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Abstract

In an incomplete financial market, the axiomatic of Time Consistent
Pricing Procedure (TCPP), recently introduced, is used to assign to any
financial asset a dynamic limit order book, taking into account both the
dynamics of basic assets and the limit order books for options.
Kreps-Yan fundamental theorem is extended to that context. A charac-
terization of TCPP calibrated on options is given in terms of their dual
representation. In case of perfectly liquid options, these options can be
used as the basic assets to hedge dynamically. A generic family of TCPP
calibrated on option prices is constructed, from cadlag BMO martingales.
Keywords: Time consistency, Dynamic limit order book, Fon-
damental theorem of asset pricing, No free lunch, BMO martin-
gales.

MSC: 46A22, 60G44, 91B24, 91B28 and 91B70.

1 Introduction

The problem of dynamic pricing is the problem of extending a function that
gives the prices of marketed financial instruments to a larger class of financial
instruments. The usual way of dynamic pricing in financial mathematics is to
start with a (No Free Lunch) dynamic model for the stock prices and to use the
theory of portfolios constructed from these basic assets to price the other finan-
cial instruments. The first step along these lines was made by Black Scholes and
Merton. In a complete market the dynamic price of any financial instrument X
is then equal to the dynamic price of the replicating portfolio. As pointed out
by Avellaneda and Paras [1] and [2], the market prices of options give impor-
tant informations on the volatility. Therefore the prices constructed from the
theory associated with options have to be compatible with their observed bid
and ask prices. If the constructed prices do not lie within the interval defined
by the observed bid and ask prices, this means that the choosen dynamics for
the basic assets induce an arbitrage in the financial market. For example the
Black Scholes model with constant volatility is not compatible with the call and
put options prices. This is the volatility smile effect.
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In a Brownian setting, the notion of implied volatility has been introduced, in-
verting the Black Scholes formula for the options prices. Then a wide litterature
has been developped trying to modelize the implied volatility. Necessary condi-
tions for the resulting model to be arbitrage free have been given by Schénbucher
[20]. However there exists no dynamic model for implied volatility leading to
arbitrage free prices. Other approaches have been developped in order to pro-
duce, in a arbitrage free way, dynamic prices consistant with observed prices for
options. The local volatility model introduced by Dupire [12] is an arbitrage
free dynamic model of one stock, in a Brownian setting, assuming a particular
shape for the volatility. It assumes also that one observes in the market the
prices of call options on this asset for all strikes and all maturity dates and
furthermore that the corresponding function is very smooth (in particular of C?
class in the strike). This leads to a non robust model. In addition this model is
a complete model for one stock which is not compatible with some observations
in the market. Other approaches have been introduced recently in order to price
dynamically in a arbitrage free way, taking into account the observed prices for
options. Jacod and Protter [14] and Schweizer and Wissel [21] assume that only
options with one fixed payoff function but all maturities are traded. Schweizer
and Wissel [22] consider also the case where call options with one fixed matu-
rity but all strikes are traded. In both cases the dynamics of the stock and of
the options are modelized simultaneously in a arbitrage free way. However in
real financial markets options of various kind with various strikes and various
maturities are traded. Only a finite number of options are traded and not a
continuum.

Furthermore the options are not all perfectly liquid. At some fixed instant only a
limit order book is observed for some options and not a price. For n large enough
the ask price of nX is larger than n times the ask price of X. This implies that
the market is incomplete. When the model for the stock prices is not complete,
there are several equivalent local martingale measures for the stock prices, or
equivalently financial assets are not perfectly replicated by portfolios in the ba-
sic assets. Thus a natural way of assigning a dynamic ask price to a financial
asset X defined at time T (for example an option of maturity date T'), using
the theory of portfolios, is to consider portfolios in the basic assets dominating
at time T this asset X. This leads to the super-replication price, originally
studied by El Karoui and Quenez [13], which is the minimal price of portfolios
in the basic assets dominating X. The super-replication price is sublinear. The
dynamic super-replication price is equal to esssupgeoEq(X|Ft), where Q is the
set of all equivalent local martingale measures for the stock prices. However
for many models this super-replication price is too high. It doesn’t lie within
the interval defined from the observed bid and ask prices associated with the
option. Notice also that in case of linear or sublinear ask prices, the ask price
associated with nX (n > 0) for any financial asset X is equal to n times the
ask price associated with X. Linear or sublinear prices don’t take into account
the liquidity risk. On the contrary the observation of limit order books leads to
the conclusion that for any traded asset Y the ask price of nY is a convex, not
sublinear, function of n.



The context of the present paper is that of an incomplete and illiquid market.
We construct a dynamic pricing theory taking into account both the dynamics
of basic assets and the limit order books of options on these assets. This is
done making use of the theory of No Free Lunch TCPP introduced in [5]. We
consider a reference family composed of two kinds of assets: the basic assets
(Sk)()gkgd+1 for which the dynamic process is assumed to be known , and the
assets (Y!)1<;<q) (for examples options) which are only revealed at their matu-
rity date (the stopping time 7;) and for which one observes a limit order book
at time 0. One of the basic asset S° is assumed to be strictly positive and is
taken as numéraire.

The first question we address is the question of non existence of arbitrage for the
reference family ((S*)o<r<a+1,(Y')1<i<a) and the observed limit order books
associated with the assets Y!. We extend to that context the notion of No Free
Lunch, replacing the usual notion of dynamic strategy with respect to the basic
assets (S*) by the sum of a dynamic strategy with respect to the basic assets
(S*) and of a static strategy with respect to the options Y'. We prove the
following generalization of Kreps-Yan Theorem: there is No Free Lunch with
respect to the reference family if and only there is an equivalent local martin-
gale measure @ for the process (S¥); such that, for every I, and any n > 0,
Chig(nY?) < EQ(nYl) < Coask(nY?). The conditional expectation with respect
to @ provides then a linear pricing procedure calibrated on the reference fam-
ily. However as mentioned above, in order to take into account the liquidity
risk, we do not want to restrict to linear nor sublinear pricing procedures. The
theory of No Free Lunch TCPP takes into account the liquidity risk and allows
for the construction of dynamic limit order books associated with any financial
instrument. This construction is done in a arbitrage free way and consistently
in time.

The second main result is the characterization of TCPP calibrated on the refer-
ence family ((S*)o<k<d, (Y')1<i<p) and the limit order books in terms of their
dual representation. We also study the supply curves for such TCPP.

The third result concerns the study of the hedge in the case where both the
basic assets S* and the options Y are assumed to be very liquid. In that case
we prove that the options can be used to hedge dynamically as well as the basic
assets.

The last important result of the paper is the generic construction of a family
of convex No Free Lunch TCPP calibrated on option prices. We prove the ex-
istence of a non sublinear TCPP calibrated on option prices belonging to the
class first introduced in [3], making use of the theory of right continuous BMO
martingales, as soon as the reference family satisfies the robust No Free Lunch
condition. This construction is made in a very general setting of locally bounded
stochastic processes, for which jumps are allowed.



2 First Fundamental Theorem

2.1 The economic model

We work with a filtered probability space (Q, Foo, (F2)ter+, P) throughout this
paper. The filtration (F;).c p+ satisfies the usual assumptions of right continuity
and completeness and Fj is assumed to be the o-algebra generated by the P
null sets of F,. We assume that the time horizon is infinite, which is the most
general case. Indeed if the time horizon is finite equal to T' we define Fy = Frp
for every s > T.

The usual way of dynamic pricing is to start with some reference assets for
which the dynamics is assumed to be known and to construct a dynamic pricing
procedure extending the dynamics of these reference assets. In order to use
more information from the market, we want to take also into account the limit
order books associated with some options.

