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Abstract: These lecture notes give a survey on recent developments in the theory of risk measures.
The first part outlines the general representation theory of risk measures in a static one-period setting.
In particular, it provides structure theorems for law-invariant risk measures. Examples include Value at
Risk, Average Value at Risk, distortion risk measures, and risk measures arising from robust preferences.
The second part analyzes risk measures and associated robust optimization problems in the framework of
dynamic financial market models. The concept of efficient hedging, as introduced by Follmer and Leukert
(2000), is discussed in terms of the more general framework of convex risk measures. The last two sections
are devoted to the construction of optimal investment strategies under Knightian uncertainty.
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Introduction

These lecture notes reflect the material presented in a minicourse on risk measures given at the §th
Symposium on Probability and Stochastic Processes in Puebla. They were also used in a Cours Bachelier
at the Insitut Henri Poincaré, Paris, in 2005. In the first chapter, we discuss the axiomatic structure
theory for monetary measures of risk. This theory was initiated by P. Artzner, F. Delbaen, J. Eber, and
D. Heath in their seminal paper [3] and further developed by Carlier and Dana [11], Delbaen [20, 21],
Follmer and the author [33, 34, 36, 35], Frittelli and Rosazza Gianin [37, 38], Heath [43], Heath and
Ku [44], and Kusuoka [53], to mention only a few. The structure of coherent or, more generally, convex
risk measures is also closely connected to the numerical representation of risk-averse preferences under
Knightian uncertainty, a topic discussed in Section 1.6 along the lines of Schmeidler [65] and Gilboa and
Schmeidler [40]. Most of the material presented in this first chapter is based on the second edition of
the author’s joint book [35] with Hans Follmer, and the reader is referred to its bibliographic notes for a
more detailed historical account.

In Chapter 2, we discuss risk measures and associated robust optimization problems in the frame-
work of dynamic financial market models. In Section 2.1, we study the effect that hedging has on the
acceptability of a financial position. This part is based on [33]. In Section 2.2, we discuss the concept
of efficient hedging, as introduced by Féllmer and Leukert [32], in terms of the more general framework
of convex risk measures. In particular, we will give short proofs of recent results due to Sekine [66] and
the author [61]. In the last two sections of Chapter 2, we will get back to the setting of Section 1.6 and
discuss the construction of optimal investment strategies under Knightian uncertainty as considered in
[62].

It is a great pleasure to thank the organizers of the 8th SPSP: Mogens Bladt, Antonio Gonzélez, José
Alfredo Lépez-Mimbela, Reyla Navarro, and Juan Ruiz de Chévez. I am also grateful to my co-author
Hans Follmer and our publisher Walter de Gruyter Verlag, Berlin, for the permission to use material
from [35] in the preparation of these notes. I furthermore thank the participants of my lecture series in
Paris and Puebla for their comments, which helped to improve the first draft of these notes.

1 Measures of risk: axioms and structure theorems

In this chapter, we discuss the problem of quantifying the risk of a financial position, whose profits and
losses (P&L) are described by a real-valued function X on some set Q of possible scenarios w. The
basic asymmetry in the P&L interpretation of X will be taken into account by requiring a property of
monotonicity. Convexity of the risk measure will make sure that diversification of portfolios will decrease
the overall risk. From the point of view of a supervising agency it is natural to use risk measures in
quantifying a capital requirement, i.e., the minimal amount of capital that, if added to the position and
invested in a risk-free manner, makes the position acceptable. This monetary interpretation is captured
by an axiom of cash invariance. Together with convexity and monotonicity, it singles out the class of
convex measures of risk. Under the additional condition of positive homogeneity, we obtain the class of
coherent risk measures. This axiomatic approach to monetary risk measures was initiated by P. Artzner,
F. Delbaen, J. Eber, and D. Heath [3].

In this chapter, we will develop the structure theory of such risk measures in a static situation
without reference to the possible elimination of risk via hedging strategies. In the first two sections, we
present the general representation theory on L*°. In Section 1.3 we discuss some coherent risk measures
related to Value at Risk. These risk measures only involve the P&L distribution with respect to a given
probability measure. In Section 1.4, we characterize the class of convex risk measures which share this
property of law-invariance. In Section 1.5, the resulting risk measures are characterized by a property of
comonotonicity.



1.1 Risk measures and their acceptance sets

Let © be a fixed set of scenarios. The P&L of a financial position is described by a mapping X : @ — R
where X (w) is the discounted net worth of the position at the end of the trading period if the scenario
w € Qis realized. Our aim is to quantify the risk of X by some number p(X), where X belongs to a given
class X of financial positions. Throughout this section, X will be a linear space of bounded functions
containing the constants.

Definition 1.1. A mapping p: X — R is called a monetary measure of risk if it satisfies the following
conditions for all XY € X.

o Monotonicity: If X <Y, then p(X) > p(Y).
o Cash invariance: If m € R, then p(X +m) = p(X) —m.

The financial meaning of monotonicity is clear. Cash invariance is also called translation invariance.
It is motivated by the interpretation of p(X) as a capital requirement: if the amount m is added to the
position and invested in a risk-free manner, the capital requirement is reduced by the same amount. In
particular, cash invariance implies

p(X + p(X)) =0, (1)
and

p(m) = p(0) —m for all m € R.

For most purposes it would be no loss of generality to assume that a given monetary risk measure satisfies
the condition of

e Normalization: p(0) = 0.
In some situations, however, it will be convenient not to insist on normalization.

Lemma 1.2. Any monetary measure of risk p is Lipschitz continuous with respect to the supremum norm

-1
[p(X) = p(V)| < [|X =Y.

Proof. Clearly, X <Y +||X — Y]], and so p(Y) — || X — Y| < p(X) by monotonicity and cash invariance.
Reversing the roles of X and Y yields the assertion. O

From now on our main interest will be on monetary measures of risk that have an additional convexity
property.

Definition 1.3. A monetary risk measure p : X — R is called a convex measure of risk if it satisfies the
property of

o Convezity: p(AX + (1 —=N)Y) < p(X)+ (1 = X)p(Y), for 0 <A< 1.

Consider the collection of possible future outcomes that can be generated with the resources available
to an investor: One investment strategy leads to X, while a second strategy leads to Y. If one diversifies,
spending only the fraction A of the resources on the first possibility and using the remaining part for the
second alternative, one obtains AX + (1 — A\)Y. Thus, the axiom of convexity gives a precise meaning to
the idea that diversification should not increase the risk. If p is convex and normalized, then

p(AX)
p(AX)

Ap(X) for0 <A<,
Ap(X) for A >1.

IV IA

Definition 1.4. A convex measure of risk p is called a coherent measure of risk if it satisfies the condition
of

e Positive Homogeneity: If A > 0, then p(AX) = Ap(X).



If a monetary measure of risk p is positively homogeneous, then it is normalized, i.e., p(0) = 0. Under
the assumption of positive homogeneity, convexity is equivalent to

o Subadditivity: p(X +Y) < p(X) + p(Y).

This property allows to decentralize the management of risk arising from a collection of different positions:
If separate risk limits are given to different “desks”, then the risk of the aggregate position is bounded
by the sum of the individual risk limits. In many situations, however, risk may grow in a non-linear way
as the size of the position increases. Therefore, we will not insist on positive homogeneity.

A monetary measure of risk p induces an acceptance set

A= {X € X | p(X) <0}

consisting of positions which are acceptable in the sense that they do not require additional capital.
The following two propositions summarize the relations between monetary measures of risk and their
acceptance sets. The author is grateful to Patrick Cheridito for remarks on the closure condition, which
helped to improve the statements of these results.

Proposition 1.5. Suppose that p is a monetary measure of risk with acceptance set A:= A,.

(a) A is non-empty, closed with respect to the supremum norm || - ||, and satisfies the following two
conditions:

inf{meR|me A} > —c. (2)

XeA YeX, Y>X = YecA (3)

(b) p can be recovered from A:
p(X)=inf{meR|m+X e A} (4)

(¢c) p is a convex risk measure if and only if A is conve.

(d) p is positively homogeneous if and only if A is a cone. In particular, p is coherent if and only if A
18 a convex cone.

Proof. (a): Closedness follows from Lemma 1.2, the remaining properties in (a) are straightforward.
(b): Cash invariance implies that for X € X,

inff{meR|m+XeA}=inf{meR|pm+X)<0}
=inf{meR|p(X)<m}
= p(X).

(c): Ais clearly convex if p is a convex measure of risk. The converse will follow from Proposition 1.6
together with (6).
(d): Clearly, positive homogeneity of p implies that A is a cone. The converse follows as in (¢). O

Conversely, one can take a given set A C X of acceptable positions as the initial object. For X € X,
we can then define the capital requirement as the minimal amount m for which m+ X becomes acceptable:

pa(X):=inf{meR|m+X e A}. (5)
Note that, with this notation, (4) takes the form
pA, = p- (6)

Proposition 1.6. Assume that A is a non-empty subset of X satisfying (2) and (3). Then the functional
pA has the following properties:

(a) pa is a monetary measure of risk.



(b) If A is a convex set, then p4 is a convex measure of risk.

(¢) If A is a cone, then p4 is positively homogeneous. In particular, p4 is a coherent measure of risk
if A is a convex cone.

(d) A is a subset of A,,, and A= A,, holds if and only if A is || - ||-closed.

Proof. (a): Tt is straightforward to verify that p4 satisfies cash invariance and monotonicity. We show
next that p4 takes only finite values. To this end, fix some Y in the non-empty set A. For X € X given,
there exists a finite number m with m + X > Y, for X and Y are both bounded. Then

pa(X) —m=pa(m+X) <pa(Y) <0,

and hence p4(X) < m < co. Note that (2) is equivalent to p4(0) > —oco. To show that p4(X) > —oo for
arbitrary X € X, we take m’ such that X +m’ < 0 and conclude by monotonicity and cash invariance
that p4(X) > pa(0) + m' > —c0.

(b): Suppose that X, Xo € X and that mq, mgy € R are such that m; + X; € A. If A € [0, 1], then
the convexity of A implies that A(m;1 + X1) 4+ (1 — A)(m2 + X2) € A. Thus, by the cash invariance of p 4,

0> pa(A(my + X1) + (1 — N)(mo + X5))
= ,OA()\Xl + (1 — )\)Xg) — ()\ml + (1 — )\)mg),
and the convexity of p 4 follows.

(c): As in the proof of convexity, we obtain that p4(AX) < Ap4(X) for A > 0if A is a cone. To prove
the converse inequality, let m < p4(X). Then m + X ¢ A and hence Am + AX ¢ A for A > 0. Thus
am < pa(AX), and (c) follows.

(d): The inclusion A C A, , is obvious, and Proposition 1.5 implies that A is || - ||-closed as soon
as A = A,,. Conversely, assume that A is || - ||-closed. We have to show that X ¢ A implies that

pa(X) > 0. To this end, take m > || X||. Since A is || - ||-closed and X ¢ A, there is some A € (0,1) such
that Am + (1 — A\)X ¢ A. Thus,

0<pa(Am+(1-NX)=pa((1-N)X)—Am.
Since p4 is a monetary measure of risk, Lemma 1.2 shows that
[pa((1=NX) = pa(X)] < AX].
Hence,

pa(X) = pa((l = NX) = AX] = A (m — [ X]]) > 0. 0

In the following examples, we take X as the linear space of all bounded measurable functions on some
measurable space (2, F), and we denote by M; = M;(Q, F) the space of all probability measures on
(€, F).

Example 1.7. Consider the worst-case risk measure pmax defined by

Pmax(X) = — ingX(w) for all X € X.
we

The value pmax(X) is the least upper bound for the potential loss which can occur in any scenario. The
corresponding acceptance set A is given by the convex cone of all non-negative functions in X'. Thus,
Pmax 18 @ coherent measure of risk. It is the most conservative measure of risk in the sense that any
normalized monetary risk measure p on X satisfies

p(X) < p(inf X(w)) = pmax(X).
Note that pmax can be represented in the form

pmax(X) = sup EQ[_X]a (7)
Qe

where Q is the class M of all probability measures on (2, F). &



Example 1.8. Consider a utility function v : R — R, that is, u is concave and strictly increasing. If
@ € M, is a probability measure, then we can consider the expected utility Eg[u(X)] of X € X and
define the corresponding certainty equivalent as the number u*I(EQ[u(X ) ]) This notion gives rise to
a convex risk measure as follows: Fix some threshold ¢ € R and let us call a position X acceptable if its
certainty equivalent is at least ¢, i.e., if its expected utility Eg[u(X)] is bounded from below by u(c).
Clearly, the set
A={XeX|Eglu(X)]>u(c)}.
is non-empty, convex, and satisfies (2) and (3). Thus, p4 is a convex measure of risk. As an obvious
robust extension, we can define acceptability in terms of a whole class Q of probability measures on
(Q,F), ie.,
A= (V{X € X | Eglu(X)] = ulcq) },
QeQ
with constants cg such that supgeg cg < 0. &

Example 1.9. Suppose now that we have specified a probability measure P on (2, F). the distribution
of X € X under P is sometimes called the profit-and-loss or P6L distribution. In this context, X can be
defined as being acceptable if the probability of a loss is bounded by a given level A € (0,1), i.e., if

PIX <0] <A
The corresponding monetary risk measure V@R, defined by
VARA\(X) =inf{m e R|Plm+ X <0] <A},

is called Value at Risk at level A\. Note that it is well defined on the space £°(Q, F, P) of all random
variables which are P-a.s. finite, and that

V@R)\(X) = E[-X]+ &1 - No(X), (8)

if X is a Gaussian random variable with variance o(X) and ®~! denotes the inverse of the distribution
function ® of N(0,1). Clearly, V@R is positively homogeneous, but in general it is not convex, as shown
by Example 1.26 below. &

1.2 Structure theorems for risk measures on L
From now on we will fix a probability measure P on (€, F) and consider risk measures p such that
p(X)=p(Y) U X=Y P-as, 9)

and we are interested in general structure theorems for such risk measures on X' := L> := L*°(Q, F, P).
This representation theory was developed by Delbaen [20, 21] in the coherent setting and extended to
the convex case by Follmer and Schied [33, 34, 35], Frittelli and Rosazza Gianin [37], and others.

To this end, let us introduce the notation M;(P) := M;(Q,F, P) for the set of all probability
measures @ on (€, F) which are absolutely continuous with respect to P. More generally, M ¢(P) :=
M $(Q, F, P) will denote the set of all finitely additive set functions @) : F — [0, 1] which are normalized
to Q[Q] = 1 and absolutely continuous with respect to P in the sense that Q[ A] =0 if P[A] = 0. By
Eq[X ] we denote the integral of X € L> with respect to @ € My ;(P). There are two equivalent ways
of defining this integral. One can either define

EQ[X] = Z%Q[Ai]

for step functions X = Z?zl a; 1, , and then extend the integral to L>° by using the density of the step
functions. Alternatively, for any X € X, the expectation Eqg[X ] can be defined as the Choquet integral

/XdQ:/_OOO(Q[X>x]—1)dx+/OOOQ[X>x]dx.



It is not difficult to check that both integral notions coincide on step functions and hence are equivalent.
Let o : My ¢(P) — RU {400} be any functional such that

inf « € R.
QGMLJ"(P) (Q)

For each Q € M, f(P) with a(Q) < oo, the functional X +— Eg[—X] — «(Q) is convex, monotone,
and cash invariant on L, and these three properties are preserved when taking the supremum over
Q@ € My ;(P). Hence,

p(X):= sup (Eg[-X]-a(Q)) (10)
QeM, 4 (P)

defines a convex measure of risk on L such that

PO == il ) e@):

The functional o will be called a penalty function for p on M ;(P), and we will say that p is represented
by a on My ;(P). The following representation theorem states that any convex risk measure on L™ is
of this form and it also gives a variational formula for the minimal penalty function auyiy,.

Theorem 1.10. Any convexr measure of risk p on L is of the form

p(X) = QE%??;(P) (EQ[_X} - amin(Q))a (11)

where the penalty function aumin 1S given by

amin(Q) == Sup Eq[-X] for Qe Myy(P). (12)

Moreover, amin s the minimal penalty function which represents p, i.e., any penalty function o, for which

(10) holds, satisfies a(Q) > amin(Q) for all Q € My ;(P).

Proof. Recall that X’ := p(X) + X € A, by (1). Thus, for all Q € M, #(P),
amin(Q) 2 Eg[-X'] = E[-X] — p(X),

and we get that am;, defined by (12) is also given by

Omin(Q) = sup (EQ[ _X] - p(X)) (13)
XelLe>
Thus, amin corresponds to the Fenchel-Legendre transform of the convex function p on the Banach space
L. More precisely,

amin(Q) = 9" (£Q), (14)
where p* : (L*°)" — RU {+0c0} is defined on the dual (L*°)" of L by

(0 = sup (£(X) - p(X)),
XeL>

and where £ € (L)’ is given by {o(X) = Eg[—X].

The functional p is lower semicontinuous with respect to the weak topology on L°°, since any set
{p < ¢} is convex, strongly closed due to Lemma 1.2, and hence weakly closed (see, e.g., Theorem V.3.13
in [24]). Thus, the general biduality theorem for conjugate functions as stated in [26] or in [35, Theorem
A .61] yields

P =p,

where p** denotes the conjugate function of p*, i.e.,

p(X)=p(X) = sup (0(X)—p"(0)). (15)
Le(Le=)!



