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Abstract

A new risk measure, the Lambda Value-at-Risk (VaR), was proposed from a theoretical
point of view as a generalization of the ordinary VaR in the literature. Motivated by
the recent developments in risk sharing problems for the VaR and other risk measures,
we study the optimization of risk sharing for the Lambda VaR. Explicit formulas of
the inf-convolution and sum-optimal allocations are obtained with respect to the left
Lambda VaRs, the right Lambda VaRs, or a mixed collection of the left and right Lambda
VaRs. The inf-convolution of Lambda VaRs constrained to comonotonic allocations is
investigated. Explicit formula for worst-case Lambda VaRs under model uncertainty
induced by likelihood ratios is also given.
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1. Introduction

Let (2, F, P) be an atomless probability space, and let L be the set of all random vari-
ables defined on (€2, F, P). Let X be a convex cone of random variables in L9, and let L* be
the set of all random variables with finite kth moments, where k > 0. For any X € LO, a pos-
itive (negative) value of X represents a financial loss (profit). A risk measure is a functional
p: X — (—o0o, +00]; see [3, 14]. In a risk sharing problem, there are m agents equipped with
respective risk measures p1, ..., om. Let X € X' denote the total risk, which is shared by m
agents. X is splitted into an allocation (X1, . . ., X;;) € A,,(X) among m agents, where A,,(X) is
the set of all possible allocations of X, defined as

m
A ={ X1, ..., Xp) € X™: ZijX
j=1
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2 Z. XIA AND T. HU

The inf-convolution of risk measures py, ..., py, is the mapping D?z 10i : X — (=00, 0],

defined as

m ] m
D pX)=infi > piX) - (X1, ... Xn) € An(X) [, X € X,

i=1

An m-tuple (Xi,...,Xn) €A,(X) is optimal (also termed as sum-optimal) of X for
(P15 - -s pm) if O, pi(X) = Y12 pi(X:). A sequence of allocations (X1, . . . , Xpun) € Ap(X),
neN, is asymptotically optimal if Z:":] pi(Xin) — O, pi(X) as n— oo. An allocation
X1, ..., Xm) € Ap(X) is Pareto-optimal if for any (Y1, ..., Yy) € Ap(X), 0i(Y) < pi(Xp)
for all i € [m] implies p;(Y;) = p;(X;) for all i € [m], where [m]={1, ..., m}. It is shown
in Proposition 1 of [12] that sum-optimality is equivalent to Pareto-optimality for monetary
risk measures. For non-monetary risk measures, it is easy to see that sum-optimality implies
Pareto-optimality.

Liu et al. [23] investigated conditions under which the inf-convolution possesses the prop-
erty of law invariance. For more on inf-convolution for the case of convex risk measures,
see [1], [4], [13], [19 and [26], among others.

Embrechts et al. [12], Liu et al. [21], and Wang and Wei [27] studied the optimization of risk
sharing for non-convex risk measures, for examples, Value-at-Risk (VaR) and Range-Value-at-
Risk (RVaR). Explicit formulas of the inf-convolution and Pareto-optimal allocations were
obtained with respect to the left VaRs, the right VaRs or a mixed collection of the left and right
VaRs for m > 2. Formal definitions of the left and right VaRs are defined in Subsection 2.1.
More precisely, for m = 2, Embrechts et al. [12] proved that

VaR;lD VaR; (X)= VaR; (X), Xe€ L0, (1.1)

for A1, Ao € [0, 1] suchthat A =XA; + A — 1 > 0. Liu et al. [21] considered the case of a mixed
collection of the left and right VaRs, and proved that

VaR} OVaR} (X) = VaR} (X), XelL’, (1.2)
for A1, Ao €[0, 1) such that A = A + A — 1 > 0, and that
VaR; O VaR} (X)= VaR}(X), XelL’, (1.3)

for A1 € [0, 1], A2 € [0, 1) such that A =A; + A» — 1 > 0. More recently, Lauzier et al. [20]
investigated the problem of sharing risk among agents with preferences modeled by a general
class of comonotonic additive and law-based distortion riskmetrics that need not be either
monotone or conveX, and solved explicitly Pareto-optimal allocations among agents using
the Gini deviation, the mean-median deviation, or the inter-quantile difference as the relevant
variability measures.

The Lambda Value-at-Risk (VaR) was proposed by Frittelli et al. [15] as a generaliza-
tion of the usual VaR. The formal definitions of the left and right Lambda VaRs are given
in Section 2 (Definition 1). The Lambda VaRs are not monetary risk measures, as can be seen
from Proposition 2. One naturally wonders whether an explicit formula also holds for the inf-
convolution of the Lambda VaR agents. In this paper, we generalize the formulas (1.1)—(1.3)
in several directions within the context of the Lambda VaRs.

The novelty of Lambda VaR is considering a function A, called ‘probability loss function’,
which can change and adjust according to the profits and losses of a risk variable. The Lambda
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Risk Sharing for Lambda VaR 3

VaR can discriminate different risk variables with the same VaR at level A but with different
tail behavior. The function A can be either increasing or decreasing in [15]. Burzoni et al. [6]
focused on the conditions under which the Lambda VaR is robust, elicitable and consistent
in the sense of [9]. Hitaj er al. [17] applied Lambda VaR in financial risk management as
an alternative to VaR to access capital requirements, and their findings show that Lambda
VaR estimates are able to capture the tail risk and react to market fluctuations significantly
faster than the VaR and expected shortfall. Corbetta and Peri [7] proposed three backtesting
methodologies and assessed the accuracy of Lambda VaR from different points of view. Ince
et al. [18] presented a novel treatment of Lambda VaR on subsets of R”, and derived risk
contributions of individual assets to the overall portfolio risk, measured via Lambda VaR of
the portfolio composition.

The rest of this paper is organized as follows. In Section 2, we provide the formal defini-
tions of the Lambda VaR, collect some basic properties of the Lambda VaR and derive explicit
formulas for worst-case Lambda VaRs under model uncertainty induced by likelihood ratios.
In Section 3, we introduce the inf-convolution of decreasing functions, and study its detailed
properties. These properties will be used in Sections 4 and 5. In Section 4, we obtain explicit
formulas of the inf-convolution with respect to the left Lambda VaRs, the right Lambda VaRs
and a mixed collection of the left and right Lambda VaRs. Section 5 focuses on the con-
struction of optimal allocations and asymptotically optimal allocations of inf-convolution of
several Lambda VaRs. In Section 6, we consider inf-convolution of Lambda VaRs constrained
to comonotonic allocations. Section 7 contains some concluding remarks. The proofs of some
lemmas and propositions appearing in the previous sections are relegated to Appendices A-D.

2. Properties of Lambda VaRs

2.1. Definitions of Lambda VaRs

Let X € L0 with distribution function Fy. The (ordinary) left-VaR of X at confidence level
o € [0, 1] is defined as

VaR, (X) = F;l (o) =inf{x e R: Fx(x) > o} =sup{x e R: Fx(x) < a},
and the (ordinary) right-VaR of X at confidence level « € [0, 1] is defined as
VaR} (X) =inf{x € R: Fx(x) > a} = sup{x € R: Fx(x) < a}.

Here and henceforth, we use the convention that inf @ = +o00 and sup & = —oo. For the role
of left-quantile (VaR}) and right quantile (VaR}) with « € (0, 1] as risk measures, see the
discussion in [2] and [21, Remark 5].

Next, we recall the definition of Lambda VaRs from Bellini and Peri [5], which are
generalizations of ordinary VaRs.

Definition 1. Let X € L? with distribution function Fy, and let A : R — [0, 1]. The Lambda
VaRs of X or Fy are defined as follows:

VaR (X) =inf{x e R: Fx(x) > A(x)},

VaR | (X) =inf{x € R: Fx(x) > A(x)},
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and

VaR, (X) = sup{x € R: Fx(x) < A(x)},

VaR | (X) = sup{x € R : Fx(x) < A(x)}.

VaR, (X) and \7512';\ (X) are also denoted by VaR’, (Fx) and \mf\ (Fx), where k € {—, +}.

It is known from [5] that VaR (X) = VaR} (X) and VaR (X) = VaR} (X) for X € L° when
A is decreasing. In this paper, “increasing” and “decreasing” are used in the weak sense. Thus,
Lambda VaRs reduce from four to two. In the sequel, we only consider the left and the right
Lambda VaRs, VaR} and VaR}.

Instead of a constant confidence level A in the definition of VaR;,, the function A adds
flexibility in modeling tail behavior of risks. Under this assumption, properties of Lambda
VaRs closely resemble those of the usual VaRs. The financial interpretation of the assumption
of a decreasing A is well illustrated by a simple two-level Lambda VaR [5, Example 2.7].

2.2. Basic properties of Lambda VaRs

We collect some basic properties of Lambda VaRs from [5]. Throughout, let A : R — [0, 1]
be decreasing to avoid pathological cases, and let M denote the set of probability measures
on (R, B(R)). Then

(B1) VaR, and VaRX are finite if and only if A 0 and A # 1.

