1)—(2.2), has dynamics dS, = 1,8, dW,. A self financing
portfolio with an initial capital z is a pair 7 = (z,v) where {v;},_, is a progres-
sively measurable process which satisfies fOT 72252 dt < oo a.s. The corresponding
portfolio value is given by

t t
(4.3) ZF =B, (Z +/ - d§u> = B, (Z +/ Sl qu) . telo,T).
BO 0 BO 0

As usual for game options, a hedging strategy consists of a self financing portfolio
and a cancellation time. Thus, formally, a hedging strategy is a pair (m, o) such
that 7 is a self financing portfolio and o < T is a stopping time. A hedging strategy
(m,0) is super—replicating the game option if for any ¢ € [0, 7]

(4.4) Zing = f2(85) o<t + f1(Se)li<o as.

The portfolio value process { Z] }?:0 is continuous and so, if (4.4) holds true for any
t € [0,T], then

P(Vt € [O’TL ZZT/\a 2 f2(SU)]Ia<t + fl(St)]Itgcr) =1
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A hedging strategy (m, o) will be called trivial if it is of the form
(4.5) Y=, and oc=inf{t:S, ¢ D} AT
where D C R is an interval (not necessarily finite).
Define the super-replication price
V = inf{Z] : Ihedging strategy (m, o) super-replicating the option}.
Also, set
V = inf{Z] : Itrivial hedging strategy (m, o) super-replicating the option}.

Clearly the investor can cancel at 0 =0 and so V <V < f5(Sp).

Introduce the set H of all continuous functions & : (0,00) — R such that f; <
h < fa and h is concave in every interval in which h < fa. We deduce from Ekstrom
and Villeneuve (2006, Lemma 2.4) that there exists a smallest element in H and
which is equal to

:= inf .
9(z) == inf h(z)

Throughout this section, we will assume the following.
Assumption 4.1. At least one of the following conditions hold.

i. The interest rate is zero, i.e. v = 0.
ii. For the initial stock price Sy we assume that if g(So) < f2(So), then

9(So) — S0049(So) > 0,

where 04g(So) is the right derivative at Sy (which exists because g is concave in a
neighbourhood of Sy ).

In Subsection 4.1, we analyze in details the second condition in Assumption 4.1.
In particular, we will see that it is satisfied for most of the common payoff functions.
Next, for any x € R, introduce the open interval

K, = (sup{z <2 : g(2) = fo(2)}, inf{z > a2 g(2) = fo(2)})

where as usual, supremum and infimum over an empty set are equal to —oo and
00, respectively. Define the stopping time

6=inf{t: S & Kg,} AT,

where we set 6 = 0 if the set Kg, is empty (where (a,a) := () for any constant
a € R).

The following theorem is the main result of this section. It says that in fully in-
complete markets, the super-replication price of a game option is the cheapest cost
of a trivial super—replication hedging strategy, which can be calculated explicitly.

Theorem 4.2. The super—replication price of the game option introduced above is
given by
V=V =g(S).
Furthermore, define the buy—and—hold portfolio strategy «# = (g(So),%) by
5 { 9+9(So) if g(So) < f2(S0),
0

- otherwise.

Then (7, ) is the cheapest hedging strategy super-replicating the option.
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Proof. Since V > V| Theorem 4.2 will follow from the inequality
(4.6) V> g(S0)

and the fact that (#,5) is a super-replicating strategy. Inequality (4.6) is the
difficult part and will be proved in Section 6. The fact that (#,5) is a super-
replicating strategy is simpler and we provide its proof here.

First, if g(So) = f2(So), then the statement is trivial. Therefore, assume that
9(So) < f2(Sp). Let t € [0,T]. Observe that on the event & < ¢, g(Ss) = f2(Ss).
From Assumption 4.1 it follows that if 222 > 1 then g(Sp) — So0,g(So) > 0. This

B
together with the fact that g is concave iI(i the interval Kg, yields
] Birs
(47) Zo = =5 (9(S0) = S00:9(S0)) + 0+9(S0)Stns

> g(So) + 0+9(S0)(Stns — So) = 9(Sins) = f2(Ss) o<t + f1(Se)li<s-
O

Remark 4.3. Let us notice that (4.7) holds true pathwise, and hence the hedging
strategy (7, 5) is a super—replicating one in the model free sense. Thus, from The-
orem 4.2 we conclude that for fully incomplete markets the super—replication price
coincides with the model free super—replication price.

Remark 4.4. In Example 4.7 we will see that without the second part of Assump-
tion 4.1, the hedge (%t,6) may not be super—replicating, and so Theorem 4.2 may
not hold true.

4.1. Examples. In this subsection, we give several examples for applications of
Theorem 4.2. In the case where both f; and fs are convex, we can calculate g(Sp)
and 04¢(Sp) explicitly. To this end, we assume throughout this subsection that f;
and fo are convex functions. Set

48 A= inf {y > 0: LUW=BO <5 )} it f1(0) < f2(0)
as well as
_ { LASLO, o+ 00lazae i f1(0) < f5(0)
04 f2(0) if f1(0) = f2(0).

Moreover, set
m:= lim Oy f1(t), p = inf{t: 04 fo(t) > m}.
t—o0

Observe that the terms A, 8, m, p can take the value co. Moreover, if m = oo, then
lim; o0 O4 f2(t) = 00 as well. In this case, from the convexity of fo

e fo(t) =94 fo(t) < lim fo(1) + (8 = 1)y fo(t) — 104 f2(t) = —o0.