Therefore the reference family will be composed of two kinds of assets: As
usual, we consider that there are some basic assets (Sk)ogkgd for which we
have a good idea of the evolution of their dynamics and we want to take into
account all these dynamics. From a newer point of view there are also assets
(Y')1<1<, as options of various maturity dates on one or several of the basic
assets on which there are a lot of transactions, so that it is meaningful to take
into account the corresponding limit order books observed in the market. Notice
that even if one knows the dynamics of the underlying assets, one doesn’t know,
in an incomplete market, the dynamics of options. The option is revealed at
time 7; which is the maturity date of the option. The value at time 7; of this
option is therefore modeled by a F,, measurable function Y'. We assume that
in the market at time 0, a limit order book is observed for each of the options
(Y)1<i<p-

We assume that S° is always positive, and we can take it as numeéraire. So
from now on, (S°);, = 1Vt € RY, S; = (SF)1<k<q models the discounted
price process of d risky assets, and Y the discounted prices of options (at time
7). S is assumed to be a locally bounded stochastic process with a.s. cadlag
trajectories.

For any stopping time 7, denote F, the o-algebra defined by

Fr={A€e FolVte Rt An{r <t} € F}. Denote L>(Q, F,, P) the Banach
algebra of essentially bounded real valued F, measurable functions. We will
always identify an essentially bounded F, measurable function with its class in
L>(Q, Fr, P).

The aim of this section is to define a notion of no arbitrage extending the usual
one and to prove in this new context a first fundamental theorem generalizing
the Kreps Yan theorem. Before that we want to point out some properties of
the limit order books.



2.2 Limit order books

Let Y'! be a traded financial asset. One assumes that at time t; one observes a
limit order book associated with the asset Y. The limit order book takes into
account only the non executed orders at time ¢y5. One assumes that all the non
executed orders on the asset Y are written in the following tabular.

Bid Ask
quantity | limit limit | quantity
M, Chid Cask Ny
M2 Cffvd C{fsk: N2
]V[p lezd Cgsk N‘I
with
Chia < < Chig < Cagp < . < Cigy (1)

If there is also a transaction at time ¢y on the asset Y, we denote C° the price
of the transaction and Ng = My the number of shares exchanged at time to (if
there is no transaction on Y at time ¢y, Ng = My = 0). Necessarily,

Cpia <C° < Cly (2)

Taking into account the limit order book, one can canonically associate to any
positive integer n < Y., Ni = N' the ask price Cyer(nY!) defined as follows:
Let j < g be such that > ,,.; | Ni <n <3 <;; Ni. Define

Cask (’I’LY) - Z Nicésk + (n - Z Ni)CZ;sk‘

0<i<j—1 0<i<j—1

if 0 < n < Ng, Cosi(nY) = nC°. The bid price associated with nY for n <
> o<i<p Mi = M' is defined in a similar way.

Notice that it is easy to verify from the definition of Cys,(nY’) and the relations
(1) and (2) that the map n € IN — Cysr(nY) is convex and the map n €

IN — Chpiq(nY) is concave. In particular n € IN — Cask(nY)

Cria(nY)
ne N — —e—

is increasing and
Cria(mY)  Cask(nY)
m n .

is decreasing. Also for any n, m

2.3 Fundamental Theorem

The first step is to define the notion of admissible simple strategy in this new
setting. The investor can use two kinds of assets. The basic assets S* for
which the dynamics are assumed to be known, therefore an investor can trade
dynamically using the S*. He can also invest in the assets Y but these assets
are only known at their maturity date 7, and not at any intermediate date,
therefore we restrict to static investments on Y between the dates 0 and 7.
From the observation of the limit order book associated with Y* at time 0 we
associate, as in the previous Section 2.2, to any n < N! an ask price Cyq(nY?)
and to any n < M! a bid price Cyig(nY?).



Definition 2.1 An admissible simple strategy with respect to the reference as-
sets ((S¥)o<k<d, (Y')1<i<p) is the sum of a dynamic simple strategy H with
respect to the process (S*) and of a static strategy with respect to the random
variables (Y?).

H= Z?Zl hiXo, .0, where 0 =09 < 01 < ... < 0y, are finite stopping times
and h; are essentially bounded IR? valued F,, , measurable functions and the
stopped process (S*)7 is uniformly bounded.

Define now the convex set of contingent claims available at zero or negative
price, using admissible simple strategies, taking into account the fact that for
the random variables Y, one observes a limit order book. In all the following
the limit order book observed for Y'! will be denoted (Chiq(mY?), Cysr(nY?)).
This means:

(Cria(mY ) ocmentts Cask(NY o< nt)-

Definition 2.2 The convex set of portfolios available at zero cost is:

p
—{ZZ REY(SE =S5 )43 (3 =YY 4+ (10— 8°) (W) € L=(Fs, ),
=1

=1 k=1

y4
Byt e N B <N AP <MY (Cask(3'Y!) = Chia(B'Y") + (77 = 8%) < 0}
=1

Notice that adding the condition: for any [, either 4/ or 3’ is equal to 0 in the
definition of K would not change the set K. An element of K is the sum of a
static portfolio in the options Y corresponding to ' long position in Y* and
B! short position in Y! and of a dynamic portfolio in the assets S* available
at price 0. The convexity of K follows from the convexity (resp concavity) of
the map 7 — Cus(7Y") (resp 8 — Cria(BY")). Denote K the set of portfolios
dominated by an element of K, K = K — L.

In this setting, we say that there is No Arbitrage if there is no non trivial non
negative attainable claim ot zero cost, i.e. KNLP(Q,F,P) = {0}. Notice
that this condition is equivalent to C'N LE(Q, F, P) = {0}, where C'is the cone
generated by K.

We prove now a theorem generalizing the Kreps Yan theorem to that context.
As in the usual setting, the notion of No Arbitrage is not sufficient, we have to
pass to the notion of No Free Lunch.

Definition 2.3 The reference family ((S*)o<r<da, (Y')1<i<a) satisfies the No
Free Lunch condition with respect to the limit order books Chiqg(mY'), Cyer(nY?!)
if the closure C of C with respect to the weak* topology of L> (), F, P) satisfies
CNLE(Q,F,P)={0}.

First fundamental theorem generalizing Kreps-Yan theorem:

Theorem 2.4 The following conditions are equivalent:



i) The reference family ((S*)o<r<a, (Y')1<i<a) satisfies the No Free Lunch
condition with respect to the limit order books Chig(mY'), Cyep(nY).

ii) There is an equivalent local martingale measure R for (S¥)o<r<a such
that for any | € 1,...,p, for m < M' Cyig(mY') < Er(mY') and for
n < N Eg(nY!) < Cusr(nY?).

We will give a more complete version of this Theorem in Section 3.4 after having
discussed the notion of TCPP calibrated on option prices. The proof is in
Appendix A.1.

3 TCPP calibrated on options

3.1 TCPP calibrated on a reference family

Recall briefly the definition of TCPP (Time Consistent Dynamic Pricing Proce-
dure) , that we have introduced in [5] in order to assign to any financial product
a dynamic limit order book in a financial market with transaction costs and
liquidity risk. Other definitions close to the following one can be found in Peng
[17], with deterministic times instead of stopping times and in the restrictive
context of a Brownian filtration, in Cheridito et al [6] in a discrete time setting,
and in Kloppel and Schweizer [15] with just one deterministic time.

Definition 3.1 Let (Q, Fo, (Ft)ier+, P) be a filtered probability space. A TCPP
(Ily,7)o<o<r (where o < T are stopping times) is a family of maps

I, , : L(F;) — L™= (F,)

satisfying the properties of monotonicity, translation invariance, convexity, nor-
malization, continuity from below and time consistency.

For any X € L*®(F,), the dynamic ask (resp. bid) price process of X is
(o7 (X))o (resp. (—1lgr(=X))s)-

A TCPP is called sublinear if furthermore VA >0 VX € L>(F,), I, (AX) =
A, . (X).