(B2) If A1(x) = Aa(x) on their common points of continuity or Aj(x) = Az(x) almost surely
with respective to the Lebesgue measure, then VaR’jxl = VaR’E\2 on L0 fork € {—, +}.

(B3) Fork € {—, +}, VaR'j\ is quasi-concave on M, that is,
VaR¥ (¢F + (1 — @)F2) > min{VaR’ (F}), VaR (F»)}

forany F, Fpe MjandO <o < 1.

(B4) For « € {—, 4}, VaR (F) has the “convex level set” (CxLS) property. A risk measure
p: M1 — Ris said to have the CxLS property if for any Fi, F» € M1, o € (0, 1) and
y € R, it holds that

p(F)=p(F)=y=plaFi+(-a)F)=y.
(B5) VaR is weakly lower semi-continuous, i.e. if F, —d> F for F,,, F € M|, then
lim inf VaR}, (F,) > VaR, (F).
n— oo
VaRX is weakly upper semi-continuous, i.e. if Fy, 4 F for F,,, F € M, then

lim sup VaR (F,) < VaR} (F) .

n—oo

Some further properties of the Lambda VaRs are presented in the following propositions,
whose proofs are postponed to Appendix A.
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Proposition 1. For any X € L% and k € {—, +}, we have

VaR¥ (AX) > A VaR (X), 0<i<1;
VaR¥ (AX) < A VaR% (X), A > L. 2.1)

Consequently, VaR’, (AX) /X is decreasing in X € (0, 00) for any fixed X € L.

Han et al. [16] in their Remark 3.1 showed that Lambda VaRs are not star-shaped but quasi-
star-shaped. Proposition 1 states that the Lambda VaRs possess a “reverse star-shape” property.

Proposition 2. VaR, or VaRX is translation invariant on L° if and only if A is a constant.

Proposition 3. Let « € {—, +}. If VaR', is positively homogeneous, ie. VaR} (AX) =
AVaR% (X) for all X € L% and X € (0, 00), then A is constant on intervals (0, 00) and (—o0, 0),
respectively, that is, there exist 1 > a1 > oy > a3 > 0 such that

A(x) = a1 1(—00,00(x) + a2 10y (x) + 310, 00)(X). (2.2)

Next, we give three lemmas concerning properties of Lambda VaRs, which will be used in
this paper. The first one will be used repeatedly in this paper. The second and the third ones
give alternative representations of the Lambda VaRs in terms of the usual VaRs. Here and in
the sequel, A=1—-A,and A(x—) and A(x+) denote the left and right limits of function A at
point x, respectively.

Lemma 1. For X € L° and x € R, we have

P(X > x) < A(x+) <= VaR,(X) <x, (2.3)
P(X > x) < A(x+) = VaR}(X) <x, (2.4)
P(X > x) > A(x+) = VaR,(X) > x, (2.5)
P(X > x) > A(x—) <= VaR}(X)>x. (2.6)

Lemma 2. [16, Proposition 3.1] If A(¢) is not constantly O, that is, A(—o0) > O, then

VaR7(X) = inf{VaRT, . (X) vy}, XelIL°
aR, (X) )12R{ a A(y)( ) y}

Lemma 3. If A(t) is not constantly 0, that is, A(—00) > 0, then

VaR} (X) = inf { VaR}
yeR

AVl Xe L0 2.7

2.3. Worst-case Lambda VaR under model uncertainty

Let P be the set of all probability measures that are absolutely continuous with respect
to P, where P is a common benchmark for all agents. For any Q € P, let VaRX’Q and VaRX’Q
be the VaR), and VaRX evaluated under the probability measure Q instead of P. We consider
the worst-case Lambda VaR risk measures

VaRX’Q =SUPpeo VaR ;" and VaRX’Q = SUPpeo VarR €,
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where Q is the subset of P, describing model uncertainty. We call Q an uncertainty set of
probability measures. A particular choice of Q is induced by likelihood ratios, which is the
following set of probability measures whose Randon-Nikodym derivatives with respect to PP
do not exceed a constant, i.e.

Pﬂz{QeP:%S%} for g € (0, 1].

Liu et al. [21] considered the special cases VaR; and VaRj: with A =A € (0, 1) under
uncertainty set Pg, and obtained that

VaR, ”* = VaR}

5 Ps _
VaR, = VaR I—(1=1)p"

1-(1-1)p°
Proposition 4. Let A : R — [0, 1] be decreasing. For B € (0, 1], define Ag =1 — BA. Then
Tt P8 vy — + 0
VaR " " (X) = VaRAﬁ(X), Xel, (2.8)
Furthermore, if A > 0, then
TR B (v — - 0
VaR " " (X) = VaRAﬂ(X), Xel”. (2.9)
Proof. 'We give the proof for the left Lambda VaR since the proof for the right Lambda VaR

is similar. First, note that for any given X € L% and Q € Q, we have Q(X > x) < P(X > x)/p for
any x € R and, hence,

VaR} (X) =inf{x: P(X > x) < Ap(x)} = inf{x : %[P’(X >x) < K(x)}
> inf{x: Q(X > x) < A(x)} = VaR;"2(X).
Thus,
VaR,"* (x) < VaRy (), XelLl. (2.10)

To prove the reverse inequality of (2.10), we choose a special Qg € Pg such that dQo/dP =
(1/B)1y>1-p}, where Ux ~ U(0, 1) such that X = F;l (Ux), a.s. Then

VaR ;@ (X) = inf{x: Qo(X < x) > A(x)}
=inflx:P(X <x, Uy > 1 — B) > BA(x)}
=inf{x:P(1 — 8 < Ux < Fx(x)) > BA(x)}
=inf{x: max{Fy(x) — 1 4+ 8, 0} > BA(x)}.

Since A > 0, it follows that

VaR ;@ (X) = inf{x: Fx(x) > 1 — BAX)} = VaR}y | (X). @2.11)

Therefore, VaRX’Pﬂ X)) > VaRI_\ﬁ (X) for X € L°. This proves (2.9) for left Lambda VaR.
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Remark 1. Eq. (2.11) cannot be true without the assumption A > 0. A counterexample is as
follows. Let A(x) = 1(—e0,2](x), X ~ U(0, 4) under probability measure P, and set g =1/4.
Choose Qg € Pg such that dQy/dIP = 41{yy>3/4), that is, X ~ U(3, 4) under probability mea-

sure Q. Then VaR ;"% (X) = 2. However, VaRy (X)=3> VaR ;' ?(X). Thus, (2.11) does not
hold in this case.

Further properties of Lambda VaRs under model uncertainty induced by Wasserstein
metrics can be found in Xia [29].
3. Inf-convolution of real functions

In order to study inf-convolution of Lambda VaRs, we introduce the following inf-
convolution of real functions. We restrict ourselves to consider bounded and decreasing
functions.

Definition 2. Let A; : R — R be a bounded and decreasing function for each i € [m]. The inf-

convolution of A1, ..., A, is denoted by % Ai(y), defined as
i=1
m m
Ai(y) = inf 1—Y Ay - 3.1
i=1 Voo YmER, YL yi=y{ ; e

Throughout, we denote A* (y) = % Ai(y).
i=1

It is easy to see that A*(y) is also decreasing and that

P m
—_ m JE—
KXW = O M) =5UBy, .y, er 0, yimy D MO - (3.2)
= i=1
That is, A* is the sup-convolution of A, . .., A,,. The next proposition justifies the simple

fact that the inf-convolution of m functions can be seen as the repeated applications of the inf-
convolution of two functions. In the expression A1 @ A3 - - - @ A, below, the convention is to
perform the operations @ from left to right.

Proposition 5. Let A; : R — R be bounded and decreasing for each i € [m]. For any y € R, we
have QL Ai(y) = A1 @ A2 - - @ Aw(y), where A1 @ Ax(y) = @ Ai().

Several further properties of inf-convolution of real functions are listed in the following
propositions, whose proofs are presented in Appendix B. The first proposition, Proposition 6,
will be used repeatedly to prove other results in this paper, which gives the expressions of
A™ at positive infinity and negative infinity. We denote A(+00) = limytooA(x) and A(—o00) =
lim, | oo A(x) for any decreasing function A.

Proposition 6. Let A; : R — R be bounded and decreasing for i € [m]. Then

A*(—00) = min (1 — Aj(—o0) — Z Kj("‘OO)),

1<i<m -
J#

A*(+00) =1— ) " Ay(+00).

i=1
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Proposition 7. Let A;: R — R be bounded, right-continuous and decreasing for i € [m). For
anyy € R, A*(y) has either one of the following properties:

(P1) There exists (y1, - .., Ym) € R™ such that Y |y =y and A*(y) = > | Ai (i)
(P2) There exists a sequence {( Yin, - - - » Ymn)}nen Such that
m m
Y vin=y and Y Ni(yin) > A¥() as n— oo,
i=1 i=1

w_here {1y - - - ,ym,,)_}neN dognot have a cluster point in R™. In this case, F(y) =
A*(—00), and Y7L, Ai(yi) < A*(y) whenever Y 7" | yi =y.