Thus A, B < oo. We conclude that in any case A m < oo.
Define the function g : Ry — R, by
(4.9)
o) — { (1(0) + Bo)oca + fol@Lazacy + (o) + mlz — )Lz, i B <m
f1(0) + ma if m<pg.
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Lemma 4.5. If both fi and fa are convex, then the function g defined in (4.9) is
the minimal element in H.

Proof. By definition, we see that ¢ € H. Denote by ¢, the minimal element of
H. Then, gmin(0) = f1(0) = ¢g(0). Assume by contradiction that there exists > 0
for which gmin(z) < g(z). Set,

y =inf{t <z : gmin(t) < g(t) on the interval (¢,z)}

and
z =sup{t > & : gmin(t) < g(t) on the interval (z,t)}.

By continuity of ¢,,in, g, we have y < x < z. By definition of H, ¢,,;, is concave
on I := (y,2) as gmin < g < fo on I. Observe that g is convex on R,. Therefore,
if z < oo we would get that g — gmin is a convex function which is strictly positive
on I and satisfies g(2) — gmin(2) = 9(y) — gmin(y) = 0. But this is not possible and
we conclude that z = co. Thus, gmin < f2 on I = (y,00) and S0 gpmin is concave
on (y,00). This together with the fact that gmm > fi gives infysy 04 gmin(t) > m.
We derive from (4.9) that sup,.,d4+g(t) < m. Thus, gmin — ¢ is non decreasing in
the interval (y,00), and so from the equality g(y) — gmin(y) = 0 we conclude that
gmin > g on (y,00), this is a contradiction. O

We obtain from (4.9) that if the initial stock price satisfies Sy < p, then the
second condition in Assumption 4.1 is satisfied. In particular, if p = oo this holds
true trivially. Observe that

p =00 & supd; fi(t) = sup d; fa(t).
t>0 t>0
This brings us to the following immediate Corollary.

Corollary 4.6.

If at least one of the below conditions holds:

i. fa(x) = fi(x) + A for some constant A > 0 (i.e. constant penalty),
ii. Supy~q 04 fa(t) = 0 (for instance Put options),

iii. supyso 04 f1(t) = oo (for instance Power options),

then the second condition in Assumption 4.1 is satisfied.

Next, we give several explicit examples for applications of Theorem 4.2. Given
fi(x) convex, let fa(z) = cfi(x) + A, where ¢ > 1, A > 0. Recall the game trading
strategy (#, ) which was defined in Theorem 4.2.

Example 4.7 (Call option). Let K > 0 be a constant. Consider a game call option
J1(Se) = (Se = K)T, fa(S1) = ¢(Se — K)T + A,

We distinguish between two cases.
(1) A < K: In this case,

A_J K i A>0
10 if A=0,

oo if c=1
P=V K if e>1.
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Thus, see Figure 11 and Figure 111, we have

A
9(So) = ?50 Iso<x + (So — K + A) Igy>k-

Moreover,
(a) If So < K, then

o (RS0, %), inf{t: S, =K}AT) if A>0
(7,8) _{ §(070)7 0) if A=0.

(b) If So > K, then

(So— K +4,0),0) if c=1

(ﬁ7 &) =
(So— K + A1), inf{t : S, :K}/\T) if ¢>1.
Observe that for the case ¢ > 1 and Sy > K, the second condition in
Assumption 4.1 is not satisfied. Thus, in order that Theorem 4.2 will
hold true we need to take the interest rate r = 0. Indeed, for r > 0 we
get that the portfolio value of 7 is equals to Zff = Sy, — %’J’(K —A). It
follows that if %)(K— A) > K then Z[f < S;— K, and so (#,6) is not
a super-replicating strategy.
(2) A>K: In this case A=K, 8= % >m = 1. Thus, see Figure 1III, we
have g(So) = So. Moreover, (,6) =

Wialsockpice . Inilasick price Inital stock price.

MIfA>0,A<K I If A=0,c>1 ) If A>K

Ficure 1. Call option

Example 4.8 (Put option). Let K > 0 be a constant. Consider a game put option
J1(Se) = (K = S)™,  fa(S1) = e(K — S)" + A.

We distinguish between two cases.

(1) A< K: In this case A=K, 8= AfTK <m =0 and p = co. Hence, see
Figure 2I and Figure 211, the super-replication price is

9(So) = (K—K_A

(a) If So < K, then (7,6) = (K — £2 80, —522), inf{t : S; = K}AT).
(b) If So > K, then (7,6) = ((A,0),0).

So) Isy<r + Alg,>k-
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(2) A> K In this case,

s { K if A=K
Tl o if A>K,
and
0 if A=K
B { oo if A>K.
Thus 8> m = 0. Hence, see Figure 2111, the super-replication price equals
9(50) = K, and (#,6) = ((K,0),T).
In the Put-case, the super-replication price is independent of the scaling factor ¢ > 1.

0
0 0z 04 06 08 1 1z 14 16 18 2 0 0z 04 06 08 1 1z 14 16 18 o o0z 04 06 08 1 1z 14 16 18 2
Inial stock price Inital stock. prce Initalstock prce

MIfA>0,A<K I If A=0,c>1 1) If A > K

FIGURE 2. Put option

Example 4.9 (Power option). Let p > 1 and consider the game p-th power option
f1(Se) = S7,  f2(Sy) = eSY + A.

A \MP A\
Wehavep:m:ooandwhenA>O,A:(m) ,,B:cp(m) .
Thus, see Figure 31 and Figure 3II, the super—replication price equals to

9(S0) = BSo Lsy<a + (€55 + A) Lsy>a.
The cheapest super-replicating strategy is given by:
If Sy < A, then (7,6) = ((65’0,6), inf{t: S; = A} /\T).
If Sy > A, then (7,6) = ((cS§ + A,0),0).