Recall that for any X € L>*(F;), —II, .(—X) <1II, . (X) Notice that it follows
from time consistency and normalization that for any v < o < 7, II, , is the
restriction of II, ; to L*°(F,). Remark that a TCPP assigns to any financial
instrument X € L*°(F) not only a dynamic bid and ask prices, but also a
dynamic limit order book (—II, oo (—nX), Iy oo (nX)),, satisfying at any time,
the properties observed for limit order books in real financial markets (Section
2.2).

A TCPP is equal, up to a minus sign, to a normalized time consistent dynamic
risk measure.

In this paper we restrict our attention to No Free Lunch TCPP. For the defini-
tion and the general study of No Free Lunch TCPP we refer to [5]. Recall in



particular that any No Free Lunch TCPP has a dual representation in terms of
equivalent probability measures of finite penalty:

VX € L¥(F;), o (X) = esssupge ey (EQ(X[Fr) — g (Q)  (3)

o, T

where

MbY¢(P)={Q ~ P and Qoo (@) < o0} (4)
Recall also that from [5], the No Free Lunch property implies that the set M° of
probability measures equivalent with P with zero minimal penalty is non empty.

MY ={R~P, af (R)=0} (5)

0,00
Recall also that any probability measure @ € M'¢(P) satisfies the cocycle
condition (cf [5]):

Ww<o<T oy (Q) =), (Q) + Eqlag,(Q)) (6)

We have proved in [5], that for any R € MY, the ask price (resp bid price)
process associated with any X € L%°(F.) is then a R-supermartingale (resp
R-submartingale) admitting a cadlag modification.

Remark 3.2 For any R € M°, for any stopping times o < T, ay' (R) = 0.

This is an easy consequence of the non negativity and of the cocycle condition
satisfied by the minimal penalty (equation 6).

Remark 3.3 Assume now that X belongs to L°(Q, Foo, P), is no more essen-
tially bounded but is such that X € L>(Q, Fuo, P). X is the increasing limit of
a sequence (X, )new of elements in L>°(Q, Fo, P). And therefore using the con-
tinuity from below of the TCPP, for any o, I, o (X) is defined as the increasing
limit of Il oo (X).

We give now the definition of calibration of a TCPP on a reference family,
definition extending the notion first introduced in [5].

Definition 3.4 A TCPP (I, )o<o<~ i calibrated on the reference family ((S*)o<k.<d,
(YY1<1<p) and the limit order books (Cpig(mY'!), Cosk,(nY1))1<1<, if

e it extends the dynamics of the process (S*)o<k<d, i-e. for any finite stop-
ping time T such that the stopped process (S*)T is uniformly bounded,

VnelZ V0<o<7 I, (nS*) =nsk (7)

e it is compatible with the limit order books of Y': V1 <1< p,

Vm < M Chig(mY!) < Ty 5, (—mY?)
Vn < N Ty, (nY!) < Cuan(nY) (8)



In the condition (7) we consider only integer multiples of the process (S*)o<r<d
because there are the only one that can be traded (however considering the
definition with real numbers instead of integers would not affect the results).
The preceding notion of calibration assumes that the assets (S*)o<p<q are per-
fectly liquid. This is of course not completely realistic. If we want to take into
account the existence of a limit order book associated with the S*, we have to
weaken the preceding condition. This is the subject of the next subsection.

3.2 Weak calibration for a TCPP

In this section we introduce a weaker notion of calibration on the reference
family, taking into account the fact that the financial assets (S*)o<j<q are not
perfectly liquid. We want to construct a dynamic for the limit order books,
taking into account both the limit order books observed for the process (S*) at
time 0, (Cpia(nS*), Cusk(nS*)), and the dynamics of S¥. Thus we introduce
the following definition of weak calibration:

Definition 3.5 A TCPP (Il, ;- )o<o<- 5 weakly calibrated on the reference fam-
ily ((S®)o<k<a, (Y')1<i1<p) and the observed limit order books
(Cbid(mSk),Cask(nSk))lngd, (Cbid(mYl),Cask(nYl))lngp Zf it satisﬁes the
following conditions:

1. Weak extension of the process (S*)o<r<a: For any finite stopping time T such
that the stopped process (Sk)T is uniformly bounded, VO <k <dV0<o<T

i) Vn€ N ~Il, (—nSF) < nSL < I, . (nSk)
i) Tl (—S8) = I, (%) = S
iii) compatibility with the limit order books of (S*)o<k<da,
vn < M(k) Cyia(nS*) < —Tlor(—nS7)
Vn < N(k)o . (nSF) < Cusk(nS*)

2. Compatibility with the limit order books of (Y')1<i<,: equation (8) of Defi-
nition 3.4.

Remark 3.6 For a sublinear TCPP there is no difference between calibration
and weak calibration.

As proved in the next lemma, if there is a transaction on each S* at time zero,
the condition 1.43) is a consequence of the assumptions 1.i) and ).

Lemma 3.7 Assume that there is al time zero a transaction on each S*, i.e.
Cria(S*) = Cusr(S*). Assume that the pricing procedure satisfies the conditions
1.i) and 4ii) of Definition 3.5, then it also satisfies condition 1.i1).

Lemma 3.7 is a consequence of the following general lemma which will be also
useful in the study of the hedge (Section 6).



Lemma 3.8 Let (Il, ;)s<+ be a No Free Lunch TCPP. Let T be a stopping
time. Assume that for some X € L (Q, F., P) there isv < 1 and A € F,, such
that:

I, (—X)1g =10, (X)14.

Then for allv <o <7, -1, (- X)1a =11, - (X)1a4.

Proof: Forany v <o <,
I, - (—X)14 <II; - (X)1a (9)

As the TCPP has No Free Lunch, there is a probability measure R ~ P with
zero minimal penalty. From equations (3) and (9) and time consistency it follows
that

_Hu,r(_X)lA < ER(_HU,T(_X)1A|fV)
< ER(HO',T(X)lA‘fV) < HV,T(X)lA (10)

By hypothesis —1II,, - (—=X)14 =1II, -(X)14. Thus any inequality in expression
(10) is in fact an equality. As R ~ P, it thus follows from (9) that

I, - (—X)1y =11, - (X)14

O

Proof of Lemma 3.7. The equality C;q(S*) = Cusr(S*) and the hypotheses
1.4 and iii) of Definition 3.5 implie that —ITy , (—S¥) = Iy . (S¥) = S§. We apply
Lemma 3.8 with X = S¥ A = Q and v = 0. It follows that —II, .(—SF) =
I, - (S¥). From condition 1.7, it is also equal to S¥. Thus ii) is proved. O

3.3 Characterization of the calibration

The following theorem characterizes the calibration and weak calibration con-
ditions for a No Free Lunch TCPP.

Theorem 3.9 1. A No Free Lunch TCPP (Il, ;)o<o<- s weakly calibrated on
the reference family ((S*)o<r<a, (Y!')1<i<p) and the observed limit order books
(Cbid(mS’f), Cask(nsk))lgkgd, (Cbid(myl),Cask(nyl)lglgp) Zf and only Zf

- Local martingale property:

Any probability measure R equivalent with P with zero minimal penalty (i.e.
R € M°) is an equivalent local martingale measure for the process (S*¥)o<k<a-

- Threshold condition: for any R ~ P,

ag-(R) > sup( sup (Chia(mY') = Eg(mY")), sup (Er(nY') — Cosx(nY'§)))
<t m<M! n<N!

ag.(R) > sup |S§ — Er(SF)| (12)
1<k<d

sup (Cbid(mSk) - ER(me)), sup (ER(nS’f) - Cask(nSk))(l?))
m<M (k) n<N (k)

&

N
=2
W,

10



2. A No Free Lunch TCPP (Il, :)o<o<r s calibrated on the reference family
((S®)o<k<d, (YY) 1<i<p) and the limit order books (Chia(mY'!), Cosk(nY'))1<1<p
if and only if any probability measure R € MY¢(P) (i.e. R ~ P of finite penalty)
is a local martingale measure for the process (Sk)ogkgp, and the threshold con-
dition (11) is satisfied.