Recall next that (L*°)" can be identified with the space ba(P) := ba(Q, F, P) of finitely additive
set functions with finite total variation that are absolutely continuous with respect to P (see, e.g., [35,
Theorem A.50] or Theorem IV.8.16 in [24]). Moreover, p*(¢) < oo implies that —¢ can be identified with
some @ € M; ¢(P), as we will show now. First, the cash invariance of p implies that

pr(l) = sup (UX +1) = p(X +1)) =p*(0) + £(1) + 1

and hence that ¢(1) = —1. Second, we have ¢(X) < 0 for X > 0, since
§(0) > (eX) — p(eX) > ¢ 6(X) = p(0)

for all ¢ > 0.
Thus, we see that (15) reduces to the representation

p(X)= sup (BEo[—X]— omn(Q)).
QEM 5(P)

Moreover, the supremum is actually attained: M ;(P) is weak® compact in (L*°)" = ba(P) due to the
Banach-Alaoglu theorem, and so the upper semicontinuous functional @ — Eq[—X | — amin(Q) attains
its maximum on M1 ¢(P).

Finally, let o be any penalty function for p. Then, for all @ € M; y and X € L*°,

p(X) = Eq[-X] - a(@Q),

and hence

a(Q) > sup (Bg[—X]—p(X)) > sup (Eq[-X]—p(X)) > amin(Q). (16)
XeL=> Xe€A,

Thus, o dominates oy .- O

Corollary 1.11. The minimal penalty function ami, of a coherent measure of risk p takes only the values
0 and +oo. In particular,

X) = Eol—-X
p(X) olax ol —X]

for the convex set
Qmax = {Q S Ml,f(P) | amill(Q) = 0}7
and Qumax 15 the largest set Q for which a representation of the form p(X) = supgeg Eql —X | holds.

Proof. Due to the positive homogeneity of p, its minimal penalty function satisfies
amin(Q) = sup (EQ[—X] — p(X)) = sup (EQ[—/\X] — p(/\X)) = X min (@)
XeLe XelLoo
for all @ € My ;(P) and A > 0. Hence, aumin can take only the values 0 and +oc. O

The penalty function « arising in the representation (10) is not unique, and it is often convenient
to represent a convex measure of risk by a penalty function that is not the minimal one. For instance,
the minimal penalty function may be finite for certain finitely additive set functions while another « is
concentrated only on probability measures as in the case of Example 1.7. Another situation of this type
occurs for risk measures that are constructed as the supremum of a family of convex measures of risk:

Proposition 1.12. Suppose that for every i in some index set I we are given a convex measure of risk
pi on L with associated penalty function a;. If sup;c; pi(0) < oo then

p(X) = Sup pi(X)

is a convex measure of risk that can be represented with the penalty function

o(Q) = inf o (Q).



Proof. The condition p(0) = sup;c; pi(0) < co implies that p takes only finite values. Moreover,

p(X)=sup sup (EQ[ -X]- ai(Q)) = sup (EQ[ —X]—inf ai(Q)),
i€l QeM, ¢ (P) QEM,,;(P) icl
and the assertion follows. O

In the sequel, we are particularly interested in convex measures of risk, which admit a representation
in terms of o-additive probability measures. Such a risk measure p can be represented by a penalty
function a, which is infinite outside the set M;(P) = M;(Q2, F, P):

p(X)= sup (Egl-X]-a(Q). (a7)
QEM(P)

In this case, one can no longer expect that the supremum above is attained. This will also be illustrated
by Example 1.18 below.

Theorem 1.13. Suppose p : L™= — R is a convex measure of risk. Then the following conditions are
equivalent.

(a) p can be represented by some penalty function on My (P).

(b) p can be represented by the restriction of the minimal penalty function amin to Mq(P):

p(X)= sup (EQ[—X] — amin(Q)), X e L*™°. (18)
QEM(P)

(¢c) p is continuous from above: If X,, \ X P-a.s. then p(X,) / p(X).

(d) p has the “Fatou property”: For any bounded sequence (X,,) which converges P-a.s. to some X,

p(X) <liminf p(X,,).
ntToo

(e) p is lower semicontinuous for the weak® topology o(L>, L"').

(f) The acceptance set A, of p is weak® closed.

Proof. (b)=(a) is obvious.
(a)=(d): Dominated convergence implies that Eg[X,, ] — Eg[X ] for each Q € M;(P). Hence,

p(X)= sup (lim Eg[-X,]—a(Q)) <liminf sup (Eg[—X,]—a(Q))
QEM(P) nloo nfoo QEM1(P)

= lin% inf p(X,,).

(d)=(c): By monotonicity, p(X,) < p(X) for each n if X,, \, X, and so p(X,,) /" p(X) follows.

(¢)=(d): Define Y, := sup,;>,, Xn. Then Y,, decreases P-a.s. to X. Since p(X,) > p(Y,) by
monotonicity, we get (d) from (c).

(d)=(e): We have to show that C := {p < ¢} is weak* closed for ¢ € R. To this end, let C, :=
CN{X € L>® | | X||oo <7} forr>0. If (X,) is a sequence in C, converging in L' to some random
variable X, then there is a subsequence that converges P-a.s., and the Fatou property of p implies that
X € C,. Hence, C, is closed in L' and, due to convexity, also weakly closed in L'. Since the natural
injection

(L=, 0(L>, L") — (L*,o(L', L™))
is continuous, C, is o(L>, L')-closed in L. Thus, C is weak* closed due to the Krein-Smulian theorem
(see, e.g., Theorem V.5.7 in [24]).
(e)=(f) is obvious, and (f)=(e) follows from cash invariance.
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(e)=>(b): Weak™* lower semicontinuity allows us to repeat the proof of Theorem 1.10 for the weak*
topology on L>. The dual of L> for this topology is given by L', so that p* is by definition concentrated
on o-additive measures absolutely continuous with respect to P. Only the compactness argument breaks
down for M (P), so that we may no longer replace the supremum by a maximum in (18). All remaining
arguments carry over with minor modifications. O

Remark 1.14. The proof of Theorem 1.13 can be modified in a straightforward manner to cover rep-
resentation theorems for convex risk measures on the Banach spaces LP(2, F, P) for 1 < p < co. More
precisely, let ¢ € (1, 00] be such that % + % =1, and define

dqQ

q . q
MI(P) : {Q € My(P) | ip el }
A convex risk measure p on LP is of the form

p(X)= sup (Eg[-X]-a(Q))
QeM(P)

if and only if it is lower semicontinuous on LP?, i.e., the Fatou property holds in the form

X, — Xinl?P = p(X)<liminfp(X,). (19)

nToo

In fact, one can show that (19) is automatically satisfied for any convex risk measure on L? with 1 < p <
oo; see Cheridito et al. [13, Proposition 3.8]. &

Definition 1.15. A convex measure of risk p on L™ is called sensitive with respect to P if

p(=X) > p(0)
for all X € LY such that E[X] > 0.

Sensitivity is also called relevance. In the context of Theorem 1.13, it is equivalent to the condition
that Eg[ X ] > a(Q) for some Q € M;(P) as soon as X > 0 is such that E[X ] > 0.

Theorem 1.13 takes the following form for coherent measures of risk; the proof is the same as the one
for Corollary 1.11.

Corollary 1.16. A coherent measure of risk on L™ can be represented by a set Q C My (P) if and only
if the equivalent conditions of Theorem 1.13 are satisfied. In this case, the mazximal representing subset
of M1(P) is given by

Omax = {Q € Ml(P) | OZmin(Q) = 0}

Moreover, p is sensitive if and only if Quax ~ P in the sense that for any A € F
P[A]=0 < Q[A]=0 foral Q@ € Omax-

Continuity from above was one of the equivalent properties in Theorem 1.13. If one considers conti-
nuity from below in the form

Xon /X = p(Xn) \ p(X),

then it turns out that it is a stronger condition than continuity from above. One can show that continuity
from below is equivalent to the following Lebesgue property:

If (X,,) are uniformly bounded and X,, — X P-a.s. then p(X,) — p(X);

see [34, Remark 4.19] or [35, Remark 4.23]. The argument relies on the fact that continuity from below
implies that the minimal penalty function is concentrated on M;j(P), as is proved in the next corollary
for coherent risk measures.

Corollary 1.17. For a coherent measure of risk p on L™ the following properties are equivalent:



11

(a) p is continuous from below: X, /' X = p(X,,) \, p(X).
(b) There exists a set Q@ C My (P) representing p such that the supremum is attained:

X) = max Eg[—X X eL™,
p(X) =max Eg[-X] fora

(¢) There exists a set @ C My (P) representing p such that the set of densities

dQ
is weakly compact in L'(Q, F, P).

Proof. (c)=(a): This follows from Dini’s lemma.

(a)=(b): Consider the representation p(X) = maxgeo,.. Fol—X], where Qnax is the maximal
representing subset on M ¢(P), and let A; C Ay C --- be any decreasing sequence of events such that
N,, An = 0. Continuity from below implies that Q[ A, | — 0 for each Q@ € Qmax, S0 that Ouax C M1 (P).

(b)=(c): Without loss of generality, we can assume that D is weakly closed in L. For any X € L*°,
the continuous linear functional Jx on L! defined by Jx(Z) := E[XZ] attains its infimum on D.
According to James’ theorem (see, for instance, [28]), this implies weak compactness of D. O

A similar result as the preceding corollary also holds for convex risk measures on L*°; see [34, Propo-
sition 4.17] or [35, Proposition 4.21] and Jouini et al. [48]. We now give examples of coherent measures
of risk that will be studied in more detail in Section 1.3.

Example 1.18. In our present context, where we require condition (9), the worst-case risk measure
takes the form
Pmax(X) == —essinf X =inf {m € R| X +m >0 P-as. }.

One can easily check that ppax is coherent and satisfies the Fatou property. Moreover, the acceptance
set of pmax is equal to the positive cone L3° in L*°, and this implies apyin(Q) = 0 for any Q@ € M (P).
Thus,
pmM(X): sup EQLiXL
QEM (P)
Note however that the supremum on the right cannot be replaced by a maximum in case (2, F, P) cannot
be reduced to a finite model. Indeed, let X € L* be such that X does not attain its essential infimum.

Then there can be no @ € M;(P) such that Eg[ X | = essinf X = —pmax(X). In this case, the preceding
corollary shows that ppax is not continuous from below. &

Example 1.19. Let Q) be the class of all Q € M;(P) whose density d@/dP is bounded by 1/\ for
some fixed parameter A € (0,1). The corresponding coherent risk measure

AV@R\(X) := sup Eo[-X] (20)
QEQN

will be called the Average Value at Risk at level A\. This terminology will become clear in Section 1.3,
which contains a detailed study of AV@R). Note that the set of densities dQ/dP for Q € Q) is weakly
closed in L'. Moreover, it is weakly compact due to the Dunford-Pettis theorem. Thus, the supremum in
(20) is actually attained, and Corollary 1.17 applies. An explicit construction of the maximizing measure
will be given in the proof of Theorem 1.31. O

Example 1.20. We take for Q the class of all conditional distributions P[- | A] such that A € F has
P[A] > X for some fixed level A € (0,1). The coherent measure of risk induced by Q,

WCEN(X) :=sup{ E[-X | A]| A€ F, P[A] >\ }, (21)

is called the worst conditional expectation at level A. We will show in Section 1.3 that it coincides with
the Average Value at Risk of Example 1.19 if the underlying probability space is rich enough. %
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1.3 Value at Risk

As seen in Example 1.9, a common approach to the problem of measuring the risk of a financial position
X consists in specifying a quantile of the distribution of X under the given probability measure P. In
the sequel, we will first recall the notion of a quantile function. We will use the generic notation Fx for
the distribution function of a random variable X. When the emphasis is on the law pu of X, we will also
write F),.

Definition 1.21. A function ¢x : (0,1) — R is called a quantile function for X if
Fx(gx(s)—) < s < Fx(qx(s)) for all s € (0,1).
The left- and rightcontinuous inverse functions of Fy,
gx(s) =sup{z e R| Fx(z) <s} and g% (s)=inf{z e R| Fx(z) > s},

are called the lower and upper quantile functions. The value gx (A) of a quantile function at a given level
A € (0,1) is called a A-quantile of X.

The following lemma explains the reason for calling ¢y and qj} the upper and lower quantile functions.

Lemma 1.22. A function q: (0,1) — R is a quantile function X if and only if

ax(s) < als) S qf(s)  forall s € (0,1).

In particular, ¢ and q)"; are quantile functions. Moreover, qy is left-continuous, qj'( is right-continuous,
and every quantile function qx is increasing and satisfies qx(s—) = qx(s) and qx(s+) = g% (s) for all
s € (0,1). In particular, any two quantile functions coincide a.e. on (0,1).

Proof. We have ¢ < q}, and any quantile function gx satisfies ¢y < gx < qj}, due to the definitions of
qx and g% . Hence, the first part of the assertion follows if we can show that Fx (g% (s)—) < s < Fx (g% (s))
for all 5. But < g% (s) implies Fx(z) < s and y > ¢y (s) implies Fx(y) > s, which gives the result.
Next, the set {z | Fx(x) > s} is the union of the sets {z | Fx () > s+ ¢} for ¢ < 0, and so g5 is
right-continuous. An analogous argument shows the left-continuity of ¢ . It is clear that both ¢y and
q} are increasing, so that the second part of the assertion follows. O

Remark 1.23. The left- and right-continuous quantile functions can also be represented as
gx(s) =inf{x e R| Fx(z) > s} and q}(s):sup{x€R|FX(x)§s}.

To see this, note first that ¢y (s) is clearly dominated by the infimum. On the other hand, y > ¢ (s)
implies Fx(y) > s, and we get ¢y (s) > inf{x € R | Fx(x) > s}. The proof for ¢ is analogous. O

The following basic fact is well known. See, e.g., [35, Appendix A.3] for a proof.

Lemma 1.24. Let U be a random variable on a probability space (U, F, P) with a uniform distribution
on (0,1), i.e., P[U < s8] = s for all s € (0,1). If gx is a quantile function for the random variable X,
then N

X(w) = qx(U(w))

has the same distribution as X. If, moreover, Fx is continuous, then U := Fx (X) is uniformly distributed
on (0,1), and X = qx(U) P-almost surely.

The second part of the preceding lemma implies that a probability space supports a random variable
with uniform distribution on (0,1) if and only if it supports any non-constant random variable X with a
continuous distribution. See Lemma 1.40 below for a more general result.

In this section, we will focus on the properties of q}()\), viewed as a functional on a space of financial
positions X. Many results presented here were first obtained by Artzner, Delbaen, Eber and Heath [3],
Delbaen [20, 21], and Acerbi and Tasche [1]; see the notes in [35] for details.



13

Definition 1.25. Fix some level A € (0,1). For a financial position X, we define its Value at Risk at
level \ as
V@R (X) := —qt(\) = ¢ x(1 =X =inf{m | PIX +m < 0] < A}. (22)

In financial terms, V@R, (X) is the smallest amount of capital which, if added to X and invested in
the risk-free asset, keeps the probability of a negative outcome below the level A\. However, Value at Risk
only controls the probability of a loss; it does not capture the size of such a loss if it occurs. Clearly,
V@R, is a monetary measure of risk on X = LY and positively homogeneous. The following example
shows that the acceptance set of V@QR), is typically not convex, and so V@R is not a convex measure of
risk. In particular, V@R, may penalize diversification instead of encouraging it, and this fact will also
be illustrated by the example.

Example 1.26. Consider an investment into two defaultable corporate bonds, each with return 7 > r,
where r > 0 is the return on a riskless investment. The discounted net gain, or P&L, of an investment
w > 0 in the i*" bond is given by

—w in case of default,
X, = _
M otherwise.
1+7r

If a default of the first bond occurs with probability p < A, then

w(rT—r)
ek S = P[1* =p<A
P[Xl T3 <O] P[1** bond defaults] = p < A
Hence,
w(r—r)
V@R)(X;) = ——2% < 0.
A(X3) 147

This means that the position X; is acceptable in the sense that is does not carry a positive Value at
Risk, regardless of the possible loss of the entire investment w. In fact, from a V@R point of view, an
investment into the defaultable bond is actually “less risky” than a riskfree investment with P&L R =0
and V@R, (R) = 0.

Diversifying the portfolio by investing the amount w/2 into each of the two bonds leads to the position
Y = (X1 + X2)/2. Let us assume that the two bonds default independently of each other, each of them
with probability p. For realistic 7, the probability that Y is negative is equal to the probability that at
least one of the two bonds defaults: P[Y < 0] = p(2 — p). If, for instance, p = 0.009 and A = 0.01 then

we have p < A < p(2 — p), hence
V@R, (Y) = = . (1 7“_7“).

2 ol
Typically, this value is close to one half of the invested capital w and thus constitutes a dramatic increase
compared to the investment where the entire amount w is invested into one defaultable bond only.
Thus, the acceptance set of V@R, is not convex. This example also illustrates that V@R may strongly
discourage diversification: It penalizes quite drastically the increase of the probability that something
goes wrong, without rewarding the significant reduction of the expected loss conditional on the event of
default. Thus, optimizing a portfolio with respect to V@R, may lead to a concentration of the portfolio
in one single asset with a sufficiently small default probability, but with an exposure to large losses. <

In the remainder of this section, we will focus on monetary measures of risk which, in contrast to
V@R, are convex or even coherent on X := L. In particular, we are looking for convex risk measures
which come close to V@R,. A first guess might be that one should take the smallest convex measure
of risk, continuous from above, which dominates V@QR,. However, since V@QR), itself is not convex, the
following proposition shows that such a smallest V@R -dominating convex measure of risk does not exist.
A proof can be found in [20].
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Proposition 1.27. For each X € L™ and each A € (0, 1),
V@R, (X) = min { p(X) | p is convez, continuous from above, and > V@R, }.

For the rest of this section, we concentrate on the following risk measure which is defined in terms of
Value at Risk, but does satisfy the axioms of a coherent risk measure.