Furthermore, if A*(yo) has property (Py), then so does A*(x) for any x < yy.

The next proposition gives sufficient conditions on {A;} under which A* is right-continuous
or continuous.

Proposition 8. (Continuity.) Let A; : R — R be bounded and decreasing for i € [m].

(1) If A; is continuous for some i, then so is A*.
(2) Ifall A; are right-continuous, then so is A*.

Proposition 9 gives a sufficient condition under which Property (P;) holds. The condition is
that the right tail of each A; is a constant. The special case of A* being constant is investigated
in Proposition 10.

Proposition 9. Let A; be bounded, right-continuous and decreasing for i € [m). If, for each i €
[m], Ai(yi) = Ai(400) for some y; € R, then for any x € R, there exists (x1, ..., Xn) € R™such
that Y it xi =x and N*(x) = )ity Ai(x)).

Proposition 10. Let A; be bounded, right-continuous and decreasing for each i € [m].

(1) A* is constant if and only if at least one A; is constant.

(2) Let A* be a constant function. Then A*(x) > pa Ai(x) for any (x1, ..., x,) €R™
with x=7 ;" x; if and only if there exists Aj, such that A; (y) > Aj,(+00) for any
yelR.

In view of property (B2) in Subsection 2.2, we always assume that all A; are right-
continuous in the next sections.

4. Inf-convolution of several Lambda VaRs

Theorem 1. Let A;: R — (0, 1] be decreasing for i € [m], and let A* be defined by (3.2). If
A*(—00) > 0, then

[) VaR; (X) > VaR7.(X), XeL'. (4.1)
i=1 !

The proof of Theorem 1 requires the following lemma, which was pointed out to us by an
anonymous referee.
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Lemma 4. For A; € [0, 1] and (y1, ..., ym) € R™, we have

VaR, (X;) v VaR; (X) v , X e 0. 49
Koo )eAm(X{Z aR;, (Xi) y’} D aR; (X) ;yz 4.2)

Proof of Theorem 1. By Lemma 2, for X € L, we have

[ VaR; (X) f ZVR (X))
a = in a
=N X1 XA (X) 4

m

- inf inf{VaR— X))V }
(Xl,...,x,,neAm(X);yieR A XDV i

=  inf i VaR7 . (X)) Vv
ym)ER™ (X).. m)eAmoo{Z A0 X) yl}

O15-es
= inf O VaR, .. .(X)V 4.3)
(V1 seesYm)ER™ { Ai(i) 121:%
m
= f VRi_m—_AXV . , 44
(YIY...{;]m)eRm{ ar -y, /\z(yz)( ) ;)’z} 4.4)

where (4.3) follows from Lemma 4, and (4.4) follows from the fact

m p— p—
O VaRy ) (0 =VaR[ g 0 (X0

by Corollary 2 in [12]. Here, we use the convention that VaR ™ X)=VaR;, (X)=

1= Ay )(
—oo when 1 — Zi: 1 A,'(yi) < 0. Furthermore, by the definition of A*, we have

inf VaR m \%
(_)H,-n{)’m)GRm{ 1— Z A i ) ) Zyl}

— inf inf {VaR— . X) v }

YER (y1,....ym)ER™ 3L | vi=y i IA(V)( VY
> i f{v RT...(X)V } 45
Z infVa A X VY 4.5)
= VaR 7, (X), (4.6)

where (4.5) holds since A*(y) <1 — Y™ A;(y;) forany (y1, ..., ym) € R™ with > yi =,
and (4.6) follows from Lemma 2. O

The equality in (4.1) of Theorem 1 does not hold without further assumptions, as shown by
the following counterexample. We will investigate sufficient conditions on A* in Theorems 4
and 5, under which the equality in (4.1) is true.
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Example 1. Let X € L°, with P(X =0) =P(X = 1) = 1/2, and let A;(x) =3/4 and

Ar(x) = ! (n —arctan(x)) + 3
2= 2 4

By Proposition 10, it follows that A* =1/2, and A* (x +y) > M)+ Az(y) for all (x, y) €
R2. Thus, VaR,.(X) = 0. We claim that, for any (X1, X2) € Ax(X),

VaR;\1 X))+ VaRXz(Xz) > 1> VaR . (X).
In fact, if this is not true, there exists (Y, Y2) € A»(X) such that yity < 1, where y; =
VaRX] (Y1) and y, = VaRXZ(Yz). By Lemma 1, we have P(X| > y;) < A1(y1) and P(X; > y») <
A2 (y2). Thus,
2

1
5 =P >y +y2) <) PXi>y) < Z

i=1 i=1

[\S}

NI*—‘

which is a contradiction.

Theorem 2. Let A;: R — (0, 1) be decreasing for i € [m], and let A* be defined by (3.2). If
A*(—00) > 0, then

m 0
O VaR} (X) = VaR}.(X), XeL’. 4.7
i=1 !

The proof of Theorem 2 requires the following lemma, Lemma 5, whose proof is similar to
that of Lemma 4 by using cash invariance of VaR and Theorem 1 in [21].
Lemma 5. Let A; € [0, 1] and k; € {—, +} fori € [m]. For any (y1, ..., ym) € R™, we have

m

nf VaR% (X;) v VaRY (X) v . Xel. 4.8
. )}m)eAm(X){Z (X)) y,} D '(X) ;y, (4.8)

Here, the «; and the A; are chosen to avoid the appearance of VaR, DVaR‘l" in (4.8).

Proof of Theorem 2. The proof is similar to that of Theorem 1. By Lemma 3, for X € Lo
we have

m
VaRT (X) = f VaR} (X;
=R A% X1, )},rnl)eAm Z: aRA,(Xi)

m

= nf f{VR X v }
1. Xm)eAm(X)Zm aRy () (X V yi

.....

=, inf VaRT (X)) V
015 Ym)ER™ (X, Xm)EAm(X) { Z Ai(yi) Vi }

m
= inf 0O VaRT (X)) Vv ; 4.9
O1seeerym)ER™ {1:1 A’(Y')() ;yl} (4.9)
m
= inf V+,,,f X) v it 4.10
(yl,...l,;lmeRM{ -y, won ™) ;y ’} (4-10)
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where (4.9) follows from Lemma 5, and (4.10) follows from Theorem 1 of [21], which implies

that
] VaR* . (X)= VaR" X), Xel® 411
iE] a Ai()"i)( )_ a 1_2;”:1K[(yi)( )a € I ( . )
since A;(y;) < 1 for i € [m]. Here we use the convention that VaRf' Y (y‘)(X) = —00 when
T Li=1 Vi
1=, Ai(yi) <0. Note that
m
inf VaRT ., — X))V ;
Ot e ym)ERM { 1= Ai(yi)( ) ;yl}
— inf inf {VaR+ Y OV ]
YER (y1,ec,ym)ER™, 3L yi=y 1=Xim A"(y’)( vy
— +
= inf {VaR Fo @V y} (4.12)
= VaR 1. (X), (4.13)
where (4.13) is due to Lemma 3, and (4.12) follows since
m
: + . m . _ +
1nf{ValRIE_,,_1 E@;)(X) O, s ym) ER™ Zy, —y} = VaRA*(y)(X). (4.14)
i=1

More detail is given on (4.14) as follows. Denote by LHS the left-hand side of (4.14).
Obviously, LHS > VaRX*(y)(X) since VaR;r is increasing in A and 1 —) 1" | Ai(y) = A*(y).
On the other hand, note that VaRj: is right-continuous in A. By (3.2), there exists a sequence
{105 - -+ Ymn)nen satisfying that y =341 | v and 1= 370, Aj(yin) \ A*(y) as n— oo.
Thus, the lower bound VaRX* (y)(X) is attainable by LHS. Therefore, (4.14) is true. O

It should be pointed out that (4.14) does not hold for VaR™ because VaR ™ is left-continuous
but not right-continuous in A. It is the reason the equality in (4.1) cannot be expected without
additional conditions. In Theorem 2, it is required that A; <1 for all i € [m]. If A;; =1 and
Aj, < 1 for some iy, jo € [m], then Dl’.”:lVaRXi(yi)(X) =400 > VaRT*Zf'":l E(y,')(X) for X e L9,
violating (4.11), and hence (4.7) does not hold.

An explicit formula of the inf-convolution is also obtained in Theorem 3 for the case of a
mixed collection of left and right Lambda VaRs. Its proof can be found in Appendix C.

Theorem 3. Let A;:R — (0, 1] be decreasing and «; € {—, +} for i € [m], and let A* be
defined by (3.2), with A*(—o0) > 0. If k; = + for at least one i, and Aj < 1 whenever kj =+,
then

m Ki + 0
0 VaRY{ () = VaR . (%), X eL”. (4.15)
=

As a special consequence of Theorems 1, 2 and 3, we get the following VaR inf-convolution
formulas of ordinary VaRs:

Corollary 1. (1) [12, Corollary 2] For Ay, A2 €[0, 1] such that A=A+ X1y —1>0, we
have

VaR;, OVaR;, (X) = VaR; (X), X e L.
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(2) [21, Theorem 1] For A1, Ay € [0, 1) such that A = X1 + Ay — 1 >0, we have
VaR} OVaR} (X) = VaRf (X), Xe L.

