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underlying stock, are allowed. The first one of the problems considered is the model-
independent hedging that requires the super-replication to hold for every continuous
path. In the second one the market model is given through a probability measure P
and the inequalities are understood the probability measure almost surely. The main
result, using the convex duality, proves that the two super-replication problems have the
same value provided that the probability measure satisfies the conditional full support
property. Hence, the transaction costs prevents one from using the structure of a specific

model to reduce the super-replication cost.
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1. Introduction

The problem of super-replication is a convex optimization problem in which the investor minimizes the cost of a
portfolio among those satisfying the hedging constraints. In the classical case, the financial market is frictionless
and the investors can buy or sell any quantity of the stocks and other financial instruments at the same price.
Then, the corresponding problem is linear and the optimization problem is in fact an infinite dimensional
linear program. In the quantitative finance literature, this problem is well studied and is known to be related
to arbitrage. One central result is a convex duality result, which contains deep financial insights, including the
fundamental theorem of asset pricing.

In the celebrated papers of Dalang et al. [9], Delbaen and Shachermayer [10], and Kreps [18], the financial
market is modelled through a probability measure [P that describes the future movements of the stock prices in
the time interval [0, T]. The stock price process S and the measure [P are defined on a probability space Q and
a filtration F = {7, },¢[,r))- The main object of study is an uncertain liability that will be revealed in the future.
It is usually modelled through a #; measurable random variable &, and the main goal is to reduce the risk
related to & by appropriately trading in the financial market. The investment opportunities are given abstractly
through a linear set 5/, denoting the set of all admissible portfolios 7 with a final portfolio value Z7 at time T.
Then, the super-replication problem is to minimize the cost among all portfolios that reduces the risk related
to the liability & to zero. Mathematically,

V(&) :=inf{#(n): 31 € & such that ZF > &, P-as.}, (1)

where Z(m) €R is the cost of the portfolio 77. Once a market model is fixed through a probability measure [, then
all statements are supposed to be understood P-almost surely. Hence, the only role of the probability measure
is to describe the null sets or equivalently all impossible future scenarios. Any other probability measure that
is equivalent to [ (i.e., any measure with the same null sets) would yield the same super-replication cost. This
problem is studied extensively when the market is frictionless or equivalently Z is linear and when only the
adapted dynamic trading of the stock without constraints is considered. Under no-arbitrage type assumptions
and mild technical integrability conditions, the convex dual is the following maximization problem:

D(&) :=suplkg[&],

Qea

448

RIGHTS L1 N Hig


http://pubsonline.informs.org/journal/moor/
mailto:yan.dolinsky@mail.huji.ac.il
mailto:hmsoner@ethz.ch

Downloaded from informs.org by [129.132.211.114] on 07 June 2017, at 05:15 . For personal use only, al rights reserved.

Dolinsky and Soner: Convex Duality with Transaction Costs
Mathematics of Operations Research, 2017, vol. 42, no. 2, pp. 448-471, ©2016 INFORMS 449

where @ is the set of all “martingale” measures that are equivalent to [P. Precise statements in continuous time
are technical and we refer the reader to the seminal paper of Delbaen and Shachermayer [10].

These classical results were then extended to markets with trading frictions. It is shown that super-replication
in markets with (proportional) transaction costs is prohibitively costly as first proved in Soner et al. [23] and
later generalized in Levental and Skorohod [19], Cvitanic et al. [8], Bouchard and Touzi [6], Jakubenas et al. [17],
Guasoni et al. [15], and Blum [4] and for the game options in Dolinsky [11]. In all of these examples, the super-
replication cost is minimized among all “trivial” strategies. Hence, the investor does not benefit from dynamic
hedging when the objective is to super replicate with certainty. Also, in all of these examples not the null sets
of P but rather the support of it is important. The related question of the fundamental theorem of asset pricing
and super-hedging duality with a given P is studied by Schachermayer [20, 21] and the references therein.

One may reduce the hedging cost by including liquid derivatives in the super-replicating portfolio. In partic-
ular, this might be the case for semi-static hedging, which is detailed in the next section. Namely, the investor
is allowed to take static positions in a finite number of options (written on the underlying asset) with initially
known prices. In addition to these static option positions, the stock is also traded dynamically, and all of these
trades are subject to proportional transaction costs. In terms of the above notation, the set $i of admissible
portfolios is enlarged by static option trades but the transaction costs make the cost functional & to be convex
rather than to be linear, as in the classical papers. We refer the reader to the survey of Hobson [16], a recent
paper of the authors Dolinsky and Soner [14], and the references therein for information on semi-static hedging
in continuous time.

While the model-independent approach with semi-static hedging received considerable attention in recent
years, there are only few results for such markets with friction. Indeed, recently the authors proved a model
independent duality result for semi-static hedging with transaction costs in discrete time (Dolinsky and
Soner [13]). Again, in discrete time a fundamental theorem of asset pricing was studied in Bayraktar and
Zhang [2] and in Bouchard and Nutz [5] in markets with transaction costs. These later papers consider the
quasi-sure criterion given by a set of probabilistic models. To the best of our knowledge, in continuous time
semi-static hedging with transaction costs under model uncertainty has not yet been studied.

In this paper, we consider a continuous time financial market that consists of one risky asset with continu-
ous paths. In such a financial market, we study two super-replication problems of a given (path dependent)
European option. We assume that the dynamic hedging of the stock as well as the static option trading are
subject to transaction fees. In the first problem, the market model is given through a probability measure P.
Then, the optimization problem corresponds to a straightforward extension of (1). The second one is the model-
independent problem referring to super-replication for all continuous stock price processes. Namely, in (1) we
require the inequality ZT > & to hold not P-almost surely but rather for every possible stock price path. These
definitions are given in the Section 2.5.

Our main result in Theorem 2.7 states that these two problems described above have the same value provided
that the distribution P of the stock price process satisfies the conditional full support property; see Definition 2.6.
Hence, in the presence of transaction costs, the knowledge of the model does not reduce the super-replication
cost. This explains the earlier results on super-replication with friction and why the optimal hedge in these
examples are the trivial ones.

Theorem 2.7 is proved under regularity in Assumptions 2.1, 2.2, and a no-arbitrage type of condition in
Assumption 2.3. However, we do not assume any admissibility conditions on the portfolio. Furthermore, we
provide a duality result for the mutual value in terms of consistent price systems on the space of continuous
functions that are consistent with the option prices. This duality is very similar to the one proved in discrete
time in Dolinsky and Soner [13].

The proof of Theorem 2.7 is completed in four major steps. First, we reduce the problem to bounded payoffs
by applying the pathwise inequalities that were obtained in Acciaio et al. [1] and earlier by Burkholder [7].
In the second step, we obtain a lower bound for the super-replication cost in the case where the model is
given. This bound is expressed in terms of modified model-free super-replication problems with appropriately
lowered rate of transaction costs. The third step is to derive an upper bound for the model-free problem. This
step is done by applying the recent results of Schachermayer [21] together with a lifting procedure similar to
the one developed in our earlier work (Dolinsky and Soner [12]). The last step is a probabilistic proof for the
equality between (the asymptotic behaviour of) the lower and the upper bounds.

The paper is organised as follows. Main results are formulated in the next section. In Section 3, we reduce
the problem to bounded claims. A lower bound for the super-replication price in a given model is obtained
in Section 4. Section 5 derives an upper bound for the model-free super-replication price. The last section is
devoted to the proof of the equality between the lower and the upper bounds.
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2. Preliminaries and Main Results
2.1. Market and Notation
The financial market consists of a savings account that is normalized to unity B, =1 by discounting and of a
risky asset S, t € [0,T], where T < oo is the maturity date. Let s := S, > 0 be the initial stock price and without
loss of generality set s =1. We assume that the risky asset could be any continuous process with this initial
data.