Remark 3.10 : The fundamental difference between the calibration and the
weak calibration for a No Free Lunch TCPP in terms of their dual representa-
tion, is the following:

in case of calibration, any probability measure in the dual representation is a
local martingale measure for the process (SF)i<x<a while in case of weak cal-
ibration, this is only the case for the probability measures with zero penalty.

Proof of Theorem 3.9
Proof of 1.
- Assume first that the No Free Lunch TCPP is weakly calibrated on the refer-
ence family. Let 7 be a stopping time such that the stopped process (Sk)6<k<d
is uniformly bounded. Let 0 < o < 7. I, ,(S¥) = —II,,(-Sk) = Sk. Let
Rec MY, ay',(R) = 0. From the dual representation, equation (3), it follows
that

Sy = —,-(=5F) < Ep(Sf|F,) <11y, (SF) = Sk

Thus any R equivalent with P with zero minimal penalty is a local martingale
measure for (S¥)g<r<q. The threshold condition follows from the expression of
the minimal penalty o’ (Q) = supze () (EQ(Z) — o+ (Z))

- Conversely, assume that the No Free Lunch TCPP satisfies the local martin-
gale property and the threshold condition. We have to prove that the pricing
procedure satisfies the conditions of definition 3.5.

Let 7 be a stopping time such that the stopped process (Sk)g<k<d is uniformly
bounded. Let R € M°. From the dual representation of I, ,, equation (3), as
R is a local martingale measure for (S¥)g<k<a, it follows then that

Vo <7 VneIN —Il,.(—nS*) <nSk <1, (nSF) (14)

Thus condition 1. 4) of Definition 3.5 is satisfied. From the threshold condition,
for n < N(k), for any Q € M»¢(P), Eg(nSF) — g (Q) < Casr(nS*). So
applying the equation of representation (3) to Iy ,, we get

Iy, (nS¥) < Cur(nS*) Vn < N(k)

The inequality Cpiq(mS*) < Ty . (—mS¥) ¥Vm < M (k) is proved in the same
way. Thus conditions 1.4i) of Definition 3.5 is satisfied.
The proof of condition 2. of Definition 3.5 is analogous.
We prove now that the condition 1. 4) is satisfied. From equation (14),
—Tlp - (—Sk) < Sk < Ty .(SF). The converse inequality is a consequence of
the threshold condition (inequation (12)) and of the equation of representation

11



3) applied to Iy ,. Thus S§ = Iy . (S¥) = —TIy - (—S¥). Applying now Lemma
3.8 , we get the equality

HU,T(S£> = _HU,T(_Sf)

Using (14) it is also equal to S* thus condition 1. i) of Definition 3.5 is satified.
This proves 1 .
For the proof of 2 we refer to [5]. O

3.4 Extended Version of Kreps Yan First Fundamental
Theorem

We state now an extended version of Theorem 2.4 of Section 2.3.
Theorem 3.11 The following conditions are equivalent:

i) The reference family ((S*)o<k<a, (Y')1<i<p) satisfies the No Free Lunch
condition with respect to the limit order books (Cyig(mY'), Cus(nY?)).

ii) There is an equivalent local martingale measure R for (S¥)o<r<a such
that for any 1 € {1,...,p}, for m < M' Cyig(mY') < Eg(mY?') and for
n < N' Eg(nY!) < Cus(nY?).

iti) There is a No Free Lunch TCPP calibrated on the reference family (S(I)Cgkgd’
Yfgzgp) and the limit order books (Cpig(mY'), Cyer(nY!)).

iv) There is a No Free Lunch TCPP weakly calibrated on the reference
family (Sggkgd, Yllglgp) and the limit order books (Cpia(mS*), Cysk(nS*¥)),
(Chia(mY?), Cogpe(nY)).

The proof of this extended version of the First Fundamental Theorem is given
in Appendix A.1. A key tool in this proof is the existence of an equivalent
probability measure with zero minimal penalty. The aim of the proof is the
same as that of the proof of Kreps Yan Theorem given in [10].

Theorem 3.11 shows also that the notion of No Free Lunch TCPP is well adapted
to the questions related to No Arbitrage.

4 Properties of the Supply Curve

Let (Il ) o<+ be a No Free Lunch TCPP. Let X be an essentially bounded non
negative financial asset. For x € IRTx,(resp x € IR™*) denote X (t, z,w) the ask
price (resp bid price) at time ¢ per share for an order of size x, which means that

X(t,z,w) = w In the following proposition we list the properties of
the supply curve.

Proposition 4.1 1. For any z, (t,w) — X(t,z,w) is a cadlag stochastic
process.
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2. There is an equivalent probability measure R such that for any x > 0, the
process X (t,x,.) is o R-supermartingale and for any x < 0 the process
X(t,z,.) is a R-submartingale.

3. For any 7, x € R* — X(7,2,.) € L>®(Q,F-, P) is non decreasing. VT,
Pas., x — X(r,2,w) is continuwous, admits a right and a left derivative
at any point. It is twice derivable almost surely.

4. limit in zero: For any 7, © — X(7,,.) has a right (resp. a left) limit in
0 in L>®(Q, F,, P) denoted X*+(1,0,.) (resp.X(7,0,.)
Xt(r,0,.) = esssupqe pmo (Eq (X[ Fr)
X7 (7,0,.) = essinfge pmo (Eq(X|F7) (15)

where MY is the set of probability measures with zero minimal penalty in
the dual representation of the TCPP (equations (3) and (5)).

5. Asymptotic limit: For any T € IRT, X(7,z,.) has a limit as x — +o00 (resp
x — —o0) denoted X°(1,.) (resp X ~°(7,.)). X*(7,.) and X ~°°(7,.) are
cadlag processes.

X(r,.) = esssupqe pmre (p) (Eq (X[ F7) (16)
X7, .) = essinfqe pgre(py (Eq(X]Fr) (17)

with the notations of (3) and (4).

Proof. As the TCPP has No Free Lunch, it follows from [5] that M, is non
empty. let R € My, 1 and 2 follow then from [4] Corollary 1 of Theorem 3.
3. follows from the convexity of I1; o, and normalization (i.e. II; »(0) = 0)

4. Let X € L*™®°(Q, Foo, P), YV € IRTx, H’%(xx) > esssupge o (Eq(X[F7), so

X*(r,0,.) > esssupge a0 (Bq (X[ F7) (18)
E m

Ep(X(r,0,)< inf ( swp (Bp(Bo(X|F) — Pm=(@))y )
rEIRT * QeMbe(P) x

If Ep(al’(Q)) # 0, w — o0 as * — 0. Therefore we can restrict
in (19) to probability measures @ ~ P such that o7, (Q) = 0 P a.s.. Choose

R € M. denote Q the probability measure of Radon Nykodim derivative
dQ d “
X = B
E(d?|fa)
for all X, Eq(X|F,) = Eg(X|F,) and Q € M. Thus
Ep(XT(7,0,.)) < infye pev(Supge pgo E5(X))- 4. follows then from (18).

5. The increasing limit of X (¢,z) as © — oo, defines a sublinear No Free
Lunch TCPP. Denote it II7°.. From the dual representation of II, and the
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non negativity of the minimal penalty, it follows that for any X > 0, for
any z € IRT, M < esssupqe pie(py (E(X|Fy).  Thus (TI%°), - (X)
esSSUPQe M1 e (P) (EQ(X|}",,). For any Q € M"“(P), a0,00(Q) < 00 af® (Q)
SUPy ¢ o0 (0, 7.0, P) (EQ(Y) —1I55% (Y)) From the inequality o oo (Y)) < 1155 (Y)),
it follows that ag°,,(Q) < oo. II*° is sublinear so a5%,, (@) = 0. Thus (II ) +(X) >
esssuPqge a1 (p) (EQ(X[Fs) and 5. is proved.

In the particular case where the TCPP is calibrated on the reference family
we get, the following corollary.