(3) [21, Theorem 1] For A1 € [0, 1], A € [0, 1) such that A = A1 + Xy — 1 >0, we have
VaR OVaR (X) = VaR} (X), X eL’.

Theorems 1, 2 and 3 are established under the assumption A*(—o0) > 0. In the end of this
section, we present other results of inf-convolution of Lambda VaRs under the assumption
A*(—00) < 0. All proofs are postponed to Appendix C. The proofs of Propositions 11, 12 and
13 are based on Lemmas 6 and 7.

Proposition 11. Let A; : R — [0, 1] be decreasing for each i € [m], and let A* be defined by
(3.2) with A*(—00) <0.

(1) If A*(=00) <0, then [V VaR}, (X) = —o0 for X € LO.

2) If A*(—00) =0, then D;”leaRXi(X) = min{sup L, ess-inf(X)} , where

m m
L:= ixeR:A*(x):O, Alxiy such that Y " xi=xand Y Ai(x)=1¢.
i=1 i=1

Proposition 12. Let A;: R — [0, 1) be decreasing for each i € [m], and let A* be defined by
(3.2) with A*(—00) <0.

(1) If A*(—00) <0, then O~ VaR; (X) = —oc.

Q) If A*(—00)=0, then D;."leaRXi(X) =min{sup 7, ess-inf(X)}, where T={x¢€
R: A*(x)=0}.

Proposition 13. Let A; : R — [0, 1] be decreasing and «; € {—, +} for i € [m), and let A* be
defined by (3.2) with A*(—o0) < 0. Assume that k; = + for at least one i, and Aj < 1 whenever
Kj= +.

(1) If A*(—00) <0, then T VaR{ (X) = —oc.

Q) If A*(—o0)=0, then D?”leaR'Xi(X) =min{sup T, ess-inf(X)}, where T={x¢€
R:A*(x)=0}.

Lemma 6. Let A;: R — [0, 1] be decreasing for each i € [m], and let X € L.

(D) If X = xo, a.s., with A*@) =0, and if there does exist (xi, ..., xy) € R™ such that
Yo xi=xoand Yy it Ai(x;) =1, then D;”ZlVaRXi(X) > Xo.

(2) If A*(—00) <0, then Dl’."leaRXi(X) < ess-inf(X).
Lemma 7. Let A;: R — [0, 1) be decreasing for i € [m], and let X € 9.
() If X =x0 €R, a.s., and A*(x0) =0, then ", VaR (X) > xo.

(2) If A*(—00) <0, then (I VaR{ (X) < ess-inf(X).
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5. Optimal risk sharing for Lambda VaRs

From the proof of Theorem 1 and Example 1, it is known that whether A* satisfies property
(P1) in Proposition 7 plays an important role in establishing the equality of (4.1). In this section,
we consider the case A*(—o0) > 0, and study optimal allocations of inf-convolution for several
Lambda VaRs according to whether A* satisfies (P;) or (P;) in Proposition 7.

5.1. Left Lambda VaRs

Theorem 4. Let A;: R — (0, 1] be decreasing for i € [m] with A*(—o0) > 0. For any_X el
denote xo = VaR  .(X). If there exists (x1, . .., Xy) € R™such that Z:"Zl x; = xo and A*(xg) =
Y Ai(xp), then

(] VaR3 (X) = VaR 1. (X) (5.1)
i=1 !
Moreover, there exists an optimal allocation (X1, . . ., Xp) € Ap(X) satisfying x; = VaRXl_(Xi)

fori e [m].

Proof. Note that xg = VaR . (X) € R since A*(—00) > 0. First, assume that A*(xp) =0. By
the definition of A*, A;=1 for all i € [m] and, hence, A* = 1. In view of Theorem 1, we
conclude that (5.1) holds and (X, O, ..., 0) is an optimal allocation of X.

Next, consider the case A*(xp) < 1. We will construct an optimal allocation of X directly.
Note that {X < xp}, {X =x0} and {X > xo} constitute a partition of Q2. Construct an alloca-
tion Xe A,,(X) as follows: On the set {X < xg}, define Xy =x; forke[m — 1] and X, =X —
Z;”;]l x;. On the set {X = x¢}, define X; = x; for j € [m]. On the set {X > xo}, let {Cy, ..., Cy}
be a partition of {X > xp}, satisfying that

Aj(x)
Z;ll E(xi ) ’

Then, define X; =X —xo +x; on C; and X; =x; on {X > x}\C; for j € [m]. Therefore, X €
A,,(X) has the following representation:

P(Cj)) =P(X > xo) - j€lm].

Xe=xr+ X —x0) lg,, kelm—1],
m—1
Xn=X= " X;=2Xpn+ (X —x0) L, + (X — x0) Ix=xy)- (5.2)
i=1
By Lemma 1 and Proposition 8, xg = VaR.(X) implies that P(X > xp) < A*(xp). Also, by
construction, it follows that
P(X > xg)

B> ) = B(G) = Aj(w) - —=

<Aj(x), jelml, (5.3)
implying VaRX/_(Xj) <xj. Thus, 37", VaR}, (X;) < xo = VaR;.(X). By Theorem 1, we con-
clude that (5.1) holds and X is an optimal allocation of X.

Theorem 4 states that Property (P;) in Proposition 7 is a sufficient condition for (5.1). In
Theorem 5, we show that, under Property (P7) in Proposition 7, VaR ,.(X) = VaRX*(X) isa

necessary and sufficient condition for (5.1) to hold. We will consider the inf-convolution of
left Lambda VaRs in Theorem 10 when VaR . (X) < VaRX* (X).
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Theorem 5. Let A;:R — (0, 1] be decreasing for ie€[m] with A*(—o0)>0. For any
X € LY, denote xy = VaR , .(X). It there does not exist (x1, . .., Xu) € R™ such that Z:”:l Xj=
xo and N*(x0) =Y ", Ai(x;), then (5.1) holds if and only if VaR,.(X)= VaR}.(X).
Furthermore, under the condition VaR, .(X) = VaRX* X), if P(X > xp) < A*(xp), an optimal
allocation of X exists; if P(X > xo) = A*(xo), no optimal allocation of X exists, while there
exists a sequence of asymptotically optimal allocations.

Proof. Necessity: We prove it by contradiction. Assume on the contrary that VaR ,.(X) <
VaRX*(X). Under this assumption, from (5.1) it follows that there exists (yi, ..., y,) € R™
satisfying 7| y; =y < VaR}.(X), where y; = VaR ), (X)) for j € [m]. Note that

[X>VaR.(X)} C iX> Zy,} cU{x > yi}.

By Lemma 1, we have P(X; > y;) < Tj(yj) for j € [m]. Hence we obtain that

m

P(X > VaR[.(X)) < Y P(Xi>y) < ) Aivi). (54)

By Proposition 7, we have A*(y)= A*(xo) = A*(—o0) and Zl | A < A*(xo) On
the other hand, note that P(X > xo) > A*(xg) (Otherwise, if P(X > xp) < A*(xg), then
VaR A*(X) < Xp, a contradiction.) Therefore,

m
P(X > VaR}. (X)) =P(X > VaR . (X)) = P(X > x0) = A*(x0) > Y _ Ai(y).
i=1
which contradicts (5.4). This proves the necessity.

Sufficiency: Suppose that VaR ,.(X) = VaRX* (X). First, we consider the case P(X > xg) <
A*(xp). In this case, there exists (x1, . . ., x,) € R” such that ) I | x; =xo and ) " | Xi(_xi) €
(IP’(X > X0), A*(xo)). Let X € A;,(X) be as defined by (5.2). Then, P(X; > x;) = P(C}) < Aj(x))
for j € [m], implying VaRXj (X;) < x; for j € [m]. Thus,

DVaR (X)<ZVaR (X)<Zx, VaR . (X).
i=1 i=1

This, together with Theorem 1, implies our desired statement (5.1). Moreover, VaRXj X)) =x;
for k € [m], and X is an optimal allocati% of X.
Next, consider the case P(X > xg) = A*(xp). In this case we show that no optimal allocation

exists, but that there exists a sequence of allocation (X1, . . ., Xun) € A,(X), n € N, such that
> VaR} (X n) = Xo.
Assume on the contrary that there exists an optimal allocation of X, say, X = (X1, ..., X;).

Denote x;j := VaRXj(Xj) for j € [m]. Then we have Zf"zl x; = xp and

M) =P(X > x0) < ) PG >x) < ) A). (5.5)
i=1 i=1
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However, by Proposition 7, > i | Ai(x;) < A*(xg), which contradicts (5.5). Therefore, no
optimal allocation exists. In order to find a sequence of admissible allocations of X approaching
the lower bound of the inf-convolution, we consider the following two cases.