In the sequel, we use the following notations. For s >0, t € [0, T), we set

€[t T]:= {f [t,T]—[0,00)| f is continuous, f(t)= s},
€[t T]:= €[t TI;

s>0

and for s >0,

€[t T]:={fe€lt, T f(u)>0,Yuelt,Tl},
€[, Tl = €L, T).

s>0

Then,
Q:=%"[0,T]

represents the set of all possible stock prices or the probability space. We let S = (S;)o<;<r be the canonical
process given by S,(w) := w,, for all © € Q and F, :=0(S,, 0 < s < t) be the canonical filtration (which is not right
continuous). We say that a probability measure @ on the space (Q,F) is a martingale measure, if the canonical
process (S;)/_, is a martingale with respect to Q.

Further, we let

D[0, T]:={f: [t,T] = [0,00)| f is cadlag},

be the Skorokhod space of cadlig functions with the usual sup-norm

vl := sup [v,].
0<t<T

2.2. The Claim and Its Regularity
We model the liability of the claim through a deterministic map of the whole stock price process. Indeed, for a
given deterministic map

G:D[0, T]| - R,,

a general path-dependent European option has the payoff £ = G(S). Hence, although we consider only contin-
uous stock price processes, we implicitly assume that the option is defined for all bounded measurable maps.

Our regularity assumption on the payoff is the same as the one used in Dolinsky and Soner [12]. For the
convenience of the reader, we briefly review this assumption, but refer to Dolinsky and Soner [12] for an
extended discussion and its connection with the Skorokhod metric. In particular, all options on the running
maximum and Asian type options satisfy it. We make the following standing assumption on G.

Assumption 2.1. We assume that there exists a constant L > 0 satisfying,

(i) |G(w)-G(@)| < Lllw - @, w,&eD[0,T], and
(i) |G(v)—G(D)| < L|lv|| =}, |At, = A, for every piecewise constant function v, d € DO, T] of the form

n-1 n-1
v, = ZO: 0i Xt ) (D) + 00 X1, 7 (F) and 0= ZO: 0 Xii i (D) + 00 X, 1y (F),
1= i=

where ty=0<t; <---<t,<T, },=0<F <---<F, <T are two partitions and as usual At,:=t, —t,_,, AF:=F —F_y,
Xa is the characteristic function.
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2.3. Static Positions
Next, we describe the assumptions on the static options. We assume that there are N many options

fireeo DO, T] >R

that are initially available for static hedging. These options may be path dependent. We assume that their prices
Zy,...,%y € R are known and that we can take static long positions on these options. In this context, short
positions can also be allowed by including the negative of the options, but the prices of these two (option and
its negative) should add up to a positive value equaling the bid-ask spread on this option. Set

FS) =1, £i(S),..., fu(S) and L=, %,..., L),

where the first function that is identically equal to one stands for investment in the nonrisky asset and we
assume that the investor can take long or short positions only in this option. But as discussed before, we allow
only long positions in the other options. Thus, a static position in the these options is represented by c € R x RY
indicating an investment of a European option with the payoff ¢ - #(S) for the price

Hc):=c-%, (2)

where “-” denotes the standard inner product of RN*".
We assume that the static options satisfy some regularity assumptions and one of the static options has a
super quadratic growth. More precisely, we assume the following.

Assumption 2.2. Functions f,,..., fy_; satisfy Assumption 2.1. We also assume that if f; is path dependent (i.e., do not
depend only on the value of the stock at the maturity) then it is bounded. For i = N, we assume that fy(w)=q(wy) where
q: R, = R, is a convex function satisfying

=gl <=1+ B2+ T2), vy >0

and

liminf @ > 0. 3)

X—00 x2

Since we consider hedging under proportional transaction costs, it is reasonable to assume that the options
f1(S), ..., fy(S) are also subject to transaction costs. This together with no-arbitrage considerations (see also
Bayraktar and Zhang [2], Bouchard and Nutz [5]) leads us to the following assumption.

Assumption 2.3. There exists a martingale measure Q on the canonical space (Q,F) such that
Eolfi(S)] <%, Vi=1,...N,

where Eg, denotes the expectation with respect to the probability measure Q.

Remark 2.4 (Comments on the Assumptions). In this paper, we assume that there are only finitely many static
options. This setup is different from the one in Dolinsky and Soner [12, 13, 14], where we assumed that the
set of static options equals to {f(S;): f: R, — R} (and includes power options). The present assumptions
seem to be more realistic. We still assume that we have an option with super quadratic payoff fy. This is
needed for reducing the problem to bounded claims and for dealing with the hedging and the pricing error
estimates arising in our discretization procedure. In fact, it is sufficient to include an option with super linear
payoff, however for the simplicity of computations we assume super-quadratic growth. Since the main focus
of this paper is the equivalence between two different super-replication problems, we do not seek the most
general assumptions on the static options. It is plausible that the main result holds under weaker assumptions.
In particular, for bounded claims one might be able to avoid the use of the quadratic option as in Dolinsky and
Soner [13].

The second assumption states that there exists a linear pricing rule that is consistent with the observed option
data. This implies in particular no-arbitrage in this market. Also the strict inequality implies that the options are
subject to proportional transaction costs. The equivalence of no-arbitrage and the existence of such measures is
in fact a difficult question. Only recently, several discrete time results in this direction were proved in Bayraktar
and Zhang [2] and Bouchard and Nutz [5].
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2.4. Hedging with Transaction Costs

We continue by describing the continuous time trading with proportional transaction costs, in the underlying
asset S. Let x € (0,1) be the proportional transaction cost rate. Denote by y, the number of shares of the risky
asset in the portfolio m at moment of time f before the transaction at this time. Due to transaction costs, it has
to be of bounded variation. Hence, we assume that the process y = {)/t}tT=0 is an adapted process (to the raw
filtration generated by the stock price process) of bounded variation with left continuous paths with y, =0. Let

Vi=Vi—Vr

be a decomposition of y into positive and negative variations. Namely, y; denotes the cumulative number of
stocks purchased up to time t not including the transfers made at time t and, respectively, y;, denotes the
cumulative number of stocks, sold up to time ¢ again not including the transfers made at time t. Let s/ be the
set of all such processes.

In this financial market, a hedge is a pair = (c,y) € {:=R xRY x s/ and the corresponding portfolio liquidation
value at the maturity date T is given by

Z7(8) = c-F(S) +lyr—xlyrllSr+ (A =x) | S, dy, =(+x) [ S, dy,,
[0,7] [0,T]
where the above integrals are the standard Stieltjes integrals and F(S) is as in Section 2.3. Notice that the term

—x|y7| St in the first line is due to liquidation cost at maturity. The cost of this portfolio = (c,y) is equal to Z(c)
as defined in (2).

2.5. Super-Replication Problems
In this subsection, we introduce two super-replication problems. For the liability & = G(S), the model-free super-
replication cost is defined by

V.(G):=inf{Z(c): Am € I =RXRY x st so that Z}(S) > G(S), VS € Q}.

For the second problem, we assume that a probability measure [P on the canonical space () is given. Then, the
corresponding problem is

VI(G) :=inf{Z(c): Am € I =RXRY X s¢ so that Z(S) > G(S), P-a.s}.

The main goal of this paper is to obtain the convex duality for these functionals and prove that they are equal
if the measure P has conditional full support as defined in the next subsection.

2.6. Main Results
To formulate our results, we need the following definitions. Recall that €"[t,T] and the canonical space Q =
;" [t, T] are defined in Section 2.1.