Definition 1.28. The Average Value at Risk at level A € (0,1] of a position X € L™ is given by

1 A
AV@R,(X) = 1 / V@R, (X) dy.
0

Sometimes, the Average Value at Risk is also called the “Conditional Value at Risk” or the “expected
shortfall”, and one writes CV@R,(X) or ES)(X). These terms are motivated by formulas (26) and (23)
below, but they are potentially misleading: “Conditional Value at Risk” might also be used to denote the
Value at Risk with respect to a conditional distribution, and “expected shortfall” might be understood
as the expectation of the shortfall X ~. For these reasons, we prefer the term Average Value at Risk.
Note that

A
AVAR(X) = —i / ax (1) dt
0

by (22). In particular, the definition of AV@R,(X) makes sense for any X € L'(Q, F, P) and we have,

in view of Lemma 1.24,

1
AV@R; (X) = —/ gk (t)dt = E[-X].
0

Remark 1.29. For X € L*, we have limy|o V@R)(X) = —essinf X = inf{m|P[X +m < 0] <0}.
Hence, it makes sense to define

AV@Ry(X) := V@Ry(X) := —essinf X,
which is the worst-case risk measure on L introduced in Example 1.18. Recall that it is continuous
from above but in general not from below. &

Lemma 1.30. For A € (0,1) and any \-quantile q of X,

AV@R,(X) = %E[ (g=X)"]—q= % inf (B[ (r— X)*] = Ar). (23)

Proof. Let ¢x be a quantile function with ¢x(\) = ¢. By Lemma 1.24,

1

1 A
%E[(q—Xﬁ]—q:X/O (q—qx(t))*'dt—q:—%/o qx (t) dt = AV@R,(X).

This proves the first identity. For the second one, let f denote the convex function f(r) := E[(r —
X)*]— Ar. Note that the right-hand and left-hand derivatives of f are given by f/ (r) = Fx(r) — X and
JL(r) = Fx(r—) — A. A point  is a minimizer of f iff f! (r) > 0 and f’ (r) <0, which is equivalent to r
being a A-quantile. This proves the second identity. O

Theorem 1.31. For A € (0,1], AVQR),, is a coherent measure of risk which is continuous from below. It
has the representation
AV@R)(X) = max Eg[—X | (24)
QeQx

where Q) is the set of all probability measures Q < P whose density dQ/dP is P-a.s. bounded by 1/\.
Moreover, Qy is equal to the maximal set Qumax of Corollary 1.16.

The proof relies on the following version of the classical Neyman-Pearson lemma, which we recall here
for the convenience of the reader. It is concerned with the infinite-dimensional optimization problem

maximize E[v] under the constraints 0 < ¢ < 1 and E[¢] = X, (25)

where A € [0,1] and P is probability measure such that P < P.
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Proposition 1.32 (Neyman-Pearson lemma). A solution to the problem (25) is given by

0 _
¥ = ]I{v>q} + K]I{w:q}’

where q is a (1 — X)-quantile of v := d]S/dP with respect to P and k is defined as

if Plo=q] =0,

0
K:=4 A\—P
M otherwise.
=4q

Ply=q]

Moreover, any other solution coincides with ¥°, P-a.s. on {@ # q}. In particular, ¥° is the P-a.s.
unique o(p)-measurable maximizer.

Proof. We first show that ¢° satisfies the constraints of the problem. Let F,, denote the distribution
function of ¢ under P. Then P[y >¢q|=1-F,(¢) < X and

Plo=q]=F,(q) — Folg—) 2 Fo(qg) =1+ A= A= Plyo >q].

Hence 0 < k < 1 and in turn 0 < ¢° < 1. The fact that E[¢°] = X\ is obvious.
Next, let ¢ be any other measurable function satisfying the constraints. Then (¢° — )(p — q) > 0.
Hence

E[4°] - E[v] = E[(° - ¥)¢] 2 ¢(E[4°] - E[v]) =0.
Thus, ¢° solves the optimization problem. B N
Finally, suppose that ¢* is another solution. Then E[¢*] = E[4"] = X and also E[¢y*] = E[¢°],
due to the already established fact that 1° is a solution. Hence,

0= E[¢4° —¢*] — g E[¢° —¢*] = B[(¥° — ") (¢ — ).

But we have seen above that (¥ — ¢*)(p — q) > 0. Hence, (v'° — ¢*)(p — q) = 0 P-a.s., i.e., * = )°
P-a.s. on {¢ # q}. O

Proof of Theorem 1.31. Since Q1 = { P}, the assertion is obvious for A = 1. For 0 < A < 1, We will show
that the coherent risk measure px(X) := supgeg, Fq[ —X] is such that the supremum in its definition
is attained and that p)(X) = AV@R,(X). Since both py and AV@R) are cash invariant and positively
homogeneous, we may assume without loss of generality that X < 0 with E[—X] = 1. We define a
measure P ~ P by dP/dP = —X. Then

pa(X) = ysup { B[9][0< v <1, B[y = A}.

Due to the Neyman-Pearson lemma, the supremum is attained by
Vo=t gy Trlixg

for a A-quantile ¢ of X and some x € [0,1] for which E[¢y] = A. Note that a A-quantile of X is the
negative of a (1 — A)-quantile for —X. We get

1 =~ 1
pA(X) = Y “E[¢o] = XE[—X%}
Since dQy = A"ty dP defines a probability measure in Qy, we conclude that
X) = Eo|—X|=FEqg,|—X
pa(X) Juax Ho[—X] = Eq,[-X]
1
= S (Bl=X; X <q - g\ + P[X <q]))
1
= SEla-X)"]-q

= AV@R,(X),
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where we have used (23) in the last step. This proves (24).
It remains to prove that Q) is the maximal set of Corollary 1.16. To this end, we show that
sup (Eg[—X]— AV@R, (X)) = 400 for Q ¢ Q..
XeLo
We denote 9 := dQ/dP. There exist X € (0,A) and k > 1/\ such that P[¢) Ak >1/N]> 0. For ¢ > 0
define X(©) € L> by

O
XO = (AR

Since .
P[X© <0] = P{w > X} <N <,

we have V@R, (X () = 0, and (23) yields that

1 1

AV@RA\ (X)) = ZE[-X© | = SB| v Ak v > = |.

A A N

On the other hand,
. 1 c 1
Eql-X©]=c-E|v-(sADi 02 5| 2 5B wAkv = 5 .

Thus, the difference between Eg[ —X(®) ] and AV@R, (X (?)) becomes arbitrarily large as ¢ 1 co. O

Remark 1.33. The proof shows that for A € (0,1) the maximum in (24) is attained by the measure
Qo € Qx, whose density is given by

aQy _ 1

+ 1

dP ,\( {X<q}

where ¢ is a A-quantile of X, and where « is defined as

{X:q})’

0 if P[X =q] =0,

otherwise.

Corollary 1.34. For all X € L*°,

AV@R,(X) > WCE\(X)
> E[-X | -X > V@R)\(X)] (26)
> V@R, (X),

where WCE), is the coherent risk measure defined in (21). Moreover, the first two inequalities are in fact
identities if
PIX <qx(N)] = (27)

which is the case if X has a continuous distribution.

Proof. If P[A] > ), then the density of P[- | A] with respect to P is bounded by 1/A. Therefore,
Theorem 1.31 implies that AV@R) dominates WCE). Since

P[-X > V@R,\(X) — ] > A,

we have

WCE\(X) > E[-X | =X > V@R,(X) —¢],
and the second inequality follows by taking the limit as € | 0. Moreover, (23) shows that
AV@R,(X) = E[-X | =X > V@R,(X) |
as soon as (27) holds. O
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Remark 1.35. We will see in Corollary 1.47 that the two coherent risk measures AVQR) and WCE)
coincide if the underlying probability space is rich enough. If this is not the case, then the first inequality
in (26) may be strict for some X; see [1]. Moreover, the functional

E[-X | -X = VAGR,\(X)]

does not define a convex measure of risk. Hence, the second inequality in (26) cannot reduce to an
identity in general; see [1]. O

We have seen in Proposition 1.27 that there is no smallest convex risk measure dominating VQR).
But if we restrict our attention to the class of convex risk measures that dominate V@R), and only depend
on the distribution of a random variable, then the situation is different. In fact, we will see in Theorem
1.46 that AV@QR) is the smallest risk measure in this class, provided that the underlying probability
space is rich enough. In this sense, Average Value at Risk can be regarded as the best conservative
approximation to Value at Risk.

1.4 Law-invariant risk measures

Clearly, V@R, and AV@R), only involve the distribution of a position under the given probability measure
P. In this section we study the class of all risk measures which share this property of law-invariance.
Such risk measures were first discussed systematically by Kusuoka [53]. The extensions to the convex
case were given by Dana [19], Féllmer and Schied [35], and Kunze [52].

Definition 1.36. A monetary measure of risk p on X = L*°(Q, F, P) is called law-invariant if p(X) =
p(Y') whenever X and Y have the same distribution under P.

Throughout this section, we assume that the probability space (2, F, P) is rich enough in the sense
that it supports a random variable with a continuous distribution. This condition is satisfied if and only
if (Q, F, P) is atomless. We can now formulate our first structure theorem for law-invariant convex risk
measures.

Theorem 1.37. Let p be a convex measure of risk and suppose that p is continuous from above. Then p
is law-invariant if and only if its minimal penalty function amin(Q) depends only on the law of pg = %
under P when Q € M1(P). In this case, p has the representation

1
o) = s ([ o x (a0t - amn(@).
QeEM;(P) 0
and the minimal penalty function satisfies
1 1
cwin(@ = s [ xOa @t = swp ([ axWa.(t) - p0)). (28)
XeA,Jo XeLe 0

The condition of continuity from above can in fact be dropped: every law-invariant convex risk
measure is automatically continuous from above, as was shown very recently by Jouini et al. [48]. We
will see a particular case of this general fact in Theorem 1.56 below.

The proof of Theorem 1.37 uses the following general results on quantile functions. They will also be
useful in the second part of these notes.

Lemma 1.38. If X = f(Y) for an increasing function f and qy is a quantile function for Y, then
f(gy (t)) is a quantile function for X. In particular,

qx(t) = qpy(t) = flay (t)) for a.e. t € (0,1),

for any quantile function qx of X.
If f is decreasing, then f(qy (1 —1t)) is a quantile function for X. In particular,

ax(t) = qrv)(t) = flay (1 = 1)) for a.e. t € (0,1).
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Proof. If f is decreasing, then ¢(t) := f(gy (1 — t)) satisfies
Fx(q(t)) = P[J(Y) < flay(1=1)] = P[Y > gy (1 - 1)]
— 1= Fy(ay(1—6)=) 2 > P[Y > gy (1 - 8)] > Fx(q(t)-).

Hence ¢q(t) = f(gy (1 —1t)) is a quantile function. A similar argument applies to an increasing function f.
O

The following theorem is a version of the Hardy—Littlewood inequalities. They estimate the expectation
E[XY] in terms of quantile functions ¢x and gy.

Theorem 1.39. Let X,Y > 0 be two random variables on (2, F, P) with quantile functions qx and gy .
Then,

/qX(l—s)qy(s)dng[XY]g/ qx (8)gy (s) ds.
0 0

Moreover, if X = f(Y') and the lower (upper) bound is finite, then the lower (upper) bound is attained if
and only if f can be chosen as a decreasing (increasing) function.

Proof. By Fubini’s theorem,

E[XY]:E[/O ]I{X>w}da:/0 ]I{Y>y} dy} :/0 /0 P[X >z, Y > y|dzdy.

Since
P[X >z, Y >y]>(P[X>z]-P[Y <y])"
1
:/0 Liry <oy Lscioreon @
and since -
+ — _
G (s) = sup{z > 0| Fy(z) < s} — /0 Ty e do (29)

for any random variable Z > 0, another application of Fubini’s theorem yields

1 1
XY= [ k0= e ds= [ axt-sar(ds

In the same way, the upper estimate follows from the inequality

L o<y Ly <oy @5

P[X>x,Y>y]SP[X>J:]/\P[Y>y]:/1

0

For X = f(Y), 1
E[XY]ZE[f(Y)Y]Z/O Flay ()qy (t) dt, (30)

due to Lemma 1.24, and so Lemma 1.38 implies that the upper and lower bounds are attained for
increasing and decreasing functions, respectively.
Conversely, assume that X = f(Y), and that the upper bound is attained and finite:

E[f(Y)Y] :/0 ax (Hay (1) dt < . (31)

Our aim is to show that P-a.s. X = f(Y) = f(Y), where f is the increasing function on [0, 00) defined

by f(z) := qx(Fy(x)) if = is a continuity point of Fy, and by

_ 1 Fy (x)
f(IE) = Fy(l‘) — Fy(.’E—) Ly(w) qX(t) dt
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otherwise. Note that N
flay) = Ex[gx | gv |, (32)

where E\\[-| gy ] denotes the conditional expectation with respect to gy under the Lebesgue measure A
on (0,1). Hence, (31) takes the form

o0 > / Flay () ay () dt = / Flay () ay (1) dt, (33)

where we have used Lemma 1.24. Let v denote the distribution of Y. By introducing the positive
measures du = fdv and dp = fdv, (33) can be written as

| oy ds = [utin) = [aitan = [ it o) an &4

On the other hand, with g denoting the increasing function 1 the upper Hardy-Littlewood inequality,

Lemma 1.38, and (32) yield

[y,00)’

iy, 00)) = E[g(V)f(V)] < / Qo) (D () dt = / a(av () Fay (1)) dt = Fi([y, o).

In view of (34), we obtain u = g, hence f = f v-a.s. and X = f(Y) P-almost surely. An analogous
argument applies to the lower bound. O

The following lemma generalizes the second part of Lemma 1.24.

Lemma 1.40. If X is a random variable on an atomless probability space, then there exists a random
variable with a uniform law on (0,1) such that X = qx(U) P-almost surely.

Proof. We follow Ryff [59]. Without loss of generality, we may assume that ¢x = q}. Then I, :=
{t € (0,1) | gx(¢t) = z} is a (possibly empty or degenerate) real interval with Lebesgue measure A(I,) =
P[X = z] for each x € R. Consider the set D := {& € R|P[X = z] > 0}, which is at most countable.
For each @ € D, the probability space (2, F, P[-| X = x]) is again atomless and hence supports a random
variable U, with a uniform law on I,. That is, P[U, € A| X =] = AMANI,)/\(I,) or, equivalently,

PlU, e A, X =z]=XNANI,) for all measurable A C (0,1). (35)

On D¢ = (0,1)\D, gx is one-to-one and hence admits a measurable inverse function F' (which can actually
be taken as Fx, but this fact will not be needed here). We let

Uw) = F(X(@)1 Ul

{X(w)gD} {X(w)eD}’

which clearly is a measurable random variable. By definition we have ¢x (U(w)) = X(w) for all w. It
remains to show that U has a uniform law. To this end, take a measurable subset A of (0,1). Using (35)

we get

PlUEA]=PlUc A X¢D]+ Y PlUEA X =xz]

xeD
=P[F(X)e A, X ¢ D]+ > MANL).
zeD
Now let I¢ denote the complement of |J,.p I, in (0,1). Then {X ¢ D} = {X € ¢x(I°)} P-a.s. and
hence
P[F(X)e A, X¢D]|=P[X €qx(ANI°)]=Agx € qx(ANI%))=AANI),
where we have used the fact that A o q)}l = Po X! This proves the result. O

The preceding lemma and Theorem 1.39 imply the following result. Recall that we assume that
(Q,F, P) is atomless.
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Lemma 1.41. ForY € L™ and X € L',

/ qx (t)gy (t) dt = INnaxE[XXN/],
0 Y~y

where Y ~Y indicates that Y is a random variable with the same law as Y. Moreover, the mazximum s
attained for' Y := qy (U), where U is as in Lemma 1.40, i.e., U has a uniform law on (0,1) and satisfies
X =¢qx(U) P-a.s.

Proof. The upper Hardy-Littlewood inequality in Theorem 1.39 yields “>”. To prove the reverse in-
equality, let U be as in Lemma 1.40. According to Lemma 1.24, Y = gy (U) then has the same law as Y.
Hence,

EIXV] = Elax(U)ay (U)] = / ax (Day (1) dr.

Proof of Theorem 1.37. Suppose first that p is law-invariant. Then X € A, implies that X e A, for all
X ~ X. Hence,

1
omin(Q) = sup E[-Xeo]= sup sup E[—Xpg] = sup / 0 x (g (£) dt,
XcA, XeA, ¥ x XecA,Jo

by Lemma 1.41. It follows that cumin(Q) depends only on the law of ¢g. In order to check the second
identity in (28), note that X := X + p(X) belongs to A, for any X € L* and that ¢_x — p(X) is a
quantile function for —X.

Conversely, let us assume that aumin(Q) depends only on the law of pg. Let us write @ ~ (@ to indicate
that pg and 5 have the same law. Then Lemma 1.41 yields

p(X)= s (B[-X]-amn(@) = s swp (E[-Xpg] - anin(@))

QeMi(P) QEM:(P) Grg
1
- sup ( / q_X(t)qm(t)dtfamin(Q)).
QEM(P) 0

O

Example 1.42. Let v : R — R be an increasing concave function, and suppose that a position X € L*°
is acceptable if E[u(X)] > ¢, where ¢ is a given constant in the interior of u(R). We have seen in Example
1.8 that the corresponding acceptance set induces a convex risk measure p. Clearly, p is law-invariant,
and it is not difficult to show that p is continuous from below and, hence, from above; see [34, Proposition
4.59] or [35, Proposition 4.104]. Moreover, the corresponding minimal penalty function can be computed
as

omin(Q) = inf i(/ol (X ey (1)) dt — c>,

A>0
where
£*(y) = sup (wy + u(~a)) = sup (zy — £(x))
z€R z€R
is the Fenchel-Legendre transform of the convex increasing loss function ¢(z) := —u(—x); see [33, Theorem
10], [34, Theorem 4.61] or [35, Theorem 4.106]. O

For a probability density ¢ = dQ/dP, the functional

o) = sup E[-X5] = [ ax(0a 00

P
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appearing in Theorem 1.37 is sometimes called the mazimal correlation risk measure. The following
theorem shows that p, can be represented as a mixture of the risk measures AV@R) and hence is itself
a coherent measure of risk. Recall that we assume that (€2, F, P) is atomless.