Case 1: Suppose that P(X > xg + €) < P(X > x¢) for any € > 0. Denote §,, =P(X > xg +

1/n). There exists a sequence {(X1, - - - , Xmn)}neN such that S xin=xoand Y 1| Ai(xin) €
(Sn, A*(xo)). In an atomless probability space, let {Ci,, ..., Cun} be a partition of
{X > x0 + 1/n}, satisfying
K(x'n)
P(Cip) =8, —2" e [ml.
e Yo Ai(xin)
Define
1 1
Xkn=%Xim+—+|(X—x0— =) lg,, kelm—1], (5.6)
nm n
and X, =X — Y7 ! X;,.. Then,
1 Ai(xjn) _
IP(X‘ > xin + —) —P(Cip) =8y - ——1 N,
jn jn mn jn n Z:n:l Ai(xin) j\Ajn
implying VaRXj (Xjn) < xj, + 1/ (mn). Thus,
m m
> VR, (Xin) <) xi —i—l—x +l (5.7)
A \Rin) = in n 0 0 .

i=1 i=1

Ca& 2: Suppose that P(X > xg 4 €p) = P(X > x¢) for some €y > 0. In this case, from P(X >
x0) = A*(xp), it follows that A*(xp) > A*(xg + €) for any € > 0. By Propos@n 7, theiexists
a sequence {(Xin, - .., Xmn)lnen such that Y 7" | xjp =xo+ 1/n and Y 7" | Aixi) = A*(xo +

1/mn). Then,
1 m
A1 (e = =) + 3 Wit = A(xo).
" i=2
In an atomless probability space, let (Cy,, ..., Cy,) be a partition of the set {X > xp},
satisfying

— I — — I p— N —
P(Cr) = Ar(x1n) = 5 [ > Aiin) — A*(Xo)] =A1lvn) — 5 [A*<XO + Z> - A*(Xo)],
i=1

and

_ e
B(Con) = (B¥(x0) — P(C1 ) —t)_ j_o .

Z;n:z Ki(xin) 7
It is easy to see that P(C1,) + >y Ai(xin) > A*(x0), which implies that

— 1\ —
P(Cin) € (Al (ria=)- Al(xln))
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and P(Cp,) < Ar(xgn) for ke[m]. Construct a sequence of admissible allocations
Xin, .-+, Xipn) € Ay (X) as follows:

1
Xin =X1n — - + X —x0) lcy,»
Xjnzxjn~|—(X—x0)1Cjn, j=2,...,m—1, (5.8)

Note that P(X1, > x1, — 1/n) =P(C1,) < A1(x1,) and P(Xin > xin) = P(Cin) < Ak (xpn) for
k > 2. Hence, VaRXi(X,-,,) < xj, for i € [m]. Therefore,

1

n

m m
D VaRy (Xin) <) xin =0 +

i=1 i=1

(5.9)

In view of Theorem 1, we conclude our desired statement from (5.7) and (5.9).

Corollary 2 in Embrechts et al. [12] is a special case of Theorem 4 with A; = A; for i € [m]
satisfying A*= """, x; — m+ 1 > 0. Also, Proposition 9 gives a sufficient condition on the
A; under which property (P;) of Proposition 7 holds. An immediate consequence of Theorem 4
is the following corollary.

Corollary 2. Let A;:R— (0, 1) be decreasing for i€ [m], with A*(—o0) > 0. If for any
J € [m] there exists x; € R such that Aj(xj) = Aj(+00), then % VaR, (X) = VaR ,.(X), for
i=1 !

which an optimal allocation exists.

5.2. Right Lambda VaRs

Theorem 6. Let A;:R— (0, 1) be decreasing for i [m], with A*(—o0)>0. For any
X e LY, denote xo := VaRX* (X). If there exists (x1, . .., xy) € R™ such that Z;":l Xx; = xg and
A*(xo) = Y101 Ai(xi), then

m
O VaR} (X) = VaR}.(X). (5.10)
i=1 !

Furthermore,

(1) IfP(X > xq) < A*(xg), then an optimal allocation exists.

) If P(X > xg) = A*(x), and P(X > xo + €) < P(X > xg) for any € > 0, then an optimal
allocation exists.

(3) Suppose that P(X > xo) = A*(x0) and P(X > xo + €0) = P(X > xo) for some €y > 0 and
that A*(xo + €) < A*(xg) for any € > 0.

o IfA; (xj + e) < Aj (xj) for any € > 0 and j € [m], then an optimal allocation exists.

o If for any (y1, . .., ym) € R™ satisfying 37| yi =xo and Y 1", Ai(yi) = A*(xp),
there always exists some 1y > 0 such that Ay (yx) = Ax(yr + T0) for some k € [m],
then no optimal allocation exists.
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Moreover, if an optimal allocation exists, then there exists (X1, ..., Xm) € Ap(X) such that
VaRXi(Xi) =x; for i € [m]. If no optimal allocation exists, then there exists a sequence of

allocations (X1, . .., Xmun) € Ay (X) such that VaRXl_(Xjn) — xj as n— oo for j€[m], and
Yoy VaRY (Xin) — xo.
Theorem 7. Let A;: R — (0, 1) be decreasing for i € [m], with A*(—00) > 0. For any X € L9

denote xo := VaRt, (X). If there does not exist (x1, ..., xp) € R™ such that sz=1 Xx; =x0 and
A*(xg) = I Ai(x;), then (5.10) holds. Furthermore,

(1) IfP(X > x0) < A*(x0), an optimal allocation exists.

2) If P(X > xp) = A*(xp), no optimal allocation exists, while there exists a sequence of
asymptotically optimal allocations.

In Theorems 6 and 7, the range of the A; cannot be weakened from (0, 1) to be (0, 1] as
shown by the following counterexample.

Example 2. Let Aj(x) = 1<) + (4/5) *1jx>2; and Ar(x) = (4/5) *1jx<0) + (1/2) *1{x>0).
From (3.2), it follows that A*(x) = (1/2) *1{y<2y + (3/10) *1{>2;. Let X be a (0, 1)-uniformly
distributed random variable. Then VaR |, (X) = xo = 1/2, P(X > x9) = A*(x0), and A* (1/2) =
‘A1(1/2) + A5(0). If Theorem 6 holds, then there exist (X1, X») € A»(X) and VaRXl X)) =
1/2. However, from the definition of VaR+l, it follows that VaRj(l(Y) > 2 for any random
variable Y € L0. This is a contradiction. Thus, Theorem 6 does not hold in this case.

5.3. Mixed Lambda VaRs

Theorem 8. Let A;: R — (0, 1] be decreasing for i € [m], with A*(—o0) >0, and let k; €
{—, +} for i € [m] such that K := {j:Kj =+,j€ [m]} # @. Assume that Aj < 1 for j € K. For
any X € L°, denote xo = VaRX* (X). If there exists (x1, ..., Xm) € R™ such that Z;"zl Xi = X0
and A*(xp) = > Ai(x;), then

m i 4
(7 VaR¥ (X) = VaR L. (X). (5.11)
i=1 !

Furthermore,

(1) IfP(X > xq) < A*(x), then an optimal allocation exists.

(2) If P(X > x0) = A*(x0), and P(X > xo + €) < P(X > xq) for any € > 0, then an optimal
allocation exists.

) Suppose that P(X > xo) = A*(xg) and P(X > xp + €9) = P(X > xp) for some €y > 0, and
that A* (xo + €) < A*(xp) for any € > 0.

° IfAj(xj + 6) < Aj(xj) for any € > 0 and j € K, then an optimal allocation exists.

o If, for any (y1, ..., ym) € R" satisfying > i~ yi=xo and Y Ai(yi) = A*(xp),
there always exists some 1y > 0 such that Ay (yx) = Ax(yr + T0) for some k € [m],
then no optimal allocation exists.

Moreover, if an optimal allocation exists, then there exists (X1, ..., Xpy) € Ap(X) such that
VaR'Xi(X,-) =x; for i € [m]. If no optimal allocation exists, then there exists a sequence of
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allocations (X1, . .., Xmn) € Ajy(X) such that VaR'Xj(Xj,,) — Xxj as h— o0 for j€[m] and
¥, VaR'Xi(Xin) — Xp as n — 00.

Theorem 9. Let the A; be the same as those in Theorem 8. For any X € LO, denite Xp =
VaRX*E(). If there does not exist (x1, ..., Xy) € R™ such that )" | x; =xo and A*(xp) =
Z:”: 1 Ai(x;), then (5.11) holds. Furthermore,

(1) IfP(X > x0) < A*(xg), an optimal allocation exists.

(2) If P(X > x9) = A*(xg), no optimal allocation exists, while there exists a sequence of
asymptotically optimal allocations.

In Theorem 5, we establish (5.1) under the assumption VaR},.(X) = VaRX* (X) and (Py)
in Proposition 7. How about the explicit formula of [J}Z,VaR} (X) under the assumption
VaR,.(X) < VaRX*(X) and (P)? By a similar argument to that in the proof of Theorems 7, we
have the next result.