Definition 2.5. Consider the sample space Q:= Qx €**[0,T]. Let § = (S',S?) be the canonical process on Q
and [, := 0(S,,0 < s <t) be the canonical filtration. A (x, %) consistent price system is a probability measure Q on
Q satisfying,

(1) S¥ is a @ martingale with respect to [F;

2 1- K)Sﬁl) < SEZ) <(1+ K)SEU, @-a.s; and

B) Eglfi(S")) <%, foralli=1,...,N.
The set of all (x, <) consistent price systems is denoted by ./, .

Next, we recall the notion of conditional full support. As usual, the support of a probability measure P on a
separable space, denoted by suppP, is defined as the minimal closed set of full measure.

Definition 2.6. We say that a probability measure P has the conditional full support property if for all t € [0, T)

supp P(Sy,, 1 IF,) = €5, [t, T], as.,

where P(Sy; 1) | F,) denotes the F,-conditional distribution of the ¢*[t, T] valued random variable Sy; 7, which
is the restriction of the canonical process to [, T].

We are ready to state our main result.
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Theorem 2.7. Suppose Assumptions 2.1-2.3 hold. Assume 0 < x <1/8 and let P be a probability measure that satisfies
the conditional full support property. Then,

VI(G) =V, (G)= sup E4[G(S™)].

Qe 4

Clearly, VP(G) < V(G). Therefore, in order to prove Theorem 2.7, it suffices to prove the following two
inequalities:

Vi(G) 2 sup Eg[G(SM)] (4)
Qe
and
V.(G) < sup Eg[G(S™)]. 5)
Qe o

The lower bound (4) is proved in Lemma 6.2 and the upper bound (5) is established in Lemma 6.3.
In the sequel, we always assume, without explicitly stating, that 0 < x <1/8.

3. Reduction to Bounded Claims

The following result shows that in this market one can hedge certain claims in the tails with small cost. Similar
to Dolinsky and Soner [12, 13], the proof is done by combining Assumption 2.2 and the results of Acciaio
et al. [1].

Lemma 3.1. For any K > 0 consider the European claim

ISHl

ag(8):= x ISIxgsi=x(S),  S€Q,

where as before x , is the characteristic function. Under Assumption 2.2,
I}im V.(ax)=0.
Proof. Let
0y:=0,(S)=0

and for a positive integer k we recursively define the stopping times by
Gk = Qk(S) = T AN lnf{t > Qk_ll |St - Sek—ll = 1}

Let K:=K(S) =min{k: 6, =T}. Clearly, [ < co for every S € Q. By (3), it follows that there exists ¢, > 1 such that

2

g(x) = JCC—, Vx=>c,. (6)
q

Consider the portfolio 7 = (¢, y), where
K-1

Ve=- Z max SB,X(Bf,6i+1](t)' te[0,T],

i o<j<i

and
c:(cg,O,...,O,cq),

i.e,, we buy ¢, many options ¢(S;) and invest in the riskless asset c; dollars. By summation by parts, Acciaio
et al. [1, Proposition 2.1] (see also Burkholder [7]) and (6), it follows that

K-1
Z§(S) = ¢} +¢,9(51) = 3 [ maxSy |(Sa,, = So)
i=0 VSIS
K-1
- 35S0 xS, = max S |
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—KSS—KST[ max S@]
0<j<k-1 7

S (1—81<)m

ax S2 .

0<j<IK b

Observe that

IS|| <1+ maxS, <2max§, .
0<j<K 7 0<j<KK j

Also, since for any S€Q, S; =1, ||S|| = 1. Hence,

Kag(S) < [ISII+1ISI1* < 2|IS|I* < 8 max Sé,»
<j<

Thus, (recall that x < 1)
(1—81<)( )> K(1 - 8x)
— >—"

32

We conclude that the super-replication cost of [K(1—8x)/32]ay is no more than the cost of this portfolio. Hence,

Z5(S) >

max S5 ag(S).

o<j<k Vi

32 Cﬁ +c, Ly
(1-8x) K

V. (ayg) < )

and the result follows after taking K to infinity. O
Next, we establish the reduction to bounded claims.
Lemma 3.2. Under the assumptions of Theorem 2.7, it is sufficient to prove Theorem 2.7 for bounded claims.

Proof. Let L be the Lispschitz constant in Assumption 2.1. For any K > 1 set
Gk(S):=G(S)A[LK+G(0)], SeQ.
From Assumption 2.1, it follows that G(S) < G(0) + L||S||. Therefore, for all K > 1,
G(S) < Gk(S) + (G(0) + L)ag(S).

Consequently,
V(G) V(G +(GO)+L)Vi(ay),  V(G) < VI(Gh)+(G0) + L)V (ay).

Since G is bounded, if Theorem 2.7 holds for such a claim, by the monotone convergence theorem we would
have
V.(G) = lim V,(Gy) = lim sup Eg[G(S")]= sup Eq[G(S")].
K—eo K= ge i, o Qe o
Similar identities hold for VP(G) as well, proving the main theorem for all claims satisfying the
Assumption 2.1. O

From now on, we will assume (without loss of generality) that there exists a constant K >0 such that 0 <G < K.

4. Lower Bound
In this section, we establish estimates for the lower bound (4), under the assumptions of Theorem 2.7. We start
with several definitions.

Recall that D[0, T] is the set of all cadlig functions f: [0, T] — R,. Denote by S, the canonical process (i.e.,
S,(w) := w,) on D[0,T]. As usual, we consider the Borel o-algebra with respect to the sup-norm (this Borel
o-algebra coincides with the one generated by the Skorohod topology). Let F, = 6{S, | u < t} be the canonical
filtration.

Lete>0,neNand 7 :={T,,...,T,, T} be a partition of the interval [0,T], i.e, 0<T; <---<T, <T. In the
sequel we shall always assume that € <In(1+1/L)and e<T,;-T;,i=0,1,...,n -1

Definition 4.1. For any 0 < ® < x, let /%Zj be the set of all probability measures @ on the space D[0,T]
satisfying,
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(1) The canonical process S is of the form

n-1
1= 24 S0 X, 1) + SeXiad, 10,1
=0
where 0=79 <79 <...<#9 =T and §,=1
-t = "1 = =tna1 " 0=+

(2) For any k < n, on the event ’T](i)l < T we have

|lnS~(e) —ln§~(e> = €.
Tk Tk

(3) Forany 1<k<n+1, ”f;f) €7, Q-as.
(4) There exists a (Q,F) cidlig martingale {M }T: such that
8 g t5t=0

(1-%)8, <M, <(1+%)S,, Q-as.
(5) Finally,

Ealf(S)] < %, —LC(e* +e-1), i=1,...,N-1,

N (1 —=L(ec 1)) = LC(ef —1)
Ea[fn(§)] < = 7L —1) ,

where C := 8Vc: +c,%y, and ¢, is given in (6).
The following result provides a lower bound on the super-replication price VZ(G).

Lemma 4.2. Let P be a probability measure on Q, which satisfies the conditional full support property. Assume that

min(l—'_—K 1_K) > e%. 8

Then, for every partition I ={T,,...,T,, T},

VE(G) > sup Eg[G(S)]-LC(e* +e—1).

Qeul's
We always use the standard convention that the supremum over the empty set is minus infinity.

Proof. Fix, € >0 &, 7 as above. If /(]S = @ then the statement is trivial. Thus without loss of generality we
assume that /('S # @. We fix an arbitrary measure Q € (]S, and we will show that

VH(G) = E[G(S)] - LC(e* + e —1). 9)

The proof of the above inequality is completed in two steps. In the first step, we use the conditional full support
property of P and construct a consistent price system that is “close” to Q. In the second step, we use the
super-replication property and the constructed consistent price system in order to obtain a lower bound on
the price.