Theorem 1.43. Let ¢ = dQ/dP for some Q € M1(P). Then there exists a probability measure p on
(0,1] such that

1
/ d-x(OasOd = [ AVOR,(X) par),

0 0,1

In particular, a convex measure of risk p is law-invariant and continuous from above if and only if
p00) = sup ([ AVARA(X) 4(@N) ~ B (). (36)

neM:((0,1]) */(0,1]
where

Bmin(pt) = sup AV@R(X) pu(dN).

XeA, J0,1]

Proof. Since q_x (t) = V@R, _+(X) and q,(t) = ¢ (t) for a.e. t € (0,1),

/1 q-x(t)g,(t) dt = /1 V@R (X)q} (1 —t)dt.
0 0

Since ¢} is increasing and right-continuous, we can write ¢ (t) = v((1 —t,1]) for some positive locally
finite measure v on (0, 1]. Moreover, the measure u given by u(dt) = tv(dt) is a probability measure on

(0,1]:
/(0,1] tv(dt) = /0 v((s,1])ds = /0 q;f(s) ds=E[p]=1.
Thus,
/ txWa,d = [ VaRr(x) / L s dt
0 0 t1] $
- / ! / V@R, (X) dt p(ds) (37)
(0,11 $Jo
= AV@R,(X) u(ds).
(0,1]

The second assertion in Theorem 1.43 takes the following form for coherent measures of risk.

Corollary 1.44. A coherent risk measure p is continuous from above and law-invariant if and only if
p(X) = sup AV@R(X) p(dX)
HEM J(0,1]
for some set M C M1((0,1]).
The preceding result is due to Kusuoka [53]. We point out once more that the condition of continuity
from above can actually be dropped according to a recent result by Jouini et al. [48].

Law-invariant convex risk measures enjoy the following Jensen-type inequality, which is due to H.
Follmer and taken from [61]. Here we give a proof based on Lemma 1.30 and Theorem 1.43.

Corollary 1.45. Assume that p is a convex risk measure which is continuous from above and law-
invariant. Then, for X € L> and any o-algebra G C F,

p(E[X|G]) < p(X),

and in particular

p(E[X]) = p(0) — E[X] < p(X).
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Proof. By Jensen’s inequality for conditional expectations,

E[(r=E[X|G])"] < E[(r - X)7]
for any r € R. Hence, Lemma 1.30 implies that the first inequality holds for p := AV@R,. But this is
enough, due to Theorem 1.43. The second inequality follows from the first by taking G = {0, Q}. O

In contrast to Proposition 1.27, the following theorem shows that AV@R, is the best conservative
approximation to V@QR) in the class of all law-invariant convex measures of risk which are continuous
from above, given our standing assumption that (2, F, P) is atomless. This result is due to Delbaen [20]

Theorem 1.46. AVQR) is the smallest law-invariant conver measure dominating VQR) .
Proof. That AV@QR), dominates V@QR) was already stated in (26). Suppose now that p is another law-
invariant convex risk measure which dominates V@R, and which is continuous from above. We must

show that, for a given X € L,
p(X) > AV@R,\(X). (38)

Take € > 0, and let A:={—X > V@R, (X) — e} and

Y =E[X|XI,.]=X 1, +E[X|A] I

Since Y > qh(\) +e > E[X | A] on A°, we get P[Y < E[X | A]] = 0. On the other hand,
PlY < E[X | A]] > P[A] > A, and this implies that V@R, (Y) = E[—X | A]. Since p dominates
V@R, we have p(Y) > E[—X | A]. Thus,

p(X) 2 p(Y) =E[-X | -X > V@R\(X) — €],
by Corollary 1.45. Taking ¢ | 0 yields
p(X)>E[-X | -X > V@R,\(X)].

If the distribution of X is continuous, Corollary 1.34 states that the conditional expectation on the right
equals AV@R,(X), and we obtain (38). If the distribution of X is not continuous, we denote by D the set
of all points x such that P[ X = x| > 0 and take any bounded random variable Z > 0 with a continuous
distribution. Such a random variable exists due to our assumption that (2, F, P) is atomless. Note that

X, =X+ % Z]I{XeD} has a continuous distribution. Indeed, for any y,

Pl X,=y]=PY =y Y¢D|+> PlY=xZ=n(y—=z)]=0.
xzeD

Moreover, X,, decreases to X. The inequality (38) holds for each X,, and extends to X by continuity
from above. O

Corollary 1.47. AVQR), and WCE), coincide under our standing assumption that the probability space
is atomless.

Proof. We know from Corollary 1.34 that WCE\(X) = AV@QR,(X) if X has a continuous distribution.
Repeating the approximation argument at the end of the preceding proof yields WCE)(X) = AV@QR,(X)
for each X € L. O

Since AV@R), is coherent, continuous from below, and law-invariant, any mixture
pu(X) = / AVGOR,, u(d)) (39)

for some probability measure p on (0,1] has the same properties. According to Remark 1.29, we may
set AV@QRy(X) = —essinf X so that we can extend the definition (39) to probability measures p on the
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closed interval [0,1]. However, p, will only be continuous from above and not from below if p({0}) > 0,
because AV@QR, is not continuous from below. Our next goal is to derive a representation of the risk
measure p, in terms of the Choquet integral with respect to the set function cy(A) := (P[A]), where
1) is the nonlinear function constructed in the following lemma.

Lemma 1.48. By defining 1¥(0) =0 and
— ’ -1
vle) = nlo}) + | /( s o<z (40)

we get a one-to-one correspondence between probability measures p on [0,1] and increasing concave func-
tions ¢ : [0,1] — [0,1] with ¢¥(0) =0 and ¥(1) = 1.

Proof. Suppose first that p is given and v is defined by (40). Then v is concave and increasing on (0, 1].
Moreover,

e = o)+ [ 5[y ) = (oD 0 1) =1

Conversely, if v is given, then its right-hand derivative v/, (¢) is a decreasing right-continuous function
on (0,1) and can be written as ¢/, (t) = v((t,1]) for some locally finite positive measure v on (0,1]. We
first define p on (0, 1] by p(dt) = tv(dt). Then, by Fubini’s theorem,

1
w((0,1]) = / / I v(ds)dt =1—(0+) < 1.
{t<s}
0 J(0,1]
Hence, setting 1({0}) := ¥(0+) defines a probability measure x on [0, 1], for which (40) holds. O

Theorem 1.49. For a probability measure p on [0,1], let ¢ be the concave function defined in Lemma
1.48. Then, for X € L™,

pu(=X) = B(0H)AV@Ry(—X) + /O ax (0 (1 — 1) dt

[ @ s o) - et [T up(x s )

— 00

Proof. Using the fact that V@R, (—X) = g5 (1 — A), we get as in (37) that
1
AVaR(~X) p(aN) = [ ax(0u/(1 - 1) dr
(0,1] 0

Hence, we obtain the first identity. For the second one, we will first assume X > 0. Then, using (29) and
Fubini’s theorem, we obtain

o pl
’
A ,/0 H{Fx(m)§17t}¢ (t) dt dx

_ /0001/)(1 — Fx(x))dz —(0+) esssup X,

/O ax ()W (1 —t)dt

since [ 4/ (t)dt = ((y) — w(0+))]I{y>O}. This proves the second identity for X > 0, since ¥ (0+) =
1({0}) and esssup X = AV@QR((—X). If X € L™ is arbitrary, we consider X +C, where C' := —essinf X.
The cash invariance of p, yields

C+pu(-X) = /OOO W(P[X >z —C))da
0

C+[ (Y(P[X >z])—1) dx+/ooow(P[X>x])da:.
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Example 1.50. Clearly, the risk measure AV@R), is itself of the form p, where y = 6. For A > 0, the
corresponding concave distortion function is given by

w(t):(i)/ﬂ:%(t/\)\).

Thus, we obtain yet another representation of AV@QR):
1 oo
AV@R,)(—X) = X/ P[X >2z]AXdx for X € LY.
0

&

As another consequence of Theorem 1.49, we obtain an explicit description of the maximal representing
set @, C M, (P) for the coherent risk measure p,, which was first obtained by Carlier and Dana [11] in
the case of a sufficiently regular distortion function .

Theorem 1.51. Let i be a probability measure on [0,1], and let ¢ be the corresponding concave function
defined in Lemma 1.48. Then p, can be represented as

pu(X) = sup Eg[—-X],
QEQ,

where the set Q,, is given by

9, = { Q€ Mi(P)|QLA] <w(P[A]) for all A€ F |

= {Q € My(P)|p:= % satisfies /tl qpo(s)ds < (1 —t) fort € (0,1) }

Moreover, Q,, is the mazimal subset of M (P) that represents p,,.

Proof. The risk measure p, is coherent and continuous from above. By Corollary 1.16, it can be repre-
sented by taking the supremum of expectations over the set Qunax = {Q € M1(P) | amin(@Q) = 0}. Tt
from (13) that @ € Qmax if and only if Eg[—X ] < p,(X) for all X € L*°. By the second identity in
Theorem 1.49, this condition is equivalent to Q[ A] < ¢(P[A]) for all A € F.

In order to get the second representation of Q,,, we use (28) and the first identity in Theorem 1.49 to
see that a measure Q € M;(P) with density ¢ = dQ/dP belongs to Quay if and only if

1 1
/0 x (5)qp(s) ds < pu(=X) = (0+)AV@Ry (- X) +/0 qx ()Y’ (1= s)ds (41)

for all X € L*°. For constant random variables X =t, we have gx = 1 a.e., and so we obtain

[t,1]

1 1
/t 0 () ds < p(04) + / $(1— s)ds = (1 — t)

for all t € (0,1). Hence Qmax C Q. For the proof of the converse inclusion, we show that the density ¢
of a fixed measure ) € Q,, satisfies (41) for any given X € L*>. To this end, let v be the positive finite
measure on [0, 1] such that g% (s) = v([0, s]). Using Fubini’s theorem and the definition of Q,,, we get

/ Cox(8)apls)ds = /H / " 4o(s) ds (dt)

< [ w-tua
[0,1]

¥(04+)v([0,1]) +/O (1 —s) /[0 ,] v(dt) ds,

which coincides with the right-hand side of (41). O
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1.5 Comonotonic law-invariant risk measures

In many situations, the risk p(X 4+ Y') of a combined position will be strictly lower than the sum of the
individual risks p(X) and p(Y') because one position serves as a hedge against adverse changes in the
other position. If, on the other hand, there is no way for X to work as a hedge for Y then we may want
the risk simply to add up. In order to make this idea precise, we introduce the notion of comonotonicity.
Our main goal in this section is to show that a law-invariant convex risk measure p is comonotonic if and
only if it is of the form

pu(X) = / AV@R(X) p(d\)

for some probability measure p on [0, 1]. In other words, comonotonicity characterizes those law-invariant
convex risk measures which quantify the risk of a position as the expected loss with respect to a concave
distortion of the underlying probability measure P. Law-invariant comonotonic coherent risk measures
were first characterized by Kusuoka [53]. The reader can find further results on comonotonic risk measures
in [20, 21] and [35].

Definition 1.52. Two measurable functions X and Y on (€, F) are called comonotone if
(X(w) = X)) (Y(w) - Y(w)) >0 forall (wuw)exq. (42)
A monetary measure of risk p is called comonotonic if
p(X +Y) = p(X)+p(Y)
whenever X and Y are comonotone.

Lemma 1.53. If p is a monetary measure of risk defined on the space of bounded measurable functions
and if p is comonotonic, then p is positively homogeneous.

Proof. Note that (X, X) is a comonotone pair. Hence p(2X) = 2p(X). An iteration of this argument
yields p(rX) = rp(X) for all rational numbers r > 0. Positive homogeneity now follows from the Lipschitz
continuity of p; see Lemma 1.2. O

The following lemma is taken from Denneberg [23].

Lemma 1.54. Two measurable functions X andY on (Q, F) are comonotone if and only if there exists
a third measurable function Z on (Q,F) and increasing functions f and g on R such that X = f(Z) and
Y =g(2).

Proof. Clearly, X := f(Z) and Y := ¢g(Z) are comonotone for given Z, f, and g. Conversely, suppose
that X and Y are comonotone and define Z by Z := X + Y. We show that z := Z(w) has a unique
decomposition as z = x + y, where (z,y) = (X(v'),Y(w')) for some w’ € Q. Having established this,
we can put f(z) := x and ¢(z) := y. The existence of the decomposition as z = x + y follows by taking
z:= X(w) and y := Y (w), so it remains to show that these are the only possible values x and y. To this
end, let us suppose that X (w) + Y (w) = z = X (') + Y (') for some w’ € Q. Then

and comonotonicity implies that this expression vanishes. Hence z = X (w') and y = Y (&').
Next, we check that both f and g are increasing functions on Z(£2). So let us suppose that

X(wl) + Y(wl) =21 < 29 = X(wg) + Y(wg).

This implies
X(w1) = X (w2) < —(V(wr) = ¥ (wn).
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Comonotonicity thus yields that X (w;) — X(w2) < 0 and Y (w1) — Y(we) < 0, whence f(z1) < f(z2)
and ¢g(z1) < g(z2). Thus, f and g are increasing on Z(f2), and it is straightforward to extend them to
increasing functions defined on R. O

The following lemma implies in particular that V@R) and AV@R) are comonotonic.

Lemma 1.55. If X and Y is a pair of comonotone random variables on (2, F, P), then qx + qy is a
quantile function for X +Y. In particular,

gx+y () = gx(t) + gy (t) for a.e. t.

Proof. By Lemma 1.54, X = f(Z) and Y = g(Z) for some random variable Z and increasing functions f
and g. Applying Lemma 1.38 to the increasing function h := f + g shows that h(qz) = f(qz) + 9(qz) is
a quantile function for X + Y. Another application of the same lemma yields that gx + ¢y is a quantile
function for X + Y. O

The following theorem shows on the one hand that the risk measures AV@QR) may be viewed as the
extreme points in the convex class of all comonotonic law-invariant convex risk measures on L that are
continuous from above. This part of the result was first proved by Kusuoka [53]. The theorem also shows
that every comonotonic law-invariant convex risk measure is automatically continuous from above, and
this fact was first observed by Kunze [52].

Theorem 1.56. On an atomless probability space, the class of risk measures
pu(X)i= [ AVERA(X)p(@). e Mu(0.1),

is precisely the class of all law-invariant convex risk measures on L* that are comonotonic. In particular,
any conver measure of risk that is law-invariant and comonotonic is also coherent and continuous from
above.

Proof. Comonotonic additivity of p, follows from Lemma 1.55 and the first representation in Theorem
1.49.

Now assume that p is a law-invariant convex measure of risk that is also comonotonic. Then p is a
coherent risk measure by Lemma 1.53 and hence subadditive. Consider the set function A +— p(—1,).
Since p is law-invariant and coherent, there exists an increasing function  on [0, 1] such that (0) = 0,
Y(1) =1, and p(~=1,) = ¢(P[A]) =: cy(A). Notethat T, pand T, .
for all A, B € F. Hence, comonotonicity and subadditivity of p imply

cp(ANB) +ey(AUB) = p(=1, 5) +p(—1,,5) = p(=1, 5 =1, )

= p(-1, - 1,) (43)
cy(A) + cy(B).
To verify the concavity of v, we shall show that ¥(y) > (¢¥(z) + ¥(2))/2 whenever 0 < z < z < 1
and y = (x + z)/2. To this end, we will construct two sets A, B C F such that P[A] = P[B] =y,
P[ANB]=x,and P[AUB] = z. We then get ¢(z) +¢(2) < 2¢(y) from (43) and in turn the concavity
of 1. In order to construct the two sets A and B, take a random variable U with a uniform distribution
on [0,1], which exists due to our assumption that (£, F, P) is atomless. Then

is a pair of comonotone functions

IN

A:={0<U<y} and B:={z—-y<U<z}

are as desired.

Theorem 1.49 shows that the Choquet integral with respect to ¢, can be identified with a risk measure
pu, Where p1 is obtained from 1) via Lemma 1.48. Let us now show that p and p, coincide on simple
random variables of the form

X=>al,, a€cR, AcF.
=1
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Since these random variables are dense in L>°, Lemma 1.2 will then imply that p = p,. In order to show
that p,(X) = p(X) for X as above, we may assume without loss of generality that a1 > a2 > -+ > a,
and that the sets A; are disjoint. Thus, we can write X = Z?:l b; ]IBI‘7 where b; :== a; — a;y1, ap41 =0,

and B; := U2:1 Ay. Since Zi:ll bill, and byl are comonotone and p(=1,) =cy(A) = pu(~1,),

p(—X) = Zbip(—]IBi) = Z bipu(—1, ) = pu(=X).
O

Remark 1.57. Let ¢ : [0,1] — [0, 1] be an increasing function with ¢(0) = 0 and ¢(1) = 1. The preceding
proof shows that the concavity of ¢ is equivalent to the fact that the set function cy(A) := ¥(P[A]) is
submodular or 2-alternating in the sense of Choquet:

Cw(AﬂB)+C¢(AUB)SCw(A)+C¢(B) for A,B € F.