Theorem 10. Let A;: R — (0, 1] be decreasing for i € [m] with A*(—o0) > 0. For any X €
LO denote x = VaR.(X). Assume that there does not exist (xi, ..., Xy) € R™ such that
Y xi=x0 and A*(x0) = Y1t | Ai(x;). If VaR .(X) < VaR | .(X), then

[ VaR; (X) = VaR ., (X). (5.12)
i=1 !

Furthermore,

(1) IfP(X > x0) < A*(xo), an optimal allocation exists.

(2) If P(X > x0) = A*(xq), no optimal allocation exists, while there exists a sequence of
asymptotically optimal allocations.

6. Comonotonic inf-convolution of Lambda VaRs

In this section, we consider inf-convolution of Lambda VaRs constrained to comono-
tonic allocations, that is, allocations are constrained to be comonotonic. Comonotonicity, an
extremal form of positive dependence, was introduced and has been widely used in eco-
nomics, financial mathematics and actuarial science over the last two decades. The formal
definition and its characterization can be found in Dhaene et al. [10, 11]. Random variables
X1, ..., X, are said to be comonotonic if there exist a random variable Z and increasing
functions g1, . . ., gn such that X; = g;(Z) almost surely for i € [m]. Comonotonicity of more
than two random variables is equivalent to pair-wise comonotonicity. In the sequel, when
X1, ..., X, are comonotonic, we denote by X;// ka=1 X for i € [m].

It is well-known that ordinary VaRs possess comonotonic additivity on L, that is, the VaR
of a sum of comonotonic random variables is simply the sum of the VaRs of the marginal
distributions [10, Theorem 5]. However, this property is not true for Lambda VaRs. In the
next proposition, we prove that Lambda VaRs possess comonotonic subadditivity on Lg. The
property of comonotonic subadditivity was first proposed by Song and Yan [24] and further
investigated by Song and Yan [25].
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Proposition 14. Let A :R; — [0, 1] be decreasing, and let X| and X» be nonnegative
comonotonic random variables. Then

VaR, (X; +X>) < VaR, (X1)+ VaR, (X2) 6.1)
and

VaR} (X +X») < VaR} (X1) + VaR} (X>). (6.2)

Proof. Denote by x = VaR", (X| + X3) for k € {—, +} and set X = X + X>. Without loss of
generality, assume that 0 < x < oco. First note that x > ess-sup(X) occurs only for VaRX and
x=sup{t: A(t) = 1} > ess-sup(X). Thus, VaRX(X,-) =x for i=1, 2 and, hence, VaRX X1) +
VaRX(Xz) =2x>x= VaRX (X1 4+ X2) . That is, (6.2) holds when x > ess-sup(X).

Next, assume that x <ess-sup(X). Then there exists A €[A(x+), A(x—)] and « €
[0, 1] such that VaR{ (X; + X3) =x, where VaR{ = (1 —a) VaR} —i—aVaR)T. Since X; and
X> are comonotonic, it follows that VaR% (X; + X2) = VaR§ (X1) + VaR{(X2). Denote by
x1 = VaR¥ (X1) and x; = VaR{ (X>). Now consider two cases.

Case 1. Consider the right Lambda VaR, and assume that x; <x for i=1,2 (other-
wise, (6.2) is trivial). Then, for any € > 0, P(X] <x] —€) <X < A(x—) < A(x] — €), implying
VaRX (X1) = x1 — €. Since € is arbitrary, we have VaRX (X1) = x1. Similarly, VaRX X7) > xo.
So we get (6.2) when x; <x fori=1, 2.

Case 2. Consider the left Lambda VaR, and assume that x; < x fori=1, 2.

(1) If A(x—)> A, then P(X] <x; —€) <Xt < A(x—) < A(x] — €) for any € > 0, implying
VaR, (X1) > x; — € and, hence, VaR, (X{) >x;. Similarly, we have VaR (X3) > x5.
Therefore, we conclude (6.1) when A(x—) > A.

(i) FA(x—)=Xtand A(x —€) > A(x—) forany € > 0, then P(X| <x; —€) <A< A(x—) <
A(xy — €),implying VaR, (X1) > x;. Similarly, we have VaR, (X2) > x». We also obtain
(6.1) in subcase (ii).

(i) If A(x—)=X and A(x —¢€g) = A(x—) for some €g > 0, it follows from the defini-
tion of VaR, that P(X; +X; <x—¢€) <A for any € > 0. This implies o =0, i.e.
x=VaR, (Xi +X3) = x| +x2. Also, since P(X; <x; —€) <A < A(x| —¢€), we have
VaR, (X1) > x;. Similarly, VaR, (X2) > x2. Again, we conclude (6.1) in subcase (iii).

This completes the proof of the proposition. (]

Remark 2. Proposition 14 cannot be true without the assumption X € Lg. Counterexamples
are as follows.

(1) Let Ax)=(1/2) - 1(—00,0)(x), and X=Y~U(a—1,a+1) with a<0. Then
VaR, (X +Y)=VaR,(X)=VaR,(Y)=a. So we get that VaR, (X+7Y)>
VaR, (X) + VaR, (Y), violating (6.1).
(2) Let A(x)=1(—c0,c)(x), and X =Y ~U(a, b) with a<b <c <0. Then VaRX(X) =
VaR} (Y)=c, and VaR} (X+Y)=c. So we get that VaR} (X +Y) > VaR}(X) +
VaR} (Y), violating (6.2).
In view of Remark 2, we restrict ourselves to considering nonnegative random variables
in Lg. For X e L(J)r, we define the set of comonotonic allocations as

ASFOO ={X1, ..., Xm) e ALX): Xi € LY, Xi//X, i€ [ml}.
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The constrained (comonotonic) inf-convolution of risk measures p1,..., 0, 1S
defined as

m m
BoX)=inf] Y 7 piXi): (X, ... Xm) € LT 1
- i=1

An m-tuple (X1,...,Xy)€ Af;r is said to be an optimal constrained allocation of X for
(P15 -y Pm) i Y00 pi(X) = BB, pi(X).

Theorem 11. Let A;: Ry — [0, 1] be decreasing for i € [m], and set A = minj<;<,A;, with
m=>2. Then
m
B VaR (X) = VaR} (X), X € L. (6.3)
= 1
If, in addition, A; < 1 for each i, then

m
8 VaR} (X) = VaR{ (X), X & L. (6.4)
i= !

Proof. First, consider the case of the left Lambda VaR . Choose any X € A5 (X). Since
A < A;foreach i, and VaR, is increasing in A, it follows that VaRX’_(X,-) > VaR |, (X;) for each

i. Then > ;" VaRj, (X;) > Y e VaR (X)) > VaR  (X), where the second inequality follows
from Proposition 14. Thus, we have

m
B VaR}; (X) = VaR; (X). (6.5)

To prove the reverse inequality of (6.5), we set k = argminlSiSmVaRXi(X), that is, inf{x €
Ry : Fx(x) > Ap(x)} <inf{x e Ry : Fx(x) > A;(x)} for i # k. Then
VaRXk(X) =inf{x € R} : Fx(x) > Ar(x)}

=inf{x e Ry : Fx(x) > Aj(x) for some j € [m]}

= inf{x e Ry : Fx(x) > min Aj(x)} = VaR , (X).
1<j<m

Now choose Xy =X and X; =0 for all i # k. Obviously, VaRXl_(Xi)zo for i>2. So we
m
have Zi":l VaR, (X;) = VaRXk(X) = VaR, (X), implying that EElVaRX,(X) < VaR), (X). This
1 < l'= 1

proves (6.3).
The proof of the right Lambda VaR is similar by observing that A; <1 implies
VaR} (0)=0.

Remark 3. One may wonder whether VaR} B8 (VaR} (X)=VaR}(X) for X € LY, with
A =min{A{, A>}. However, this is not true, as shown by the following counterexample.
Let X1 =X, ~B(1,1/2), X=X; + X», and define A=A, =1/2. Then VaRT/2(X) =2,
VaR ), (X1) =0, and VaR} ,(X2) = 1. Therefore, VaR | B VaR};, (X) < VaR (X).

For optimal comonotonic allocations, see Jouini et al. [19] for law-determined convex risk
measures, and Cui et al. [8] for general distortion risk measures in the context of designing
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optimal reinsurance contracts. Embrechts et al. [12] obtained explicit formulas for comono-
tonic inf-convolutions under distortion risk measures including RVaR and ES. Wang and Zitikis
[28] provided analytical solutions to inf-convolution for VaRs under the weak comonotonic-
ity constraints on the dependence structure of admissible allocations. Weak comonotonicity
ranges from strong comonotonicity to no dependence structure. Liu et al. [21] considered
comonotonic inf-convolution of tail risk measures.

The next proposition gives a connection between comonotonic inf-convolution and uncon-
stricted inf-convolution of Lambda VaRs.

Proposition 15. Let A; : R4+ — (0, 1] be decreasing for each i € [m].
(1) At least m — 1 of the A; are equal to 1 if and only if

m m

B VaRy (X) = iEI VaR}, (X) for all X € LY. (6.6)
(2) If A; =1 for some i € [m], then

B VaRt (X)= (] VaR* (X xeL® 6.7

BVa A )—El aR}, (X) for all X € L. 6.7)

Proof. (1) The necessity is trivial. For the sufficiency, by Theorem 11, Eq. (6.6)
holds if and only if VaR}.(X) =VaRr;in{ Ao, Am}(X) for all X eLg or, equivalently,
A* =minj<;<;,A; almost everywhere with respect to the Lebesgue measure. So we have
A*(00) =Y | Ai(+00) = max<j<;u Ai(+00), implying that at least m — 1 of the A; are
equal to 1.

(2) The proof follows immediately since both sides of (6.7) are infinity when A; =1 for

some i.

7. Concluding remarks

This paper is based on a PhD thesis [29]. In this paper, we give a thorough discussion
of a risk sharing problem, in which there are m agents equipped with respective risk mea-
sures VaR';\’1 , VaR'ij, e VaR'X’:n, where «; € {—, +} and A;:R — [0, 1] is decreasing and
right-continuous for each i. We obtain the explicit formulas of inf-convolution and optimal
allocations of a random variable in L° under different assumptions.

During the revision of this paper, we note that Liu [22] also studied the risk sharing problem
among multiple agents using VaR, ..., VaR} ~as their preferences when the A; are all
decreasing and right-continuous, or increasing and left-continuous. However, when the A; are
all decreasing and right-continuous, the explicit formulas of inf-convolution with respect to
left Lambda VaRs and the construction of optimal allocations in two papers are different. Our
approach is based on the inf-convolution of decreasing functions, introduced and investigated
in Section 3. Moreover, Liu [22] investigated the inf-convolution of two risk measures: (i)
VaR, and one law-invariant monotone risk measure without cash-additivity; (ii) \Zﬁa; and
one risk measure that is consistent with the second-order stochastic dominance. In Cases (i)
and (ii), no assumption on monotonicity of A is imposed.
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Appendix A. Proofs of results in Section 2

Proof of Proposition 1. It suffices to prove (2.1) since the other inequality is equivalent to
(2.1). For A € (0, 1), we have

VaR} (AX) = inf[ ‘ Fx<£) > A(t)] = Ainflx: Fx(x) > A (W)}
> Ainf{x : Fx(x) > A(x)} = AVaR | (X),

where the inequality follows since A is decreasing. The proof for VaR, is similar and, hence,
omitted. (]

Proof of Proposition 2. We prove only the necessity. Assume on the contrary that A
is not a constant. Then there exist x; < x> such that A(x;) > A(xz). Now choose xg < x1,
and let X € L° with distribution function Fx such that Fx(xo) =[A(x1) + A(x2)] /2. Since
Fy is right-continuous at point xg, there exists € > 0 such that xo +€ <xj and F(xp +¢€) <
A(x1) < A(xp + €), which implies VaR’; (X) > xo + € > xo, where « € {—, +}. Note that P(X +
xp —x0 <xp) = Fx(xg) > A(x2). Thus, VaR’j\ (X + x3 — xp) < xp. Moreover, by the assump-
tion of translation invariance of VaR, we have VaR¥ (X) <xo. This contradicts with
VaR’, (X) > xo. O

Proof of Proposition 3. The proof consists of the following three steps:

(1) Suppose that there exist 0 < x; < x2 such that A(x;) > A(x2). Choose 0 < x9 < x1, and
let X € L°, with distribution function Fx satisfying Fx(xo) = [A(x1) + A(x2)] /2. From
the proof of Proposition 2, it follows that VaR , (X) > xo, where « € {—, +}. On the
other hand, P((x2/x0)X < x2) =P(X < x¢) > A(x2), which implies VaR ((x2/x0)X) <
x2. Moreover, by positive homogeneity of VaR , we obtain that (x2/xp) VaR¥ (X) < x>
and, hence, VaR’I‘\ (X) < xg, a contradiction. This means that A is constant on (0, c0).

(2) Suppose that there exist x; <x» <0 such that A(x;) > A(xp). Choose xg € (x2, 0),
and let X € L with distribution function Fy satisfying Fx(xo) = [A(x1) + A(x2)] /2.
Obviously, we have VaR (X) < x¢ by the definition of Lambda VaRs. Since FY is right-

continuous at point xg, there exists € > 0 such that xp + ¢ <0 and ]P’(x;le X< xl) =

P(X <xo+¢€) < A(x;), which implies VaRf\( 11 )— ~L—VaR’ (X) > xi. Thus,

xo+e€  xote
VaR’j\ (X) = x9 + €, leading to a contradiction. Therefore, A is also constant on (—o0, 0).

(3) From the previous discussions, it follows that A has the representation (2.2) with 1 >
a1 > ax > a3 > 0. If A is of the form (2.2), it can be checked that for any X € Lo,

0, Fx(0) € (a3, a1) ,

max{0, VaR, (X)} . Fx(0) <a3 <aj,
VaR (X) =

min{O, VaRgl(X)} , Fx(0)>a; > a3,

VaRZl(X), o] =o3.

Thus, VaR’ is positive homogeneous on 0.

This completes the proof of the proposition. U
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Proof of Lemma 1. We prove only (2.3) and (2.6); the proofs of (2.4) and (2.5) are similar.

Necessity of (2.3): If P(X > x) < A(x+), then P(X < x) > A(x+), which implies P(X < x +
€) > A(x + ¢€) for any € > 0 since A(?) is decreasing in ¢. Thus, VaR, (X) < x + €. Setting € —
0, we get VaR , (X) < x.

Sufficiency of (2.3): If VaR ), (X) <x, then P(X <x+¢€) > A(x + ¢) for any € > 0. Setting
€ — 0, it follows that P(X < x) > A(x+).

Necessity of (2.6): If P(X >x) > A(x—), then P(X <x) < A(x—). Thus, P(X <x —¢€) <
A(x — €) for any € > 0, which implies VaRX(X) > x — €. Setting € — 0 yields VaRX(X) > X.

Sufficiency of (2.6): If VaRX(X) > x, then P(X <x —¢€) < A(x — €) for any € > 0. Setting
€ — 0, it follows that P(X < x)) < A(x—), that is, P(X > x) > A(x—). O

Proof of Lemma 3. The proof is similar to that of Proposition 3.1 in Han et al. [16]. If
A =1, then both sides of (2.7) are infinite and, thus, (2.7) holds trivially. Next, we consider the
case A # 1. Since P(X <x) > A forx e Rand A € [0, 1) implies VaR;f(X) < x, it follows that

VaR} (X) =inf{x e R: P(X <x) > A(x)} > inf{x e R: VaRX(x)(X) <x}

> inf(VaR, ,,(X) V x: VaR}, ,(X) <} = inf {VaRj[ WXV x] .
xeR

To prove (2.7), it suffices to prove that for any x € R,

VaR}(X) < VaRX(x) X))V x. (A1)
It is trivial for x> VaR}(X). If x < VaR}(X), then P(X <x) < A(x). Thus, for any ae
(x, VaR (X)), we have P(X <a) < A(a) < A(x) since A(r) is decreasing, which implies

VaRX(X)(X) > a. Therefore, (A.1) follows since a is chosen arbitrarily. This completes the proof
of the lemma. [l

Appendix B. Proofs of results in Section 3

Proof of Proposition 5. Tt suffices to prove that @,-3=]Ai=(1\1 @ A2) @ Az. Denote
A1 =A1 @ A,. First, for any given yeR, in view of (3.2), there exists a sequence

{V1s Y20, Y3n)Inen such that 33, yin =y and A1(y1n) + A2(2n) + A3(v30) — @3 Ai(y) as
n — 00. Also, it follows from (3.2) that

A_l(yln) + A_Z(y2n) + A_3(y3n) = A_12(y1n +yon) + A_S()’Sn) <A1 @ A3(y).

Letting n — oo yields that

QL Ai(y) < A2 @ A3(). (B.1)

Next, we prove that the reverse inequality of (B.1) also holds. For fixed y € R, there exists
a sequence {(zn, 23n)}nen such that z, +z3, =y and A12(zx) + A3(z30) = A12 @ A3(y) as
n— 00. Also, for each n, there exists a sequence {(z1,5;, 22,n;)}jeN such that zy,,; + 22,0, = zZn

and A_l(zl,,,j) + A_z(zg,,,j) — A12(z,) as j — oo. Note that
A_I(Zl,nj) + A_Z(ZZ,nj) + A_3(Z3,n) = @?zlAi(y)-

First letting j — oo and then n — 0o, we have A2 @ A3(y) < @?ZlAi(y). Combining with
(B.1), we conclude @?zlAi =(A1 0 A2) © As. O
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Proof of Proposition 6. (1) For any sequence {(Vin,-.--,Ymn)lneN such that
>y Yin=yn and y, — —00 as n — 00, there exist a subsequence {ny} and some i € [m] such
that y; ,, — —o0 as k — oo. Setting k — oo in the following inequality

AiGim) + Y NOjn) < Aiin) + Y Aj(+00),
J#L J#

we have

A*(—00) < max (E(—oo) + § Kj(+oo)). (B.2)
1<i<m .
J#
On the other hand, to prove the reverse inequality of (B.2), assume without loss of generality
that

max (Ri—o0)+ 2 Ric+00)) =Ri(-00)+ 3 Ai(+00),

1<i<m . ;
J#i j=2

Choose (x1n, ..., Xmn) = (—nm, n, ..., n). Then A*(—n)> A{(—nm)+ PR Aj(n). Thus,
the reverse inequality of (B.2) follows by setting n — +o0.

(2) For any (yi,...,ym) € R™, we have Y 7, Ai(+00)> 3" A;(y;), implying that
A*(y) <YM Ai(+00). Thus, A*(+00) < 3™ | A;(+00). On the other hand, choosing y; =
-+ =y, =y/m, we get that A*(400) > pa ‘A;(400) by setting y — 0o. The desired result
follows. 0

To prove Propositions 7 and 8, we need the following lemma.

Lemma 8. For m =2 and any y € R, A*(y) has one of the following representations:
(1) there exists (x1, x2) € R? such that xi + xp = y and F(y) =A1(x1—) + A2(x2+);
(2) there exists (x1, x2) € R? such that x| + x> =y and A*(y) = A1 (x1+) + Az (x2—);
(3) there exists (x1, x2) € R2 such that x; + xp = y and F(y) =A1(x1) + Ar(x);
@) A*(y) = (A1(+00) + Ax(=00)) V (A1(=00) + Aa(+00)) = A*(—00).

Furthermore, A*(y) has one of the former three representations when A*(y) < A*(—o0).
Additionally, if both A1 and Ay are right-continuous, then only Case (3) occurs.

Proof. For given y € R, there exists a sequence {(Y1, Y2n)}neN such that yy,, + y», =y and
A1) + A2(y2n) = A*(y) as n — oo. Two cases arise: First, if {(y1,, y2n)}nen has a con-
verging subsequence with finite limiting point, that is, there exists {n;} such that y;,, — x; and
Ya.n; = X2 as j — oo. This leads to A*(y) = Aj(x1—) + Azx(xa+) or Aj(xi+) + Ax(x2—) or
A1(x1) + As (x2). If Ay and A, are right-continuous, then A*(y) = A1(x1) + Az (x2).

Second, if {(y1n, Y2n)}nen does not have a cluster point, then there exists {n;} such that
Vi —> +00 (—00) and Y2, —> —00 (+400) as j — oo. This leads to Case (4). This proves the
lemma. O

Proof of Proposition 7. If A* does not satisfy ' (P1), then there exists a sequence
{V1ns - - - » Ymn)}nen such that 377y, =y and Y i2 ) Ai(yin) = A*(y) as n — oo. Moreover,
{yin}lnen does not have a cluster point in for some i. Without loss of generality, assume that
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Y1,y = —00 as j— o0o. Note that Ai (in) < Aj(+00) for i>2. This implies that A*(y) <
Aq(—00) + Y, A_j(+oo). On the other hand, by Proposition 6, we have

A¥(y) = A*(—00) = max (E(—o@ + Tj<+oo)).
o J#

Therefore, A*(y) = A*(—00).

Now suppose that A* (yp) has Property (P,). Assume on the contrary that there exists xp <
yo and A*(xo) satisfies (Py), that is, there exists (y1, . .., yn) € R™ such that > | y; = x0 and
A*(x0)=>_ir; Ai(yi). Then

A*(y0) = A1 +y0 —X0) + Y Ai(yi) = A*(x0).
i=2

HovLever, A* Oo) = A*(xg) = A*(—00). So we get F(yo) = A_l(yl + yo — x0) +
Z;"=2 A(y;). This means that A* (yg) does not satisfy (P), which is a contradiction.
The desired result follows. (]

Proof of Proposition 8. We give the proof only for m =2 since, in view of Proposition 5,
the proof of the general case m > 3 follows by induction.

(1) For m =2, assume without loss of generality that A is continuous. By Lemma 6, for
any x € R, either one of the following two cases holds for A(x):

Case 1.1. There exists (x1, x2) € R? such that x; + x» =x and A*(x) = A1(x1) + A2 (x2+).

Case 1.2. A*(x) = (A1(4+00) + A2(—00)) V (A1(—00) + A (+00)) = A*(—00).

If A* is not continuous, there exists some xg € R such that A*(xg) > A*(xg+) or A*(xp) <
A*(x0—).

First, we prove that A* is right-continuous by contradiction. Assume on the contrary that
there exists some xg € R such that A*(xg) > A*(xo+). Choose {x;, },en such that x, — xo+. By
Lemma 6, A*(x,) < A*(—o0) and Case 1.1 applies, i.e. there exists a sequence {(x1,, X21)}neN
such that x1,, + x2, = x, and A (x1,) + A2 (x2,+) = A*(x,). If {x1,}nen has a cluster point,
there exists {rnt} such that xy , — y1 and x2 ,, — y2 as k — oo, where y| + y» = xo. Thus,

A (xo+) = kl_l)ﬂgo At (x1) + A2 (2, +) = A1 01) + Aa(y2+).

By (3.2), it follows that A (y1) + A2(y24) < A*(xg). This contradicts with A*(xg) >
A*(xo+). If {x1,}nen does not have a cluster point, then there exists {ng} such that xj ,, —
~+00 (—00) and x3 ,,, — —00 (400) as k — oo. Thus,

ATxoH) = lim A (x1) + A2 (v20,+)
= (A1(400) + Az(—00)) V (A1(—00) + A (+00)) = A*(—00),

implying that A*(xg) = A*(xo+) by the monotonicity of A*. This leads to a contradiction and
proves right-continuity of A*.

Next, we prove that A* is left-continuous, also by contradiction. Assume that there exists
xp € R such that A*(xg—) > A*(xg). Denote € = A*(xp—) — A*(xp). By Lemma 6, there
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exists (x1, x2) € R? satisfying_that x1 +x =x0 and A1(x1) + Ar(xa+) = A*(xg). Since Aj
is continuous, it follows that A{(x) > A(x;) —€/2 for x € (x; — §, x1), where § > 0 is small
enough. Then

_ ) _ 1) —
A* (JCO - 5) > Aq <X1 — 5) + Az2002+)

_ € — —_— €
> Ai(x)) — 5 + A2(x2+) = A*(xo) — 5

which implies that € = A*(xg) — A*(xo—) > €/2 > A*(xo) — A* (xo — 8/2). This contradicts
with A*(xo—) < A* (xp — 8/2) and proves Part (1).

(2) Assume on the contrary that A* is not right-continuous, i.e. A*(xp) > A*(xo+) for some
x0 € R. Choose x;, = xp+. By Lemma 6 and the right-continuity of Aj and Aj, it follows that
A*(x,) < A*(—00) and that there exists (x1,, x2,) € R? such that x1,, + x2, = x, and A (x1,) +
Ao (x2n) = A*(xp).

If {x1,}nen has a cluster point, then there exists {n} such that x1 ,, — y1 and x2 ,, — ¥2 as
k — 00, where y| + y2 = xo. Now, two cases arise.

Case 2.1 Suppose that x1 ,, — yi1+ and x ,, — y2+ as k — oo. In this case,

F(XO‘H = klifgo A_l (x],nk) + A_2 (xz,nk)

=A1 1)+ MH)=A1 0D +A202),
where the last equality follows from the right-continuity of A and A;. Moreover, from the def-

inition of A*, we have A1 (y1) + A2 (y2) < A*(xp). Thus, A*(xo+) < A*(xp). This contradicts
with A*(xg) > A*(xo+).

Case 2.2 Suppose that x1 ,, — y1+ and x ,, — y2— as k — oo. In this case,

F(XO‘H = klifgo A_] (x] ,nk) + A_Z (xz,nk)

=A1 1+) + A2 (2=) = A1 (1) + Az (),

and A1 (1) + A2 (2—) < A1 (1) 4+ A2 (v2) < A*(xo). Thus, A*(xo+) < A*(xp). This is also
a contradiction.

If {x15}nen does not have a cluster point, a similar argument to that of Part (1) yields the
desired result. O

Proof of Proposition 9.If A*(x) < A*(—00), the desired result follows from Proposition 7.
Now assume that A*(x) = A*(—o0). Note that for any k € [m],

AF(x) > A_k(x -3 yi) + ) Rii) = A(—00) + Y Ai(+00). (B.3)
i#k i#k i#k

By Proposition 6, 1_t follows from (B.3) that there exists some kg such  that
Ak (x— D itk ¥i) = Ay (—00), and the equality in (B.3) holds for k = ko. Therefore, A*(x) =
3", