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Abstract

We consider evaluation methods for payoffs with an inherent financial risk as encoun-
tered for instance for portfolios held by pension funds and insurance companies. Pricing
such payoffs in a way consistent to market prices typically involves combining actuarial tech-
niques with methods from mathematical finance. We propose to extend standard actuarial
principles by a new market-consistent evaluation procedure which we call ‘two step market
evaluation.” This procedure preserves the structure of standard evaluation techniques and
has many other appealing properties. We give a complete axiomatic characterization for
two step market evaluations. We show further that in a dynamic setting with a continuous
stock prices process every evaluation which is time-consistent and market-consistent is a
two step market evaluation. We also give characterization results and examples in terms of
g-expectations in a Brownian-Poisson setting.
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1 Introduction

We investigate evaluation methods for payoffs with an inherent financial risk and propose a new
market-consistent procedure to evaluate these payoffs. Our procedure yields the extension of
many standard actuarial principles into both time-consistent and market-consistent directions.

Many insurance companies sell products which depend on financial as well as non-financial
risk. Typical examples are equity-linked insurance contracts or catastrophe insurance futures
and bonds. Pricing such payoffs in a way consistent to market prices usually involves combining
actuarial techniques with methods from mathematical finance. The minimal conditions which
any market-consistent evaluation should satisfy is that a purely financial replicable payoff
should be equal to the amount necessary to replicate it.

Standard actuarial premium principles are typically based on a pooling argument which
justifies applying the law of large numbers to price using the expectation with respect to the
physical measure and then to take an additional risk load. With these principles one usually
considers a static premium calculation problem: what is the price today of an insurance contract
with payoff at time T'? See for example the textbooks by Biihlmann (1970), Gerber (1979), or
Kaas et al. (2008). Also, the concept of convex risk measures and the closely related one of
monetary utility functions have been studied in such a static setting. See for example Artzner
et al. (1999).

In financial pricing one usually considers a “dynamic” pricing problem: how does the price
evolve over time until the final payoff date T'7? This dynamic perspective is driven by the
focus on hedging and replication. This literature started with the seminal paper of Black and
Scholes (1973) and has been immensely generalized to broad classes of securities and stochastic
processes; see Delbaen and Schachermayer (1994).

In recent years, researchers have begun to investigate risk measures in a dynamic setting,
the central question being the construction of time-consistent (“dynamic”) risk measures. See
Riedel (2004), Roorda et al. (2005), Cheridito et al. (2006), Rosazza Gianin (2006), Artzner
et al. (2007). In a dynamical context time-consistency is a natural approach to glue together
static evaluations. It means that the same value is assigned to a financial position regardless of
whether it is calculated over two time periods at once or in two steps backwards in time. In a
recent paper Jobert and Rogers (2008) show how time-consistent valuations can be constructed
via backward induction of static one-period risk-measures (or “valuations”). See also Hardy
and Wirch (2005) for an example with the risk measure given by Average Value at Risk.

An important branch of literature considers risk measures/valuations in a so-called market-
consistent setting. This started with the pricing of contracts in an incomplete-market setting,
where one seeks to extend the arbitrage-free pricing operators (which are only defined in a
complete-market setting) to the larger space of (partially) unhedgeable contracts. One approach
to evaluate the payoff in this situation is by utility indifference pricing: the investor pays the
amount such that he is no worse off in expected utility terms than he would have been without
the claim. The paper by Hodges and Neuberger (1989) is often cited for the root-idea of
this stream of literature. For other contributions in this direction, see for instance Henderson
(2002), Young and Zariphopoulou (2002), Hobson (2004), Musiela and Zariphopoulou (2004a),
Monoyios (2006), and the recent book by Carmona (2009).

Several papers deal with the extension of the arbitrage-free pricing operators using (lo-
cal) risk-minimisation techniques and the related notion of minimal martingale measures; see

Follmer and Schweizer (1989), Schweizer (1995), Delbaen and Schachermayer (1996). A rich



duality theory has been developed that establishes deep connections between utility maximisa-
tion and minimisation over martingale measures; see Cvitanic and Karatzas (1992), Kramkov
and Schachermayer (1999). A very elegant summary is given by Rogers (2001). Another stream
of the literature, where the class of martingale measures considered is restricted, is given by the
works on good-deal bound pricing, see Cochrane and Sai-Requejo (2000), Cerny and Hodges
(2002), and Bjork and Slinko (2006).

Using utility-indifference (and duality) methods, the market-consistency of pricing oper-
ators is automatically induced. However, an explicit formal definition of market-consistent
pricing operators has only begun to emerge recently; see Kupper et al. (2008), Malamud et al.
(2008), Barrieu and El Karoui (2005, 2009), and Knispel et al. (2011).

In this paper we investigate well-known actuarial premium principles such as the vari-
ance principle and the standard-deviation principle, and study their extension into both time-
consistent and market-consistent directions. To do this, we introduce the concept of two step
market evaluations and study their properties. Two step market evaluations convert any eval-
uation principle into a market-consistent one by applying the actuarial principle to the residual
risk which remains after having conditioned on the future development of the stock price. This
operator splitting preserves the structure and the computational tractability of the original
actuarial evaluation. Furthermore, we get some appealing properties like numeraire invariance.
We are able to give a complete axiomatic characterization for two step market evaluations and
show that these axioms are satisfied in a setting where the stock process is continuous and
the insurance process is revealed at fixed time instances (or more generally has predictable
jumps). This provides a strong argument for the use of two step market evaluations. We also
consider some time-consistent extensions of our market-consistent evaluations to continuous
time in a Brownian-Poisson setting. For this we need some results from the theory of backward
stochastic differential equations (BSDEs), also called g-expectations. For background material
on BSDEs we refer to El Karoui et al. (1997).

The paper is organized as follows. In Section 2 we define conditional evaluations, give some
background material, and recall some of the most standard actuarial principles. In Section 3
the notion of market-consistency is defined and two step market evaluations are introduced and
motivated. We give a complete axiomatic characterization for two step market evaluations. In
Section 4 it is shown that in a dynamic setting with a continuous stock prices process every
evaluation which is time-consistent and market-consistent can be viewed as a two step market
evaluation. In Section 5 we extend our evaluations to continuous time. Section 6 gives a
summary and conclusions. Section 7 contains the proofs of our results.

2 Conditional Evaluations

Let (92, F,P) be a probability space. Equalities and inequalities between random variables are
understood in the P-almost sure sense unless explicitly stated otherwise. The space of bounded
random variables will be denoted by L>*(Q, F,P) (L*°(F) for short). The space of bounded,
non-negative random variables will be denoted by L°(F). The space of random variables which
are integrable with respect to P will be denoted by L'(Q, F,P) (L'(F) for short). Financial
and insurance positions are represented by random variables H € L°°(F) where H(w) is the
discounted net loss of the position at maturity under the scenario w. Now given a o-algebra
G C F, with information available to the agent, we can define a conditional evaluation:



Definition 2.1 A mapping Il : L=(F) — L>(G) is called a G-conditional evaluation if the
following axioms hold:

e Normalization: 115(0) = 0.
e G-Cash Invariance: 11g(H +m) = Hg(H) +m for H € L>(F) and m € L*(G).

o G-Converity: For Hy,Hy € L™(F) Hg(AH; + (1 — \)Hy) < Mlg(Hq) + (1 — M\)Ig(Ha)

for all A € L*>®(G) with 0 < A < 1.

e G-Local Property: Ng(IaHy + IacHa) = I411g(Hy) + Iacllg(Hs) for all H € L*°(F) and
Aeg.

e Fatou property: For any bounded sequence (H,) which converges a.s. to H

g (H) < liI%linf g (Hp).

Normalization guarantees that the null position does not require any capital reserves. If II
is not normal then the agent can consider the operator II(H) — II(0) without changing his
preferences. Convexity, which under cash invariance is equivalent to quasiconvexity, says that
diversification should not be penalized. Cash invariance gives the interpretation of II(H) as a
capital reserve. The local property is motivated in the following way. Since the agent has the
information given by G he knows if the event A has happened or not and should adjust his
evaluation accordingly. If II satisfies

e Monotonicity: For Hy, Hy € L*(F) with Hy < Hp lg(Hy) < Ilg(Ha)

then we will call IT a monotone conditional evaluation. Monotonicity postulates that if in a.s.
any scenario Hy causes a greater higher loss than H; then the premium charged for Hs (or
the capital reserve held) should be greater than for H;. Note that if IIg is monotone then
pg(H) :=Ilg(—H) defines a conditional convex risk measure and Ug(H) := —pg(H) defines a
conditional monetary utility function. For the definition of a convex risk measure, see Artzner
et al. (1999). In particular, all results in this paper also hold (with obvious change of signs)
for conditional convex risk measures and conditional monetary utility functions.
Other possible axioms which we will consider in a dynamic setting are as follows:

e G-Positive Homogeneity: For H € L=(F) Ilg(AH) = Mlg(H) for all A € LT(G),
e Continuity: For any bounded sequence (H,) which converges a.s. to H
g(H) = lizn g (Hy).

e p-norm boundedness: There exists p € [1,00), A € LY(G), and a measure P having the
same zero sets as P such that for H € L*°(F)

lg(H) < A/|H|Pd1?>g—.



We will also refer to the continuity axiom as ‘continuity with respect to a.s. bounded con-
vergence,” if there is any ambiguity. If II is a G-conditional evaluation which is additionally
assumed to be positively homogeneous then we call II a G-conditional coherent evaluation. For
a further discussion of these axioms see also Artzner et al. (1999). Note that many similar
axioms for premium principles can be found in the literature, see for instance Deprez and
Gerber (1985) or Kaas et al. (2008). Conditional evaluations in a dynamic setting have been
considered for instance in Frittelli and Gianin (2004), Roorda et al. (2005), Ruszczynski and
Shapiro (2006), Delbaen (2006), Artzner et al. (2007), Kloppel and Schweizer (2007), Jobert
and Rogers (2008), Barrieu and El Karoui (2009), and Cheridito and Kupper (2011). Classical
examples of (conditional) evaluations are, see for instance Kaas et al. (2008):

Examples 2.2 e Conditional Mean-Variance principle:
IZ(H) = Eg [H] + %aVarg-[HL a>0.
e Conditional Standard-Deviation principle:
g (H) = Eg [H] + 8/ Varg[H], 5 >0.

e Conditional Semi-Deviation principle:

1/q
II , A>0, ge€]l,0),

o(X) =Eg [H]| + )\‘Eg [(H —Eg [H])!]

where x_ is 0 if x > 0 and —x else.

e Conditional Average Value at Risk principle:

I5VeR(H) = Eg [H] + SAVQRS(H — Eg [H]), §>0

1 (o
where AVQRZ(H) = o Jo V@Rg(H)d/\, a € (0,1] and V@Ré—(H) corresponds to com-
puting the Value at Risk of H at the confidence level A with the available information
g.

e Conditional Exponential principle:

3(H) = 7 log (Eg lexp{H/7}] ), 7> 0.