Step 1. In this step, we use the conditional full support property of [? in a similar way to Guasoni et al. [15].
Set T((f) = T((f)(S) =0, and for any positive integer k > 0, recursively define

Tff) = T,(f)(S) =T Ainf{t > T,(f_)lz [InS, —InS « | =€},
k-1
where as before we denote by S the canonical process on Q. Define a random integer by,
K:=K(S)=min{k: 7" =T} - 1.
Then, it is clear that 0 < K < co. We also set,

Sk::ST(f) , 1<k<n+1,
kA
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and
op=min{t €T: t > 1 . (10)

Recall that the p051t1ve integer 1 is the number of points in the fixed partition 7 = {T,,...,T,, T}.
For 6>0,i= ,n and j==1, let ¢"J: [0,T;] > R,, be the linear functions satisfying

g/=1 and g}/ =e+20j.
We assume that 6 is sufficiently small so that ¢/ is strictly positive. Next, on Q we define the events

AY :={sup IS, gt]|<6} i=1,...,n, j=+I,

1
0<t<T;

A(TO) = { sup |S; —1| <6}.

0<t<T

In view of the conditional full support property, all of these events have nonzero P probability. Also, observe
that for sufficiently small 6, for i =1,...,n, j==+1

AV B :={2 e [T, ~¢/n, T,1,S 10 = exp(xe)}.

Also A(TO) - B(TO) = {Tie) = T}. Thus, we conclude that the events B#D, Bf]), i=1,...,n, j =+1 have nonzero P
probabilities as well.

We proceed by induction. Assume that for a given k >1 and any j;,...,jy =+1, 1 <i; <--- <i, <n, we have
proved that the probability of the sets

k m
B(]i’..,zik) ﬂ{’[fﬁ) €lT, —e/nT, 1 S.= exp(ez jr)}

m=1 r=1

and
G0 _ ([ @ S © _
B i = ﬂ T €[T; —e/n,Tiyn],Srfﬁ) =exp GZ]r Nn{r, =T}
m=1 r=1
have nonzero [P probabilities.
Let ji,..., jz;a =1, 1 <4 <-+- < iy < n. On the event T](f) < T, define the random, linear function
gik+1/fk+l: [T](f) ] - R by

ixe1

Tk+1

k ) ) k+1
g’ﬁ:} Tl = exp (6 >, jr) and  gp"" =exp (6 > J}) +20j511.
r=1 r=1

From the conditional full support property and Guasoni et al. [15, Lemma 2.9], it follows that for any event
B €T« the conditional probabilities
k

IP( sup  |S, — g < 6 ' """"""" ’ kjk) N B) >0,
n9<i<T;
and .
[P’( sup |S, —exp(ez ],) <0 ‘ Bffllk/k) N B) >0,
<< r=1

provided that [P’(B(]1 """ YA B)>0. Thus, similarly to the case k =1, for sufficiently small 6 we conclude that the

.y

[® probabilities of the't tollowing events

k+1 m
Gtrorjist) . B .
Bi]]f_wiﬁll = M{Tfﬁ) €lT,, —€/n, T, 1,S0= exp(ez ]r)}

m=1 r=1
and
e, =m)

k m
G ,0) .
Blﬁ...,zsz = m{ffﬁ) €lT,, —€/n, T, 1,S0= exp(ez ],)

m=1 r=1

are positive. This holds true for any k <n +1.
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Recall the measure Q € /('S that was fixed at the start of the proof and the ;s defined by (10). In view
of the above discussion, and by using similar arguments as in Guasoni et al. [15, Lemma 2. 4], it follows that

there exists another probability measure @ < P such that the distribution of (S;,...,S,.1,04,...,0,,;) under Q
is equal to the distribution of (S.«), ..., S%m , %ge), .. ~ff+1) under @, and in addition for any i <n, we have
1 n+1
Q(Sj41,0111 | [FTI(_GJ) =(Si41,0411S1,--,S;,04,...,0:), Qas. (11)

Also observe that from our construction it follows that for any k,
Gl A
loy—1,71 < o Q as. (12)

and A
i€ X <S, < S e%, Vie[r?,79], Qas. (13)

+1
Now, we arrive to the second step of the proof.

Step 2. Since Q€ . : ¢, the definition of this set implies that there exists an associated martingale {Mt}tT:O, which
satisfies y 3 3 3
1-%)S, <M, <(1+%®)S,, tel0,T], Qas.

Then, for any k <n +1 there exists a measurable function
U R" X T >R,

such that ( (
Mo = Vi(S, @+ Syt S0, B, T,

Ty

Moreover, ~ y ~ ~
1- E)Sf(e) <M. < 1+ E)Sf(e), k<n+1, Qas. (14)
k k k

Then, on Q) we define the stochastic process M simply by
M= (Sy,...,5,01,...,04).
In view of (11) and (14), it follows that for any k,
[EQ(MkH | [F7<kf>) = Mk (15)

and A
(1-R)S, <M, <(1+%®)S,, Q as. (16)

Now, let m=(c,y) be a P almost-surely super-replicating portfolio. By (8), (13)-(16) and by summation by parts,
it follows that

[E@(yTST—KlyTISTJr(l—K)/ Sudy;—(1+1<)/ S, d)/:j)
[0,T] [0,T]
S[EQ(YTMnH+(1_1€)Zsk+1/[(€) Y qu)

k=0 %
—E@((1+12)25k+1/ dV;)
=
SE@(VTMn+1+ZMk+1(/() d%:_/ d%j))
k=0 A A
= [E@(Z Ve (M1 = Mk)) =0. 17)
k=1

Next, we introduce the stochastic process {S~t}tT:0 by,

H

n—

5= D SiXoy, 00 + S X6, 1 (F),
0

-~
Il
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where we set 0j = 0. From our construction, it follows that the distribution (on the space D[0,T]) of {gt}tho
under Q is equal to the distribution of S under Q. Thus,

EoG(S)=E5G(S) and  Eqfi(S)=Esfi(S), i<N. (18)

We next use the Assumption 2.1 and the properties (12)—(13). The result is the following inequalities that
hold @ as.,

IG(S)=G(S)| < L(e* +e=D)|S]|,
1£:(S) = fi(S)| < L(e* +e—1)||S||, for i<N-1. (19)
From Assumption 2.2 it follows that (recall that e¢ < (L +1)/L) for any positive real numbers x, y

g(x)(1+L(e—1))+L(ec—1)x
1—L(es—1)

|Inx-Iny|<e = q(y) <

We conclude that 5 5
fn(S)(A+L(e€ —1)) + L(ec —1)||S|| B as

< 2
fN(S)— 1_L(e€_1) ’ ( O)
From (6), Assumption 2.2, and the Doob inequality, it follows that
EallISI] = EgllISIP] < 4Ea[lIM]1*] < 16Eq[M7]
< 64E4[S7] < 64[c2 + ¢, %y] = €2,
where the constants C and ¢, are as in Definition 4.1. Also, the Holder inequality yields that
EallISIN < C. 1)

Finally (18)~(21) and the fact that @ € /lzfg imply that Eq f;(S) < &, for every i < N. Therefore, using (17)—(21)
and the relation Q@ < P, we arrive at

H(c) 2 Eglc- f(S)] 2 EalG(S)] 2 EqG[(S)] - LC(e* + e - 1).

Since the above inequality holds for every P almost-surely super-replicating strategy 7 = (c,y), this proves the
inequality (9) and completes the proof of this lemma. O

5. Estimates for the Upper Bound
In this section we establish estimates that will be used in the proof of the upper bound, under the assumptions
of Theorem 2.7.

We fix € € (0,In(1 +1/L)) and start with two definitions.

Definition 5.1. A function F € D[0, T] belongs to D', if it satisfies the following:
(1) Fy=1.
(2) F is piecewise constant with jumps at times t,,...,t,, where

ty=0<t; <t <---<t, <T.
(3) Forany k=1,...,n, |[InF, —InF, |=e.
(4) Forany k=1,...,n, t,—t,_, € U, where
U= {ie/2%:i=1,2,...,}U{e/(i2"): i=1,2,...,},

are the sets of possible differences between two consecutive jump times. We emphasise, in the fourth condition,
the dependence of the set Ll,(f) on k. So as k gets larger, jump times take values in a finer grid.