0z 04 06 08 1 1z 14 16 18 2

0z 04 06 08 1 1z 14 16 18 2
Infial stock price

Infal stock price

1) IfA>0 () IfA=0,¢>1

FIGURE 3. Power option
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5. PROOF OF PROPOSITION 2.3

Proof. Let o € C(vp) and € > 0. We will show (for both set-ups I and II) that there
exists a probability measure Q < P such that the properties of Definition 2.1 hold
true.

I. There is a constant C' > 0 such that % < a < C. Without loss of generality we
assume that € < % Define the stopping time

O =inf{t:|as —w| > e} AT.

Clearly,

0< ! < inf < <C+ !
— 1% S —.
2C — OSI?SG) b= Ogltlé)@ "= 2C

From the assumptions on the functions a, b, ¢, we get that there exists a constant
C > 0 such that

1 ~
5.1 tu)| + bt v)| + |elt, )| + ——— | < C.
B s [l + )]+ ot + s |

Fix n > % For k=1,...,n, let

kT /n kT /n
I, = / a(t,vy) dt —l—/ c(t, vy) dWy,
(k—1)T/n

Jk = kT — O (k—1)T .
n n

- T
Introduce the function ®(z) = —n?V (x An?), z € R. Let {%}tT:O and {W;},_, be
the unique stochastic processes which satisfy the following (recursive) relations:

t
Wt:Wt+/ 'yudu
0
where 7, =0 for t < %, and fork=1,...,n—1

kT /n

n < kT (k+1)T
o " (5 -1 — bu,vy)dW, ) |, " <t < T2

R <b(t,l/t)T< k k »/(kl)T/n (U’V ) >> n < n

The process {7;}7_, is uniformly bounded, thus we deduce from the Girsanov the-
orem and Novikov condition that there exists a probability measure Q ~ P (which
depends on n) such that {(W;, W;)}7_, is a two dimensional standard Brownian
motion with respect to Q and the filtration {ft}tT:O.

For any k =1, ...,n, denote L = f(lzqi/f;T/n b(t,v) dW, and introduce the event

A = {k:T/n < @} N {|Ik;‘ + |Lk| > 1}
Clearly, for any k=1, ...,n

kT /n kT /n

[er g || < ‘ / li<o a(t, ) dt‘ + ‘ / ;<o c(t, ve) dWy
" (k—1)T/n (k—1)T/n

This together with (5.1) and the Burkholder—Davis—Gundy inequality yield that for
any p > 1 there exists a constant ¢, > 0 such that

(5.2) Eqg [H%@ |1k|p] < zp((éT/n)p + cp(é2T/n)p/2).
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Similarly,

kT /n

(5.3) Eqg |Lzollul’] < Eq “/ L<ob(t, vr) dW;
—-1)T/n

p] < ¢, (C2T/n)?/2.

By applying the Markov inequality and (5.2)—(5.3) for p = 4, we obtain

n

(5.4) QU Ax) < 304y <

k=1

Slo

for some constant ¢ (independent of n).
Next, let k < n and kT'/n <t < (k+ 1)T/n. Consider the event

U= {t <O\ (U A7) U ( max_ay, = ay| > 1)).

quvIS%

Recall the constant C' from (5.1). Since n > 2¢, we get on the event U that for
any u <t
—I,—L
Jm m m), for m—T <u< 7(m + 1>T7
T n n

where we set Ip = Jg = Lo = 0. Thus, on the event U we have

Vub(ua Vu) =

k
vir —a JZZI + Lon = ) + D [ = Iy = Lin] = Lz (I + Li — Ji)

as well as

|y — VkT\ < ’/ Tu<o alu, vy du’ + ‘/ Tu<o b(u,vy)
kT/n kT /n
[ hucocum (ARIARA))
kT/n

We conclude that on the event U := Q\ ((U;.Lzl

Aj) U(max|u77j|§% |y, — o] > 1))

(5.5)

sup |Oét - Vt|
0<t<©

< max |ay — ay| + 2 max (]Ikl<@(|Jk|+|Ik|+\Lk|))+ max (T + Tr + Ag)
1<k<n \ n 1<k<n

<3 max |ay — au|+2 max (Hg<@(\lk|+|Lk|)) + max (T + Tr + Ag),

‘va\g% 1<k<n
where
t
T, = L | .
k (kfl)TI/l;l%)ing/n /(kl)T/n <o a(u,vy)du
t
- L, b(u, vy, qu7
(k—l)Tl;I}laS)ing/n /(k1)T/n <o b(u,vy)
t
A= ]I“ s Y
* (k—l)Tr/Ivlzz}ing/n /( <o c(u,vy)
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Similarly to (5.2)—(5.3) we get that

EQ{max (Tr + Ye + Ag) :| §34ZEQ[Fi+T%+Ai] <
k=1

S| ™

for some constant ¢. Thus, from the Markov inequality we get that for sufficiently
large n

€ €
. > - —.
(5.6) Q (fgggﬂ[% +Tr+Ag] > 3> <z
Similarly, (5.2)—(5.3) give that for sufficiently large n
(5.7) 0 (2,ms [T ol + )] 2 §) < £

The stochastic process « is progressively measurable with respect to the filtration
generated by W, thus the distribution of o under Q is the same as under P and
so, for sufficiently large n

(5.8) Q(S max |, — | > %) < -

Finally, by combining (5.4)—(5.8), we obtain that for sufficiently large n,
Qlla = v[loc > €)

SQ((U?:1 Aj)u(l mzlmx |au—av\>1))+(@(( sup |at—ut\—e)ﬂU)
u—v|<T <o
< *—I— +¥ < e,
- 5 5
as requlred. O

I1. Consider the continuous stochastic process ¢; = Ina; — In I/t(l), t € [0,7]. Fix
0 > 0. Choose n € N sufficiently large such that

(5.9) p( max_ |y — éo| > 5) <.