I IA

N\_/

I:I

Corollary 4.2 Assume that the TCPP is calibrated on the reference family
((Sk)ogkgd, (Yl)lglgp) and the limit order book (Cbid(mYl),Cask(nYl))lglgp.

1. For any k, S*(t,z,w) = S*(t,w)

2. Assume that there is a transaction at time 0 on the option Y', then
the process Y'(t,x,w) has a limit as x tends to 0, ¥t, (Y')*(t,0,.) =
(Yl)_(t’ 0, ) = Htﬂ'l (Yl)

3. For any financial instrument X, the asymptotic limit X°(t,.)is less or
equal to the surreplication price (with respect to the basic assets ((S¥)o<k<a),
i.€.

X*(t,.) < esssuerM(S)EQ(X|ft)(w)
where M(S) denotes the set of all equivalent local martingale measures
for the process S = (S¥). There is equality in the above equation if and

only if the set of probability measures MY¢(P) in the dual representation
of the TCPP is equal to M(S) (with the notations of (3) and (4).

Proof. 1 follows from definition of calibration.
2 As there is a transaction at time 0 on Y, Cpig(Y!) = sk (Y!) = Ho,00 (V) =
—1IIp 0o (—Y"). Thus,from Lemma 3.8, for any t > 0, II; oo (Y!) = —II; oo (—Y")
Vo €]0,1], I po(~Y!) < HesCa¥) o Mux@VD) —pp 31y Therefore
(Y (t,0,w) = Ty oo (Y!) = I, 7, (V)
3 follows from Theorem 3.9 and Proposition 4.1.

Remark 4.3 In this paper we work in o very general framework of illiquid
market represented by a general filtered probability space. From a very simple
aziomatic for TCPP we have proved properties (Proposition (4.1)) satisfied by
the supply curve associated with any financial product. We can compare these
properties with the properties which were assumed in [7] for one asset. Notice
first that our model is an infinite dimensional model. The supply curve is defined
for any asset i.e; any essentially bounded random variable. We list the main
differences for the supply curve:

-We have proved that the sample paths are cadlag (and therefore allow for jumps)
whereas in [7] the sample paths were assumed to be continuous.

We do not have in general a limit as x tends to O for S(t,x,.) but only a right
limit and a left limit.

A strong hypothesis of smoothness is made in [7]: S(t,z,w) is assumed to be of
C? class in x. We get here that it is twice derivable almost surely in x.
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5 Robustness for TCPP calibrated on option prices

In this section we study the robustness of TCPP calibrated on the reference
family ((Sk)lgkgd,(yl)lglgd) and the limit order books ((Cbid(myl))mSMl,
(Oask(nyl))ngN’~

Proposition 5.1 The mazimal bid-ask interval associated to No Free Lunch
TCPP calibrated on the reference family ((S*)1<k<d, (Y')1<i<d) and the limit
order books ((Chia(mY™"))<nst, (Cask (Y1) < ni is given, for any financial as-
set X, by

[mx, Mx] = [Qief}\f/[ (Eq(X)+8(Q), sup (Eg(X) —B3(Q)]

e QEM,
with
B(Q) = sup[ sup ((Chia(mY') — Eq(mY"), sup Eq(nY")) — Cosk(nY")] (20)
I m<M! n<N!

where M. is the set of equivalent local martingale measures for (S*)1<<a

Proof. This results from Theorem 3.9.

It follows from this Proposition that a little move for Cyiq(nY") and Cygr(nY?)
induces for any X a small change in the maximal bid-ask spread associated with
X. Indeed, denote 3 (Q) the minimal penalty associated to No Free lunch TCPP
calibrated on the limit order books ((Cy,;(mY ")) m<art, (Choe(nY!))cni. let €
such that € > |(Cpia(mY?) — (Cpia(mYh)| for m < M' and € > |(Cpsr(nY!) —
(C! . (nY")| for n < N!. From equation (20), it follows that |3(Q) — 8'(Q)| < €

and thus [mx — m/y| <€, |Mx — M%| < e for any X.

6 A hedging result for TCPP calibrated on liquid
options

The aim of this Section is to study No Free Lunch TCPP calibrated on perfectly
liquid options Y, and to prove a hedging result.

We assume that for any of the reference options (Yl)lglgd, Cpia(nY?) = Cusr(nY?).
Denote C! = Cyig(Y!) = Cosr(Y?). From the convexity of n — C,a(nY?!), (and
concavity of n — Cpig(nY!) it follows that nC' = C,ep(nY!) = Chig(nY?). In
that case we simply say that the TCPP is calibrated on the reference family
((S®)o<k<ds (Y')1<1<p) and the observed prices (C!)1<i<p. Let (Il,;)y<r be
such a No Free Lunch TCPP. From equation (3) and Theorem 3.9 , it follows
that there is a set Q of equivalent local martingale measures for (S k Jo<k<d, with
00,00(Q) < 00, such that

Vo<1 I, (X) = esssupQEQ(EQ(XLT(,) — ozng(Q)) (21)

We say that the No Free Lunch TCPP is represented by the set Q.
The following lemma is a key result for the study of the hedge: the process
ZL =TI o (Y") is a martingale for any @ in Q.
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Lemma 6.1 Let (Il, ;)o<- be a No Free Lunch TCPP calibrated on the refer-
ence family ((S*)o<r<a, (Y')1<i1<p) and the prices (C')1<i<p. Then

V1<I1<p, Vo, Vn€ N, T, oo(nY!) = —TI, oo (—nY")

The process Z! = Hwo(Yl) is a martingale with respect to any probability mea-
sure in Q.

Proof. For all n € IN, —IIj oo (—nY?!) = Il oo (nY!) = nC'. From Lemma 3.8
applied with v = 0, it follows that for any o,

My 0 (—nY") =T, o (nY?) (22)
The convexity of 11, o, implies that
Moo (—nY") < —nlly oo (YY) < 0, o0 (V) < T, oo (nY)

From (22), it follows that any inequality in the above relation is in fact an
equality. Thus nll, o (Y!) = I, e(nY!) Vn € K. From equation (21), it
follows that VQ € Q, Vn € IN, o™ (Q) > n|ll, (Y!) — Eq(Y'|F,)| a.s. From
the cocycle equation (6), VQ € Q 'EQ(aZfOO(Q)) < 00.

Then Z, =11, o (Y!) = Eq(Y!|F,) = Eq(ZL|F,)a.s., V1 > 0. O

Theorem 6.2 Let (Il, 7 )s<+ be a No Free Lunch TCPP calibrated on the ref-
erence family ((S*)o<r<a, (Y')1<i1<p) and the observed prices (C')1<i<p. Then
VX € L®(Q, F, P),

Iy 00 (X) < inf{z| thereis h € Cwithx +h =X} (23)
where C = (Ko — LY)NL*> and

Ko={(H.S) oo + (K.Z)x | H, K admissible and
(H.S)oo = tlim (H.S), exists a.s. idem for K.Z}

This gives a better superhedge result than the usual one.

Proof. Denote M¢(S*¥ Z!) the set of equivalent local martingale measures
for the process (S*,Y!). From Lemma 6.1, and part 2. of Theorem 3.9,
any probability measure in Q is an equivalent local martingale measure for
(Sk, ZY),ie. @ C Me(Sk, ZY). Therefore from equality (21), we get Iy oo (X) <
SUPge e (sk,z1) E@(X). One can now apply the superhedge result of Delbaen
and Schachermayer [9] ( Theorem 9.5.8 in [10]). This proves (23). O
Economic interpretation of this result: When the options Y are perfectly lig-
uid, a TCPP (II), , calibrated on the reference family ((S*)o<r<a, (Y')1<i<p)
and the prices (C')1<;<, is a TCPP extending the dynamics of the processes
((SF)o<k<ps Zt = Eq(Y'|Fi)1<1<a) where @ is any equivalent probability mea-
sure involved in the representation of (II),, (equation (21)). The options Y
can be used to hedge dynamically as well as the assets S*.
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Definition 6.3 The TCPP II° is said mazimal among the TCPP calibrated on
the reference family (S*,Y') and the prices (C') if for any TCPP 11 calibrated
on (S*, YY) and the prices (C'), for any Y >0, I(Y) < T°(Y).