Definition 5.2. For %, A >0, let ﬂi’}{ be the set of all probability measures @ on the space D[0, T] such that the
following holds: .
(1) The probability measure Q is supported on the set D).
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(2) There exists a cadlag (@, F) martingale {]\7It}tT:0 such that
1-%)S, <M, <(1+%)S,, Qas.

(3) Let C be as in Definition 4.1 and L be as in Assumption 2.1. Set

~

2

B:=L(e*+e-1) +2L(e° —1)Zy +e.

C
2(1-8x)

For any i <N, 5
[E@[fl(g)] Sgi+B,

and
Eolfn(S) AA(S, +1)] < Zy +B.

The following result provides an upper bound on the model-free super-replication price V,(G).

Lemma 5.3. Assume that

> et (22)

Then

A

2

V.(G) < ( sup [E@[G(g)]) +L(e* +e- 1)m

Qens?t,
Again, we use the standard convention that the supremum over the empty set is minus infinity. In particular,
if M * is empty, then the above lemma states that V,.(G) < L(e* + ¢ — 1)(C?/(2(1 - 8x))).

Proof. The proof is completed in two steps. In the first step, we apply the results that deal with the “classical”
super-replication with proportional transaction costs.

Step 1. Since D'°) is countable, there exists a probability measure P satisfying P(D'?) =1 and P({F}) > 0 for all
F € D). Consider the filtered probability space (D[0, T], {F, }t o Fr, ). Denote by ., the set of all con31stent

price systems in D). Namely, Q € /4, if Q is equivalent to > and there exists a cidldg martingale {M, }t —o (with
respect to @ and F) such that o o
1-%)S, <M, <(1+%)S,, Pas.

Let X := X(S) be a random variable that is F; measurable and bounded from below by a multiple of 1+ S;. Set

¢y := sup Eg[X]. (23)

Qe

From Schachermayer [21, Theorem 1.5], it follows that there exists a predictable stochastic process of bounded
variation {7} +—o such that 7, =7, =0 and

co+(1- K)/ S, dy, - (1+1<) §u Ayt >X, Pas.
Thus, there exists a predictable map 7: D© — L*[0, T] such that for any FeD © Vo(F) = 71(F)=0 and

co+(1=%) [ F,dy (F)-(1+%) [ F,dy(F)>X(F), (24)
[0,T] [0,T]

where 1[0, T] is the set of all bounded functions on the interval [0,T]. Next, choose (cy,...,cy) € RY and
consider the random variable

X=X(8)= G(8)~ 7 c,f(8) - ey (fu(8) A NG, +1).

i=1
Recall, that in Assumption 2.2 we assumed that if f; is path dependent then it is bounded. This together with
the Lipschitz continuity of f;, i=1,...,N —1 yields that f;(S),..., fy_1(S) are bounded by a multiple of 1+ S,

and so X is bounded by a multiple of 1+ $; as well.
Let (¢cy, 7) be such that (23) and (24) hold true.
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Next, we lift the trading strategy 7 to a tradmg strategy on the space Q. We start with some preparations.
Recall the definition of the stopping times ”c(e) = Tk ’(S), k>0, and K := K(S) = min{k: T,(f) =T}-1.
Set,

k
= Z A%l(.e), where
A%f.e) = max{At e U: At < ATl = 7\¥ — 719}

It is clear that 0 = A(E) A(E) <-e- )< T and T ) < Tk ) for all k = 0,.
We now define \I/. Q — D(e) by

K-1
W,(S):= ; Sf(ke)xlf‘f’,f(k?])(t) + §rf§)xl%§§),ﬂ(t)'
=0

Finally, define the hedge m = (c,y), where ¢ =(cy,cy,...,cy) and

K
Y(S) = D 7o (WSNx 0,0, (1),
=1 +1
We continue by estimating the portfolio value Z7(S). Set
[:=1(S)=yrSr —«lyr|Sr+ (1 - x) S,dy, —(1+x) S.dys

[0,T] [0,T]

—1-#) / V() A7 (W(S)) + (1 +7) / W, (S) 7 (W(S)).
[0,T] [0,T]

From Assumption 2.2 it follows that for any x, y >0

(1-L(ec—1)g(y) — L(ec — 1)y '

|Inx-Iny|<e = g(x)= T+ Leec=1)

Thus, from Assumptions 2.1, 2.2, and (24), it follows that

N
ZH(S)=G(S) 2 I~ (G(S) = G(¥(S) = 2, (fi(¥(S) = fi(S))

> I—L(l +ch)(€2€ +Z€2 i, )”§” - Leyter - 2O 181

»—n’—‘

21—L(1+N c)(eze+e DIISI = Ley(e€ = 1) (2 £ (S) + [IS]])- (25)

i=1

It remains to estimate the term I. To simplify the calculations, we use the notation y = y(S) and 7 = y(\¥(S)).
Then, in view of (22),

yTST_KlyTlgT"'(l_K)/ Su d}/;—(1+1{)/ Su d)/;—
[0,T]

> Sy - mmesm / (=R dy; —(1+ &) dy;]

©
[t el

_VTST 1<|7/T|ST+Z:S (C) / [_qu_ﬂquH

(E) @
[ Tk k+1]

K-1

2 eSr = KlylSy + 35 ¥ (S) / o [0 RE]

k+1

=yrSr—«lyrISr+(1- K)[ S VS, -+w) [ W(S)dyy
0,%] [0,

>(1-%) Y, (S)dy, —(1+%) Y. (S)dy,
[0,7] [0,7]

'l
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Hence, we conclude that I > 0. We use this inequality together with (7) and (25). The result is,

V.(G) < H(c)+L(e* +e— 1)(1+Z )V (IISl]) +2L(e€ = 1)y Vi (fu(S))

SS/’(C)+L(€26+€_1)2(1 ™ )(1+2 )+2L(e€_1)cNSfN.

This together with (23) yields

A

C2

2080 26)

N
V.(G)< inf ,Sup ([E@[é] + Z ciAi) +L(e*+e-1)
€1, N @e‘/lfi,;, i1
where

N-1

=G(S)- 2 ¢, fi(S) = en(fn(S) AA(S, +1)),

N

C2
2(1-8x)

Step 2. The next step is to interchange the order of the infimum and supremum in (26). Consider the compact
set H:=[0,K/e]", where recall K is satisfying G < K. Define the function 6: H X /l; — R by

A =% +Le*+e-1) +2L(e°-1)%y=%+B—¢, i<N.

N-1

(0,8 =4[ G(8) ~ 1 £(6) - (A& AAG, + )| + DA,

where h = (hy,...,hy). Notice that % is affine in each of the variables, and continuous in the first variable.
The set /(; can be naturally considered as a subset of the vector space R Let us show that My is a convex

set. Let @,,@, € /(. and let A € (0, 1) Consider the measure Q = AQ; + (1 - A)Q,. For i =1,2 let {M } be a
martingale with respect to Q; and F, such that

1-%)S, < M;i) <1+®)S,, Pas.
Define the stochastic process

o [dQ | - o[ d@
M, =AM [ o F, +(1—)\)M§2)[&
dQ dQ

[E], telo,T].