T
lu—v|< %

For k =0,...,n — 1 define the events

b
- mnv® —ny? tT — k _ 2
. {kT/nSggl?gH)T/n| wf? v — (/T ~ B)(Gaz — peeonr)| <

where we set ¢_r = ¢g. First, we argue that for any k

(5.10) P(Ag | Fir) > 0 as.

Denote by {G;}1_, the usual augmentation of the filtration generated by v? . By
our assumptions, v is independent of W and ¢. This, together with the fact that
{F,}L, is the usual augmentation of the filtration generated by W and v(?) yields

P (Ak|f,%) _ <¢w,¢%@y(2)) a.s.,

where ¥ : R x R x C1[0,T] — R is a measurable function satisfying a.s.

S|l

=3

v @) =p v — @~ (nt)T - k)(v -
(u,v, ') (kT/nS{rélz(i]z<+l)T/n|nyt nvr— (nt)T —k)(v—u)| <

Ie )

It is assumed In v(?) satisfies the CFS property with respect to its natural filtration.
We deduce from Pakkanen (2010, Lemma 2.3) that In v(?) satisfies the CFS property
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with respect to the usual augmented filtration {G;}7_,, as well. Therefore, we
obtain that ¥ (u,v,v®) > 0 P-a.s., for any u,v € R, hence we conclude that (5.10)
holds true.

Next, define the continuous martingale Z = {Z;}~_, by Zo = 1 and

O P(AR) & I,
t — = =
P(Ay | Fur) 25 B(A| Fur)

, te(kT/n,(k+1)T/n], 0<k<n-—1.

There exists a probability measure Q < P such that %| 7 =2, t €[0,T]. Let
us prove that (for sufficiently small § > 0), Q satisfies the required properties. Fix
k <nandt € [kT/n,(k+1)T/n]. On the event Z; # 0, using that Wuinr — W

n

is independent of F; and Ay, yields

T

1
ZEP (Z(k+n1)T (W(k+1)T - Wt) |~7:t)

1
= ————Ep (I; Warnr — Wy) | F
P (Vs =901 %)
=0.

Thus, for any k < n the stochastic process {Wt}iiz;)/Tn/ " is a Q-martingale, and so

W = {W;}L, is a Q-martingale. Since Q < P we conclude that (W); = t, Q-a.s.
This together with Lévy’s characterization theorem yields that W is a Brownian
motion with respect to Q and {F;}1_.

We arrive to the final step of the proof. Consider the event

n—1
A= ( ﬂ /11> ﬂ{ max_|dy — ¢ S(S}.
=0 lu—v|<T
The stochastic process ¢ is adapted to the filtration generated by W; in particular,
¢ is determined by {W;}_,. Hence (W is a Brownian motion under P and Q), the
distributions of ¢ under P and Q are the same. This, together with (5.9) and the

fact that Q( ﬂ?;ol fll) = 1 yields

(6:11) QUA) =Q( max 6w 6, <3) =P( max |6~ 6. <5)21-8

T
Jlu—v|< J[u—v| <o

n

Next, let kK < n and ¢ € [kT/n, (k + 1)T/n]. Observe that ¢g = lnué2). Thus, we
have on the event A

[Iny; —lnay| = |ln1/t(2) — o]

k—1
2 2
< Z In VEiJ)rl)T —In I/El) — (;5% + du-nr

n

+ |¢>kTT —du-nr |+ |d: —QSkTT\ + |1n1/t(2) —lnl/gé|
< %+26+%+5+(nt/T—k)5
< 66.

From the inequality

le® —e¥| < emax($’y)\x —y| < ewel"’”*y”x —y|l z,yeR
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we conclude that on the event A, (take z = Inay, y = In1y)

sup Jay — v < 66e% || 0o
0<t<T

This, together with applying (5.11) for sufficiently small § > 0 (recall that « is
uniformly bounded) we get Q (||ae — v||oo < €) > 1 — €, and the proof is completed.
(]

6. PROOF OF THEOREM 4.2

In this section, we finish the proof of Theorem 4.2 by showing that the inequality
(4.6) holds true. It suffices to show that for any super-replicating strategy (7, o)
we have the inequality

(6.1) 25 > 9(So)-

To this end, let (7, o) be a super-replicating strategy. Choose € > 0. The stochastic
process {rt};‘lo is uniformly bounded, thus there exists T < T such that

T
(62) / Tt dt < e.
0

Let {Qt}g';o be the filtration generated by W and completed by the null sets. Denote

by Tt the set of all stopping times with respect to the filtration {Qt}’trzo with values
in [0, T]. By Corollary 7.3, there exists a stochastic process a € C(1p) such that

(6.3) nf B[ £2(SC)eer + Fu(SE)e—z] > g(S0) — e,
where
Sga) _ Soefot o dWy—1 [ aidu’ te[0,7].

Choose § > 0. The financial market is fully incomplete. Hence by definition, we
obtain a probability measure Q@ < P such that

(6.4) Qlle = vllos 2 0) <6

and that W is a Brownian motion with respect to Q and {F;}L .
Define the stopping time 7 = inf{¢ : |ay — 14| > d} AT and denote m = (ZF, 7).
From (4.3)—(4.4), it follows that the stochastic integral

tNo
/ YuSulu AWy, t € 1[0,T]
0

is uniformly bounded from below, and so it is a super—martingale with respect to
the probability measure Q. Thus, from (4.3)—(4.4)

B B
Eq |:B . (fQ(SU)I[<7<T + fl(ST)HTSU)] <Eq {B " Z:rr/\-r:| < Zga
oNAT oNT
and so from (6.2), we conclude that
(65) eezg > EQ [fQ(SU)HU<T + fl(ST)HTSU] .