From Theorem 6.2, we deduce the following result:

Corollary 6.4 Let I1° be a maximal TCPP calibrated on (S*,Y") and the prices
(C) then TI° is sublinear and represented by the set of all equivalent local martin-
gal measures for the process ((S*, Z')) M¢(S*, Z'). The inequality (23) becomes
an equality, leading to a perfect hedge result.

7 TCPP in a stochastic volatility model

In this Section we assume that the price process S of a primitive asset expressed
in terms of the numéraire S° satisfies a stochastic volatility model. We assume
that for any of the Y one observes a limit order book. The notations for the
limit order book are those of Subsection 2.2.

Assuming that the reference family satisfies the No Free Lunch condition, there
is (Theorem 2.4) an equivalent local martingale measure R for the process S
such that for any [, C!,, < Er(Y') < C!_,. We take this probability measure

R as the new reference probability. Therefore we assume that the price process
S of the primitive asset expressed in terms of the numéraire S is given by

ds,

— = 5(\/1 = p2dW} + pdW}?)

St (23)
dO’t = Oé(t,St,O't)dt“r’Y(t,St,O't)dWE

where W' and W? are two independent Brownian motions and p €] — 1, 1][.

Proposition 7.1 Any TCPP calibrated on the reference family (S, (Y')1<i<p)
can be written

HU,T(X) = €SSSUpyy 15 VS2dS<OO}(EQu (X|fﬂ) - aG,T(Qv))
with

aQ, /°C PVs 1 /°° 9 1/OC v?
= exp(— ——dW, + vsdWy — - t—ds 24
i =t [ A O 5[ g e

Furthermore for any such TCPP for any X € L>=(Q, F, P),
o, (X) < sup(Eq, (X) — a5 (Qv))

with
g’ (Qu) = sup(0, sup ( sup Chia(nY"')—Eq, (nY"), sup Eq, (nY")=Cuar(n¥"))

71<T n<M! n<N!

(25)
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Proof. From Theorem 3.9, any TCPP extending the dynamics of S has a
representation in terms of equivalent local martingale measures for S. Any
probability measure equivalent with R is characterized by its Radon Nikodym
derivative

dQ 11 2 / 2 1 / 2
— = AsdW, — — AZds + AW — = d 2
dR e'rp(/o < S 2/0 S S 0 V‘ S 2 0 l/S S) ( 6)

Let WHQ) = W} — goo Asds and WZ(Q) = W2 — [° veds. From Girsanov’s
Theorem, (W} (Q), W7 (Q)) is a two dimensional Brownian motion under the
probability measure ) and the dynamics of S can be written

d?s;t = O't[()\tﬂ“r pvi)dt + (ﬂdW,}(Q) + pdWE(Q))]
doy = (a(t,Si,00) +vey(t, Se, 00))dt + (8, Sy, 00)) AW (Q)

(26)

Therefore @ is a local martingale measure for S if and only if A\;+/1 — p2? +

pvp = 0 a.s.. Let @, be the equivalent local martingale measure of Radon

Nikodym derivative given by the formula (26) with )\, = —\/%. Then @,
-

satisfies equation (24). From Theorem 3.9, the minimal penalty has to satisfy
the threshold condition (11), leading then to the result.

8 TCPP calibrated on options from BMO mar-
tingales

8.1 General construction of TCPP calibrated on a refer-
ence family

In Section 3, we have characterized No Free Lunch TCPP calibrated on a ref-
erence family in terms of their dual representation. The next step is to con-
struct such No Free Lunch TCPP in a very general setting where the processes
(S¥)o<k<a can allow for jumps. Assume that the reference family satisfies the
No Free Lunch condition. Denote M the set of equivalent local martingale
measure for (S*)g<r<q and

Mi={Re MVl e{l,...p} Cha(nY") < Er(nY") < Cosp(nY")}

Let R € M. The conditional expectation with respect to R provides thus
a linear TCPP calibrated on the reference family. However as soon as one
calibrates on options which are not perfectly liquid, one has to construct non
linear, and even more, non sublinear TCPP in order to take care of the non
liquidity. Ome has introduced in [3] a general method to construct convex
TCPP starting with a stable set of equivalent probability measures and defining
on it a penalty. In general the penalty constructed is not the minimal one. The
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following result gives sufficient conditions on the set of probability measures and
on the penalty for the construction of TCPP calibrated on the reference family.
For the definition of stability of a set of probability measures we refer to [8] and
[4]. For the definition of locality for the penalty o we refer to [4] definition 5.
The cocycle condition is given by the equation (6) with « instead of o™.

Proposition 8.1 Let M be a stable set of probability measures all equivalent
to P. Let o be a non negative penalty function on M. Assume that there is
Q € M such that ap,0(Q) = 0. Assume that the penalty function o is local and
satisfies the cocycle condition.

Consider the No Free Lunch TCPP (11, ;)o<, defined by

VXelL>®F) I, (X) = esssuerM(EQ(X\]-}) — 05+ (Q)) (27)

1. The TCPP is calibrated on the reference family ((S*)o<k<d, Y)1<i<p)
and the limit order books (Chia(mY"))m<nsts (Cask(nYY)<ni)1<i<p) if it
satisfies the two following conditions: -

i) Local martingale property: Any element of M is an equivalent local
martingale measure for (S*)o<k<a
i1) threshold condition for the penalty: for any R € M,

g, (R) > sup( sup Chig(mY"') — Er(mY"), sup Er(nY"') = Coar(nY"))
71<T m<M! n< Nt
(28)

2. It is weakly calibrated on the reference family if
i’) any R € M with zero penalty is an equivalent local martingale measure
for S*.
ii’) threshold condition: for any R € M, inequality (28) is satisfied as well
as (12) and (13) with oy - instead of ag’,.

Proof. From Theorem 4.4 of [3] and its extended version Proposition 3 of [4],
formula (27) defines a time consistent dynamic pricing procedure. ag o(Q) =0,
thus the minimal penalty ag'. (@) is also equal to 0. Therefore the TCPP has
No Free Lunch.

Notice that the part of the proof of Theorem 3.9 starting with “conversely” does
not use the specific expression of the minimal penalty. It applies to any penalty.
This proves 1 and 2. O
In order to construct a No Free Lunch TCPP calibrated on the reference family,,
we start with the construction of a stable set of equivalent local martingale
measures for S*. This is the easy part. Then we have to prove the existence of
penalties satisfying the threshold condition inequality (28), this is the difficult
part. One has to prove that the bound is satisfied uniformly for any R € M. The
examples of TCPP that we construct here belong all to the new class that we
first introduced in [3], using right continuous BMO martingales. For the theory
of right continuous BMO martingales we refer to Doléans-Dade and Meyer [11].
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8.2 A generic family of convex TCPP calibrated on option
prices

Assume that the locally bounded process (Sk)ogkgd satisfies the usual No Free
Lunch condition. Let Qo be a local martingale measure for (S*). For simplicity
one assumes that (S¥)o<r<q is a square integrable martingale with respect to

Qo-

Proposition 8.2 Let M, ..., M7 be strongly orthogonal square integrable right
continuous martingales in (0, F, (Fi)o<t, P). Assume that each M® is further-
more strongly orthogonal to the martingale (S*)1<r<a. Let (®;)1<i<; be a non
negative predictable processes such that the stochastic integral ®.M* is a BMO
martingale of BMO norm m'. Any martingale in

M= { Z H;.M*, H; predictable |H;| < ®; a.s.}

1<i<j

is BMO with BMO norm bounded by (Zlgigj(mi)Q)% =m.

Ifm < {5, QM) ={Qu ; dflgﬁf =E(M) | M € M} is a stable set of probability
measures which are all equivalent martingale measures for (S*)1<k<a.
When the M are continuous the preceding result is true without any restriction

on m.

Proof. From Lemma 4.11 of [3] Q(M) is a stable set of probability mea-
sures equivalent to P. From the results on strongly orthogonal martingales [18],
Chapter IV Section 3, it follows that for any M € M, £(M) is strongly orthogo-
nal to S* for any k and Q,; is an equivalent martingale measure for (Sk)lgkgdﬂ

To construct TCPP extending the dynamics of reference assets S*, one can
take any stable subset of the set of equivalent local martingale measures for
Sk for example the set Q(M) of Proposition 8.2, this defines a TCPP cali-
brated on the reference family. As soon as one adds options in the reference
family, the threshold condition (28) has to be satisfied. Notice that the set M,
introduced at the begining of Section 8.1 is not stable in general. Our next goal
is to construct a universal example of penalties which provides a convex TCPP
calibrated on options. The technics used are those of right continuous BMO
martingales and the proof applies to any model S*, processes with jumps as
well as processes in a Brownian filtration.

In [19] Schachermeyer introduced a notion of Robust No Arbitrage meaning that
there is No Arbitrage with respect to a smaller bid ask spread. In the same way
we define here the notion of Robust No Free Lunch.

Definition 8.3 The reference family ((S*)1<i<a, (Y')1<i<a) satisfies the Ro-
bust No Free Lunch Condition if there is ¢ > 0 such that is satisfies the No
Free Lunch Condition when one replaces every Chig(Y') (resp. Casr(Y')) by
Cria(Y") + € (resp. Cusi (YY) —€) for any | such that Cpig(Y") # Casr(Y).
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One assumes in what follows, for simplicity, that for any [, C,l}i 47 C’(lmk.
Denote P the predictable o-algebra on IRT x Q, and B(IR’) the Borel o-algebra
on IR7.

Theorem 8.4 Assume that the reference family ((S*)o<r<a, (Y')1<i<a) satis-
fies the robust No Free Lunch condition with respect to the limit order books
Cria(mYY) cnst, Cask(nYY),<ni. Denote Qo an equivalent local martingale
measure for S* and € > 0 such that for any I, C},, + ¢ < Eg,(Y') < C!,, —
€. Let M be as in Proposition 8.2. Assume that m < . Let Q(M) be
the corresponding set of equivalent probability measures (Qar)nem of Radon

Nikodym derivative ‘fi%tf = E(M). let (bi)i<i<j, bi : RT x Q x R — IR be
non negative measurable maps with respect to the o-algebra P x B(IR?) such
that b;(s,w,0,...,0) = 0. Assume that there is a constant B > 0 such that
bi(s,w,x1,...,xj) > Ba? for all i. Denote b;(s, Hu, ..., H;) the predictable pro-
cess defined as bi(s, H1, ..., H;)(w) = b;(s,w, Hi s(w), ..., Hj s(w)). For M € M
and stopping times 0 < o < 7 let

T

o (Qar) = B (30 / bi(s, H, oo )M, MILF,) (29)
1<i<j 9
Then
I, - (X) = eSSSUPQMeQ(M)(EQM (X[ Fs) — C"U,T(QM)) (30)

defines a TCPP. Furthermore for B large enough, The TCPP is calibrated on
the reference family. Notice that the minimal acceptable B depends only on m,
e, max(M', N') and max||Y'!||o and not on the dynamics of S* nor on the set

M.
The proof is given in the Appendix.

Remark 8.5 We get a similar result for weak calibration.

9 Conclusion

The motivation of this paper was to study and construct dynamic pricing pro-
cedures assigning to any financial instrument a dynamic limit order book in a
arbitrage free way, extending the dynamics of given basic assets and compati-
ble with the observed limit order books for reference options. This is done by
making use of the theory of No Free Lunch TCPP introduced in [5]. We have
defined two notions of calibration for a Dynamic Pricing Procedure with respect
to a reference family ((S*)o<r<a+1, (Y')1<i<a) composed of two kinds of assets:
the basic assets (Sk)OSdeH for which the dynamic process is assumed to be
known , and the assets (Y!)1<;<4) (for example options) which are only revealed
at their maturity date (the stopping time 7;) and for which one observes a limit
order book at time 0. One of the basic asset S is assumed to be strictly pos-
itive and is taken as numéraire. The first notion of calibration, simply called
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calibration, assumes that the basic assets (S¥)o<r<a are perfectly liquid. A
TCPP is said to be calibrated on the reference family ((S*)o<r<a, (Y')1<i<p)
and the limit order books Chiq(mY?!),,< 1, Cask(nY),<n1 if it extends the
dynamics of the basic assets (S*)o<k<d and it is compatible with the observed
limit order books for the options (Y');<;<,. The second notion called weak
calibration takes into account the limit order books associated with the basic
assets. We have characterized TCPP calibrated or weakly calibrated on the ref-
erence family ((S*)o<r<d, (Y')1<i<p) and the limit order books in terms of their
dual representation. In case of calibration, any probability measure in the dual
representation of the TCPP has to be an equivalent local martingale measure
for the process (Sk)ogkgd while in case of weak calibration this is only the case
for probability measures with zero penalty. In both cases there is a threshold
condition on the penalty.

We have extended to that context the notion of No Free Lunch, replacing the
usual notion of dynamic strategy with respect to the basic assets (S¥); by
the sum of a dynamic strategy with respect to the basic assets S* and of a
static strategy with respect to the options Y'. We have proved the follow-
ing generalization of Kreps-Yan Theorem: there is No Free Lunch with re-
spect to the reference family ((S*)o<k<d, (Y')1<i<p) and the limit order books
Cria(mY"), <ty Cask(nY!),, <yt if and only if there is an equivalent local mar-
tingale measure @ for the process (S*)o<k<a such that, for every [, and any
n >0, Cpia(nY') < Eg(nY!) < Cusr(nY?). Furthermore, the No Free Lunch
condition is also equivalent to the existence of a No Free Lunch TCPP calibrated
on the reference family.

We have illustrated our results with two examples: The first one is the case of
TCPP calibrated on very liquid options Cyig(nY) = Cos(nY') = nC! ¥n € IN.
We have proved in that case that the process (Z!); = Eq(Y'!'|F;) is independent
on the probability measure @ involved in the dual representation of the TCPP.
Therefore the options can be used to hedge (dynamically) as well as the basic
assets. The second example is that of a stochastic volatility model.

We have also used the powerful technique of right continuous BMO martin-
gales in order to prove the existence of convex (not sublinear) No Free Lunch
TCPP calibrated on the reference family. We have produced a generic con-
struction of a convex No Free Lunch TCPP calibrated on the reference family
((Sk)ogkgd, (Yl)lglgp) and the limit order books Obid(myl)m<]wl, Clask (nYl)n<Nl
as soon as this reference family satisfies the Robust No Free Lunch condition.
Such a No Free Lunch TCPP is constructed inside the new family first intro-
duced in [3]. This construction is made in a very general setting of locally
bounded stochastic processes for which jumps are allowed.

The advantage of dynamic pricing making use of TCPP is that it not only takes
into account the liquidity risk and the properties of the limit order books, but
also it induces more robustness in the prices. A small variation in the values of
the limit order books of the options on which the TCPP is calibrated induces
only a small modification of the constructed TCPP.
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A Appendix

A.1 Proof of the extended First Fundamental Theorem

We prove directly the extended version formulated in Theorem 3.11, Section
3.4. It gives also a proof of Theorem 2.4 of Section 2.3.
Proof. We begin with the easiest implications.
- i) implies i#1): We defline the TCPP II as follows: for any stopping times
o <7, ,,(X) = Er(X|F,). As Cpia(mY') < Eg(mY?) for m < M', and
Er(nY') < Cusi(nY?) for any n < N, it follows that II is calibrated on the
reference family. It has No Free Lunch as R is equivalent to P and the penalty
associated with R is equal to 0.
- 443) implies 4v) is trivial.
- iv) implies ):
-Let II be a No Free Lunch TCPP weakly calibrated on the reference family.
Consider its dual representation, equation (3). As the TCPP II has No Free
Lunch, the set MY of equivalent probability measures with zero minimal penalty
(equation(5)) is non empty. Define

(I1%),00(X) = sup Eg(X)

QeEMO

The sets C and K are those defined in Section 2.3. Prove that VX € C,
(I1%)0.00(X) < 0. Let Z € K
7= 300 M (WF)i(8%, = 85, ) + 200, (0 = BOY! + (4 = 5°) —
for some g € Lf(Q,]—', P). From Theorem 3.9, any Q in M° is an equiva-
lent local martingale measure for the process S*. Thus Eg(Z) = >1_ (v —
BYEQ(Y') + (7° — %) — Eg(g). As 11, is weakly calibrated on the reference

family, the minimal penalty satisfies equation (11) of Theorem 3.9. For Q € M°,
gl (@) = 0 s0

Z ask Cb d(ﬁ Yl)) (’YO - ﬁo) S 0

=1

As C is the weak* closure of the cone generated by K, it follows that for every
X €C,and Q in M° Eg(X) <0. And then (II°)g o (X) < 0.

- Assume now that X € CNLL(Q,F,P). X > 0. If X # 0in L™, there
is @ € R and A with P(A) > 0 such that X > als. Let Q € M°. Q is
equivalent with P, so (II°)g o (X) > aQ(A) > 0. Thus we get a contradiction.
So CNLY(Q,F,P)={0}.

- 1) implies ii): The proof follows that of Theorem 5.2.2. of [10]. Let f €
LE(Q,F,P). As C is closed for the weak * topology, and {f} is compact, from
Hahn Banach Theorem, there is ¢ € L', g # 0, such that

sup e B(9Z) < E(fg)
As Cis a cone, sup,.zF(9Z) = 0and 0 < E(fg). We have L c C'so g > 0.
The exhaustion argument of the proof of Theorem 5.2.2. of [10] applies without
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any change. So we get g strictly positive P a. s. such that sup, _zF(goZ) = 0.
Denote @ the probability measure whose Radon Nikodym derivative is E?go)‘
{(H.S)s} where H is an admissible simple strategy is a vector space contained
in C. The linear form E, is non positive on this vector space. So it has to be
identically equal to 0 on it.

It follows then from Lemma 5.1.3. of [10] that S is a local martingale un-
der Q. Let I € {l..p} and m < M'. As —mY! + Cpq(mY'!) € K (8 =
m A0 = Chia(mY)) it follows that Cpig(mY'!) — Eg(mY') < 0. In the same way
Eq(nY'!) < Cusp(nY?) for n < N (as nY! — Cugr(nY?) € K). O

A.2 Proof of Theorem 8.4

Before starting the proof of the theorem we prove two lemmas.

Lemma A.1 Assume that M is a Qq-martingale of BMO norm less than m,
m < %. For any stopping time T,

1= EM)r| < [Mr| + [M, Mz)exp(|M|r + [M, M]r) (A-1)

Proof. Recall ([18]) that

E(M)r = exp(Mr — %([M’ M]) ) e<r (1 + AMS)(AMS

As m < 1, each term of the product is positive and less than 1, therefore

EM)r—1 < eap(Mr — (1M, M])r) 1
< exp(|Mr|) = 1 < [Mr|exp(|Mrl) (A-2)
Apply the inequality 1;‘ > e’T“Q, for |z| < %, (cf [11])with x = AM;
E(M)r > exp(—|Mr| — [M, M]r) (A-3)
Therefore
1—&(M)r < (|Mg|+ [M, M]r) (A-4)

Lemma A.1 follows from the equations (A-2) and (A-4).

Lemma A.2 Letm < %6, There is a constant K and an integer r > 0 depend-
ing only on m such that for any Qo-martingale M of BMO norm less than m,
for any stopping time T,

Eo, (11 — E(M)z|) < K((Eg, (M, M]7))7 (A-5)
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—is—. let p € IRT such that
% = 1, then 16pm < 1. In all the following F means Eg,. From Lemma
and Holder inequality, it follows that

Proof. Choose ¢ a positive integer g >
1
=+
p

Al

E(|E(M7) — 1)) < {B(IM|%)7 + E((M, M]%) s {E(exp(p| M|z + p[M, M]T(A)}6

< ==

Applying the Cauchy Schwartz inequality,

E(exp(p|M|r + p[M, Mr)) < {E(exp(2p|M|1))} > {E(exp(2p[M, M]1))}>
(A-7)
Applying John Nirenberg inequality and Lemma 1 of [11], it follows from (A-7)

that

Blexp(plMlr +p[M, MIr)) < (o)} (s )i (Ag)

PPN PG BT = N0 T 6pm) (1 — 2pm2) )

On the other hand, again from Cauchy Schwartz inequality,

E((IM|r)")s < {E((M, M]r)}y 2 {E(|M[7%)} % (A-9)
E(([M, Mr))7 < {E([M, M]z}=){E((M, M]7"~")}2 (A-10)

From Burkholder Davis Gundy inequality, (Theorem 30 of [16], there is a
constant ¢ such that

B(IMPI) < cB((M, MJ5™)
and for every integer n, it follows from the proof of Lemma 1 of [11] that
E([M, M%) < m*"n! (A-11)
This proves the lemma with r = 2q.

Lemma A.3 There is a constant Ky depending only on m such that for any
Qo-martingale M of BMO norm less than m, for any stopping time T,

E(IM, M]r) < Ki(E(E(M)7[M, M]r))? (A-12)

Proof. From Cauchy Schwartz inequality, and then Holder inequality with p
such that 16pm <1 ¢ € IN*, and 1% + % =1, as in the preceding proof,

B Miz) < (BEANM M) HEGE M (FEANE

-13

From equation (A-11) E(([M, M]r)?) < m®!q! From inequalities (A-3) and (A-
8), 1 1

(1 —16pm) (1 — 2pm?)

Nl

E((EM)r)™") < ( )

This proves equation (A-12).
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Proof of Theorem 8.4. From proposition 5 of [4], we already know that
equation (30) with (29) defines a TCPP. o, (Qo) = 0 for every o < 7, thus
the TCPP has No Free Lunch. Furthermore, from Proposition 8.2, for any M,
Q) is an equivalent martingale measure for every S*. So from proposition
8.1, we just have to find a condition on B such that the threshold condition
(28) is satisfied for any stopping time 7', and any probability measure Qs in
Q(M). By hypothesis on b;, for any M, for any stopping time T ao 7 (Qar) >
BEq,,([M, M]r). Thus it is enough to verify that

BEq,(E(M)r[M,M]r) > sup ( sup ((Cria(mY') — Eq,, (mY¥")),
{l| <T} m<M!

sup (Egy, (nY") = Cuur(n¥")) (A-14)

n< Nt

Choose 0 < € < infri<i<p}(Cask(Y') — Eq,(Y"), Eqy(Y'") — Cria(Y")) , so for
any m < M, Eg, (mY"!) — Chig(mY?') < me. (idem for Cuer(nY!). Thus to
satisfy (A-14), it is sufficient that for any n < sup(M!, N?)

BE(E(M)r[M,M]r) +ne> sup n|(Eq,(Y") — Eqg,, (Y")| (A-15)
{1 n<T}

Notice that (Eg,(Y') — Eq,,(Y') = Eg,((1 — E(M)1)Y").
From Lemma A.2, and Lemma A.3, there is K depending only on m and €
such that for any [,

|E(E(Mr) = )Y < K[V (B(E(M)7[M, M]r7)) " (A-16)
There is a constant By > 0 such that for any = > 0,
K7 (max(||Y||oe) < Box + €

Then B > max(M', N')By satisfies the required conditions. O
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