Apart from the exponential principle the evaluations above are generally not monotone. How-
ever, they are continuous, G-convex, G-cash invariant and satisfy the local property. In partic-
ular, they are G-conditional evaluations. The Standard-Deviation principle, the Average Value
at Risk principle and the Semi-Deviation principle additionally satisfy G-positive homogeneity
while the Mean-Variance principle is p-norm bounded (with P = P). The Average Value at
Risk principle and the Semi-Deviation principle are monotone if A or ¢ are in [0, 1].

We will need some duality results. For a o-algebra G C F, denote Qg :={{¢€ L\(F )Eg [£] =
1} and Q;,f = {¢ € LL(F)|Eg [¢] = 1}. In other words, given the information G, Qg is the set

of all signed measures and Qg is the set of all probability measures. Therefore, conditional on

5



our starting information G, we may identify every £ € Qg with a signed measure, and every
¢ e Q;f with a probability measure. For instance, for £ € Qg we can define the corresponding

&
conditional probability measure @g—(A) =g [£14], and its conditional density as % =¢.
Recall that by standard duality results we have that Ilg is coherent if and only if

Hg(H) = esssupgep Eg [EH], (2.1)

for a unique closed, convex set M C Qg. For the precise definition of the essential infimum, see

the Appendix. ¢ is often interpreted as a weighting function for the different scenarios w, or

as a test or stress measure. By taking the infimum, a worst-case approach is being taken. For

instance in the good-deal bound literature mentioned in the introduction the infimum is taken

over all pricing kernels with a density admitting a variance smaller than a certain constant.
Generally it holds for all conditional evaluations that for Hg defined by

I15(€) = esssupye oo () {Eg [EH] —TIg(H)}

we have that
IIg(H) = esssupgcg, {Eg [€H] — II5(8)} (2.2)

see for instance Delbaen (2006) or Cheridito and Kupper (2011). IIf is also called the penalty
function corresponding to Ilg, and —HE (&) may be seen as the plausibility of the density £. The
dual representations (2.1) and (2.2) are often interpreted as robust expectations with respect
to different priors, see Hansen and Sargent (2001), or Hansen and Sargent (2007).

Of course our results also hold without conditioning on G. In this case G is chosen to be
the trivial o-algebra. However, for our dynamic analysis in the later sections it will simplify
matters if we do our analysis conditional on some information available to the agent.

3 Market-Consistent Pricing

3.1 Market-consistency and two step market evaluations

Let (92, F,P) be the underlying probability space. Let G C F be a o-algebra whose information
is initially available to the agent. Let S be the price process of traded stock and denote by
F9 C F the o-algebra generated by S. Furthermore, we denote by F° the o-algebra given
by the stock process and our starting information G, i.e., FS = FS Vv G := U(]:"S,g). The
financial market given by the stock process S should be arbitrage free and complete, i.e., all
derivatives which conditional on G only depend on S are perfectly hedgeable and there exists
a unique probability measure Qg € Q;r such that S is a martingale under Qg. Furthermore,
Qg is assumed to be a.s. equivalent to Pg, in the sense that its conditional density is positive.

Since F* is in general a strict subset of F, the market given by all F-measurable payoffs is
incomplete. For instance, we could have an untraded insurance process which is correlated to
S but not perfectly replicable.

In the financial market the martingale measure Qg defines the (linear) no-arbitrage pricing
operator Hg : L®(F%) — L™(G) given by

g (H®) .= ES [HY] .



Note that only the martingale measure on F* is unique while on the filtration F there can be
infinitely many martingale measures.

The next definition extends the notion of cash invariance to all assets traded in the financial
market. For identical or similar notions of market-consistency see also Kupper et al. (2008),
Malamud et al. (2008), or Artzner and Eisele (2010).

Definition 3.1 An evaluation is called market-consistent if for any financial payoff HS €
L®(FS) and H € L>®(F)

Ig(HS + H) = Eg [H®] + Ig(H).

Market-consistency postulates that liquid traded assets and payoffs replicable by them should
not carry any risk as they can be converted to cash at any time. It follows immediately from
the definition that a market-consistent evaluation cannot be ‘improved’ by hedging.

The next proposition shows that market-consistency is already implied by the assumption
that purely hedgeable derivatives should be valued according to the amount of capital necessary
to replicate them.

Proposition 3.2 For a conditional evaluation g : L°°(F) — L*°(G) the following statements
are equivalent:

(i) g(H®) = E(g [HS] for any financial payoff H® € L*°(F¥).

(it) There exists a penalty function® cg : Qrs = {Z € L'(F)|Ezs [Z] = 1} — RU {oo} such
that we have for every H € L>(F)

IIg(H) = essSUPzeg g Eg [ZH] — cg(Z).

(iii) Ilg is market-consistent.

Examples of market-consistent evaluations arise if an agent starts with a (usually non market-
consistent) evaluation IIg and then tries to reduce his risk by hedging. Specifically denote by
A all admissible hedging strategies 7 (defined in an appropriate way), by Mg C Qg the set
of all local martingale measures, by S the discounted stock process, and by I the penalty
function corresponding to Ilg. It can be shown, see for instance Barrieu and El Karoui (2009),
or Toussaint and Sircar (2011), that under certain assumptions

o : & T * d]@g

lg(H) = essinfre s g(H + (7 - S)r) = esssupp, ey, {Eg [H] — HQ(E)} (3.1)
Note that by definition Ilg is market-consistent. Therefore, one way of obtaining market-
consistent evaluations is to intersect the test measures in the dual representations (2.1) and
(2.2) above with local martingale measures. This is a class of examples which arises naturally
when starting with an evaluation Ilg. However, the new evaluation IIg may be hard to compute,
and the structure and interpretation of the original evaluation Ilg is lost. For instance, if
payoffs are evaluated using the mean-variance principle then Ilg(H) = ess supp Mg {Eg [H] —

5=Cg(Pg|Pg)}, where Cg is the relative Gini index defined by Cg(Pg|Pg) = Eg {(%)2 - 1} ,

*A function c is called a penalty function if it is convex, lower-semicontinuous and essinf ¢ = 0.



see Schweizer (2010) and the reference therein. Now note that two important reasons for the
popularity of the Mean-variance principle are: (a) it has a straight-forward interpretation; (b)
it is easy to compute. However, while the new evaluation, IIg(H) is market-consistent (since
it uses risk adjusted probabilities), it is neither easy to compute nor does it directly relate to
the variance of the payoff H from which we started.

Consequently, in this paper we propose a new class of market-consistent evaluations which
we will call two step market evaluations. Extending standard actuarial principles with two
step market evaluations will have the advantage that the extensions can be computed easily
and that the interpretation of our starting principles can be preserved. Furthermore, we will
show that two step market evaluations in general have many other appealing properties. A
strong argument for the use of two step market evaluations will be provided in the Chapter
4. There we show that any insurance company which wants to apply a market-consistent and
time-consistent evaluation, has to use a two step market evaluation, in a setting where the
stock process is continuous and the insurance process is only revealed at fixed time instances
(or more generally at predictable stopping times.)

We will start with evaluations like the one from our Examples 2.2. Then we will give the
corresponding market-consistent evaluations which do not arise from hedging but from operator
splitting. Namely, in a first step we compute the value of the position H by replacing the
measure P|G with the measure P|F7, i.e., we compute Mean-Variance principle, the Standard-
Deviation principle, etc., of H, conditional on G and the value of the stock price S. Then for
every different future value of the stock price we get a different evaluation. However, since
the stock price is perfectly hedgeable one could argue that these remaining evaluations do not
contain any risk. Therefore, the total value of the position H should be equal to the initial
capital needed to hedge the different evaluations, obtained in the first step, which depend on S.
This corresponds to taking in a second step the expectation with respect to the risk adjusted
probability measure Q coming from the financial market. This procedure is computational
tractable and preserves the evaluation principles considered in the beginning. These principles
are applied to the risk which remains after having conditioned on S. We then get the following
market-consistent examples:

Examples 3.3 o Two step Mean-Variance principle:

1
Ig(H) = Eg [E]:s [H] + 204Va7°]_-s[H]} , a>0.

o Two step Standard-Deviation principle:
T(H) = B [Eps (H] + 8y/Varys[H]|, 6> 0.

o Two step Semi-Deviation principle:

I3 (X) = B§

Ers [H] + )\‘E;s [(H —Ezs [H])?]

1/q
, A>0, ge[l,00).

o Two step Average Value at Risk principle:

V" (H) = EF [Eps [H] + SAVQRSs(H — Exzs [H])], 6> 0.



o Two step Exponential principle:

Mg(H) = Eg [v log (E}'S lexp{H/7}] )} , 7>0.

A standard deviation principle, which is different than the one above but is also obtained by
first conditioning on the future stock price, is considered in Mgller (2002). The last example
is known in the literature as the indifference price of H under an exponential utility function.
It arises in an incomplete market when an agent maximizes his exponential utility through
dynamic trading, see for instance Musiela and Zariphopoulou (2004b). The indifference price
for a claim H is then defined as the amount of cash the agent is willing to pay for the right
to receive H such that he is no worse off in expected utility terms than he would have been
without the claim. For references on indifference pricing see the introduction. The examples
above motivate the following definition:

Definition 3.4 We call a IIg : L>(F) — L*™(G) a two step market evaluation if there exists
an FS-conditional valuation T xzs : L®(F) — L>®(F°) such that

Mg(H) = B [Tzs (). (32)

Note that in case that there is no financial market, i.e., S = 0, our two step evaluations reduce
to the standard actuarial principles. On the other hand if 7° = F, i.e., if the financial market
gives the entire filtration, of course IIg(H) = Eg [H].

Example 3.5 Another example for a two step evaluation defined above arises when combining
hedging with an Average Value at Risk principle. Specifically set

IIg(H) :=essinf e g HSV@R(H + (7 - 8)7).

Define

<1494
— dPg — + e}
where 0 > 0 and the risk level a € (0, 1] have been introduced in the Examples 2.2. (Note that
if § = 0 then IIZVR(H) = Eg [H].)
From (3.1) and the dual representation of the Average-Value at Risk principle (see for
instance Follmer and Schied (2004)) it follows that

dQ), —
M‘:{QbEMg’1_51+a<Qg 1 a},

IIg(H) = €ss Supgy e s Eg [H].

Let

M= {Zeg;s (1—51+“)%<z<m(1+51_a)}.

a "dQg T T dQg o

Note that %M " = M. Furthermore, M’ satisfies the concatenation property on F°, also

called rectangular property or m-stability!. It may be seen that as a result

rs(H) :=esssupyepy Exs [ZH]|

TThe rectangular property or m-stability on a o-algebra G postulates that for every A € F° and Z,Z> € M’
we have that [aZ1 + [acZo € M’, see for instance Chen and Epstein (2002) or Delbaen (2006).



is an F%-conditional evaluation and it holds that
Ig(H) = By [[ps(H)]

compare also with Theorem 3.9 below. In particular, combining hedging with the Average-
Value at Risk principle gives an example of the two step procedure we explained above.

Example 3.6 Our last example is given by the superhedging price of a contingent claim. The
superhedging price is given by

/

Hg(H) := esssupgre g Eg [H],
It is straight-forward to check that Mg = ng Q . Clearly,

Mrs(H):= eSS SUPZe g+ Ers [ZH]

is an F°-conditional evaluation. It computes the essential supremum conditional on F*. Since
Q;S is m-stable it can be seen that

Ig(H) = E [Iys (H).
In particular, the superhedging price is a two step evaluation.

Remark 3.7 Note that equity linked insurance payoffs are typically of the form H = YT(n) f(Sr)
where f(Sr) is a financial derivative and ngn) are the number of policy holder who survived
up to time 7" (out of an initial cohort of n), see for instance Mgller (2002). In the special case
that the financial and the mortality risk are independent a two step market evaluation would
yield

Hg(H) = BS [T (V" £(S1))| = B [£(S1)) g (f(S1)).

Note that the structure obtained in this special case is similar to the market-consistent valuation
method suggested in Chapter 2.6 in Wiithrich et al. (2008).

Two step market valuations provide a rich class of market-consistent evaluations with a clear
underlying intuition. They appear as indifference-price with an exponential utility, in hedging
with an Average Value at Risk principle, and in the superhedging price of an contingent claim.
Two step market valuations are also useful in optimization problems since the maximum may
be computed by a two step procedure using Bellman’s principle: first one can compute a value
function conditioned on the stock process, and then in a second step one can compute the
optimum by maximizing the value function obtained in Step 1 under the pricing measure.

Note that contrary to other evaluations two step market evaluations can be directly con-
verted into an equivalent evaluation which takes the stock process as the numeraire. That is,
assume payoffs H are expressed in units of S, i.e., H = H /St. An agent who wants to use the
evaluation IIg but wants to express everything in unlts of S obviously should use the evaluation
IIg which satisfies Sollg(H) = Ig(H). The evaluation IIg often might not be easy to charac-
terize directly, for instance with a dual representation and a penalty function. However, a two
step market evaluation remains a two step market evaluation under the change of numeraire.

10



Moreover, one can just define the new penalty function of II rs as the penalty function of Il rs
in units of S7. That is we set

5 I o 4
rs(§) = ]ZS,T(Q and Hzs(H) := esssupgcpi1(r) {E]:s [H} - }5(5)}

Denote by Q the unique equivalent martingale measure on F° with numeraire S that is
dQ _ SrdQ
dP = Sy dP’

Then we obtain

Ig(H) = HgS(jI) — Eg 2esssupgeL1(f) {E]:s [f[} - ~*fs(§)}] = Eg [f[;s(f[)] .

We will summarize the last paragraph in the following proposition:

Proposition 3.8 Ifllg is a two step market evaluation then f[g s a two step market evaluation
as well. Furthermore, the penalty function of llrs is given by the penalty function of llrs
converted into stock units.

Note that for evaluations which are not two step an easy conversion of the penalty function as
given in the last proposition usually only works if the numeraire is deterministic.

It is not hard to see that a two step market valuation is always market-consistent, see the
theorems below. On the other hand our Example 3.11 below shows that a market-consistent
valuation is not necessarily a two step market valuation.

3.2 An axiomatic characterization of two step market evaluations

Notice that the Examples 3.3 all satisfy the market local property, i.e.:

e For every A € 7% and H € L (F)

Hg(H) :Hg(IAH)—I-Hg(IAcH). (3.3)

The binary options I4H and I4cH can be seen as insurances against the events A or A°
respectively. For example if A happens then the owner of the option I4H gets a non-negative
amount H which possibly depends on the insurance process. If the evaluation Ilg is assumed to
be sublinear, the value of the insurance contract 14 H plus the value of the insurance contract
I 4cH should be larger than the value of H = I4H + I4cH. The economic reason is that if the
valuation of H is decomposed into the sum of the evaluations of the binary insurance contracts
then the additional uncertainty given by the event A for each binary contract, should lead to
an increase of the total insurance premium. The local property however postulates that the
uncertainty added to the payoff H by an event from the financial market should not carry any
extra premium. We will see in Section 4 that, in a setting with a correlated stock and insurance
process, the local property is satisfied for a time-consistent and market-consistent evaluation if
the stock process in continuous and the value of the insurance process for is revealed at fixed
time instances (or more generally at predictable stopping times).

11



Now the question in which we are interested in the remainder of this chapter, is the follow-
ing: Given a conditional evaluation Ilg does then its market-consistency and the market local
property imply that every position H has to be priced with a two step market valuation? Our
results below will actually show that this statement holds.

The following theorem shows that market-consistency and the market local property in the
coherent case are equivalent to two step market evaluations. Furthermore, it gives an explicit
formula for Il rs.

Theorem 3.9 The following statements are equivalent:

(i) Mg is a coherent market-consistent G-conditional evaluation which satisfies the market
local property.

(i) There exists an F°-conditional coherent evaluation T zs : L°(F) — L®(F®) such that
Ig(H) = Eg Hzs(H)]. Furthermore, Hzs(H) = esssup gy Exs [ZH], with

M’ = (%)_IM C{Z e LN (F)|Eps [Z] =1} = O, (3.4)

and M given by (2.1).

The assumptions of the theorem are satisfied for all our examples above except for the Mean-
Variance and the Exponential market-consistent principles. The reason is that these do not
satisfy positive homogeneity. However, in the case that the filtration F° is generated by
countable many sets, and Ilg is continuous, and monotone or p-norm bounded, we can prove
that an evaluation has to be a two step market evaluation without the assumption of positive
homogeneity.

Theorem 3.10 Suppose that F° is generated by countable many sets. Then the following
statements are equivalent:

1) Ilg is a monotone, continuous market-consistent G-conditional evaluation which satisfies
g
the market local property.

(ii) There exists a monotone, continuous F* -conditional evaluation Uzs : L%°(F) — L=(F%)
such that

Hg(H) = B [TLzs (H)]

Furthermore, if Ilg is additionally assumed to be p-norm bounded then the statement also
holds without the monotonicity assumption in (i) and (ii).

The Mean-Variance principle is not monotone but it is p-norm bounded. In particular, The-
orems 3.9-3.10 include all our examples. Theorem 3.10 further applies to the Exponential
principle, and the Average Value at Risk and the Semi-Deviation principle if A and d only take
values between 0 and 1.

The proof of the last theorem heavily relies on the assumed continuity of our evaluations
which was not needed in Theorem 3.9. The evaluation IIzs will be obtained only as an a.s.
limit using the martingale convergence theorem without an explicit formula.

Note that the market-consistency of an evaluation II does not necessarily imply that we
get a representation as in Theorem 3.9 and Theorem 3.10, since there are market-consistent
evaluations not satisfying the market local property. This can be seen from the following
example:
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Example 3.11 Assume that G is trivial and let Z; and Z5 be densities independent of S with
Z1 # Zs. Then Z; are also independent of %. Now suppose that the agent is not sure if he
should trust the density d% Z1 or Zg Therefore, he decides to take a worst-case approach
over all convex combinations of 21 or (%Zg. That is

dQ

I(H) := max E [H] = max [d]P)

ma max Z; H] (3.5)

with M = {AZ%Zl +(1- )\)Z%Z2|)\ € [0,1]}. It is straight-forward to check using the indepen-
dence of Z; and S that II is a market-consistent, coherent evaluation. Let H > 0 be F- but
not F°-measurable. Assume without loss of generality that the maximum in (3.5) is attained
in i = 1. Now choose a set A € F¥ such that

E [dQZQIAH]

= QZIIAH] (3.6)

d
dP
Since the maximum in (3.5) is attained in ¢ = 1 we must have that

40 0
E |:d]P ZQIACH:| <E |:dPZIIAcH:| .

But then we get

dQ
dP

dQ
dP
dQ
dP

T(HIa) +T(HIg) =E [ ZQIAH] +E [ leAcH]

>E [Z%ZJAH] +IE[ leAcH] TI(H). (3.7)
One possible choice for A and H would be to define H = Ial{z,~z} + lacl{z,~ 7, Then
(3.6) always holds if A is chosen to be a non-zero set with A C {Z2 > Z;}. Furthermore, one
can ensure that I[I(H) = E[Z;H| by choosing A such that Q(A€) is sufficiently close to one.
In particular, (3.7) holds and therefore IT defined in (3.5) does not satisfy the market local
property. By the direction (ii)=-(i) of Theorem 3.9 this implies that II is not a two step market

evaluation.

4 Dynamic Evaluations in continuous time: Time-consistency
and Market-consistency

In this section we will give sufficient conditions in which the market local property, holds in a
dynamic setting. Specifically we will obtain that in certain dynamic settings time-consistency
and market-consistency imply that all evaluations have to be two step market evaluations. We
fix a finite time horizon 7" > 0.

Throughout the rest of the paper we assume that additional to the stock S, we have an
untraded insurance process Y. Let F° be filtration generated by S, and let ¥ be the filtration
generated by Y. We again assume that the financial market is complete while the entire market
is incomplete. Define the total information which is available as F := FSV FY := g(FSUFY).
We call a collection of mappings II; : L>(Fr) — L>®(F;), t € [0,T] a continuous-time dynamic
evaluation if it has the following properties:
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e For all stopping times o, II, is an F,-conditional evaluation.

e Time-Consistency: For every H € L (Fr):

I,(H) =TI, (Il (H)) for all stopping times o < 7.

The latter property is sometimes called strong time-consistency. For weaker notions of time-
consistency see e.g. Roorda et al. (2005). In a dynamical context time-consistency is a natural
assumption to glue together static risk measures. It means that the same risk is assigned to
a financial position regardless of whether it is calculated over two time periods at once or in
two steps backwards in time. If II is monotone time-consistency is in fact equivalent to the
property that if an asset H; is preferred to an asset Hs under all possible scenarios at some
time 7 then H; should also have been preferred before 7. Time-consistent evaluations have
been discussed in continuous time by Peng (2004), Frittelli and Gianin (2004), Rosazza Gianin
(2006), Delbaen (2006), Kloppel and Schweizer (2007), Bion-Nadal (2008), and Barrieu and
El Karoui (2009). Duffie and Epstein (1992), Chen and Epstein (2002), and Maccheroni et al.
(2006) deal with dynamic preferences using similar notions of time-consistency.

Given a dynamic evaluation (II;) we define Il;; to be equal to IIs restricted to L>(Fy),
ie., II;; = II;|L*°(F;). Next we will assume that the insurance process Y a.s. jumps only

at finitely many predictable time instances, say 0 < 71 < 70 < ... and there is no additional
randomness added between the jumps, i.e., .7-"32,/ = .7-"}.; for all . Recall that a stopping time

7 is predictable if there exists a sequence of stopping times 7" < 7 such that 7" 1 7. Hitting
times of continuous processes are predictable while jump times of Lévy processes (or more
general, strong Markov Feller processes) are not. On the set where Y does not jump at all
we set 71 = T.} One example could be given by a setting in which the insurance process Y is
only updated at finitely many fized time instances, t; < ... < t;. Another possibility could be
that damages occur at unpredictable stopping times 7;, but the amount of money the insurance
will have to pay is not clear right away. Instead the insurance needs some additional time, say
€ > 0, to agree to a certain amount and to pay it out at 7; + ¢, respectively.
We will use the following definition in a dynamic setting.

Definition 4.1 We will say that a conditional continuous-time evaluation (Ilt),c(o,1) is market-
consistent if for every stopping time o and every financial payoffs H® € LOO(]:"IS vV Fy) and
H e L*>*(Fr)

I,(HS + H) =E% [H"] + 11, (H).

Note that this definition of market-consistency coincides with the definition in the static case
with G = F,, and F° = F3.

Now for every stopping time o we define 7, to be the time of the next jump after o, i.e.,
T, = inf{t > o|AY; > 0} A T. Denote F2 := F2 V F,. That is F2 is the o-algebra which
includes all the information (of both stock and insurance process) up to time o and additionally
the information of the stock process up to the time of the next jump of Y.

Theorem 4.2 Suppose that S is continuous and the insurance process is as described above.
Let (Il )o<t<T be a time-consistent and market-consistent evaluation such that for every t, I1;(-)
is continuous. Then for every stopping time o, we have that Il, ;, satisfies the market-local

Similarly we can set some 7;(w) equal to T if not all paths, (Y;(w)):, have the same number of jumps.
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property. In particular, if (I1;) is additionally assumed to be either monotone, p-norm bounded,
or positively homogeneous then for every stopping time o there exists an fi—conditianal eval-
uation M gs + L*°(Fr,) — L>°(F5 ) such that

Mo (H) = B, Mg, ().

This theorem shows in particular that in a setting where the agent just observes the insurance
process at finitely many time instances, every market-consistent and time-consistent evaluation

has to admit a representation of the form E% [H Fs (H )] at every stopping time o. In other
words, an agent who wants to use a time-consistent and market-consistent evaluation has to

apply a two step market evaluation.
Theorem 4.2 also yields the following corollary:

Corollary 4.3 Suppose that S is continuous, and that the insurance process Y a.s. jumps
only at finitely many fixed time instances, say 0 < t1 < t9 < ... < tg, and ]}t};l— = ]:?i/. If
(ILy)o<t<T is a time-consistent and market-consistent evaluation which is either monotone, p-
norm bounded or positively homogeneous then for every s € [0,T] there exists an fg—conditional
evaluation Hfi : L°°(Fy,) = L®(Ff) such that

MWy, (H) = EZ, [Tes ()]
where t; is the next time instance after s at which the insurance process jumps.

We have restricted our analysis to payoffs rather than payment streams. However, if H is a
discrete payment streams which pays cash amounts (H,,, ..., H,,) at stopping times v; < v <
..., we could consider evaluations II; mapping payment streams, starting paying amounts from
time s on, to L*°(Fs). In this case time-consistency could be defined as

HU(H) = HU(HI[JJ) + HT(HI[T7T])) for all o < T,

see also Cheridito et al. (2006), or Jobert and Rogers (2008). By a proof analogue to the one
for Theorem 4.2 one can then show that for an evaluation satisfying similar properties as above
time-consistency and market-consistency entail

oy (Hljpr,)) = B3, [Ups (Hlpr,)| =ES, [Ups ()| + Y B3, (1.

5 Market-consistent evaluations in continuous time

5.1 Results on market-consistent BSDEs

In a continuous time Brownian-Poisson setting we can provide examples of time-consistent and
market-consistent evaluations by g-expectations. It is well known that g-expectations induce
time-consistent evaluations, see for instance Peng (2004), Frittelli and Gianin (2004), Rosazza
Gianin (2006), Bion-Nadal (2008), Barrieu and El Karoui (2009), or El Karoui and Ravanelli
(2009). In this section we will give a complete characterization of g-expectations which are
market-consistent.
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Suppose the filtration F is generated by two independent Brownian Motions (Wf , W) and
an independent Poisson random counting measure Np(ds, dz) defined on [0,7] x R\ {0}. We
denote the corresponding compensator by

N, (ds,dx) = ny(dz)ds.

We assume that the measure n,(dz) is non-negative and satisfies

/ (22 A 1)y (der) < oo.
R\(0)

Denote N,(ds,dz) := N,(ds,dz) — N,(ds,dz).
Suppose that we have a bond B with By = 1 and dB; = rB,dt. We assume that the stock
process S is given by

dSy = Sy(u(t, Sp)dt + o(t, S)dW;), Sy = so,

with sg > 0 and standard assumptions on p and o. Let F° be the filtration generated by S.
Notice that the financial market consisting of (S, B) is complete. Generally however payoffs
can depend on (W7, W, N) and may not be replicable.

Denote the market price of uncertainty by 6; = o=1(¢, S;)(u(t, S¢) — r). As in the sections
before we will denote by H hedgeable and unhedgable discounted payoffs.

We will consider evaluations of H given by the solutions of backward stochastic differential
equations (BSDEs). Denote by P the predictable o-algebra. Let

22— {Z e P’E UOT \28\2013] < oo},

where we denote by | - | the Euclidean norm.

Let S? be the space of all optional processes whose path-maximum is square integrable
with respect to P. Let L?(n,) be the space all B(R)-measurable functions which are square
integrable with respect to n,, where, as usual, two functions are identified if they are equal n,
a.s. Define Lz(np x ds) similarly. Now suppose that we have a suitably measurable function
g:[0,T] x Q x R? x L?(n,) — R.

A solution of the BSDE with driver g(t,w, 2/, 2, 2) and terminal condition H € L>®(Fr) is
a quadruple of processes (Y (H), Z/,Z,Z) € 8% x H? x H? x L*(n, x ds) (where Z/, Z and Z
are predictable) such that

dY,(H) = —g(t, Z! , Zy, Z,)dt + Z! dW/ + Z,dW, + Z,(x)N,(dt, dz) and Yo (H) = H.

Often BSDEs are also written in the following equivalent form:

T T T T
Yt(H):H+/ g(s,zg‘,zs,zs)ds—/ Zg‘dWSf—/ ZSdWS—/ / Zs(2)Ny(ds, dx).
‘ t ¢ ¢t JR\{0}

Since the terminal condition is given at maturity time 7', BSDEs have to be computed back-
wards in time. As in many applications a terminal reward is specified and solutions of BSDEs
satisfy a dynamic programming principle, BSDEs are often applied to solve problems in stochas-
tic optimal control and mathematical finance, see apart from the papers mentioned above for
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instance El Karoui et al. (1997), Lazrak and Quenez (2003), Hamadeéne and Jeanblanc (2007),
and Porchet et al. (2009); or for the discrete time case Madan et al. (2010).

Subsequently, we will always assume that the BSDE which we consider has a unique solu-
tion. This is for instance the case if g(t,0,0,0) is in L>(dP x dt), and g is uniformly Lipschitz
continuous; that is there exists K > 0 such that

|g(t7Z1f7Z1721) - g(t, Z(J)c)zOv’gO” é K<Z{ - Z(j)c| + ’21 - 20‘ +/ |21(CL’) - 20(x)|2npdx>a
R

\{0}
see for instance Royer (2006).
Example 5.1 Let H be a bounded payoff and define Y;(H) = Ex, [H]. Then by the martingale

representation theorem (see e.g. Jacod and Shiryaev (1987), Sec. 3, Theorem 4.34) there exist
predictable processes Zf, Z and Z such that Y satisfies

AYy(H) = Z! dW] + Z,dW, + Z,(x)N,(dt, dz) and Yy(H) = H.
This is the simplest BSDE with g = 0.

Hence, a conditional expectation may be seen as a BSDE with g = 0. This is why BSDEs
are being referred to as g-expectations. The name should express that a BSDE may be viewed
as generalized (usually non-linear) conditional expectation with an additional drift.