Clearly,
ONT
[ 1oz = vt < 5C2lall + 017,
0
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and from It0’s Isometry

Eq {(/Ow(yt — ) thﬂ < 5°T.

Thus, from the Markov inequality we get for sufficiently small §

(6.6) Q(/OJAT|at—ut|dt+‘/ (Ve — oy th‘>2\[)<cxf

for some constant ¢ > 0 (which may depend on the chosen € > 0). The SDE (2.2)
implies that

SO’/\T _ So@fo u,th—&-f”AT (re— V?/Q)dt.

From (6.2) and (6.6) we get that for sufficiently small ¢

(6.7) Q (| InSynr — IS | > 26) < V.
Now, we arrive at the final step of the proof. Set

=o AT, X= swp fo(S{),
0<t<T

and introduce the event U = (7 < T)U(|In Sypr — In s« /\T| > 2¢). We deduce from
(2.4) that

(1= L(e* = 1)) fi(x) — La(e* - 1)
1+ L(ex — 1) ’

(6.8) |lnz—Iny| <2e= fi(y) > i=1,2.

From (6.5) and (6.8) we obtain
(6.9) e Z§ > Eglow (f2(S5)ls<t + f1(ST)l5=T) ]
= ;LEEQEBE [Hsz\U (fz( Nsar + f1(SE) 5= T)}

( —1) EQ[S@)}

T 14 L(ex*—1) 5
_ 2e
- ]1__|_§E226_1;]EQ {fQ(Séa)) o<T +f1( )H(T T]
1-— L(e2e — 1) LSO(eQe _ 1)
“ iy o) el X T ey

The growth condition (4.2) implies that Eg[X?] < co. Observe that (1 < T) C
(|l = v||oo = 6). Thus, from the Cauchy-Schwarz inequality, (6.4) and (6.7), we get
that for sufficiently small § > 0

(6.10) Eolly X] < (Eg[x?])"* (5 + C\/E)W <e

Finally, we estimate Eq [fg( )H&<T + fl(S(a))]L; T} Denote by T the set of all

stopping times with respect to the filtration {F;}7 , with values in [0, T]. The
stochastic process W is a Brownian motion under the probability measure Q and
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the filtration {]-"t}z;o. Thus, from the Markov property of Brownian motion, the
fact that « is adapted to the filtration {G,;}]_,, & € T and (6.3), it follows that

Eq | £2(8 )or + fi(SE oo > inf Eo| f2(S(ewr + /1 (85I

= inf Eg [fz( )]I<<T+f1( )HC T}

CeTT
= Cmf Ep |:f2( )HC<T + fl( )HC T]
>g(Sp) —e.

This together with (6.9)-(6.10) gives

1= L(e* —1) 1— L(e* —1) LSp(e?* —1)
€T > \" T ) —€) — _
077 + L(e? — )(g(SO) 2 1+ L(e? — 1)€ 1+ L(e* —1)’
and by letting € | 0 we obtain (6.1). O

Remark 6.1. A natural question is whether for game options with path dependent
payoffs the model free super—replication price is equal to the price achieved in fully
incomplete markets (see Remark 4.3). In order to answer this question we should
develop a dual characterization for the super—replication price of path dependent
game options in a model free setup. This was not done so far.

7. AUXILIARY LEMMAS FOR THE PROOF OF THEOREM 4.2

The goal of this section is to establish Corollary 7.3 which provides a connection
between the function g (which is the game variant of a concave envelope) and the
left hand side of (7.6) which can be viewed as an optimal stopping problem under
volatility uncertainty.

Consider the probability space (2, F,P) and the filtration {G;}]_, generated by
the Brownian motion {W;}_,, completed by the null sets. For any u € [0,7] we
denote by T, the set of all stopping times with respect to the filtration {G;}
with values in [0,u]. For any « > 0 and any (sufficiently integrable) progressively
measurable process o = {ay }1_, (with respect to {G;}Z_,) define the process

t t 2
SHT = gelo wwdWu=3 Jooidv -y [0, T,

Denote by A the set of all non—negative, progressively measurable processes a =
{ay } oy with fOT a?dt < oo a.s. which satisfy the following: there exists a constant
C = C(a) such that & < S*! < C. Define the function G : (0,00) x (0,7] = R
(7.1) G(z,u) := sup 1nf Ep fg(S“ Necu + f1(S57) = -

acACET:
The following lemma is similar to Dolinsky (2013, Lemmas 4.1-4.2). As the present

setup is a bit different, we provide for reader’s convenience a self contained proof.

Lemma 7.1.
i. The function G(z,u) does not depend on u, i.e. for allu <T

G(z,u) = G(z,T).

it. The function G(z) := G(x,T) is continuous and satisfies f1 < G < f.
iti. The function G(z) is concave in every interval in which G < fa.
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Proof. i. The proof will be done by a standard time scaling argument. Let x > 0 and

€ (0,7]. Consider the Brownian motion defined by Wt = \/7 WtT t € [0,ul.
Let {G:}%, be the filtration which is generated by (W e, (cornpleted by the
null sets) and let 7, be the set of all {G;}" ,-stopping times with values in [0, u].
For any z > 0 and any {G,}" , progressively measurable (sufficiently integrable)
process & = {&; ), define the process

A A 1 t 2
§&e = gels dwdWu—3 [§adv ¢ ¢ [0, 4.