Clearly, {Mt}fzo is a martingale with respect to @ and F. Also, since M, is a (random) convex combination
of ]\7151) and Miz),

1-%)S, <M, <(1+%)S,, Pas.
Hence, Q € /l;. This proves that ./l is a convex set. Next, we apply the min-max theorem, in Beiglbock et al. [3,
Theorem 2] to 4. The result is,

mf sup 4(h, Q) = sup 1r1f 4(h,Q) < sup 4(h9, D),

@ My Qe My Qe My
where
ne=X i<N-1 ne=X
P = ZX{[E@[ﬁ(g)Jzif,»JrB}l r=iN-—1, N~ zX{[E@[fN(g)/\A(gTJrl)JZJNJrB}'

The definitions of h2, the set /%f f}f, and the fact that G < K implies that
G(h?,Q)<0, VQem, but Q¢.uss.

In particular, supg 6(h®, @) <0, if the set M % is empty. These together with (26) imply that

~

— C?
V.(G) < sup 6(h®, Q)+ L(e*+e—1) =
Qe 2(1-8x)
o\t CZ
< ( sup [E@[G(S)]) + L(eze +€—- 1)m

~ €,
Qe
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6. Asymptotical Analysis of the Bounds
In this section we complete the proof of Theorem 2.7. This is achieved by proving that the lower and the upper
bounds from Sections 4 and 5 are asymptotically equal to each other.
Recall the probability measure @ from Assumption 2.3. Set, D; =F¢[fi(S)], i < N. Denote D = [1}\,(D;, ). Let
=(H,,...,Hy) €D and let % € (0,1). Define ./ j; to be the set of all probability measures on Q:=Qx C@FT]
that satisfy the conditions of Definition 2.5, with «, <y, ..., %y replaced by &, H;, ..., Hy. Observe that Q@ € ./l
and so, the set ./l ;; is not empty. Define the function I': D x(0,1) = R by

T(H,®):= sup Eo[G(SY)],

Qedty y
where, recall the canonical process S = (Sﬁl), S(tz))oﬂg given in Definition 2.5. The following lemma is central in
the analysis of the asymptotic behaviour of the bounds.
Lemma 6.1. The function I': D% (0,1) = R is continuous.

Proof. Fix a compact set | ¢ D x(0,1). It suffices to prove that there exists a a continuous function m;: R, —» R,
(modulus of continuity) so that

N
T(HY, %)) =T(H®, &) <my| 35 1H = HP |+ |7y = &l
k=1
for any pair (HV, %), (H®, &,) € ] satisfying
In(1+1/L)

()
C]

|y — &y < , (27)

where L is the constant in the Assumption 2.2 and C;l) is a constant depending only on ] that will be chosen below.
Choose € > 0. There exists @1 € Mz, o such that

T(HY, ) < e+Eq [G(S)]. (28)

On the space Q, define the stochastic processes p and p by,

@
pt:=$ and p,:=(1-%)V(p; A(1+%y)), te[0,TI.
t

Next, introduce the stochastic process S = (S?), S(tz))ogg by

Sﬁl) .— Po by P S(l and §§2) = &S(Z) te[0,T].
Pt Po Pt Po
Observe that there exists a constant C(]D > 0 such that
sup |ln Sil) —In S(tl)| = sup |1n p;+Inpy—Inp, —In p0| < C;l)lﬁl —%,l. (29)

0<t<T 0<t<T

We choose the constant C above to be the one in (27).

The idea behind the deflrutlon of the process S is to construct a stochastic process that is Close” to S and
satisfies properties (1) and (2) of Definition 2.5, for &, instead of ;. In addition, we require that §0 =1. Indeed,
observe that $: Q — Q. Thus, define the probability measure @, to be the distribution of § under the probability

measure @,. Namely, @, is a probability measure on Q, which is given by Q,(A)=Q,($” '(A)) for any Borel set
A c Q. Clearly, for any t €[0,T]

1-#)S" <8P <(1+%,)8", @ as.

and
(2)

Eo (5716, ust)=5.
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Thus, for any ¢ €[0,T],
(1-%)s" <SP <(1+7,)s", Q,as. (30)

and - ,
Eo, (ST |F,)=S?. (31)

Next, similarly to (21) we obtain that there exists a constant C§2) such that
2
Ee, (1S 1< C?.

We now apply the Assumptions 2.1-2.2 in a similar way to (19)-(20), and also use (27) and (29) to construct
another constant C;:” satisfying,

[Ee, [G(S™)] - Ee, [G(S™)]] = [Eq,[G(S™)] - Ea, [G(SM)]
< LC;Z) (exp(C;l)lk1 —-%,))-1)

< €|y~ 7l (32)
and
[Ea,[£,(S")1~Ea, [£:(S™)]] = [Ea, [£(S™)] - Eo, (S|
< LCP (exp(CV|%, — %,]) — 1)
<CPlR -Ryl, i<N-1, (33)
and fori=N

Eo,[fy(S")] = o, [f (™)
_E [£u(S™)1 + Lexp(C}" |7, - &) — 1))

1-L(exp(C|, - %,]) - 1) 9
. L(exp(C"|&, — %,|) — 1)Eg, [IIS™I]
1-L(exp(C'"|%, = &%,]) - 1)
< Eg [fu(S)]+CPI%, - &, . (35)

Next, we modify the probability measure Q, so it will satisfy property (3) of Definition 2.5 for Hf), ... ,HS).
Clearly, the measure @ ® Q is a probability measure on (), where the probability measure @Q is given in As-
sumption 2.3. For any A € (0,1) consider the probability measure

Q, =VA[@®Q]+(1-V1)Q,.

Observe that
Egeal i(SV)] =Eolfi(S)I=D;, i<N.

Set A=3N, |HY — H?| +|&, - &,|. From (33)~(35) and the fact that D; < H"" it follows that for A sufficiently
small

Eg, [£(S")] < VAD; +(1 - VA)(H" + CP|%, - &,)
<H"-VAH"-D)+CPA<H"-A<H?.
This together with (30)—(31) yields that Q, € My, e Finally, from (28) and (32) we obtain
T(HY, &) -T(H?, 7)) < e+Eq [G(SM)] - (1~ VA)Eq, [G(SM)]
< e+CP|R, - %,| + VAK.

Since € > 0 was arbitrary, this completes the proof. O

Now, we are ready to prove the lower bound of Theorem 2.7.
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Lemma 6.2.
VE(G) = sup Eo[G(S™)].

Qe

Proof. In view of Lemma 6.1, it is sufficient to prove that
VI(G) 2 EglG(S™)], (36)

for every Q € My 5 with R <x and Z, < %, i <N.
We proceed in two steps. In the first step, we modify the process S". In the second step, we apply Lemma 4.2
to the modified process.

Step 1. Let € > 0. Define the stopping times, 7\ := 7(S") = 0 and for k >0,

T,(f) =T, €My =T A 1nf{t > T(e) sV = exp(+e)§((k) }
k 1

) —

and the random variable K := min{k: T(E T} —1<oo. Let n € N. Introduce the stochastic process

n-1
Sin) — ; S(:EZ‘)X[TﬁE)rTﬂ)(t) + S(Tlu(g.ln)([ﬂf)’ﬂ(t), tel0,T].
The stochastic process S is a pure jump process that agrees with s at the jump times T(e) ..,TffA)K and
remains constant afterward.
We argue that for sufficiently large n the terms Ealfi(S™) - f(S(1 ), i=1,...,N and Eg|G(S™) - G(S(l))|
are small. Indeed, as before the fact Q € My 5 implies that [E@[HS(1 Wi<cé (where recall the constant C from
Definition 4.1) and so lim,,_,, [E@[HS o X(=n}] = 0. From Assumptions 2.1 and 2.2 we get

limsup|Ea [ £i(S")] ~Ea[£i(5™)]|

n—oo

<limsupEq [Ifi(S™) = fiS" )X geany | +2L 1im Ea [ISP1X ez |

< L(nee —DE[ISMI] < L(e - 1)C.
Similarly,
lim sup|Ea[G(S")] - Ea[G(S"™)]| < L(e —1)C. (37)
It remains to treat the case i = N. FZom Assumption 2.2 it follows that there exists 6 > 0 such that
IInx-Iny| <6 = q(y)<2(q(x)+x).

We conclude that there exists a constant C, such that for any x, y >0 we have

(1—ﬁ)xsysliﬁx = q(y) <Cu(g(x)+x).

This together with property (2) of Definition 2.5 yields

Ealq(S' <e> ) Xieony] < CaEa[(4( S(z(e)) S%)X{Kzn}]'

Since S? is a martingale and {K>n} = {T,f <T}e [AFT(e;, then from the Jensen inequality (for the convex function
g(x) + x) we obtain,

Ea[9(S )X gz < CaEal@(S)+ SP)X ez
< CiEa[(Culg(SP) + ST+ (1 + RSP )X sy |-
Thus the inequality [E@[(q(Sg}))] < oo implies

limsup|Eq[ fy(S™)] = Egl £y (S™)]|

n—oo

< lim sup [E@ [(fN(S(l)) + fN(SN(n)))X{Kzn}]

n—oo
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<limsuplg [((1 +C2 Dq(Sy 1)) +C,(1+%+ C4)S ))({K>n}]

n—oo

=0.
We conclude that for sufficiently large n

[Ea[G(SM)] - Ea[G(S™)]| < 2L(e°—~1)C  and
[l £i(S"™)] - Eal£,(5")]] < 2L(e"=1)C, i<N. (38)
We fix n sufficiently large that the above inequalities hold and set S := S,

Next, we modify the jump times so they will lie on a grid. Let m € N. Define by recursion the following
sequence of random variables:

Afe , where

&M»

min{At € {T/m,2T/m,..., T}: At > A7 =7\ -7},

1 -1

and
oy :TX{T?:T}H,( A(T(1-2" k/m))x{1<e)<T}, k=0,1,.

Observe that for any i, 0,,; > 0; and 0,; = 0; if and only if o; = T. Notice that ¢;,...,0, are not (in general)
stopping times with respect to the filtration F. Define the stochastic process

a=w>2§meW@%mmm,mmn

i=0 i

Step 2. The process S, is a piecewise constant process, and the jump times are lying on a finite grid. Thus the
natural filtration that is generated by S is right continuous, and so the martingale

- N

M, :=E4(S¥ S, u<t)

u’s

is a cadlig martingale. Let k < n. Clearly, o, is a stopping time with respect to the natural filtration generated
by S. Furthermore 5[0 +,] 18 measurable with respect to F - This together with the fact that

and properties (1)-(2) in Definition 2.5, imply that
|Mak _Sok| = |[E@([E@[S(T2) | [,F[I(f)] | Su/u < Uk) - S(rk|
< S, (1+®)e -1) < S, (R +2e),

where in the last equality we assume that € is sufficiently small. Let 0, ,; =T. Then, for any k <n and t € [0, 04,1],
we conclude that ) )
e (1-%-2€)S, <M,  <e*(1+&+2€)S,.

Since M is a martingale with respect to the natural filtration of S, we conclude that for sufficiently small ¢,
IM, =S, < (1+ & +5€)S,. (39)

Clearly, o .
lim [|S-S™|| =0, @ as.

Observe that the above processes are uniformly bounded. Hence, by Assumptions 2.1-2.2,

Es[G(S)] = lim,,_, E4[G(S™)]  and
Ealfi($)] = lim,_ Ea[fi(5™)], i<N. (40)
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Denote by Q,, the distribution of S on the space D[0, T]. Let us choose € such that & := & + 6¢ satisfies

minl-i-—K 1-% > e%
1+8'1-x) "~

and

% —LIC+Zy)e*+e-1)>3L(-1)C+Z;, i<N,
(1 =L(e€ 1)) —=LC(ec = 1)
1+L(ec—1)

> 3L -1)C + Zy.

From (38)—(40), it follows that for sufficiently large m the measure Q, € /IJ ¢ with the choice 7 :={kT2™" /m }
Thus, in view of Lemma 4.2, we have

VE(G) 2 Eg[G(S™)] - LL(e* +e—1).
We now apply (38), (40) and take the limit as m tends to infinity. The result is
VP(G) 2 E[G(SW)] - 2L(e€ —=1)C — LC(e* + e - 1).

Now, (36) follows after taking the limit as € tends to zero. O

Next, we establish the upper bound (5).

Lemma 6.3.
V(G) < sup E5[G(S")].
Qe
Proof. Let Q be the probability measure from Assumption 2.3. Then, Q®Q € M, (4, - Therefore, if V,(G) <0,
then (5) is trivial. So we may assume without loss of generahty that Vi(G) > 0 Choose €e>0,A>1, R>R>x
and &, > ¥,;, i < N. Assume that € is sufficiently small so L(e% 1)(C2/(2(1 8x))) < V (G) and « satisfies

(22). Th1s together with Lemma 5.3 yields that there exists a probablhty measure @ € /(¢ o * such that

~

2

V.(G) <E4[G(S)] +L(e* +e—1)——— (41)

C
(1-8%)
Next, we proceed in three steps. In the first step (similarly to Lemma 6.2), we modify the stochastic process S.
In the second step, we use the Wiener space in order to construct a continuous consistent price system with
(almost) the required properties. In the last step, we modify again the constructed continuous consistent price
system in order to get rid of the truncation in the term f(S") A AS(TU. Finally, we apply Lemma 6.1.

Step 1. Let
1-%)S, <M, <(1+®)S,, tel0,T],

be the associated martingale corresponding to the probability measure @ € M 2. Let T((f) = %ée)(g) =0, and for
k>0 set,
=€}

and K = min{k: %,(f) =T} -1 < co. Observe that the probability measure @ supported on D' and so %;, k >0 are
indeed stopping times.
Let n € N. Set,

5 =10(8) =T ninf{t > 72, InS 0 ~InS.

n-1
= § ngf))([fifllfgi)l)(t) + Sfu(? X[Tff),T](t)’ te [0/ T]
120 An

From the definition of the set (%, it follows that Eq[q(Sy) A A(S; +1)] < o0, and so and Eg[S;] < oo, as well.
Moreover,

[E@[gf;e))({n'«zn}] <@+ ﬁ)E@[Mﬁf)X{KZH}] =(1+ ﬁ)E@[MTX{Kzn}]
<1+ ﬁ)z[E@[gTX{Kzn}]-
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We conclude that
lim Eal(Sy0 + S X isn] =0. (42)
As in the proof of Lemma 5.3, we will use the fact that f;(S), i < N are bounded (from both sides) by a multiple

of 1+ S;. This together with (42) and the fact that S") = § on the event {n > K} yields that for sufficiently
large n,

[EalG(S)] - E5[G(3™)]| <€,
[Ealfi($)] -Ealf:(3™)]| <e, i<N-1, (43)
[Ealg(Sr) A AT +1)] - Eglg(5Y) AAGSY +1)]| <e.

We choose  sufficiently large and set S := S,
Next, let m € N. Define by recursion the following sequence of random variables,

k
%ff) = Z A%l(.s), where
i=1

~le) _ . . ~(€) . ~(€) ~(€e)
At = min{At € {T/m,2T/m,..., T} At >AT" =77 -7},
and
0% =TX opy + 29 A(T(1- Z‘k/m))x{f;ad}, k=0,1,...,n.

Similarly, to Lemma 6.2 we have that for any i, 0;,; > 0, and 0,,; = 0; if and only if g; = T. Define the stochastic
process
. . n-1 ~ ~
$1:=8"= 380 X0.00D) + S0 Ko, m(t),  tE[0,T].
i=0 e
Again, as in Lemma 6.2 the process S, is a piecewise constant process, and the jump times are lying on a finite
grid. Introduce the (cddldg) martingale

M, :=FEg(M; |S,,u<t).
By using the same arguments as in (39)—-(40) we get
IM, - S, < (1+ % +5€)S,, (44)
and
Eg[G(S)] = lim Eg[G(S™)],
Eo[£i(S)] = lim Eg[£(S™)], i<N-1 (45)
Ealq(Sp) AAGy +1)] = lim Eg[q(S7”) AAGST” +1)].
From (7) and (45), it follows that we can choose m sufficiently large such that

[EalG(S)] - Ea[G(S™)]| < 2¢,
[Ealfi(S)] -Ealfi(8™)]|<2¢, i<N-1, (46)
[Eala(Sr) A AS, + D] -Eg[q(S]") AAST” +1)]| < 2.

Choose such m and denote S =S, The stochastic process {$ t}tho is a piecewise constant process, and the jump
times are lying on a finite grid. Denote the grid by 7 ={t,,...,t,, T}, where 0=t, <t <---<t, <T.
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Step 2. Let (Q",7",P") be a complete probability space together with a standard Brownian motion and the
natural filtration 7}’ = o{W, |s < t}.
From Skorokhod [22, Theorem 1] and the fact that the random variables W, —-W,,i=0,...,r -1 are inde-

pendent, it follows that we can find a sequence of measurable function gﬁl), gz(,z (R TSR, i=1,...,r with the
following property. The stochastic processes (adapted to the Brownian filtration) {SZ"}:: , and {]\7[2’?’ }:: ,» Which
are given by the recursion relations

W ~W

S, =1, M, =M,
and for i >0

(1) YW AW AW W
_gl ( ,+1_Wti'sto""fst,,ﬂMto""’Mt,q)'

- W SW oW i
ti gl ( x'+1_Wti’StU,.'.’Sti—llMtO"“’Mti—l)’
have the same joint distribution as the processes {stl}::o and {Mﬁ};o. Namely, the distribution of
S, SW, MY, K
under the probability measure P is equal to the distribution of
(Stol" St/Mtol'-'/Mt,)

under the probability measure Q.
Since the Brownian motion increments are independent, for any i <7,

Eon (M} | F) =B (MY | S)Y,..., 80, M)Y,..., M) =M}".
Thus, we can extend the martingale {MZV }::0 to a continuous time martingale (Brownian martingale)
MY =B (M} |F}"), te[0,T].
Next, we define the stochastic process {SY"}Z:0 by the following linear interpolation:

(t-t, )SW+(t,+1 By
_XO Al ( )+Z —t. l 1X(tirti+1](t)’

where we set t,,; = T. Observe that the stochastic process S" is continuous and adapted to the Brownian

filtration. Since -

S;*Vl €{1,e,e Y},
it follows from (44) that (for € sufficiently small)
MY —SV| < (% +10€)S¥, te[0,T]. (47)

Set,
r—1

S =308 Xt + S X (1), te[0,T].

i=0
Clearly, the processes S" and S have the same distribution and consequently,
Epn [G(S™)] = Eg[G(9)],
Ewe[fi(S™)] = Eglfi(S)], i<N-1,
Epn [9(ST) AA(ST +1)] = Ealq(Sr) A A(Sy +1)]. (48)

Also, (7) and (48) imply that
Epn [q(SY) A ASY +1)] <26 + %y +B,
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where B is given in Definition 5.2. Therefore, there exists a constant C (which does not depend on € >0 and
A>1) such that Egw S} < C. This, together with the Kolmogorov inequality for the martingale M", yield that

1
(1+®+10€)Ve
< Epe [MIY (1 + % +10€)Ve] < C(1 + & +10€)*Ve.

1 N
PV(s™ >—) SIPW( MY >
(ll I Ve (| M|

Observe that by construction [|S" — $V|| < 4€|S"||. Thus from Assumption 2.1 it follows that

[EPWHG(SW) - G(SW)H < Epw [KX{\5W||>1/vE} +4L‘/EX{|5W\|31/\/E}]
< (KC(1+ % +10€)? +4L)Ve.

Similarly for path-dependent f; we have

Esw[I£i(8") = fiS™)I1 < @Il filleC(1 + & +10€)* +4L) Ve,

where || f;||.. is the uniform bound of the path-dependent claim | f;|. Since S¥ = S} then for nonpath-dependent f;
we have a trivial estimate. We now use these inequalities together with (7) and (48), to construct a constant C
satisfying,
[ [G(S")] - EalG(S)]] < CE,
(B [£i(S™)] - Ealfi(S)]| < CVe, i<N-1, (49)
[Fala(S1) A AT + DI =Ealq(Sp) A AS; + D] < CVe.

Step 3. Let x, be the solution of the equation q(x) = A(x + 1) where we assume that A > g(0) so the equation
has exactly one solution. Indeed (if by contradiction) we have two solutions 0 < x < y then

9y) -9 _ . _9x)—-4(0)
y—x x
and we get contradiction to convexity. Define the stochastic processes by
_ My

pt = S—W, Mt = [EPW(MIW A pTxA | gfv)/
t

and
S .= %t"'(T—t)Po/Mo

: T].
= DI ke o)

In view of (7),
[E[P’W [M7WXM¥V>pTxA] < 2[E[P’W [SIWXS%/»(A]

< 2Ealgst) AASY + 1)

- 2(Ce+ %y +B)
< n .

(50)

Thus |M, — pol = M, — M(x)/v | < C;/A for some constant C;. This together with (47) implies that for sufficiently
large A we have the following inequality:

1
|Mt—St|s(k+10€+\/—K)St, tel0,T]. (51)

Next, consider the martingale
mt = [EIP’W [M]WX{M?>pTxA} | 97:/\/]/ t € [0/ T]
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Observe that 0 < MY — M, <m,, t € [0, T]. Thus we obtain that there exists a constant C, such that

t+(T—t M
1S" =S|l < IM" — M| sup l+IIMII sup 1T Den/M

0<t<T Pt 0<t<T| Pt Tp,
G,
<2 =2|MY|.
< 2||ml| + A [|M™]]
The Kolmogorov inequality and (50) imply that
PY(lm|l > 1/VA) < C5/VA

for some constant C;. Moreover,

PY(IMY]| > VA) < M_(‘)’V < i
VA VA
From (52) we conclude that
P ||SW—S||>2+C2 32+C3.
VA VA

Thus from Assumption 2.2, it follows that

C
Ep [|G(S™) = G(SNT < Eow [ K yon_spo sy + L2+ Co)/ VAN yswpcqarcyvmy | < ‘/_/4—\
for some constant C,. Similarly, for path-dependent f; we get
EanlI£(8™) - FS)] < -
pv LU i s —
VA

For nonpath-dependent f;, i < N we have

Epv[|£:(S") = £i(S)]] < LEp [IST = Srl]
< L[EIPW[S]V"VXS]W>XA]
- L(C\e+ %y +B)
—_ A 7

(52)

(53)

(54)

(55)

where the last inequality follows from (50). The only remanning delicate point is i = N. From the fact that

Sy =57 Ax, we get
Epw [9(S7)] < Eg [q(ST) A A(ST +1)].

This together with (7), (51), and (53)—(55) yields that for sufficiently large A and small € > 0 the distribution of

(S, M) on the space Q:= QX €, is an element in My (5, 5. Furthermore,
e - C,
[Epv[G(S)] - Ea[G(S)]] < CVe + —.
VA

We now use (41), to obtain

A

<G
+CVe+—=+ sup [Eo[G(SM)].

V.(G)<L(e*+e-1)
(1-8x) VA Qe (

s ZN)
Finally, we apply Lemma 6.1 and take the limits A > o0, €0, ® | x, §£i L%, i <N. The result is

V(G) < sup Eg[G(S™)].

Qe

This concludes the proof of the lemma as well as the proof of the main result. O
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