This property of submodularity will play an important role in Sections 2.3 and 2.4. &

1.6 Risk measures arising from robust preferences

In this section, we will see how risk measures arise in a natural way from numerical representations of the
preferences of an investor. As a motivation, let us first consider the following simple thought experiment.
Suppose the investor is offered a bet 3; that pays off +1000 € or -1000 €, both with known probability
p = 0.5. The alternative would be to reject the offered bet, and this could be regarded as accepting
the “bet” (B, with the certain payoff 0 €, which is also identical to the expected payoff of the risky bet
B1. An investor who is risk-averse will thus prefer 8o over the risky bet 3. Now consider a third bet
(s that also yields either +1000 € or -1000 €, but this time we assume that no information on the
success probability is provided. That is, the investor is facing model uncertainty or ambiguity, which is
sometimes also called Knightian uncertainty. Although the possible payoffs of §3 and (3, are identical,
it is reasonable to assign some value to the information on the success probability given for 3;. Hence,
(1 should be preferred over B3. That is, the underlying decision rule should exhibit a feature one might
call uncertainty aversion. In this section, our aim is to outline a corresponding theory of choice that
was developed by Schmeidler [65] and Gilboa and Schmeidler [40]. In particular, we wish to highlight its
connections to coherent risk measures.

The general aim of a theory of choice is to give an axiomatic foundation and corresponding mathe-
matical representation theory for a normative decision rule by means of which one can reach decisions
when presented with several alternatives. Our starting point is the classical theory of expected utility as
developed by John von Neumann and Oscar Morgenstern; see, e.g., Kreps [51] or [34, 35, Chapter 2] for
introductions. It deals with monetary bets whose outcome probabilities are known. Such a bet can be
regarded as a Borel probability measure p on R. More precisely, we will consider here the space

My = Mp(R) = { p € Mi(R) | p([—c,c]) =1 for some ¢ >0}

of boundedly supported Borel probability measures. The decision rule is usually taken as a preference
relation or preference order >= on My, i.e., > is a binary relation on M, that is asymmetric

W= v = Vi

and negative transitiv
w>=vand A € M, = W= Aor >

see, e.g., [51] or [34, 35, Chapter 2] for details. The corresponding weak preference order p = v is defined
via > v < vy p. If both > v and v > p hold, we will write y ~ v. Dealing with a preference order
is greatly facilitated if one has a numerical representation, namely a function R : M;, — R such that

w-v — R(p) > R(v).
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John von Neumann and Oscar Morgenstern formulated a set of axioms that are necessary and sufficient
for the existence of a numerical representation R of von Neumann-Morgenstern form, that is,

R() = / U() p(da) (44)

for a function U : R — R. The two main axioms are:
e the Archimedean aziom: for any triple u = X\ > v there are «, 5 € (0,1) such that ap+ (1 —a)v = A =
Bu+ (1= B)v;
o the independence aziom: for all u, v € M, the relation p > v implies ap + (1 — a)A > av + (1 — a)A
for all A € M and all « € (0,1].
These two axioms are equivalent to the existence of an affine numerical representation R. To obtain
an integral representation (44) for this affine functional on M, one needs some additional regularity
condition such as topological assumptions on the level sets of >=; see [51] and [34, 35, Chapter 2].

The preference order is called monotone if

y>z <— Oy > 0.

Clearly, monotonicity holds if and only if the function U in (44) is strictly increasing. One says that the
preference order exhibits risk aversion if the certain amount m(u) := [z p(dz) is preferred over the risky
lottery p, i.e.,

Om(p) = 1 for any p € My such that u # 6,,(,)-

Risk aversion is equivalent to the strict concavity of U, and if U is both increasing and strictly concave,
it is called a wtility function.

Now we wish to extend this setting to the case in which the probabilities of outcomes may be subject
to uncertainty. This is achieved by randomizing lotteries via an exterior probability space (2, F). More
precisely, we will consider a space X defined as the set of all stochastic kernels X (w,dy) from (2, F) to
R for which there exists a constant ¢ > 0 such that

X(w,[-¢, ) =1 forallwe Q.

In mathematical economics, the elements of X are sometimes called horse race lotteries. The space of
standard lotteries M}, has a natural embedding into X by identifying p € M, with the constant map
X(w) = p for all w.

Now consider a given preference order > on X. We will assume that = is compatible with the
embedding M, C X in the sense that

Y =X if V()= X(w) for all w € Q.

We will furthermore assume the following extension of the Archimedean axiom of classical von Neumann-
Morgenstern theory.
e Archimedean axiom: if X,Y,Z € X are such that Z > Y = X then there are «, 8 € (0, 1) with

aZ+(1-a)X =Y = BZ+(1-p)X.

We also need an extended version of the independence axiom:
o certainty independence: for X, Y € X, Z = u € M, and a € (0, 1] we have

X>Y <+« oX+(1-a)Z=aY+(1-a)Z.

These two immediately imply that the restriction of > to M, satisfies both the classical Archimeadean
axiom and the independence axiom. Hence, it admits an affine numerical representation R : M, — R,
and to simplify things, we will assume henceforth that R is of von Neumann-Morgenstern form (44) for
some function U : R — R.
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The main new axiom is:
e uncertainty aversion: if X, Y € X are such that X ~ Y, then

aX+(1-a)Y =X forallacl01].

In order to motivate the term “uncertainty aversion”, consider the following simple example. For
Q :={0,1} define

Zi(w) = d1000 - ][{i}(w) +do - ]I{l_i}(w), i=0,1
Suppose that an agent is indifferent between the choices ZO and 21, which both involve the same kind of
uncertainty. In the case of uncertainty aversion, the convex combination Y := aZy + (1 — a)Z; is weakly
preferred to both Zy and Z;. It takes the form

~ a 01000 + (1 — 04)50 for w =1,
Y(w) =
ado+ (1 — a)dipg for w =0.

This convex combination now allows for upper and lower probability bounds in terms of «, and this means
that model uncertainty is reduced in favor of risk. For a = 1/2, the resulting lottery Y (w) = % (81000 + o)
is independent of the scenario w, i.e., model uncertainty is completely eliminated.

Theorem 1.58. Under the above conditions, there exists a unique extension of R to a numerical repre-
sentation R : X — R, and R s of the form

R(X) = iy Eo[ R(X)) = iy Bo| [ U(e) X(.dz)|

for a convex set Q C My ;(Q, F).
A proof of this theorem can be found in [40] or in [34, 35, Section 2.5].

Remark 1.59. Let us comment on the axiom of certainty independence. It extends the independence
axiom for preferences on M, to our present setting, but only under the restriction that one of the two
contingent lotteries X and Y is certain, i.e., does not depend on the scenario w € 2. Without this
restriction, the extended independence axiom would lead to a so-called Savage representation

R(X) = Eq| R(X)]

in terms of a subjective measure Q. But there are good reasons for not requiring full 1ndependence for all
ZeX. Asan example, take = {0, 1} and define X(w) =0y, Y(w) = 61—, and Z = X. An agent may
prefer X over Y thus expressing the implicit view that scenario 1 is somewhat more likely than scenario
0. At the same time, the agent may like the idea of hedging against the occurrence of scenario 0, and
this could mean that the certain lottery

(Y+Z)E (00 + 01)

N =
|

is preferred over the contingent lottery

1, ~ =~ ~

3 ( X+7Z ) =X,
thus violating the independence assumption in its unrestricted form. In general, the role of Z as a hedge
against scenarios unfavorable for Y requires that Y and Z are not comonotone, where comonotonicity

means:

Y(w)=Y(n) <= Zw)=Z). (45)

Thus, the wish to hedge would still be compatible with the following stronger version of certainty inde-
pendence, called
o comonotonic independence: For X, Y, Z € X and « € (0, 1]

XY — aX+(1-a)Z=aY+(1—-a)Z
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whenever Y and Z are comonotone.
This stronger requirement holds iff the set Q in the preceding theorem is such that 7(A) := supge o Q[ A]
is submodular:

V(AU B) +v(ANB) <~(A) +7(B);

see Schmeidler [65], p. 582, or [35, Section 4.7]. Compare also with Remark 1.57. &

The space X of all bounded measurable function on (2, F) can be embedded into X by virtue of the
mapping
X>3X+—idxedl. (46)

In this way, X can be identified with the set of all uncertain payoffs. The preceding theorem implies that
the restriction of > to X admits the numerical representation

Rx(X) = inf E[U(X)], (a7)
and it is this representation in which we are really interested. Note, however, that it is necessary to it
is necessary to formulate the axiom of uncertainty aversion on the larger space of uncertain lotteries.
But even without its axiomatic foundation, such a representation of preferences in the face of model
uncertainty by a subjective utility assessment Ry (X) is highly plausible as it stands. It may be viewed
as a robust approach to the problem of model uncertainty: The agent has in mind a whole collection of
possible probabilistic views of the given set of scenarios and takes a worst case approach in evaluating
the payoff of a given financial position.

Let us now emphasize the downside rather than the upside by switching from a utility functional Rx
to the associated loss functional L :== —Ry, and let us assume that U is a utility function. Then our
representation takes the form

L(X) = sup Eq[{(—X)]
QeQ
where ¢ denotes the convex increasing loss function on R defined by ¢(z) = —U(—z). Now suppose that
an agent finds a position X acceptable if L(X) does not exceed a given bound zg. How do we determine
the amount of capital which is needed to turn a given position X € X into an acceptable position by
adding this amount? In order to answer this question, consider the convex acceptance set

Ay = {X cx ’ L(X) = sup B[ ((—X)] < o }
QeQ
where xq is an interior point in the range of £. Recalling Proposition 1.5, we see that A induces a convex
measure of risk pr. Applying the results of the preceding section, we can conclude that p; admits a
representation of the form

pr(X) = sup. (EQ[—X] - aL(Q)) :

Thus, the problem is reduced to the computation of a suitable penalty function ay. To this end, let us
introduce the Fenchel-Legendre transform £* of the loss function ¢ defined by

0*(z) == ig% (zz — L(2)) .

By combining the formula stated in Example 1.42 with Proposition 1.12, we get the following result.

Theorem 1.60. Suppose Q is a set of equivalent probability measures. Then the convex Tisk measure
corresponding to the acceptance set A can be represented in terms of the penalty function

o= o (e (20)] )

Thus, ar,(P) < oo only if P < Q for at least some Q € Q.
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Example 1.61. For the exponential loss function ¢(z) = e* and 2y = 1, the penalty function in Theorem
1.60 takes the form
P)= inf H(P|Q);
ar(P) = inf H(P|Q)

where P P
| —} it P

o a0 % ag | TP<@
400 otherwise,

H(P|Q) =
denotes the relative entropy of P with respect to Q; see [35].

2 Risk measures and robust optimization in financial markets

In this chapter, we will extend our setting by assuming that financial positions arise in a multivariate
market model. In such a model, it may be possible to eliminate risk by using appropriate hedging
strategies, and this idea should be considered when measuring the risk of positions. In Section 2.1, we
show how (super-)hedgeability can be used as a criterion for acceptability of positions, and we identify
the corresponding risk measures. We also discuss how hedging can be used in order to relax a given
acceptability criterion. In Section 2.2, we address the problem of risk-minimal hedging when the risk
criterion is defined in terms of a risk measure. In Section 2.3, we consider an optimal investment problem
under uncertainty aversion. Thus, we are back in the setting of Section 1.6, and it is more natural to
consider utility rather than risk, i.e., we are looking for investment strategies that maximize a robust
utility functional. In particular, we give a general criterion under which the robust problem can be
reduced to a standard one. In Section 2.4, we will then discuss a number of examples.

2.1 Measures of risk in a financial market with convex constraints

In this section, we will assume that positions are—at least to some extend—contingent on a financial
market, and we will show how one can combine a given risk measure with the idea of risk reduction by
hedging. Moreover, we will see how various arbitrage valuation principles correspond to certain convex
risk measures. Thus, the concept of a risk measures can unify and combine many common static and
dynamic approaches to risk.

The most popular market models in mathematical finance are based on time-continuous price pro-
cesses. However, insofar arbitrage theory is concerned, these models exhibit certain pathologies that stem
from the idealization of trading in continuous time. For instance, it is well known that even the stan-
dard Black-Scholes model admits arbitrage opportunities unless one excludes certain trading strategies
such as doubling strategies embedded into a finite time interval. Therefore, we will restrict ourselves to
discrete-time market models, for which the arbitrage theory is much simpler and easier to handle. These
market models are typically incomplete, i.e., they involve intrinsic risks which cannot be hedged away
completely. Hence, the need for combining a static risk measure with dynamic hedging arises in a natural
manner. This section is based on joint work of Hans Follmer and Schied [33, 34, 35].

We consider a filtered probability space (Q, F, (Ft)i=o,...,r, P) and a market where one bond and d
risky assets are traded. The price of the bond will be assumed to be normalized to 1, and the (corre-
spondingly discounted) price process of the risky assets is denoted by S; = (S}, ..., S¢). We will assume
that

Si>0 fori=1,...,dand t=0,...,T. (48)

Any d-dimensional predictable process & gives rise to a self-financing trading strategy; & is the number
of shares held of the i** asset during the trading period ¢t — 1~+t, and

t
Vi=Vo+> & (Sk— k1)
k=1
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is the associated value process for an initial investment V. Here, -5 = Zle £'S% is the Euclidean scalar
product. Recall that an arbitrage opportunity is a self-financing trading strategy such that Vp > V| and
P[Vr > V] > 0. The existence of arbitrage opportunities can be regarded as a market inefficiency, and
one usually insists on arbitrage-free market models. Due to the fundamental theorem of asset pricing,
the market model does not admit arbitrage opportunities if and only if there exists a measure P* ~ P
under which S is a martingale; see, e.g., [34, Theorem 5.17] or [35, Theorem 5.17]. The set of all these
equivalent martingale measures will be denoted by P.

Now consider a financial position X € L*°(P). X can be interpreted as “riskless” if X > 0 or, more
generally, if the “risky part” of X can be hedged at no additional cost. The latter means that we can
find a suitable hedging portfolio £ such that

T
X+ Zﬁt . (St — St—l) > 0 P-a.s. (49)
t=1
Due to the fact that X is bounded, (49) is only possible if £ is admissible in the sense that there is a
constant ¢ = ¢(£) such that the associated gains process satisfies

T
Gr(&) =) & (S—Si1)>—c  Pas. (50)

Thus, we define the following set of acceptable positions in L>°:
Ap = {X € L | 3¢ with X + Gr(€) > 0 P-as. }

Theorem 2.1. Suppose that inf{m € R|m € Ay} > —oo. Then pg := pa, is a coherent measure of risk.
Moreover, pg is sensitive in the sense of Definition 1.15 if and only if the market model is arbitrage-free,
i.e., Gp(§) > 0 P-a.s. implies Gp (&) = 0 P-almost surely. In this case, pg is continuous from above and
can be represented in terms of the set P of equivalent martingale measures for the price process S':
po(X) = sup E*[—X]. (51)
PreP

Proof. The fact that pg is a coherent measure of risk follows from Proposition 1.6. If the model is arbitrage-
free, then the superhedging duality theorem (see, e.g., [35, Corollary 7.9]) yields the representation (51),
and it follows that pg is sensitive and continuous from above.

Conversely, suppose that pg is sensitive, but the market model admits an arbitrage opportunity &.
Then there is some k > 0 such that 0 < Gr(§) P-a.s. and P[Gr(§) Ak > 0] > 0. It follows that
X = —Gr(&) Nk € Ap. However, the sensitivity of pg implies that

po(X) > po(0) = 0.

Thus, we arrive at a contradiction. O

There are several reasons why it may make sense to allow in (49) only strategies £ that belong to
a proper subset S of the class of all strategies. For instance, if the resources available to an investor
are limited, only those strategies should be considered for which the initial investment in risky assets
is below a certain amount. Such a restriction corresponds to an upper bound on Vj. There may be
other constraints. For instance, short sales constraints are lower bounds on the number of shares in the
portfolio. In view of market illiquidity, the investor may also wish to avoid holding too many shares of one
single asset, since the market capacity may not suffice to resell the shares. Such constraints will be taken
into account by assuming throughout the remainder of this section that S has the following properties:

(a) 0€S.
(b) S is predictably convezr: If £, n € S and h is a predictable process with 0 < h < 1, then the process
hi&e+ (1 —hy)m, t=1,...,T,

belongs to S.
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(¢) For each t € {1,...,T}, the set
Se={& €S}
is closed in L°(Q, F;_1, P;R%).

(d) Each £ € S is admissible.

Moreover, we will assume that the price increments satisfy the following non-redundance condition: For
allt e {1,...,T} and & € S,

ft . (St — St—l) =0 P-a.s. — Et =0 P-a.s. (52)
In a first step, we define the non-empty set

AS = {X € L°°(P) | there exists £ € S with X + Gr(§) > 0 P-a.s. } , (53)

of acceptable positions which can be hedged with strategies in S at no cost. By Proposition 1.6, AS
induces the convex measure of risk

pS(X)::pAs(X):inf{mER‘m—l—XEAs} (54)

provided that
p%(0) > —o0. (55)

Note that (55) holds, in particular, if S does not contain arbitrage opportunities. We will assume (55)
throughout this section.
The following problems arise:

e Compute the minimal penalty function of p®.
e Give criteria under which p® is continuous from above.
Let us consider the first problem.