Denote by A the set of all non-negative, {G;}%_,-progressively measurable processes
& = {dy}iy with [' 47 dt < oo a.s. for which there exists a constant C' = C(&)

such that 1 < 8¢l < C. Observe that the maps ¢ : Tr — T, and ¢ : A — A
given by qS(() C—“ and [Y(a)]; = \/%ag, t € [0,u], are bijections. Moreover,

" =845, t € [0,T]. Thus, we obtain

G(z,T) = sup inf Ep | fo(ST™) s, + f1(SSO)_,
&0 acAleT, P[2(<)<< 1(“)4*}

= sup inf Ep [fg( NMecw + f1(ST7) e u} = G(z,u),
acACET

as required. ([

ii. In (7.1), if we put ¢ = 0 we obtain G < fy and for « = 0 we obtain G > fi.

Thus, fi < G < fa. Next, we prove the continuity of G. Let z,y > 0. Denote

z = max (57 ). Similarly to (6.8), we obtain that for any o € A and ¢ € [0, 7]

(1—L(z— 1)) fi(S;"") — LS (2 — 1)
14+ L(z—1) ’

fi(SyY) > i=1,2.

This together with the fact that {S"*}1  is a super-martingale gives

(1-L(z—-1))G(z) — Lz(z — 1)
1+ L(z—1) '

G(y)

vV

Since x,y are arbitrary we conclude that G(y) > limsup,,_,. G(z,) for any se-
quence z,, — y, which yields the upper semi—continuity. Similarly, for any sequence
Yyn — x we have G(z) < liminf, . G(y,), which yields the lower semi-continuity
and completes the proof. [
iii. Let D C (0,00) be an open interval such that G < fs in D. Fix z1,29,23 € D
and assume that 0 < 29 < 23 < 1. Let 0 < A < 1 such that x3 = Az1 + (1 — X)ao
We need to show that

(7.2) Glas) > AG(21) + (1 — \)G(2).

Let a € R be a constant such that }P’(W% > a) = \. Define the martingale

gt}, te0,7/2].

M; = Ep 21wy >a + 72lwy <a
Observe that My = x3. We deduce from It6’s formula that

M, :xgefo ay dWy—1 [T a? dv7
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where for t < g

2
1 o exp( E, ) a—W, exp( —— )
ﬁ@i xl/ N\ 2/ dv—i—:vQ/ ﬂdv
+ OWy a—W; /2 00 27.‘.(%_0
_.’L‘l—l'geXp<7§% ))
M,
Co g -

and for t = % define ar = 0.
Next, choose € > 0. There exist a(),a(® € A such that

. a(“,zi a("’),mi .
(73)  G(r)<e+ inf Er [fQ(sc ey + (S5 )HCZ%} L i=1,2.
2

Qp =

The processes a'?) are progressively measurable with respect to the filtration {G; }1_,
and so there exist progressively measurable maps ¢; : C[0,T] — C[0,T] (i.e.
[©i(y)][0,q depends only on yjg ;) such that a® = (W) a.s. Consider the Brow-

nian motion W; = Wt(-sQ-)T W(;)7 0<t< % We extend the process a to the
2

interval (T/2,T] by setting

o]~

ez = lwy>a[or(W)le +Iwy <alp2(W)]e, 0<t<

Clearly, the process {at}tT:O is non—negative and progressively measurable with

respect to the filtration {G;}7_,. The martingale {Mt}th/g satisfies 0 < zo < M <
x1. This together with the fact that o)), a(?) € A yields that a € A. Thus,

(7.4) G(xs) > Cien7£ Ep [fz(S?’””3)H<<T + f1(S§‘~’Z3)H¢:T} -
T
Now, we use the that G < fy in D. Define the process

2= _gsint B[S0 eer + £1(87™r | 6] € 0.7,

and the stopping time 7 € Tjo ] by,
n=inf{t: Z; = fo(S7"*)} A T.

From the general theory of optimal stopping (see Peskir and Shiryaev 2006, chapter
I), it follows that

Zo = B | fo(S5 ) yer + F1(SF™)Ty=r .
The strong Markov property of Brownian motion implies that for ¢t < %
Zt § G(S?JB,T - t) = G(Mt) < fQ(Mt),

Where the last inequality follows from the fact that M; € D. We conclude that

n > L a.s., and so from the independence of {Wt}T/2 and {Wt(Q)}tT:/ﬁ

s a't) oz oM z
Zo =EpZz = /\cler’lrfl Ep [fQ(SC Mecz + fl(sg 1)1[4:%}
2

. (2) (2)
=N inf B [fa(8ET oy + (ST g
2
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This together with (7.3)—(7.4) yields
G(ﬂ?g) Z ZO Z )\G(.’El) + (1 — )\)G(.TQ) — €,
and by letting € | 0 we get (7.2) and completes the proof. O

Recall the set C(vp), which was introduced in the beginning of Section 2, namely
the set of all continuous, strictly positive stochastic processes a = {at}z;o which
are adapted with respect to the filtration generated by W completed by the null
sets, and satisfy: i. a9 = 1p. ii. « and é are uniformly bounded. Define the
function F : (0,00) x (0,7] — R by

F(z,u)= sup inf Ep {fQ(S?’I)HCQL + fl(Sg’”)]IC:u} .
aeC(vg) CeTu

Lemma 7.2. For any x >0 and u € (0,T], F(z,u) > G(x).
Proof. Fix & > 0, u € (0,7T] and choose € > 0. Let a € A such that

(7.5) Gla) < e+ inf B | fo(ST")ecu+ f1(ST7)lemu]

Notice that dS;"" = a;S;""dW;, and so from the fact that % < ST < (O for
some constant C', we deduce that Ep[ [ af dt] < co. Thus, by applying standard

density arguments, it follows that we can find a sequence of stochastic processes
(™) C C(vp) such that

i e [ [ () = a0+ (af")? ~ (@) dt] =0

n—oo

We deduce from the Burkholder—Davis—Gundy inequality that

v 2
sup (/ (a,(:n) — o) th) 1 =0.
0<v<u 0

Therefore, we conclude the following convergence

lim EI{»
n— oo

sup |InS;™" —InS{""| — 0 in probability.
0<t<u

Next, choose § > 0. There exists n € N such that
P ( sup |InS;™* —InS{""| > 5) < 0.
0<t<u

Set X = supg<,<, f2(S;"") and the event U = (supg<;<,, |In 87" —In S| > §).
The growth condition (4.2) implies that Ep[X?] < co. Similarly to (6.8)—(6.9) we
get

() )
> [e4 yT @ ,T _
F(z,u) > clen£ Ep [HQ\U (fz(SC Me<u + f1(S5 )Hffu)i|

1-— L(€26 - 1) . a,T a,T
21T L@ ) Clél,;u Ep [f2(sc Me<w + f1(S5 )HC:u:|
1—L(e* —1) L(e* —1) .
— B[ XIy] - Ep[SY”
T (e — 1) W = T — gy Sp BelScT
1—L(e* —1) L(e* —1)

(G(;z:) e 5IEP[X2])

=1+ L(e® —1) TIrL(e®—1)"
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where the last inequality follows from (7.5), the Cauchy—Schwarz inequality and the
fact that S®7 is a super—martingale. By letting ¢ | 0 we obtain F(x) > G(z) — ¢,
and by letting € | 0 we complete the proof.

Next, recall the terms H and g which were defined before Assumption 4.1. From
Lemma 7.1 we conclude that G € H, in particular G > g. This together with
Lemma 7.2 gives the following immediate corollary.

Corollary 7.3. For any x > 0 and u € (0,7,

(7.6) sup inf Bp [ (SO ecw + F1(S2)emu| > g(a).
aEC(Vo)CGT“

We end with the following remark.

Remark 7.4. Let us take r = 0. Then by following the proof of (4.6) and applying
Lemmas 7.1-7.2, we get that for any u € [0,T]

V > F(So,u) > G(So) > g(So).

This together with the inequality V- <V < g(Sy) (Assumption 4.1 holds true) gives
F(So,u) = G(So) = g(So), i.e. we conclude that F(x,u) = G(z) = g and G is
the minimal element in H. Observe that the functions F,G are independent of
the interest rates, and so this result can be viewed as a general conclusion which
provides a link between the game variant of concave envelope g and the value G of
the optimal stopping problem under volatility uncertainty.

8. DENSITY RESULTS FOR MARTINGALE MEASURES

Recall the filtered probability space (2, F, {F;}~_,,P) and the price process S =
{S:}E , introduced in (2.2). For any probability measure Q < P, we denote by Q°
the distribution of the discounted stock price process S; = %37 t € [0,7] on the

canonical space C[0,T]. Namely, Q%(A) = Q(S € A) for any Borel set A € C[0,T].

Define MS = {Q : Q € Q}, where Q is the set of all probability measures
Q < P such that {W;}I_, is a Brownian motion with respect to Q and the filtration
{F}L,, as defined in Section 3. Clearly, M C M, where M denotes the set of
all strictly positive local martingale measures as in Section 3.

Lemma 8.1. If the financial market given by (2.1)—(2.2) is fully incomplete, then
M5 is a weakly dense subset of M.

Proof.
First Step: Denote by M? the set of all probability measures Q € M such

that the canonical process S is a Q—martingale which satisfies é <S<CQ-

a.s. for some constant C' > 0 (which depends on Q) Let us show that M’ is a
weakly dense subset of M. Let @ € M. For any C' > 0 define the stopping time
7o =T Amin{t : S; < % or S; > C}. Observe that the continuity of S implies that
7o is a stopping time with respect to the canonical filtration F, = o{S, : u < t}.
Consider the truncated stochastic process S¢ given by S¢ = S;n., , t € [0,T]. Let
Q% be a probability measure on C[0,T] defined by Q(A) = Q(S® € A), for any
Borel set A € C[0,T]. Observe that Q is the distribution of the process S¢ under
the probability measure Q. Clearly, limc o maxo<i<7 [SY —Si| = 0 Q-a.s. Hence,
as C' — 00, QY converges weakly to Q.
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From the Doob optional stopping theorem, see e.g. Liptser and Shiryaev (2001,
Theorem 3.6), it follows that under the probability measure @ the stochastic process
S¢ is a continuous martingale which satisfies % < S¢ < C Q-a.s. Thus, for any
C > 0, we have Q¢ € M?, so we conclude that @ is a cluster point of M?, as
required.

Second Step: Choose @ € M? and fix € > 0. There exists n € N such that

(8.1) EQ( sup S, — Sv|) <e.
lu—v|<T/n

From the existence of the regular distribution function (see e.g. Shiryaev (1984,
page 227)), there exists for any 1 < k < n a function py : R x R¥=1 — [0, 1] such
that for any yi,...,yx—1 € R¥"1 pp(-, 91, ..., yx_1), is a distribution function on R,
and for any y, pr(y,-) : RF=1 — [0, 1] is measurable satisfying

Q (SkTT < y‘S%,...,SW) = pk (y,S%,...,SW), Q-a.s.

Recall the probability space (Q, F,{F;}1_,,P) and the filtration {G;}]_, gener-

ated by W, completed by the P-null sets. Set Z; = Wir — Wu-nr, i = 1,...,n.
Define recursively the random variables !

(82) My=s andfor 1 <k<n M =sup{y|ps(y, M1,.... M}_1) < ®(Z;)}

where @ is the cumulative distribution function of \/%Wl. Since pj is a right-

continuous non-decreasing function in the first variable, we obtain that { M} < z} =
{pr(z, My, ..., My_,) > ®(Z)}. Thus (by induction), we conclude that Mo, ..., M,
are measurable. Moreover, since @(Zk) is a random variable uniformly distributed
on [0,1], we get

P(My, <y|M, ..., My_1) = pr(y, M1, ..., Mj_y).

Therefore, the joint distribution of My, ..., M,, under P equals to the joint distribu-

tion of Sg, Sz, ..., St under Q. In particular, we have
1
(8.3) c <M, <C Pas.

for some constant C'. Furthermore, there is for any k a measurable function gy :
R* — R such that My = gk(Zl, ey Zk) P-a.s.

Third step: Define the Brownian martingale M, = Ep(M,, |Gt), t € [0,T]. Due to
the independent increments of Brownian motion, Mr = My, for any k. Define the
random variable X = maxo<p<n |Mp+1 — Myl Now,nlet k<mnandte[kT/n,(k+
1)T'/n]. From Jensen’s inequality \Mt — ]\kaT/n| < Ep(X|G:). Thus, applying
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Doob’s martingale inequality and (8.1) yield

8.4 P M, — M
(84) (ogll?i(nkT/n<t<?k+1 My = Mz /n] > Ve)

<P <013ta<xT1EP(X|gt) > ﬁ)

IN

ng
(@)

EpX

= —=Eq <Or<nkax ISk+1y7/m — SkT/n|>
< Ve

For k < n and ’%T <t< w, we obtain from the Markov property of Brownian
motion that M, = V(2 oy Zi t, Wy — Wit /n), where

5

2
oo - - e Ck+2)T/n—2t

(T Z ,...,Zk,t, :/ k 1y s Liy U + dv

(% y) ,oog“( ' y)\/m (k+1)T/n—1t)

From (8.2), we see that the function gx11(y1,...,Yx+1) i non-decreasing in Yt 1-
Hence the function ¢y (71, ... ,Zy,tyy) is non-decreasing in y. By Ito’s formula, M, =

SO“‘fOt BudW,, t € [O,T], with §; = oYy nf/T](Zl,a Zint/1):6:Y) |{y =W, — W[nt/T]T/n}a

Y

€ [0, 7], being a non—negative process. Finally, set ay = % Then, by construc-
t
tion, a € A, where A is the set defined in Section 7, which means « is a non-negative

{G} ,-progressive process such that
= Spels cwdWom3 Jatdv 4 [0 T,

satisfies % <M< C, where the last inequality follows from (8.3).
Fourth Step: Consider the space of all probability measures on C[0,T]. Recall
the Lévy-Prokhorov metric

d(Py, P) =inf{d > 0: Pi(A) < &+ Py(A%) and Py(A) < § + P (A%) YA},

where A? is the set of all function that their distance (in the uniform metric) to the
set A is smaller than §. As C[0,7T] is a Polish space, the Lévy-Prokhorov metric
induces the topology of weak convergence. Define the linear extrapolations

St := ([nt/T) + 1 = nt/T) Spneyryrn + (/T — [0t/ T)) Sty ry41)17m < T,
My := ([nt/T] + 1 — nt/T) Mipy7) + (nt/T — [nt)T]) Mipgjrys1, ¢t < T

As a consequence of the second step, we obtain that the distribution of S (under
Q) equals to the distribution of M (under P). Denote it by Q;. From (8.1) and
the Markov inequality we obtain that d(Q, Q1) < y/e. The inequality (8.4) implies
that d(Q1,Q2) < 2\/€ where Q, is the distribution of M (under P). Thus, we get
d(Q,Q2) < 3y/e. Since € > 0 was arbitrary, we obtain that the set of distributions
of S(® (recall the definition after formula (6.3)), o € A, is dense in M?, and in
view of the first step we obtain that the set of distributions of S(®), o € A, is dense
in M. Moreover, using similar arguments as in Lemma 7.2, we conclude that the
set of distributions of S(®) o € C(v), is dense in M. We arrive to the final step.

Fifth step: From the last step, it follows that it is sufficient to prove that for any
a € C(vp) the distribution of 8(®) lies in the weak closure of M. Thus, choose
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a € C(vg). We use the property of fully incomplete market. By Definition 2.1, there
exists a sequence of probability measures Q,, < P, n € N, such that (2.3) holds for
e = 1 and W is a Q,, Brownian motion. Since o is adapted to {G;}7_, then the
distribution of (a, W) under Q,, is the same as under P. Hence, the distribution of
(v, W) under Q,, converges weakly as n — oo (on the space C[0,T] x C[0,T]) to
the distribution of («, W) under P. Recall that

t
dgt =50 +/ Vtgt th, te [O,T], @n—a.s.,
0

t

as{® = Sy + / S dW,, te0,T] P-as.
0

Thus, from Duffie and Protter ~(1992, Proposition 4.1 and Theorem 4.3-4.4), we

obtain that the distribution of S under @Q,, converges weakly to the distribution of

S(@) | as required. ([l

Remark 8.2. It is possible to define a fully incomplete market as a market which
satisfies that the set of distributions

{Q(S € ) : Q is an equivalent martingale measure}

is a weakly dense subset of M. This is the only property that we used in the proof
of Theorem 3.1. However, when dealing with game options (or any options which
involve stopping times) such as Theorem 4.2, we need an additional structure related
to the filtration {F;}I_,. This additional structure is given by (2.2) and Definition
2.1.
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