Example 5.2 Let H be a bounded payoff and define Y;(H) = ]E% [H]. Then by the martingale
representation theorem and by the Girsanov theorem Y (H) satisfies

dY,(H) = —0,z] dt + z! aw] + Z,dW, + Z,(z)N,(dt,dx) and Y(H) = H.
This is a linear BSDE with g(t, 27, 2, 2) = 6;27.
Subsequently, we will write
&/ (H) =Yy (H).

In a Markovian setting g-expectations correspond to semi-linear parabolic PDEs, see for in-
stance El Karoui et al. (1997).
It may be seen that if g is convex and ¢(¢,0,0,0) = 0 then the evaluation defined by

I(H) := & (H),

is normal, monotone, cash invariant, convex, time-consistent and satisfies the local property.
Hence, g-expectations give us an abundance of time-consistent, continuous-time evaluations.
There are also certain sufficient conditions under which, in a Brownian filtration, a time-
consistent evaluation is induced as the solution of a g-expectation, see Coquet et al. (2002).

The following theorem gives a complete characterization of market-consistent evaluations
given by g-expectations:

Theorem 5.3 A g-expectation is market-consistent if and only if g(t, 2, 2, 2) — 0;2/ does not
depend on zf dP x dt a.s.
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5.2 Examples of market-consistent BSDEs

To get an interpretation of g we will consider some examples: The first one concerns the expo-
nential market-consistent principle from the Examples 3.3, which has a nice characterization
in terms of BSDEs. That the exponential principle from the Examples 2.2 (without taking the
financial market into account) satisfies a BSDE was already known, see for instance Barrieu
and El Karoui (2009). We will state the next proposition without a proof. The proposition
can be shown by combining the results by Morlais (2009), on portfolio optimization under an
exponential utility function, with the fact that the two step market evaluation can be obtained
as an indifference price, see the arguments outlined in Musiela and Zariphopoulou (2004b).
However, the result can also be proved directly.

Proposition 5.4 Assume that n, is finite. Then the exponential market-consistent principle
satisfies a BSDE with driver function

Z@), 1 . .
15— Hm(t de).

1
gt 2 2,2) = 0,27 + —|2]* + V/ [exp{
2y R\{0}

Other examples of the driver function g can be obtained by looking at one-period evaluations
in discrete time defined recursively. Namely, suppose that we have an equi-spaced time grid
I = {0,h,2h,...,T} where we assumed without loss of generality that 7" is a multiple of h.
The filtration (Fip)i—0,1,... 7/n s generated by (sz:u Win, Np((O, ih),dz))i1,.. /- Let Q" be the

measure (with F*-measurable density) such that AW(J;’L) o= AW(J; LR T 0;ph is a martingale.
Denote ]:(*jﬂ)h = f(5;+1)h V Fin. In other words F° is the information of the stock together

with the previous values of the insurance process.

Now we can use evaluations from our Examples 3.3 over one period and glue them together
recursively. Using our two step procedures for the one-periodic evaluations could be natural,
in particular, if the stock process can be observed before the insurance process. Suppose for
instance for a moment that we are at time ih and the stock process can be observed at time
(i + 3)h, whereas the insurance process is revealed after the stock process at time (i + 1)h.
Since data from the financial market can be observed almost continuously, while data from
insurance companies are typically observed less frequently, this may not be an unreasonable
assumption, see also Section 4. Of course our insurance process will possibly be effected by the
financial market through its correlation to W/. However, it will not be completely predictable
due to its dependance on the jumps and W. In this situation if an evaluation (Ht)te[o,T]
is time-consistent, then market-consistency would imply that for the aggregated evaluation
(Iin)i=o,1,....7/n We have

h
Win(Hi1yn) = Win (M4 19, (Hi4)n)) = E} [H(H%)h(H(iJrl)h) :
The last equation holds by market-consistency since H(i+%)h(H(i+1)h)’ is ]:(ir%)h = }i(ir%)h v
Fin-measurable. Therefore, the setting outlined above would indeed give rise to applying a
two step market evaluation at time-instances ih, to evaluate payoffs up to time (i + 1)h. We
will calculate one example explicitly by considering at time instances ¢h the mean-variance two
step market evaluation

h

. 1
Hih,(i+1)h(H(i+1)h) :E%h Exs [H(H‘l)h] + §O‘Van5iH [Hirvnl |, a=0.

(i+1)h (i+1)h
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To obtain a multi-period evaluation (I );—o 5. 7 on the whole filtration with I1% : L>(Fr) —
L™ (Fyp,) we will define TI" recursively by setting

[ (H) = H and I1};,(C) = [, (I1{;,,,,(H)) for i = 0,h, ..., T/h—1. (5.1)
The following proposition is proved in the appendix:

Proposition 5.5 Suppose that the evaluation II" is constructed by (5.1), i.e., using locally
the Mean-Variance two step market evaluation. Then for every terminal payoff H € L*°(Fr)
there exists predictable processes (zMI, 2" Z) and a martingale (Lgp,); orthogonal (under Q")
to (th’ Win, Np((0,ih], dx)); such that for all i we have

T/h—1
h _ ohf & h |2 ~h 2
I (H) = H + ;; (szﬁ +2(VZM‘+A;m“Zm@N7%M$0}h

T/h—1

a.Qh f f
+ §Efjh {(AL(JH)h - EFSH)h [AL(J'H ) ] ) Z Z AWj—i-l)h
T/h—1 T/h—1
- Z AW 41— Z / [, BNl G DA ) (= L. (52)

In particular, I" satisfies a discrete-time BSDE.

Note that the orthogonal martingale terms L;; arise because the discretized Brownian Motions
do not have the representation property. However, the continuous time Brownian motions and
the Poisson random measure do have the representation property. Therefore, we will simply
ignore L in continuous time. The continuous time analogue of a local mean-variance two step
market evaluation is then given by the solution of the BSDE with driver function

olt.+1,22) =0 4 G (1P 4 [ [o(a) Pyl
2 R\{0}

For precise convergence results of (different) one-step risk measures to continuous time in a
Brownian setting, see Stadje (2010).

6 Summary & Conclusions

In this paper we have studied the extension of standard actuarial principles in time-consistent
and market-consistent directions by introducing a new market-consistent evaluation procedure
which we call ‘two step market evaluation.” On the one hand, two step market evaluations
sometimes arise when an agent starts with an evaluation that is not market-consistent, such as
the Average Value at Risk or the Exponential Premium principle, and then engages in hedging.
On the other hand, market-consistent evaluations can also be defined directly by applying a
standard evaluation technique, conditional on the stock process. In this case the structure of
many standard evaluation techniques can be preserved.

We have shown that two step market evaluations are invariant if the stock is taken as a
numeraire. In Theorem 3.8 and Theorem 3.9 a complete axiomatic characterization for two
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step market evaluations is provided. Moreover, we have proved that in a dynamic setting
with a continuous stock prices process and an insurance process being revealed at predictable
times every evaluation which is time-consistent and market-consistent is a two step market
evaluation, which gives a strong argument for their use. We have also characterized market-
consistency in terms of g-expectations and studied the extension of the mean-variance and the
exponential principle to continuous time, in a setting with jumps. Our analysis shows that
two step evaluations can provide a useful, computationally tractable tool for market-consistent
valuations.

A Appendix: Technical Material & Proofs

A.1 Background to the Essential Supremum

The first part of the appendix is basically a summary of the definitions and results given in A.5
Follmer and Schied (2004). Consider a family of random variables M on a given probability
space (Q, F,P). Now if M is countable then Z*(w) = sup z¢ ;s Z(w) is also measurable. However,
measurability is not guaranteed if M is uncountable. FEven if the pointwise supremum is
measurable it might not be the right concept when we focus on a.s. properties. For instance if
P is the Lesbegue measure on = [0,1] and M = {I;,;]|0 <z < 1} then supyc, Z = 1 while
Z =0 a.s. for all Z € M. This suggest the following notion of an essential supremum defined
in terms of almost sure inequalities. This result can be found as Theorem A.32 in Féllmer and
Schied (2004).

Theorem A.1 Let M be any set of random variables on (Q, F,P).

(a) There exists a random variable Z* such that
Z* > 7 P-a.s. forall Z € M. (A)

Moreover, Z* is a.s. unique in the following sense: Any other random variable Z with
property (A) satisfies Z > Z* P-a.s.

(b) Suppose that M s directed upwards, i.e., for Z1,Zy € M there exists Zs € M with
Zs > max(Zy, Z3). Then there exists an increasing sequence Z1 < Zs < ... in M such
that Z* = lim,, Z,, P-a.s.

Definition A.2 The random variable Z* in the the theorem above is called the essential supre-
mum of M and we write:
Z* = esssupgzepr 2.

We define the essential infimum similarly.

If the probability space is finite the essential supremum corresponds to the pointwise supremum
taken over all atoms.

Lemma A.3 If M satisfies the concatenation property, i.e., for every A € F and Z1,Zo € M
we have that Z1Ix + Zolac € M, then M s directed upwards.

Proof. Define
AR 211z, >2y + 22z, <22}
By the concatenation property Z* € M, and by definition Z* > max(Z1, Z2). O
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A.2 Proofs of the results in Section 3.1
Proof of Proposition 3.2. (i)=-(ii) By (2.2) we have that

Hg(H) = ess SUPgeLl(f){EQ [EH] — Hé(f)}-

Furthermore,

15 (§) = esssuppyereo(r){Eg [(H] — lg(H)}
> esssuppereo(rs){Eg [(H] — g (H)}
= esssupyeroo(rs){Eg [Eps [{] H] — 1lg(H)}. (A.3)

The last term in (A.3) is the dual of TIg restricted to F° evaluated at Ezs [¢]. Now by as-

sumption TIg(H?) = IEQ [H®] is linear. Thus, its dual penalty function, (Ig|F%)* : L}(F¥) —
R U {oco}, must be equal to the indicator function which is zero if the input argument is le%’
and infinity else. But then, by the inequality above, ITf;(§) must be equal to infinity as well if
Ers [£] # %. Thus, it is sufficient to consider £ of the form & = %Z for a Z := % € Ors.

Defining for Z € Qrs, cg(Z) = l'[g(dQ Z), we have indeed that

IIg(H) = esssupecpi(7){Eg [EH] — Hg(£)}

dQ
dP

dQ

ZH] G (2

= esssupZeQFS{Eg [ Z)} = esssupZeQFS{Eg [ZH] —cg(Z)}.

(ii)=(iii): It is by (ii)
Ig(H® + H) = esssupcq s Eg -dQZ(HS—i—H)} —Cg(Z)}

dP
[dQ dQ

= esssupyeq_ | Eo _dPZHS] +Eg [dPZH] —cQ(Z)}
] +Eg [ ZH] —CQ(Z)}

= esssUPzeg g

= esSSUPzeg g

e ]
Eg | HSE]_—S ] +Eg [ ZH] —CQ(Z)}
&

] . Z)}
— Eg [ﬁ% } esSSUDcg {Eg [Z%ZH] (Z)} — EY [H5] + Tg(H),

Eg HS] + Eg

{
{ -
= esSSUPzeg g {Eg _Efs [
{
{

where we have used in the fourth equation that dQ/dP and H®, by assumption, are F°-
measurable. In the fifth equation we have used that Ers [Z] = 1. This proves (ii)=-(iii). The
direction (iii)=-(i) is clear using that by normalization IIg(0) = 0. O

Theorems 3.9 and 3.10 may be seen as versions of the Radon-Nikodyn theorem with a
non-linear part IIrs and without assumptions like monotonicity or continuity. We will need
the following Lemma. Its proof is straight-forward doing an induction over r.
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Lemma A.4 Suppose that Ilg satisfies market-consistency and the local property. Then for
disjoint sets C1,...,Cr € F¥ and payoffs Hy, ..., H, € L®(F), we have

g(Hilc, + ...+ Hylc,) =1lg(Hilc,) + ...+ g(Hy Ic,).
The next lemma will also be useful.
Lemma A.5 A G-conditional evaluation satisfies g(InH) = I41lg(H) for every A € G.
Proof. 1t is

HQ(IAH) = HQ(IAH + IACO) = [AHQ(H) + IAcHg(O) = IAHQ(H),
by normalization and the local property of Ilg. a

For the proof of Theorem 3.9 we will also need the following lemma:

Lemma A.6 In the setting of Theorem 3.9, the set M’ defined by (3.4) has the concatenation
property in the sense that Z1, Zo € M' implies that for any A € F° we have that Z11a+ ZoIpc €
M'. In particular, IAM' + Iye M' := {Z114 + Zolac|Zy € M', Zy € M'} = M.

Proof. For Zy,Zy € M’ we have

. (dQ
Hg (dip(ZlIA + ZQIAC))
d
= eSSSUpHeLoo(]:) {]Eg [(;g(ZlIA + ZQIAC)H:| — Hg(H)}

d d
= €SSSUP ¢ oo (F) {]Eg [ﬁZl(IAH)} + Eg [ﬁZQ(IAcH)] —Hg(HIA +HIAC)}

dQ
= eSSSUDp [, H1ceLo(F) {Eg [dIP’ZI(IAH)} —g(HIa)

+Eg [Z%Zz(IACH)] - HQ(HIAC)}
d
= eSSSUP 1, e (F) {EQ [ﬁzl(HfA)] - HQ(HIA)}

d

Q
—l—eSSSUpH]ACELoo(]:) {Eg |:d]P>Z2(HIAC):| — Hg(HIAc)}’ (A4)

where the first equation holds by the definition of II*. The third equation holds because of
Lemma A.4 for r = 2. (A.4) yields that

(4201 + 211) < o {80 2] - ot}
d
+ eSS SUp e o0 (F) {Eg [C;SZ2H} - HQ(H)}

where in the last line we have used that HE(Z%ZQ = 0. The reason for this is that II* is zero on
M and infinity else. Therefore, the fact that Z; € M’ implies by (3.4) that %Zi € %M’ =M
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fori=1,2.

Since II§ is only takes the values zero and infinity we must have that HE(Z%(ZJ A+
Zslye)) = 0. Thus, we can conclude that indeed %(ZJA + ZQIAC) € M. Therefore,

d —1
ZiIa+ Zolge € (d%) M= M.

Proof of Theorem 3.9. (ii)=(i): It is
g(HS + H) = EY [Uzs(H® + H)] = EF [H®] + EZ [zs (H)] = Eg [H] + g (H),

where we have used F°-conditional cash invariance in the second equation. This shows market-
consistency. Moreover,

g(IaH1 + Lae Hz) = ES [Mps (IaH1 + Lac Ha)]
Eg [Iallps (H1) + Laellzs (Hy)]
Eg [rs (IaH1) + Mps (Iae Hy)] = Hg(IaH1) + Hg(Lae Ha),

where we used the F*-local property in the second and Lemma A.5 in the third equation.
(i)=-(ii): By Proposition 3.2 (iii)=-(ii) and positive homogeneity market-consistency imply
that

d
IIg(H) = esssupzepr Eg [@ZH}

dP
dQ

d
= esssupye Eg [Efs [dIP’ZH” = esssupye Eg [;}%Efs [ZH]} , (A.5)

where we used in the third equation that Z% is FS-measurable. Define
Hrs(H) :=esssupyepp Exs [ZH] .

Clearly, IIrs is normal, FS-convex, F°-cash invariant and FS-positively homogeneous. The
FS-local property is satisfied because for A € FS we have

Hrs(IaHy + 1acHy) = esssupzeny Exs [Z1aHy + Z1 4 Ho)
=esssupycy Ers [ZIaH1) + Exs [Z14c Ho|
= esSSUPz, e zoem Brs [Z11aH] + Exs [Zo] ac Ho
= esssupy, ey Exs [Z11aH1| + esssupy, ey Ezs [Z21 4c Ho)
= Tpesssupy, ey Exs [Z1H1] 4 Lgc esssup g, ey Exs [Z2Ho|
= Iqllrs(Hy) + Lacll s (Ha),

where we used in the third equation that Lemma A.6 implies that M’ = {Z114 + Zolac|Z; €
M', Zy € M'}. Hence, indeed I zs is an F-conditional evaluation. Finally, let us prove that

g (H) = EZ [Lys (H)] .
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Notice that if we could show that

d d
esssup ey Eg |:d(§]E]:S [ZH]} =Eg [d(]% esssupyepy Exs [ZH]] (A.6)
then we are done, since the left-hand side of (A.6) is equal to IIg(H) by (A.5), while the
righthand-side is equal to E(g [IIzs(H)| by the definition of I zs. So let us show (A.6). Clearly,

d d

esssup ey Eg @Efs [ZH]| < Eg aQ esssupzec Exs [ZH]| .
dP dP

Let us prove ‘>’. It is well known, see also Theorem A.1 and Lemma A.3, that the concatenation

property implies that there exists a sequence Z,, € M’ with Exs [Z1H] < Ers [ZoH] < ...

such that lim, Ers [Z,,H] = esssupyeyy Exs [ZH]. Therefore, by the monotone convergence

theorem

d d
]Eg [d([% €SS SUpP </ ]E]:S [ZH]:| = ll’rIlH]Eg [C;I%E]:S [ZnH]:|
dQ

S €SS SupZeM/ ]Eg |:d]P)]E]:S [ZH]:| .

This shows (A.6). This proves Theorem 3.9. O

For the proof of Theorem 3.10 we will need the following Corollary of Lemma A.4:

Corollary A.7 Suppose that Ilg is continuous, market-consistent and satisfies the local prop-
erty. Then for disjoint sets C1,Cs,... € F° and a payoff H € L™(F) we have

Tg(HY Ic,) =Y Tg(HI,).
=1

i=1

In particular, if Ug is additionally assumed to be monotone (or p-norm bounded) then for every
H € L>(F) the mapping C — Mg(HIg) is a real-valued, (signed) measure on F2.

Proof of Theorem 3.10. (ii)=(i): Continuity, convexity, and monotonicity in the case that Ilg
is monotone, are straight-forward. The other properties are seen analogously as in the proof
of Theorem 3.9.

(1)=(ii): By assumption F° = (A1, As,...) and we will assume without loss of generality
that A; # A; if i # j. For n € N we define the finite filtration 7" as the smallest o-algebra
containing the the events Aj,..., A,. Now let us define the partitions corresponding to F"
recursively in a standard way. For n = 1, F! is generated by the partition given by B} := Ay,
Bl := A$. Moreover, F"*1 is generated by the partition

B = BN Apq and B =B NAS,, i=1,...,2"

Of course, F* ¢ F2 c ... c F5.
Set ¢ = Qg(B}). Define

2”
Ipn
Mpn(H) =) qj Ig(HIgy), (A7)
k=1 K
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where we we set 0/0 = 0. Note that if ¢ = Qg[B}}] = 0 then Pg[B})] = 0 (as Q is equivalent
to P) and therefore, Ilg(HIpr) = 0 which entails by definition Ilzn(HIpyp) = 0. In particular,
IIzn is well defined.

Next, every set A € F" can be written as A = By U...U B}, forar € {1,...,2"} and
1 <k <ko<...<k <2" AsTIg(0) =0, it is straight-forward to check using Definition
(A.7) that

Mpn(IgnH) = I 11zn(H). (A.8)

Furthermore, by Lemma A .4 for every H € L>(F)

27L
Eg [z (H Z Eg [Ii;] g(HIpy) =Tlg(H).

We will need the following lemma which is a version of Proposition A.12 in Féllmer and Schied
(2004).

Lemma A.8 Suppose that P and P share the same zero sets, and that Fo C F. Then for any
bounded F-measurable H

dEH P and P a.s.
dP

. 1 _
Er (H = ———Eg,

Er, [dﬁv/dﬂ

Next we will show the following Lemma:

Lemma A.9 Under our assumptions, for every H € L*°(F) the process M, = E(g [zn(H)]
s a uniformly integrable martingale.

Proof. It may be seen from standard arguments that M,, = Iz« (H) is a martingale. Let us
see that M, is uniformly integrable under the measure Qg. First of all note that in the case
that IIg is monotone we have that

2n 2n
Ipn Ipn
M (H) <> q; g (||H|looIpp) = > q: H||ooq = ||H] |0,

k=1 1k k=1 1k

where we used market-consistency in the first equation. Similarly, it is seen that IIzn(H) >
—||H||so- Hence, if Iz is monotone then for fixed H, Iz~ (H) is bounded uniformly. In
particular, M, is uniformly integrable.

In the case that Ilg is p-norm bounded notice that,

QTL
Ipgn _
T (H)| < )\’ Zq;/|H|PIBZdP‘
k=1
dPg
< AH]L \ZI o a| = i Eg [ o2 7).
Since the last term is uniformly integrable, IIz»(H) is uniformly integrable as well. O
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Hence, if IIg is monotone or p-norm bounded we may conclude by the martingale convergence
theorem that M,, = Iz« (H) converges a.s. and in L'(Qg) to a random variable M. Set

Mps(H) := Moo = lim TLpn (H).

Now Ilg(H) = Eg [ zs(H)] will follow from the following lemma:
Lemma A.10 Forall Ix € F° and H € L>®(F), Hzs(H) satisfies the characteristic equation
Tg(IaH) = EF [Iallzs(H)]. (A.9)

In particular, Ug(H) = Eg [Mzs(H)]. Purthermore, for every H € L®(F%), Mzs(H) is the
unique a.s. Qg-integrable random variable satisfying (A.9).

Proof. Notice that for every A € F0 C Frotl C ... by (A.8)
lg(IaH) = imEg [ILrn (IoH)) = Wm Eg [I4llpn (H)] = E§ [Lallys (H)] (A.10)

where we have used in the third equality that ITz«(H) converges to Ilzs(H) in L'(Qg). Now
by Corollary A.7 the left hand-side and the right hand-side are signed measures (measuring
sets A € F%). As by (A.10) they both agree on |J,, F", which is closed under intersection and
generates F°, they must agree on the entire filtration F°. Uniqueness follows from equation
(A.9) using standard arguments. g

Now all what is left to prove is the following lemma:

Lemma A.11 Tlzs is a continuous, F°-conditional evaluation which is monotone if Tlg is
monotone.

Proof. Clearly for every n Ilzn is F™- and hence also F°-measurable. This entails that its
limit, [ zs, is F S_measurable. Furthermore, by construction, II£s is normalized as Ilzn are.
If IIg is monotone then the IIz» are monotone as well which implies that IIrs is monotone.

Next, let us check that IIrs satisfies the FS-local property. It is necessary and sufficient
that for every A € F¥ and H € L>(F)

H]:S(HIA) == IAH]:S(H)
We will prove the equality by showing that the right-hand side satisfies, the characteristic
equation (A.9) for the left hand-side. So let A’ € F°. It is
Tg(La(IaH)) = Tg(LynaH) = ES [Lynallzs (H)] = E [IA, (IAHfs(H)ﬂ ,

where we have used (A.9) in the second equation. This shows that I4I1rs(H) satisfies the
characteristic equation of I4H and hence by the uniqueness stated in Lemma A.10 indeed
s (HIg) = Ialles (H).

To see FS-cash invariance of ITzs assume that for a m € L®(F°) and H € L>°(F) we have

(<)
that the set A = {Ilzs(H +m) > Ilzs(H)+ m} has positive measure under Pg. Then A has
also positive measure under Qg and
g(HIa+mls) =ES Mzs((H +m)la)] = ES [[Lps(H +m)l4
(<) Q

> Eg [(ILgs (H) +m)14]
= Eg [zs (HIA)] +EG [mIa] = g(HIa) +EF [mla],
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where we have used in the second equation the F°-local property of II £s, which we have proved
above. This is a contradiction to the market-consistency of I1g. Thus, indeed Il zs is F*-cash
invariant.

Next, for H € L>®(F),and A€ Rwith 0 <A <1

2n
Ipn

Mrn(AH1 4+ (1 — XN)Hs) = Z
=1 Ik

()\IBng + (1 — )\)IBI?HQ)

< Z <>\Hg IgnHy) + (1 - )\)Hg(fBgHz)>
= /\Hf"(Hl) (1 = NIz Hy), (A.11)

where we have used the convexity of Il in the inequality. In particular, Il s is convex as limit
of convex functionals. (Note that ‘convexity’ is weaker than ‘F S_convexity’ since for ‘convexity’
A € [0,1] is assumed to be deterministic.) Before we move on to show the F°-convexity of II rs
let us prove continuity.

In the case that IIg is monotone, II s is monotone as well and the continuity of Il zs follows
from the characteristic equation using standard arguments.

On the other hand if IIg is p-norm bounded we get for H € L (F)

2 Ige _
e (1) < 32 JrTA
k=1

- )\‘ i d d@g‘ = AEQ [IHI” 4Py ‘fﬂ}

" Ipn AP
Ejf /|H|pr"
el 9k deg

[Ls (H)| :lién‘H].‘n (H)|

P
< AEY [Hypd g ‘}'S]

Therefore,

< el
EY [%vﬂ

dP dP _
= AES | -7 |FS = AES 9 |]—"S /yHydefs. (A.12)
dQg
The third equation holds by Lemma A.8. Hence, we can extend Ilzs to LP(Q, F,Prs) by
setting for H € LP(Q), F,Prs),

Mrs(H) = limsup limsup s (—m V H A N).
N—oco m—o0
Note that TIzs is convex (as the limsup of convex functionals), and agrees with IIzs on
L®(Q, F,Prs) = L®(Q, F,Pxs). By (A.12), I s is real-valued and bounded in an LP(Q, F, Pxs)
environment of zero. Thus, Theorem 2.2.9, Zilinescu (2002) implies that IIzs is continuous
in LP(Pxs). But then II s is also continuous with respect to Prs bounded a.s. convergence.
(For the notion of bounded a.s. convergence see Section 2.) Next note that P}—s and Prs
are a.s. equivalent as P and P are. See also Lemma A.8. Therefore, we get that [zs a.s. is
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continuous with respect to Pzs a.s. bounded convergence. Finally, as ITzs and IIzs agree on
L®(FS,Pxs) we can conclude that IIzs a.s. is continuous with respect to Pzs a.s. bounded
convergence.

Finally let us show that Ilzs is F-convex. First of all, let A" € L®(F") with 0 <
A" < 1. Then there exists disjoint sets A}, ..., A® € F™ and constants A}, ..., A € [0, 1] with
M= Z;Zl AfIar. By adding an additional set with an additional constant equal to zero if
necessary, we may assume without loss of generality that Q = J;_; A?. By Lemma A.4 for sets
Ch,...,C.e FS

2

(3 Ie,H)) Zi@g ZIBnICH)>
=1

i=1 1 Ik

T

2" T
ZZ <Hg Ipplc,Hi) ) = Tpe (I, Hy). (A.13)
1 k=

i=1
Therefore,

T
(A" Hy + (1= M) Hy) = Hf"(ZIA?(A?Hl + (1= )\?)H2)>
i=1

.
= Tpn (AP Lar Hy + (1= X)Lap Hy)
=1

.
< D Npn(Lap Hn) + (1= N (Lag Hy)
=1

= Z)\ IAnH]:n H1 —1—2 1 - A"H.F"(H2)

= )\]: H]:n(Hl) (1 - )\fn)Hf"(H2)v

where we have used (A.13) in the second equation, (A.11) in the inequality, and the F"-local
property for IIzn, proved in (A.8), in the third equation. Hence, indeed IIzn is F™-convex.

Next, if A" € L®(F™) with 0 < A*" < 1, and m € N then clearly A" € F” for every
n > m. This entails

Mes(N " Hy + (1= X" Hy) = 117rlnnfn(Af’"(Hl + (1= X")H,)

< lim N "z (Hy) 4 (1 = X ) pn (Hy)
= N " zs(Hp) + (1 = M) zm (Hy). (A.14)
Finally, to see that ITzs is F°-convex let A e L>®(F%) with 0 < A ® < 1. Then also

0 < Egn [)\]: ] < 1. Furthermore, by the martingale convergence theorem Ezn [)\5] converges
to Ezs [)\S ] = A% a.s. Hence, by the continuity of I1zs we obtain that

Mes (A Hy + (1= X°) Hp) = lim Tz (E;n [Afs] Hy + (1 - Ezn [)\fs} )HQ)
< lm B [AFS} Mps(Hy) + (1 — Bz [AFS} ) s (Hy)

= N Mhes (Hy) + (1= X7 )ILgs (Hy),
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where we have used (A.14) in the inequality. The lemma is proved. O

Lemma A.10 and Lemma A.11 imply the theorem. O

A.3 Proofs of the results in Section 4

For the proof of Theorem 4.2 we will need the following Lemma:

Lemma A.12 In the setting of Theorem 4.2, let T be a stopping time such that o < 7 < 7,.
Let H be an Fr-measurable payoff. Then Il,(H) = E% [H] .

Proof. As FY - = ]:?Z for all i, H is 72 V F, measurable. Consequently, the lemma follows
directly from the definition of market-consistency. |

Proof of Theorem 4.2. As the jump times of Y for the i-th jump, (7;), are predictable
respectively, 7, has to be predictable as well. This is seen as follows: First of all note that by

the predictability of 7; there exists sequences of stopping times (7;*) with 7" < 7; and 7" T 7
as n — o0o. Define o™ := 377 It o (77" V o). Let 79 := 0. Then {r; = 75} = {r,.1 <0 <
Ti} € Fy for i =1,2,... (Since 7, is the first jump after time o, we know at time o, if we have
observed ¢ — 1 jumps so far, so that the next jump will be the i-th one.) Therefore,

o0

{a”gt}zu({T;lgt}n{agt}m{n:%})eft.

=1

Thus, ¢™ is indeed a stopping time. Furthermore, clearly ¢” < 7, and

o T ZI{TiZTa}(Ti V U) = ZI{T'L:T(T}(TU V 0') = ZI{TiZTa}TU = Ty,
i=1

i=1 i=1
where we have used that o < 7,. Hence, 7, is indeed predictable.

Next, let H € L>®(F;,) and A € F,m for an m € N. By time-consistency and the local
property of (II;) we get for all n > m

I, (H) = My (o (HIs + HIpe)) = My (IaTlpn (H) + LyeIlpn (H)).

Next observe that for n > m, Iglyn(H) 4 Igcllyn(H) is Fyn-measurable. By Lemma A.12
this implies that
Iy (Ipllgn (H) + T4cn(H)) = [IAHU (H) + Iacllyn (H))
= ]EQ [[ 41l gn (H)] +E@ [14eT,n (H))
:E}- [ on IAH)] [ O—n(IAcH)]
= I, (I, (T4 H)) + HJ(Han (IucH)) = To(I4H) + o (14 H),

where we used Lemma A.5 in the third and time-consistency in the last equation. Hence, for
every A € F,m we have that

I,(H) =1,(IsH) + 11,(14cH). (A.15)
Since by assumption S is continuous and F - = .7:"32,/ for all ¢, J,,, Fom is a generating system

for ]-";90 . By the continuity of II, and a similar argumentation as in Lemma A.12 this entails
that (A.15) holds for all A € .7:75; . Thus, indeed II, restricted to F;, satisfies the market-local
property. This proves the first part of the theorem. The second part follows from Theorem 3.9
and Theorem 3.10. O
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A.4 Proofs of the results in Section 5.1

Proof of Theorem 5.3. First assume that g(t, 2z, 2)—0tzf does not depend on z/. We will prove
that for every 7, £ is market-consistent, by using Proposition 3.2 (i)= (iii). Without loss of
generality assume that 7 = 0. Let H° € LOO(]:}S). Denote by W*/ the Brownian motion under
Q,ie., Wy S —wf - fos 0, du. Since the financial market is complete there exists a predictable
Z! € L*(FS,dQ x du) such that HS = [ Z{dW:/. Define Y, = BS, [H5] = [; Z{dwa.
Clearly, for every stopping time 7 we have that )

T
Egs U \ZﬂdeJ’f] < 2||Y[[5 < 2||H][3.
T

Predictable processes satisfying this property are also called BMOs, see Kazamaki (1994). As
¢ is bounded it follows from Theorem 3.24 in Barrieu and El Karoui (2009) that Z fis a BMO
under P. In particular, Z/ € L?(F%,dP x du). Now we get
dYy = —g(s,0,0,0)ds + ZLdw}/
= —(9(s,2{,0,0) = 0.2{)ds + Z[dW T = —g(s, Z{,0,0)ds + Z{dW/,
where we used that ¢(s,0,0,0) = 0 in the first equation. In the second equation we applied

that ¢(s,0,0,0) = g(s, 2f,0,0) — 0,27, as by assumption g(s, 2/, 0,0) — 6,27 does not depend on
z/. In the last equation we used the definition of W*/. This entails that Y, = E%S [H] solves

the BSDE with terminal condition H and driver g. Therefore, indeed for every H® we have
that EQ [H°] = £J(H®), and it follows from Proposition 3.2 (i)=>(iii) (with G = {€2,0}) that
&J is market-consistent. For general 7 the argument is similar.

Now let us prove the other direction. For arbitrary z/ € R define

g(t, 2z, Z) = g(t, o452, Z) — 0,77

We need to show that g = g. Let (&7 (H + ZfW;’f), 71,7, 7) be the solution of the BSDE
with terminal condition H + zf W;’f and driver function g. Note that the process Y,* :=
EN(H + EfW;’f) — zfW! is equal to H at time T. On the other hand we have
Ay = —(g(t, Z] . 22) — 0,27)dt + (2] — )aW] + Z,dW, + Z,(x) N, (dt, dz)
= —G(t, Z] 1> Z) At + Z) o dW] + Z,dWy + Zy(x)Np(dt, ),

new,t’

where Z,{ew =z — 3/, Therefore, Y* solves the BSDE with terminal condition H and dNriver
g. Hence, for every ¢ we have & (H + EfW;’f) — Zth*’f =Y = EJ(H). Denote by S the
discounted stock price. By market-consistency we can conclude that for every H € L>(Fr)

T 5 N t 5 3
EI(H) = & <H +/ —~d8t) / ;]
0o e "to(t,emSy) 0o e "to(t,ertSt)
— &I(H + 2wy — Fwr = g9(h), (A.16)

for all . Next choose 2/, 2 € R and # € L?(n,). Set

T T
H = —/ g(s, 20,z 2)ds + sz% + 2Wrp + / Z(x)Np(ds, dz).
0 o Jr\{0}
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Notice that — fgg(s, 22, 2)ds + fot dawd + fg 2dWs + th fR\{O} Z(x)Np(ds, dz) by definition
is the solution of the BSDE with terminal condition H and driver g. In particular, £J(H) = 0.
By (A.16) this yields &J(H) = £J(H) = 0 and

t t t ¢
/g(s,zf,z,é)ds+/ zdesqu/ deSJr/ / Z(z)Np(ds, dz)
0 0 0 0 JR\{0}
= &{(H) = £/ (H)

t t t t
:gg(H)—/ g(s,zg,zs,zs)ds+/ Z;‘dwg”+/ ZSdWS+// Zs(2)Ny(ds, dz)
0 0 0 0 JR\{0}
t R t t ¢ ~
= —/ g(s,zg,zs,zs)der/ Zg‘dwg+/ stWer/ / Zy(x)Ny(ds, dx),
0 0 0 0 JR\{0}

where (Z f.z,Z ) belong to the solution of the g-expectation with terminal condition H. By the
uniqueness of the decomposition of semi-martingales this entails that

t t t
/ aw! + / 2dW + / / 2(x)N,(ds, dx)
0 0 0 JR\{0}
t t t _
:/ ngwg”+/ ZSdWSJr// Zs(x)Ny(ds, dx), (A.17)
0 0 0 JR\{0}

and

t t ~
/ g(s, 27, 2,2)ds = / g(s, Zg, Zs, Zs)ds. (A.18)
0 0

Taking for instance the quadratic covariation with respect to W/, W, and Np in (A.17) respec-

tively, we may conclude that dP x dt a.s. th =2/, Z;, = z, and Z; = %. But then (A.18) yields
that for a.s. all w

t t
/ g(s, 20,2, 2)ds = / G(s, 27,z 2)ds, for all t € [0,T]
0 0
and therefore g(t, 2/, 2,2) = g(t, 2%, 2, ) for a.s. all w for Lesbegue a.s. all t. a

A.5 Proofs of the results in Section 5.2

Proof of Proposition 5.5. First of all note that since % is O'(Wtf |0 < t < T)-measurable,
we have that W and N,, have the same joint distribution under Q" as under P (since they are
independent of W/*).

By well known projection results, there exists adapted Z;; : € — R, measurable with
respect to Fin, Zin : @ x R — R, measurable with respect to Fy, ® B(R), and a Q"-martingale
(L;p,); which is orthogonal (under Q") to Wf,;’*, Win, and N,((0,ih], dz), such that

h

W ayn(H) = EZ, [T ()] + Z)AWEE + ZinA Wi

+ / Zin (@) Ny ((ih, (i + 1)A], dz) + AL 41y
R\{0}



This yields

ATl ;1) (H)
= i41)n(H) — ip(H)
=gy nyn(H) = 15, Gy, s yn ()

- Zg;AW({jl)h + Zin AW 1y, + /R o Zin(x)Np((ih, (i + 1)R], dx) + ALy

—10Y, ( 25 AW O+ Zo AWy, + /
h( jh (i+1)h (i+1)h R\ (0}

= thAW({il)h + Zin AW iy 1yn + /R\{O} Zin(x)Np((ih, (i + 1)h], dz) + ALy,

Zin(x)Ny((ih, (i + 1)h], dz) + AL(H—l)h)

— H;}h,('iJrl)h <ZihAW(i+1)h + /R Zm(x)Np((zh, (Z + 1)h], dac) + AL(H—l)h)

\{0}

|
=ZL AW+ Z AW, +/
jh (i+1)h (i+1)h B\ (0}
[0

a ~
— 02l + 512l + 5 / | Zin(@) Pry(da) |
R\(0}

Zin(@)Ny((ih, (i + 1)h], dz) + AL 1)

[0 Qh 2
—5Ex, [(AL(iH)h —Ers . [ALGi41)n)) } ; (A.19)
where we have used (5.1) in the third equation. Furthermore, we applied cash invariance in
the third and market-consistency in the fourth equation. To see that the last equation holds

denote by COUP}_S (X1, X2) the covariance of X; and Xy with respect to P}—(s " Note that
(i+1)h i+l

15, i1)n (ZihAW(i+1)h + /]R Zin(x)Np((ih, (i + 1)h], dz) + AL(i+1)h>

\{0}
« Qh it < . .
= §E}—ih Var;gﬂ)h <ZihAW(i+1)h + /]R\{O} Zin(x)Np((ih, (i + 1)h], dx) + AL(iJrl)h)]
- hZ?thh/ Zin(@)Prplde) + B, |(ALuion —Egs, | [ALgson) )]
2\ R\{0} . Fin [0 Foon (2H0F

h
+ 2ZihE9}h [COUP}_S (AW(i+1)ha AL(i+1)h):|

(i+1)h

Covs . | / Zin(@)Ny((ih, (i + 1], d), AL 1y0)
R\{0}

Flit+n

Qh
+ QEE‘h

h
+2ZZth%zh COU]}D s <AW(i+l)h7/

Fli+n)n R\{0}

Zin(x)Ny((ih, (i + 1)h), dm))] ) ,
(A.20)

where we have used that W and Np are independent of S.
Hence, to prove (A.19) the only thing what remains left is to show that the the covariance
terms in (A.20) are zero. Since all random variables are J(;;),-measurable we may assume
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that CZ% is FS

(+1)h measurable. Therefore, by Lemma A.8 (with P=Q"and P= P) we get

EY.  [AWiinn] = Exs

f(iﬂ)h (i+1)h

[AW(Hl)h] =Eg, [AW(iJrl)h] =0,

where we used the independence of S and W in the second equation. Hence, since L(;; 1), and
AW (;41)n are orthogonal under Q]}_-ih, we may conclude that

h h
E%h |:COUIP’FS (AW(7;+1)h,AL(i+1)h>] = E%h [AW (1) AL (411

(i+1)h

= Cov@%h (AW(it1yns AL(ig1yn) = 0.

Similarly, it may be seen that the second and third covariance terms in (A.19) are zero. Thus,
(A.19) is proved. From (A.19) we may finally conclude

Ip(H) — ip(H)
T/h—1
= Z AHthrl (H)

T/h—1

- 2L AW Zi, AW, +/
; <Jh G+1Dh T AIRZI (DR R(0)

T/h—1
[0 (6% ~
=X (b 512l + 5 [z Pay(ao)]n
= E\{0}

o h
+ 58, [(ALgrn ~Brg | [ALgaan] )]

J+DAR

Zin(@) Ny (G ( + )b, d) + ALUH)h)

Since by construction Il (H) = H the proposition is proved. |
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