Proposition 2.2. The minimal penalty function afﬁn(-) of p° is given by

0in(Q) = EQ[A7]  for Q € My(P). (56)
Here AR is the predictable increasing process defined by

A(? =0, A?+1 - AtQ = esgsesélp [ftﬂ : (EQ[SH-I | Fe] — St) ] . (57)

In particular, p° has the representation

pS(X)= sup (Bol-X]- EqlA%)) (58)
QEM (P)

if p° is continuous from above.
Proof. First note that Eg[&; - (S; — Si—1) | Fi—1] is well-defined and satisfies
Eq[& - (St —St—1) | Feo1] =& - (EQ[St | Fe1] — Stfl) (59)

for every £ € S. To see this, observe first that, by predictable convexity, also £ € S, where

o {gt if s =t,
s L

0 otherwise.

By assumption every element in S is admissible in the sense of (50), and thus there is some constant ¢
with & - (S; — Sy—1) = Gr(€®) > —¢ P-a.s. Using our assumption (48) that prices are non-negative, we
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see that the conditional expectation is well defined, and we obtain (59) by adding the F;_j-measurable
term & - S;_1 to both sides of the equation.
Next, if X € AS there exists £ € S with —X < G(¢) P-a.s. By using (59), we obtain that for Q < P

Eq[—X] < EqG(€)] < Eq[ AZ]. (60)
Hence, we conclude that

agin(Q) = sup Eo[—X] < Eg[A%].
XeAs

Now we turn to the proof of the converse inequality. To this end, we show first that

T
U= { ZEQ[ft'(St—St—lﬂft—ﬂ ’563}
t=1
is directed upwards in the sense that for 1,19 € U there is 13 € U with ¥3 > 11 V 1. For 5,56 S let
By = {EQ[ft : (St - St—l) |ft—1] > EQ[gt : (St - St—l) |-7'—t—1] } )
and define £’ € S by N
& = &l +§t]IB§ .
Then clearly
EqQl& - (St — Si—1) | Fi1]
=EQl& - (St — St—1) | Fe-1]V EQ[& - (St — Si—1) | Fe-1],

and therefore W is directed upwards. It follows that ACT? = esssup V is the limit of an increasing sequence
in U; see, e.g., [35, Appendix A.5]. Hence, by monotone convergence,

T
EolA9] = gggEQ[ S Eolé- (S — Si1) | Frs
t=1

= supsup Eq[Gr(§) NE].
¢€S keN

Admissibility yields that —(Gr(£) Ak) € A5 C A,s, and thus

EQ[ACT?] =supsup Eq[Gr(§) Nk] < sup Eg[X] = aiin(Q) )
£€S keEN XeA,

This concludes the proof. O
Let us now turn to the second problem above. That is, we are looking for criteria that guarantee that
p is continuous from above. It will turn out that the absence of arbitrage opportunities in S is a sufficient

condition under a certain regularity requirement. It can in turn be characterized by the following class
of local supermartingale measures.

Definition 2.3. By Ps we denote the class of all probability measures P ~ P such that
S, e LY(P) for all t, (61)
and such that the gains process of any trading strategy in S is a local Ig—supermartingale.
The following result follows from Theorem 9.29 of [35].
Theorem 2.4. If Ps is nonempty, then p° is continuous from above and admits the representations

pPP(X)= sup (Egl-X]-Eg[A2]) = sup (Egl—X]— EglA2]), (62)
QeM;(P) QeQs

where Qs denotes the set of all Q ~ P such that EQ[Ag] < oo and such that EQ[|Si+1 — Si| | Fr] < o0
P-a.s. for allt.
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We now give a sufficient condition on § to guarantee that Pg is nonempty. To this end, denote the
cone generated by S by RY := {A\& |& € Sy and A > 0}, and let R; be its L°-closure.

Theorem 2.5. In addition to the above assumptions, suppose that Ry N (L)% C RY. Then the following
conditions are equivalent:

S

(a) p° is sensitive.

(b) S contains no arbitrage opportunities, i.e., for £ € S, Gr(§) > 0 P-a.s. implies Gp(§) =0 P-a.s.

(c) Ps #0.

Proof. (a)=(b): Suppose that p° is sensitive, but S contains an arbitrage opportunity £&. Then there
exists k > 0 such that and P[Gr(§) Ak > 0] > 0. Then X := —Gr(§) A k is bounded and satisfies
X +G(€) >0, ie, X € A It follows that p°(X) < 0. But this contradicts the sensitivity of p¥ and the
facts that 0 > X and P[X < 0] > 0.

(b)=(c): By standard arguments, the existence of arbitrage opportunities in S is equivalent to the
existence of some t and & € S;N(L>)? such that & -(S;—S;_1) > 0 P-a.s. and P[&-(S;—S;_1) > 0] > 0;
see Lemma 9.11 in [35]. The condition R; N (L>)¢ C RY hence guarantees that we may replace S; by
R¢. Now we can apply Theorem 9.9 of [35]; the condition R; N (L>)? C R? is missing in the statements
of Theorem 9.9 and Lemma 9.13 of [35], as was kindly pointed out to us by Konstantinos Kardaras and
Sven Lickfeld.

(c)=(a): Due to (c) and (62), we have p(X) > SUP5_ps E[—X], and this implies the sensitivity of
0. O

Example 2.6. Let C; be a closed convex subset of R? and suppose that 0 € C;. Take S as the class of
all predictable processes £ such that & € C; P-a.s. for all t. Then § satisfies our conditions (a) through
(d). If, in addition, the cones generated by the convex sets C; are closed in R?, then the condition
RN (L*°)? C RY is also satisfied. This case includes short sales constraints and constraints on the size of
a long position. These types of constraints are modeled by taking C; = [a},bi] x - - x [af, b}] for certain
numbers af, b,’f such that —oco < af <0< b,’f < 00.

Example 2.7. Let S denote the set of all predictable & such that a < &-S;_1 < b for certain numbers a, b
such that —oco < a < 0 < b < co. This class S corresponds to constraints on the capital invested into risky
assets. It satisfies conditions (a) through (d). We claim that S does not contain arbitrage opportunities if
and only if the unconstrained market is arbitrage-free, so that we have Ps = P. To prove this, note that
the existence of an arbitrage opportunity in the unconstrained marked is equivalent to the existence of
some ¢ and some F;_j-measurable & such that & - (S; — S;—1) > 0 P-a.s. and P[& - (S¢—S;—1) >0] >0
(see Proposition 5.11 in [35]). Next, there exists a constant ¢ > 0 such that these properties are shared
by é = gtﬁ{‘ft'st—lléc} and in turn by sé, where € > 0. But 5£~t € &, if € is small enough.

Example 2.8. Suppose that S consists of all bounded predictable processes with non-negative compo-
nents, and that Ps # (). Then
pS(X) = sup E[X].
PePs
To see this, note first that Ag can only take the values 0 and 400, due to the fact that S is a cone.
Hence, EQ[ACT?] =0 for all Q € Qs. Moreover, G := G(§) is a local @-supermartingale for Q) € Qs and
& € S. To prove this, denote by 7, (w) the first time ¢ at which

\ft+1(w)\ >mn or EQ“St—',-l - St| | ft}(w) >n.

If such a ¢ does not exist, let 7,,(w) := T. Then 7, is a stopping time. Since

|G (t41)ar, — Ginr,| < H{Tn2t+1}|§t+1‘ [Str1 = Sl
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G, nt belongs to £1(Q), and

EQ[St+1 | ft} — St)
=0.

EQ[Gunnr, = Ginry [ Fe] =T 3G (

Q Q
< A(t+1)/\‘rn o At/\m

This proves that G, is a @)-supermartingale, i.e., ) € Ps.

Remark 2.9. In a continuous-time financial market model where the price process S follows a special
semimartingale under P, one can similarly define a predictably convex set S of admissible integrands and
a corresponding convex measure of risk p. If one assumes in addition that the set { J€&ds ’f esS } is
closed in the semimartingale or Emery topology, the optional decomposition theorem of [31] will imply
a representation (62) of p. The penalty function o(Q) can be described as o(Q) = Eg [Ag] provided
that @ satisfies the following three conditions are fulfilled: @Q is equivalent to P, every process [&dS
with € € S is a special semimartingale under @, and Q admits the upper variation process A for the set
{ J&ds | Ees } One can take a(Q) = oo for measures @ which do not satisfy one of these conditions.

Let us now relax the condition of acceptability in (53). We no longer insist that the final outcome of
an acceptable position, suitably hedged, should always be non-negative. Instead, we only require that the
hedged position is acceptable in terms of a given convex risk measure p4 with acceptance set A. Since
we cannot be sure that the hedged position is bounded from above, we define

A={XeL*|3£eS8, Ac Awith X +Gr() > A P-as. }. (63)

If p4 is normalized, then A C A and hence

From now on, we assume that
p > =0, (64)

which implies our assumption (55) for p°. Note also that we have A = AS if p 4 is the worst-case measure.

Proposition 2.10. The minimal penalty function ami, for p is given by

amin(c2> = aim(@) + amin(Q)a

S

where oS is the minimal penalty function for pS and am, is the minimal penalty function for p4.

Proof. We claim that
{(X|p(X)<0}C{X +A|XScAS, Ac A} C A (65)

If 5(X) < 0, then there exists A € A and ¢ € S such that X +Gr (&) > A. Therefore XS := X — A € AS.
Conversely, if X$ € AS then X¢ + Gr(€¢) > 0 for some ¢ € S. Hence, for any A € A, we get
XS+ A+Gr(§)>AcAie, X =X5+Ac A

In view of (65), we have

arnin(Q) = Sup_ EQ[ —X] = sup EQ[ _X]
XeA X:5(X)<0
= sup sup EQ[—XS —A]
XSeAS AcA
= O‘fnin(@) + amin(Q)~ O

Barrieu and El Karoui [7] (see also the references therein) study the risk measure p in more general
situation and relate it to the inf-convolution of the risk measures p4 and p®. By this operation they
can characterize optimal risk transfers in financial markets. The assumption (64) is not as harmless as
it might seem. Consider, for instance, the situation of Example 2.8, suppose that the price process S is
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bounded, and take AV@R) as p4. The preceding proposition implies that the minimal penalty function
of p is given by
0 if @ € Ps and dQ/dP <1/\,

+o00 otherwise.

amin(62) = {

There may, however, be no measures in Ps whose density is bounded by 1/, in which case (64) is not
satisfied. An example in continuous time would be the standard Black & Scholes model. For this reason,
the alternative approach to combining hedging with subjective risk measurement as presented in the next
section may be more appropriate. It will also have the additional advantage that it yields optimal hedging
strategies.

It should also be mentioned that there are some recent approaches to dynamic risk measures in
financial markets; see Artzner et al. [4, 5, 6], Delbaen [22], Follmer and Schied [34, 35], Frittelli and
Scandolo [39], Riedel [57], Weber [67], to mention only a few.

2.2 Efficient hedging with AV@QR, and other convex risk measures

Let us consider the discrete-time market model of the preceding section. We assume that the model is
arbitrage-free, which is equivalent to the assumption that the set P of equivalent martingale measure for
S is nonempty. Let H > 0 be the discounted payoff of a European claim, and consider an investor who
is short in H, i.e., at time T, the investor must deliver the random amount H(w). In the situation of
Theorem 2.1, the risk of the short position —H is given by

Toup(H) := po(—H) := sup E*[H],
Prep
where we assume that the right-hand side is finite. In fact, the theory of superhedging tells us m,,,(H) is
equal to the cost of superreplicating H, i.e., there exists a trading strategy £ such that

VT = WSUP(H) + GT(f) Z H P-a.s.,

see, e.g., [35, Corollary 7.9]. By using such a superhedging strategy, the seller of H can cover almost any
possible obligation which may arise from the sale of H and thus eliminate completely the corresponding
risk. In many cases, however, the cost 7,,,(H) will be much too expensive from a practical point of view.
And even if H is attainable, a complete elimination of risk by using a replicating strategy for H would
consume the entire proceeds from the sale of H, and any opportunity of making a profit would be lost
along with the risk.

Let us therefore suppose that the investor is unwilling to put up the initial amount of capital required
by a superhedge and is ready to accept some risk. What is the optimal partial hedge which can be
achieved with a given smaller amount of capital? In order to make this question precise, we need a risk
measure p expressing the seller’s attitude towards risk, and suppose the investor is only willing to put up
a smaller amount

v E (O, WSUP(H)).

This means that the investor is ready to take some risk: Any “partial” hedging strategy whose value
process V satisfies the capital constraint V) < v will generate a non-trivial shortfall

(H—Vp)t.
Our aim is to minimize the shortfall risk
p(—(H = Vr)T)

among all admissible strategies satisfying the capital constraint V) < v (here we assume that p is defined
on a suitable function space, so that the shortfall risk is well defined). Alternatively, we could minimize
the cost under a given bound on the shortfall risk. In other words, the problem consists in constructing
strategies which are efficient with respect to the trade-off between cost and shortfall risk.
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It turns out that the construction of the optimal hedging strategy is carried out in two steps. The
first one is to solve the “static” problem of minimizing

p(—(H - X)")
among all Fpr-measurable random variables X > 0 which satisfy the constraints

sup E*[X] <w.
P*eP
If X* solves this problem, then so does H A X*. Hence, we may assume that 0 < X* < H. Thus, we can
reformulate the problem as
minimize p(X — H) subject to 0 < X < H and sup E*[X] <w. (66)
PP
The next step is to fit the terminal value V of an admissible strategy to the optimal profile X*. It
turns out that this step can be carried out without any further assumptions on our risk measure p. Thus,
we assume at this point that the optimal X™* of step one is granted, and we construct the corresponding
optimal strategy.

Proposition 2.11. A superhedging strategy for a solution X* of (66) with initial investment gy, (X™*) has
minimal shortfall risk among all admissible strategies whose value process satisfies the capital constraint
Vo S V.

Proof. Let V' be the value process of any admissible strategy such that Vj < v. Due to Doob’s systems
theorem (e.g., [35, Theorem 5.15]), V is a martingale under any P* € P, and so supp..p E*[Vr] =Vy <
v. Thus, X := H A Vp satisfies the constraints in (66), and we get

p(—(H = Vr)") = p(X — H) = p(X" — H).

Next let V* be a superhedging strategy for X* with initial investment mg,,(X*) = supp.cp E*[ X*].
Then we have V" = supp.cp E*[ X*] < v and Vi > 0. Moreover, Vi > X* P-a.s., and thus

p(X* — H) = p(—(H - X*)") > p(—(H - V5)").
This concludes the proof. O

Let us now return to the static problem defined by (66).

Proposition 2.12. If p is lower semicontinuous with respect to a.s. convergence of random variables in
the class { —X |0 < X < H }, then there exists a solution of the static optimization problem (66). In
particular, there exists a solution if H is bounded and p is continuous from above.

The proof needs the the following variant of Komlos’ principle of subsequences [49).

Lemma 2.13. Let X,, be a sequence in L° such that sup,, | X,| < oo P-almost surely. Then there exists
a sequence of conver combinations

Y, € conv{ X,,, Xp41,... }

which converges P-almost surely to some Y € LY.

Proof. We can assume without loss of generality that sup,, |X,,| < 1 P-a.s.; otherwise we consider the
sequence X, := X,/sup,, |X,|. Then (X,) is a bounded sequence in the Hilbert space L2. Since the
closed unit ball in L? is weakly compact, the sequence (X,,) has an accumulation point Y € L2. For each
n, the accumulation point Y belongs to the L2-closure C,, of conv{X,,, X,,11,...}, due to the fact that
a closed convex set in L? is also weakly closed. Thus, we can find Y,, € conv{X,,, X,,11,...} such that
E[|Y, —Y|?] < . This sequence (Y;,) converges P-a.s. to Y. O
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Proof Proposition 2.12. Take X,, with 0 < X,, < H and supp.cp E*[X,,] < v such that p(X,, — H)
converges to the infimum A of the shortfall risk. We can use Lemma 2.13 to select convex combinations
Y, € conv{X,, X, 11,...} which converge P-a.s. to some Y. Then 0 <Y < H and Fatou’s lemma yields
that

E*Y]<liminf E*[Y,] <w

nloo

for all P* € P. The lower semicontinuity of p implies that

p(Y —H) < lin%infp(Yn — H).

Moreover, the right-hand side is equal to A, due to the convexity of p. Hence, Y is the desired minimizer.
O

Combining Proposition 2.12 and Proposition 2.11 yields the existence of an optimal hedging strategy
under risk aversion in a general arbitrage-free market model. So far, all arguments were practically the
same as in the paper [32] by Follmer and Leukert.

Beyond the general existence statement of Proposition 2.12, it is sometimes possible to obtain an
explicit formula for the optimal solution of the static problem if the market model is complete. Recall
that model completeness is equivalent to the uniqueness of the equivalent martingale measure, i.e., to the
condition P = {P*}. Thus, the static optimization problem simplifies to

minimize p(X — H) subject to 0 < X < H and E*[X ] < w.
By substituting Y for H — X, this is equivalent to the problem
minimize p(—Y) subject to 0 <Y < H and E*[Y]| > v, (67)

where v := E*[ H ] —v. We will now solve this problem in the case p = AV@R, and thus recover a recent
result by Sekine [66]. Note, however, that our proof is significantly shorter. It relies on the general idea
that a minimax problem can be transformed into a standard minimization problem by using a duality
result for the expression involving the maximum. In the case of AV@R), we can use Lemma 1.30, and this
idea was first applied by Eichhorn and Rémisch [25]. See also Quenez [56] and Herndndez-Herndndez and
Schied [42] for applications of this general idea to optimal investment problems as discussed in Sections
2.3 and 2.4 below.

Theorem 2.14. Suppose that the price density ¢ := dP*/dP has a continuous distribution under P.
Then the problem (67) has a unique solution Y* for p = AVQR). Moreover, there exists a critical capital
v* such that

Y :H]I{wzc} if v < 0¥,

and

Y*=HI +HArI

(o>} if o>, (68)

{p<c}

for certain constants c,r* > 0.
Proof. Lemma 1.30 gives

AVR,(~¥) = 5 min (E[(Y )" ]+ Ar) = £ min (B[(¥Y —7)" ] + A7)

for Y > 0. Hence, Y* must solve
minimize E[(Y —r*)"] subject to 0 <Y < H and E*[Y ] > 7, (69)

if 7* > 0 is such that )
AV@R,(-Y™) = XE[(Y* — )T+ (70)
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By Lemma 1.30, r* is a A-quantile for Y*.

Let us now solve (69). To this end, we consider first the case in which r* = 0. By writing Y = H(1—1),
we see that the solution is provided by the Neyman-Pearson lemma in the form of Proposition 1.32.
Indeed, 9* corresponding to Y* must be a solution of the problem

maximize Fg[1 ] subject to 0 < ¢ <1 and Eg-[¢] <1—-9/E*[H],

where
Q__H and o~ _ 1
dP  E[H] dP*  EX[H]
Thus, ¥* is of the form
ViELiag =y Qs

for certain constants ¢ and ¢, and in turn Y* = H1 ose)”

Now we consider the case r* > 0. Note first that we must have Y* > H A r*. Indeed, let us assume
P[Y* < HA7r*] > 0. Then we could obtain a strictly lower risk AV@QR,(—Y™*) either by decreasing
the level 7* in case P[Y* < H Ar*] =1 or, in case P[Y* > H Ar*]| > 0, by shifting mass of Y* from
{Y* > H Ar*} to the set {Y* < H Ar*}. Thus, we have to minimize E[(Y + H A r* — r*)*] subject
to 0 <Y < H—HAr* and E*[Y] > 0:=0 — E*[H Ar*]. Any Y satisfying these constraints must be
concentrated on {H > r*}, so that the problem is equivalent to

minimize E[Y ] subject to 0 <Y < H — H Ar* and E*[Y] > 0. (71)
But this problem is equivalent to the one for r* = 0 if we replace H by H — H A r*. Hence, it is solved
by Y*=(H - HA r*)]I{<P>C} for some constant c. It follows that
Y*=Y*"+HAr :H]I{wzc} +HAr ]I{SKC}.

The preceding arguments also yield that for any r* = r < v there exists a unique solution YT; to the
minimization problem (69). Clearly, we have Y, 5 2Y 5 if w>9. Moreover, we can find some r(v) such
that E[(Y, ~—7)" ]+ Ar is minimal. We leave it as an exercise for the reader to prove that r(w) > 7(?)
if w > v. This fact then yields the uniqueness of solutions as well as the existence of the critical value
v, O

The following example is taken from [61].

Example 2.15. In case H = 1, the solution can be determined explicitly if ¢ has a continuous and
strictly increasing distribution function. In order to compute the solution, let us fix v € (0,1) and let

Yy=r+(1- T)]I{wZC}’

where r = r(c) is such that E*[Y,.] =7, i.e.,

v — Elp; ¢ > c]

r(e) = Elp; ¢ <c]

This makes sense as long as ¢ > ¢g, where ¢ is defined via ¥ = E[¢; ¢ > ¢ ]. Due to the Neyman-Pearson
lemma, Y, then is the optimal solution of the problem (69) for 7* := r(c). The preceding theorem states
that the solution of our original problem is within the class {Y;.(c)|c > co}. Thus, we have to minimize

1

1
AMV@R (—Y,()) = / Qv (8)ds = Ar + (1 — r)/ I[{q ()>c} ds
1-X 1-x V=

over ¢ > ¢y. Here we have used Lemma 1.38 in the second identity. This minimization problem can be
simplified further be using the reparameterization ¢ = g, (t), where g, is the (unique) quantile function
for ¢ under P. Indeed, by letting

o(t) :==r(ge(t) =1 -
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for ®(t) := fot g, (s) ds, we simply have to minimize the function

R(t) := NAV@R,(—Y,0)) = Aa(t) + (1 — o(t)) / T (s)ds

1oy (B
= Ao(t) + (1= o)) (A = (t =1+ X))
=xA—(1- U)(t—;(t—ﬁ—))\)*

over t >ty := F,(co). For t <1— A, we get R(t) = 1, which cannot be optimal. Moreover, it is easy to

see that the function
t—1+ A

D(t)
has a unique maximizer ty € (1 — A, 1], which will define the solution as soon as ty > to and as long as
t = to does not give a better result. If ¢ty < tg, then R has no minimizer on (¢, 1], and it follows that
t* = to. Thus, let us finally compare R(t)) against R(tg) in case ty > to. Since t) > 1 — A, we have

_ (tx—1+ X" (tx—1+MN)7"
R(ty) =X — (1 —v) TN X — B(to) TN
and . Lo
R(to) =A—(to+A—1)T :)\7<I>(t0)( 0;(t$ )

Since t, is the unique maximizer of the function ¢ — (t — 1+ \)™/®(¢), we thus see that R(t,) is strictly
better than R(ty). Hence the solution is defined by

t* =ty V ty.
Note also that, for ||¢[|ec > A71, ¢y is the unique solution of the equation
Qo (tx)(tx =14 A) = O(ty).

Clearly, t, is independent of v, while ¢y decreases from 1 to 0 as v increases from 0 to 1. Thus, by taking

v* as the capital level for which t) = tg, we see that the optimal solution has the form Y* = ]I{So>q (to))
Z4qp
1—v

forv<v*and Y*=r*+ (1 —r9)1 for v > v*, where r* =1 — oy > 0 &

{WZQw(tA)}

2.3 Optimal investment under Knightian uncertainty

In this section, we return to the setting of Section 1.6, where an investor assesses payoffs at some time T’
by a robust utility functional of the form

Here, Q is a set of probability measures and U is a strictly concave utility function. The problem we are
considering is to find trading strategies that are optimal with respect to the investor’s preferences. This
problem was first discussed systematically by Quenez [56] and Schied [62]. Our presentation draws from
this second paper.

In this section, we consider a standard complete market model in continuous time. That is, we
consider a market model consisting of one bond and d risky assets, whose price processes are denoted by
S = (S§)0§t§T7i21 ,,,,, 4- We may assume without loss of generality that the price of the bond is constant.
The process S is assumed to be a semimartingale on the filtered probability space (2, F, (Ft)o<i<T, P),
and we emphasize that this includes the case of a discrete-time market model, in which prices are adjusted
only at times ¢ = 0,1,...,T: just set S; := Sy and F; := Fpy for arbitrary ¢ € [0,7]. We assume that Fo
is P-trivial and that the market is complete in the sense that there exists a unique probability measure
P* that is equivalent to P and under which S is a d-dimensional local martingale. In a discrete-time
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setting, market completeness implies that 2 can be chosen as a finite set, and this will simplify certain
assumptions on our set Q.

A self-financing trading strategy can be regarded as a pair (x,&), where z € R is the initial investment
and £ = (gg‘)ogtg’i:l,,,,,d is a predictable and S-integrable process. The value process X associated with
(z,€) is given by Xo = x and

t
Xt=Xo+/ &ds,, 0<t<T.
0

For z € R given, we denote by X'(x) the set of all such processes X with Xy < = which are admissible in
the sense that X; > 0 for 0 < ¢ < T and whose terminal wealth X1 has a well-defined robust utility

inf Eg[U(Xr)].

Now we can state our main problem:
maximize énfg Eg[U(Xr)] among all X € X(x). (72)
€

Definition 2.16. Let Q be a set of probability measures absolutely continuous with respect to P*.
Qo € Q is called a least favorable measure with respect to P* if the density 7 = dP*/dQo (taken in the
sense of the Lebesgue decomposition) satisfies

m<t]= inf Q[m <t for all ¢ > 0.
Qulr <t]= jinf @ <1]

In the sequel, we will assume that Q is a convex set. Moreover, we will assume throughout this note
that Q is equivalent to P* in the following sense:

P*[A]=0 —  Q[A]=0forallQe Q. (73)

Clearly, our problem (72) would not be well-posed without the implication “=”. The converse implication
is economically natural, since a position with a positive price should lead to a non-vanishing utility. Note
that (73) is strictly weaker than the condition that every measure in Q is equivalent to P*, which is often
assumed in papers on model uncertainty; for a discussion see Cont [17].

Now we can state our first main result. It reduces the robust utility maximization problem to a
standard utility maximization problem plus the computation of a least favorable measure, which is inde-
pendent of the utility function.

Theorem 2.17. Suppose that Q admits a least favorable measure Qo ~ P*. Then the robust utility
mazximization problem (72) is equivalent to the standard utility mazimization problem with respect to Qy,
i.e., to (72) with Q replaced by Qo := {Qo}. More precisely, X} € X(x) solves the robust problem (72)
if and only if it solves the standard problem for Qq, and the corresponding value functions are equal,
whether there exists a solution or not:

sup inf Eg(U(Xr)]= sup Eqg,[U(Xr)], forallx.
Xex(z) QEQ XeX(x)
This result has the following economic consequence. Let > denote the preference order induced by
our robust utility functional, i.e.,
XY = inf Eg|U(X)]> inf Eq(U(Y)].
inf Eo[U(X)] > inf Eq[U(Y)]
Then, although > does not satisfy the axioms of (subjective) expected utility theory, optimal investment
decisions with respect to > are still made in accordance with the Savage/Anscombe-Aumann version of
expected utility, provided that we take @)y as the subjective probability measure. The surprising part
is that this subjective measure neither depends on the initial investment x = Xy nor on the choice of
the utility function U. If Q does not admit a least favorable measure, then it is still possible that the
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robust problem is equivalent to a standard utility maximization problem with a subjective measure @,
which then, however, will depend on x and U. This can be shown by suitably adjusting the arguments
in Proposition 2.20 below; see Gundel [41] for details.

Let us now show that the condition @@y ~ P* is always satisfied if Q is convex and closed in total
variation. Recall that Q is closed in total variation if and only if {dQ/dP*|Q € Q} is closed in L'(P*).

Lemma 2.18. Suppose that Q is convex and closed in total variation. Then every least favorable measure

Qo 1s equivalent to P*.

Proof. Due to our assumptions and the Halmos-Savage theorem, Q contains a measure Q1 ~ P*. We get

1= Qo[ < o0] = lim Qo[ < t] = lim inf Q[r < ¢] < Qu[r < o0].

Hence, also P*[7 < c0] =1 and in turn P* < Q. O

We also have the following converse to Theorem 2.17:

Theorem 2.19. Suppose Qo € Q is such that for all utility functions and all x > 0 the robust utility
maximization problem (72) is equivalent to the standard utility mazimization problem with respect to Q.
Then Qg is a least favorable measure in the sense of Definition 2.16.

The proof will show that in the preceding Theorem the class of all utility functions can be replaced
by the smaller class of all bounded and continuously differentiable utility functions.

Let us next state the following elementary characterization of least favorable measures, which is a
variant of Theorem 6.1 in [46].

Proposition 2.20. For Qg € Q with Qo ~ P* and w := dP*/dQ, the following conditions are equivalent.
(a) Qqo is a least favorable measure for P*.

(b) For all decreasing functions f : (0,00] — R such that infgeg Eq[ f(m) A0] > —o0,

dnf Eo[f(m)] = Eqo[f(m)].

(¢) For all increasing functions g : (0,00] — R such that supgeg Eqlg(m) V 0] < oo,

sup Eqlg(m)] = Eq,[g(m)].
QeQ

(d) Qo minimizes
o [odQ
Io(P*|Q) = /(I)(dp*>dP
among all Q € Q, for all continuous convex functions ® : [0,00) — R such that 1s(P*|Q) is finite
for some Q € Q.

Proof. (a)&(b): According to the definition, Qg is a least favorable measure if and only if Qg o 7!

stochastically dominates Q o 7! for all Q € Q. Hence, if f is bounded, then the equivalence of (a) and
(b) is just the standard characterization of stochastic dominance (see, e.g., [35, Theorem 2.71]). If f is
unbounded but satisfies infoeg Eg[ f(m) A 0] > —oo, then assertion (b) holds for fy := (—N)V f AO.
Thus, for all Q € Q and N € N,

Eqlfn(m)] = Eq,[[n(m)] = Eq,[f(m) AO] > —o0.

By sending N to infinity, it follows that Eq[ f(7) A0] > Eg,[ f(m) A 0] for every @Q € Q. After using a
similar argument on 0V f(w), we get

Eql £(m)] = Eql £(x) V0] + Eg[ f(m) A0] > Eq,[f(m)]  forall Q€ Q.
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(b)<(c) follows by changing signs.

(b)=(d): Clearly, Is(P*|Q) is well-defined and larger than ®(1) for each Q < P. Now take a @1 € Q
with Ig(P*|Q1) < oo, and denote by @/, (x) the right-hand derivative of ® at x > 0. Suppose first that
@', is bounded. Since ®(y) — ®(x) > @/, (x)(y — x), we have

I (P71Q) = In(P*Iu) > [ @ () (G2 = G2) ap* = [ gy aqu~ [ sim)dcu,

where f(z) := @/ (1/x) is a bounded decreasing function. Therefore [ f(m)dQ1 > [ f(m)dQo, and Qo
minimizes I(P*[-) on Q. If &/ is unbounded, one can either use a straightforward approximation
argument or apply [35, Corollary 2.62].

(d)=(b): It is enough to prove (b) for continuous bounded decreasing functions f. For such a
function f let ®(z) := [, f(1/t)dt. Then ® is convex. For @ € Q we let Q; := tQ; + (1 — t)Qo and
h(t) := Is(P*|Q;). The right-hand derivative of h satisfies 0 < A/, (0) = [ f(7)dQ1 — [ f(7) dQo, and
the proof is complete. O

An important method for solving optimal investment problems is the duality approach via convex
analysis, which is sometimes also called the ‘martingale method’. Below we will state such a result which
is valid in our present setting. It follows immediately by combining Theorem 2.17 with Proposition 2.20
and Theorem 2.0 of Kramkov and Schachermayer [50], which is the corresponding result for standard
utility maximization problems. We have to assume that U is continuously differentiable and satisfies the
Inada conditions

U'(0) := lill%lU'(a:) =400 and U'(c0):= liTm U'(x)=0.
We denote by
u(z) = sup inf Eg[U(Xr)], x>0,
Xex(z) QEQ 9
the value function of the problem (72). Let
Vy) =sup [U(z) —ay],  y>0,
x>

denote the convex conjugate of U and define the function
I:=-V'=U")".
We also define the convex function

= inf Eg[V(y- , >0.
v(y) = dnf Eo[V(y - )] y
Theorem 2.21. Suppose that Q admits a least favorable measure Qo ~ P* and that u(x) is finite for
some x > 0. Then:

(a) u(x) is finite for all x > 0, and v(y) < oo for y > 0 sufficiently large. The function v is
continuously differentiable in the interior (yo, 00) of its effective domain. The function u is continuously
differentiable on (0,00) and strictly concave on (0, x¢), where xg := —limy |, v'(y). For z,y > 0,

v(y) = sup [u(z) — zy] and u(x) = inf [v(y) + zy].
x>0 y>0
Moreover, u/(0) := limg o v/ (x) = 00 and v'(00) = limy 1. v'(y) = 0.

(b) For x < xq there exists a unique solution X*(x) € X(x) of (72), and its terminal wealth is of the

form
Xp(e) = I(y-m),  fory =u(a).

(c) For 0 < x <z and y < yo,

W =a7t s B[ XU (Xp(@))]  and ()= BV (g7
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A duality theorem for robust utility maximization in incomplete markets was first obtained by Quenez
[56] under the additional assumption that every measure @ € Q is equivalent to a given reference measure
P. Tt was extended to the general case by Schied and Wu [64]; see also Follmer and Gundel [30] for a
different technique and Schied [63] for a further extension. Omne of the important features of these
kind of duality results is that they reduce the original maximin problem to a dual problem, which
then is of reduced complexity as it just consists in minimizing over a certain set of controls. We have
seen this principle already in the proof of Theorem 2.14. In robust utility maximization, it has been
employed by Quenez [56] together stochastic control techniques involving backward stochastic differential
equations. Herndndez-Herndndez and Schied [42] use duality combined with partial differential equations
to characterize the value function of a robust utility problem as the unique bounded classical solution of
a nonlinear Hamilton-Jacobi-Bellman equation.

Let us now turn to the proofs of Theorems 2.17 and 2.19. Let X™* be a solution of the standard utility
maximization problem for the least favorable measure Qg. Then it is well known that X} = I(ym) for
some constant y > 0. Thus, one easily checks via Proposition 2.20 that X* is also a solution of the robust
utility maximization problem. However, in order to show the full equivalence of the two problems, we
must also take care of the situation in which the standard problem has no solution. Our key result is the
following proposition.

Proposition 2.22. Let Qg ~ P* be a least favorable measure and m = dP*/dQy.

(a) For any X € X(z) there exists X € X(z) such that

QiIelfQEQ[U(XT)] > CélelfQEQ[U(XT)]

and such that Xp = f(x) for some deterministic decreasing function f : (0,00) — [0, 00).

(b) The terminal wealth of any solution X* of (72) is of the form X} = f*(n) for a deterministic
decreasing function f* : (0,00) — [0, 00).

Proof of Proposition 2.22:. (a) By market completeness, it suffices to construct a decreasing function
f >0 such that E*[ f(7)] < z and

int Eq[U(/(m)] > inf, E[U(Xr)]. (74)

To this end, we denote by Fy (x) := Qo[Y < z] the distribution function and by ¢y () a quantile function
of a random variable Y with respect to the probability measure Q.
Let us define a function f by

gxr (1 — Fr(t)) if . is continuous at ¢,

£#) = - (75)

1
—/ gx,(1 —s)ds otherwise.
)R (t-)

Then f is decreasing and satisfies f(g;) = Ex[h|qr], where X is the Lebesgue measure and h(t) :=
qx,(1 —t). Hence, Jensen’s inequality for conditional expectations and Lemma 1.38 show that

i EqlU(Xr)] < Eq[Un)] = [ Uthit)a

1

| v@nleima = [ vigma-na (76)
Fo,[U(f(m))] = jnf, FlU(f(m)].,

IN

where we have used Proposition 2.20 in the last step. Thus, f satisfies (74).
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It remains to show that f(m) satisfies the capital constraint. To this end, we first use the lower
Hardy-Littlewood inequality:

0> B(Xr] = BonXr] = [ ac(0axs (1= t)at. (77)

Here we may replace ¢x,. (1 —t) = h(t) by Ex[h|q:](t) = f(g(t)). We then get

/qu(t)qu(l—t)dtZ/o 4 (t) fgx (1)) dt = Eq,[7f(m)] = E*[ f(m)]. (78)

Thus, f is as desired.
(b) Now suppose X* solves (72). If X7 is not Qq-a.s. o(m)-measurable, then Y := Eq [ X5 | 7] must
satisfy
Eq[U(Y)] > Eq,[U(X1)], (79)

due to the strict concavity of U. If we define f as in (75) with Y replacing X, then the proof of part
(a) yields that N _

E*[f(m)] = Eq[7f(m)] < Eq,[7Y] = Eq,[7X7] < =,
and by (76) and (79),

inf Bl U(F(m))] = Bo,[U(Y)] > Eq,[U(X7)] = int, Fo[U(X7)],
in contradiction to the optimality of X*. Thus, X7 is necessarily o(m)-measurable and can hence be
written as a (not yet necessarily decreasing) function of .

If we define f* as in (75) with X} replacing X, then f*(m) is the terminal wealth of yet another
solution in X (z ) Clearly, we must have E*[ X5 ] = © = E*[f*(r)]. Thus, (77) and (78) yield that
Eq, 7 X7 ] fo G (t qX* (1 —t)dt. But then the “only if” part of the lower Hardy-Littlewood inequality
together with the o(m)-measurability of X}, imply that X7 is a decreasing function of . O

Proof of Theorem 2.17:. Proposition 2.22 implies that in solving the robust utility maximization
problem (72) we may restrict ourselves to strategies whose terminal wealth is a decreasing function of .
By Propositions 2.20, the robust utility of a such a terminal wealth is the same as the expected utility
with respect to Qp. On the other hand, taking Qp := {Qo} in Proposition 2.22 implies that the standard
utility maximization problem for @y also requires only strategies whose terminal wealth is a decreasing
function of 7. Therefore, the two problems are equivalent, and Theorem 2.17 is proved. O

Proof of Theorem 2.19:. Let (U,) be a sequence of nonnegative and continuously differentiable utility
functions that increase uniformly to the concave increasing function U(x) := = A 1. Uniform convergence
of U,, implies convergence of the corresponding value functions:

ug(z) = sup Eq,[Un(Xr)] / sup Eqg,[U(Xr)]=:uo(z). (80)
XeX(x) XeX(z)

If we assume that Ujf(z) decreases fast enough to 0 as x T oo, then E*[I}(cm)] < oo for all ¢ > 0,
where 7 := dP*/dQo and I; is the inverse of U] on (0,U](0)) and I}t () = 0 for > Uj(0). Market
completeness and [35, Theorem 3.39] guarantee that, for every 0 < z < 1 and each n € N, there exists
a solution X™ € X(x) for the standard utility maximization problem with utility function U,, under Q.
Note that the preceding two statements also remain true for P* & Qo and that X7 =0 on {7 = oo}.
By a Komlos-type argument (see Lemma 3.3 in [50]), there exists a sequence Y, € conv{X” XAty
which converges P*-a.s. to some random variable X7 > 0, which satisfies E*[XT] < z, due to Fatou’s
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lemma. Hence, X} corresponds to a value process X* € X (x). Let us write Y,, as the convex combination
Yo=2i>n akaé‘i, where only finitely many ay , are nonzero. Then,

w(@) = Eo,[U(Xp)] = lim Eq,[U(Ya)] = limsup 3 arn iy Un(XF)]
niooe k>n

= limsup Z el () = uo(x),
nloo k>n

due to (80). Hence, X* is optimal for the utility maximization problem with U and Q. Since U is
constant on [1,00), we must have 0 < X5 < 1 P*-almost surely. Thus, X is a solution to the problem
of maximizing Fq,[U(X)] = Eg,[X | under the constraints 0 < X < 1 and E*[X] < z. Hence, the
generalized Neyman-Pearson lemma in the form of Proposition 1.32 implies that X7 = ]I{Tr<q} + K/]I{Trzq}’
where ¢ can be any z-quantile for the law of 7 under P*, and & is a [0, 1]-valued random variable. In
particular,

X;=1 P*-a.s. for z with P*[m =¢] =0. (81)

{r<q}
Note also that the z-quantile ¢ is unique if P*[7 = ¢] > 0.
Next, if @ € Q is given, then

EQlU(Xi)] = lim Eq[U(¥,)] > limsup 3 o, Fo[Uu(XF)]
nfoo =0
> limsup Z W EQy [ Uk(X5)] = limsup Z b (z) (82)
nToo k>n nToo k>n

= wup(z) = Eq,[U(XT)],

where we have used the fact that Eq[Ux(X%)] > Eq,[Uk(X%)] for all k. This inequality follows from the
hypothesis of the theorem: X% solves both the standard and the robust utility maximization problems,
and the corresponding value functions are equal, i.e.,
inf B[Un(X5)] = sup inf EolUs(Xr)] = sup Eqy[Us(X1)] = Equ[Ur(XE)]
QeQ Xex(z) QEQ XeX(x)
Finally, combining (82) with (81) yields Q[7 < ¢] = Eq[U(X5)] > Eqg,[U(X})] = Qo[7 < ¢] for
all but countably many and, in turn, all ¢ € [0,1]. O

2.4 Examples of least favorable measures

In this section, we will discuss two classes of examples in which least favorable measures can be determined.
The first is a Black-Scholes market with uncertain drift. The second is provided by the classical Huber-
Strassen theory, where Q is is the o-core of a submodular capacity.

Utility maximization with uncertain drift

Consider a Black-Scholes market model with a riskless bond, By, of which we assume B; = 1 and with d
risky assets S; = (S}, ..., S¢) that satisfy an SDE of the form

d
S} =8} o dW} + a}S; dt (83)
j=1

with a d-dimensional Brownian motion W and a volatility matrix o; that has full rank. Now suppose the
investor is uncertain about the “true” future drift oy = (o}, ..., af) in the market: any drift « is possible
that is adapted to the filtration generated by W and satisfies a; € Cy, where C} is a nonrandom bounded
closed convex subset of R?. Let us denote by A the set of all such processes . This uncertainty in the
choice of the drift can be expressed by the set

Q::{Q’ShasdriftaQeAunderQ}.
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Under P* the drift « in (83) vanishes. It turns out that the optimal investment problem with uncertain
drift can be solved by transforming it into a problem for uncertain volatility as studied by El Karoui
et al. [27]. To this end, we denote by af the element in C; that minimizes the norm |o; ‘2| among all
x e Cy

Proposition 2.23. Suppose that o, is deterministic and that both o and o, are continuous in t. Then
Q admits a least favorable measure Qo with respect to P*, which is characterized by having the drift ab.

Proof. We will use arguments from [27] to check condition (d) of Proposition 2.20. The density process
of Q € Q with respect to P* has the form

t 1 t
:exp(/ )\SdW*S—f/ |)\S|2ds),
Fi 0 2 0

where \y = a;la? and W* is a d-dimensional P*-Brownian motion. Similarly, the density process
Z = Z% will involve the deterministic integrand 7, := o 'a?. Let ® be a convex function on R,. We
may assume without loss of generality that ® has at most polynomial growth. Then v (¢, z) := E*[®(xZ;) ]
is a solution of the Black-Scholes equation v; = %|’yt|2x21)m. This fact and It6’s formula show that

dQ
7= s

1
(T —t,2) = va(T = 1, 22) dZ3 + 5 (Z7) vaa(T = t, ZE) (I = ) .

One easily checks that the first term on the right is a martingale increment. Moreover, v is convex and
IAe|2 > |v|? by definition of a®. Hence, v(T — t, Z&) is a submartingale and

E*[®(27)] = E*[v(0, 27)] 2 v(T, Z¢) = E*[®(Zr)].

O

An obvious question is whether the strong condition that the volatility o, and the drift o are de-
terministic can be relaxed. One case of interest is, for instance, a local volatility model in which the
equation (83) is replaced by the one-dimensional SDE

dSt = O'(t, St)St th + OétSt dt. (84)

In this case, however, it will typically no longer be optimal to take the drift that is closest to the riskneutral
case a = 0. The reason is that the utility of an investment can be reduced both by a small drift and
by a large volatility, and these two requirements may be competing with each other. This effect may
also destroy the existence of a least favorable measure; see Herndndez-Herndndez and Schied [42] for the
discussion of a related tradeoff effect. See also Schied [62] for examples in the setting of Proposition 2.23,
in which a path-dependent volatility o; or drift af prevent the existence of a least favorable measure.

Examples within the Huber-Strassen theory

In the preceding section, the way of determining the set Q was to specify a “confidence set” around an
estimate of a certain market parameter and to take for Q the class of all measures that are consistent
with this confidence set. In practice, however, one would rather try to assign a high weight to the original
estimate, while a measure concentrated on the outmost edge of the confidence set should receive a lower
weight. This idea illustrates that the set Q may arise in a more complicated manner from the investor’s
preference relation than in the ad hoc approach of the preceding section.

The complexity of determining the set Q is reduced if one imposes additional assumptions on the
underlying preference order. For instance, we have already discussed the assumption of comonotonic
independence, which is reasonable insofar comonotonic positions cannot act as mutual hedges; see Remark
1.59. Mathematically, comonotonic independence is essentially equivalent to the fact that the nonadditive
set function

v(A) := sup Q[A], Ac Fr,
QeQ
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is submodular in the sense of Choquet:
Y(AUB)4+~(ANB) <~(A4) +~(B) for A, B € Fr;
see Remark 1.59.
Assumption 2.24. Consider the following set of conditions.
(a) v is submodular.
(b) Q is mazimal in the sense that it contains every measure Q with Q[ A] < y(A) for all A € Fr.
(c) There exists a Polish topology on 2 such that Fr is the corresponding Borel field and Q is compact.

Let us also comment on conditions (b) and (c) in Assumption 2.24. Condition (c) guarantees that
v is a capacity in the sense of Choquet [16]. Condition (b) implies that Q is convex and closed in
total variation. Hence, Lemma 2.18 yields that any least favorable measure must be equivalent to P*.
Moreover, under assumption (a), the set Q = {Q|Q < v} is equal to

{Q| Eo[X] g/oofy(X>t)dt for auXeLf}
0

see, e.g., [35, Theorem 4.88].
Consider the submodular set function

ve(A) :=ty(A) — P*[A], AeFr. (85)

It is shown in Lemmas 3.1 and 3.2 of [46] that under Assumption 2.24 there exists a decreasing family
(A¢)¢>0 C Fr such that A; minimizes v4 and such that A; = (J,, As.
Definition 2.25 (Huber and Strassen). The function

dp*
dry

(w)=inf{t|w ¢ A, }, we,

is called the Radon-Nikodym derivative of P* with respect to 7.

The terminology “Radon-Nikodym derivative” comes from the fact that dP*/dvy coincides with the
usual Radon-Nikodym derivative dP*/dQ in case where Q = {Q}; see [46]. We will need the following
simple lemma:

Lemma 2.26. Condition (73) implies that P[0 < % <oo]=1.

Proof. Let vy be as in (85). Clearly, %(w) = oo if and only if w € Ay = (Nyejeoo A¢- Since
vi(Ay) < 1n(0) = 0, we have y(A;) < 1/t. Tt follows that v(Aw) = 0, which by (73) implies that
P[A,] =0.

Letting Ao := (Jycsc oo At, we see that %(w) = 0if and only if w € A§. From 1, (A;) < 14 (Q) =t —1,
we find that P*[A¢] < (1 —~v(Ay)). Ast | 0 we thus get P*[A§] = 0. O

Let us now state the Huber-Strassen theorem from [46] in a form in which it will be needed here.

Theorem 2.27 (Huber-Strassen). Under Assumption 2.24, Q admits a least favorable measure Qo with
respect to any probability measure R on (Q, Fr). Moreover, if R = P* and Q satisfies (73), then Qq is

equivalent to P* and given by
dpP*

dy

Together with Theorem 2.17, we get a complete solution of the robust utility maximization problem

Qo = ( )716513*.

within the large class of utility functionals that arise from sets Q as in Assumption 2.24. Before discussing
particular examples, let us state the following converse of the Huber-Strassen theorem in order to clarify
the role of condition (a) in Assumption 2.24.
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Theorem 2.28. Suppose ) is a Polish space with Borel field Fr and Q is a compact set of probability
measures. If every probability measure on (Q, Fr) admits a least favorable measure Qo € Q, then v(A) =
supgeg Q[ A] is submodular.

For finite probability spaces, Theorem 2.28 is due to Huber and Strassen [46]. In the form stated
above, it was proved by Lembcke [54]. An alternative formulation was given by Bednarski [10].

Let us now turn to the discussion of examples. The following example class was first studied by
Bednarski [9] under slightly different conditions than here. These examples also play a role in the theory
of law-invariant risk measures; see Kusuoka [53] and Sections 4.4 through 4.7 in [35].

Example 2.29. The following class of submodular set functions arises in Yaari’s [68] “dual theory of
choice under risk”. Let ¢ : [0,1] — [0, 1] be an increasing concave function with ¢(0) = 0 and ¥(1) = 1.
In particular, ¢ is continuous on (0, 1]. We define v by

v(A) :==¢(P[A]), AeF.

Then ~ is submodular, and the set Q of all probability measures @ on (Q, Fr) with Q[ A] < v(A4) can
be described in terms of ¢; see Theorem 1.51. If (2, Fr) is a standard Borel space, then there exists a
compact metric topology on 2 whose Borel field is Fr. For such a topology, Q is weakly compact, and so
Assumption 2.24 is satisfied and Q admits a least favorable measure (Qy. It can be explicitly determined
in the case in which ¢(¢) = ((A=1) A 1 for some A € (0,1). Indeed, it follows from Example 2.15 that the
Radon-Nikodym derivative of P* with respect to « is given by

_ dP*
- %

m =c (pVau(ty)),

where c is the normalizing constant and ¢y is the unique maximizer of the function ¢ — (t — 1+ X)*/®(¢).
o

Example 2.30 (Weak information). Let Y be a measurable function on (2, Fr), and denote by u its
law under P*. For v ~ p given, let

Q::{Q<<P*

QOY_lzl/}.

The robust utility maximization problem for this set Q was studied by Baudoin [8], who coined the ter-
minology “weak information”. The interpretation behind the set Q is that an investor has full knowledge
about the pricing measure P* but is uncertain about the true distribution P of market prices and only
knows that a certain functional Y of the stock price has distribution v.

Define Qg by

dv
dQo = —(Y)dP*.
Qo du( )
Then Qo € Q and the law of 7 := dQo/dP* = du/dv(Y) is the same for all Q € Q. Hence, Q) satisfies
the definition of a least favorable measure. The same procedure can be applied to any measure R ~ P*.
In fact, Q fits into the framework of the Huber-Strassen theory, as is shown in the following proposition.

Least favorable measures for this setting of “weak information” and its generalizations were first analyzed
in robust statistics; see Huber [45], section 10.3, and Plachky and Riischendorf [55]. o

Proposition 2.31. Suppose (2, Fr) is a standard Borel space. Then the set Q defined in Example 2.30
satisfies Assumption 2.24. In particular, ¥(A) := supgeg Q[ A] is submodular.

Proof. If Q is a probability measure with Q[-] < (), then
QY <t] <Y <t) = v((~00,1]).

Using the same argument on {Y > ¢} shows that Y has law v under Q). Hence, Q is maximal in the sense
of part (b) of Assumption 2.24.
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To prove that part (a) holds we will use Theorem 2.28. To this end, we may choose a compact
metric topology on 2 such that Y is continuous and Fr is the Borel o-algebra. Write P* = pK* :=
[ u(dy)K*(y,-), where K*(y,-) = P*[-|Y = y] is a regular conditional expectation given Y. If R < P*,
then n :== RoY ! « v and R can be written as nKpr, where Kg is a stochastic kernel such that
Kg(y,) < K*(y,-) for n-a.e. y. Let v = v, + v, be the Lebesgue decomposition of v with respect to 7
into the absolutely continuous part v, < n and into the singular part v,. If we let Qo := v, K + vs K™,

then @y € Q and
d d
po Ay
dQQ dv
Again, the distribution of 7 is the same for all @ € Q, and it follows that Qg is a least favorable measure.
If R « P*, then it is clear that any measure @y will be least favorable for R if it is least favorable for

the absolutely continuous part of R. O

In the 1970’s and 1980’s, explicit formulas for Radon-Nikodym derivatives with respect to capacities
were found in a number of examples such as sets Q defined in terms of e-contamination or via probability
metrics like total variation or Prohorov distance; we refer to Chapter 10 in the book [45] by Huber and
the references therein. But, unless  is finite, these examples fail to satisfy either implication in (73).
Nevertheless, they are still interesting for discrete-time market models.
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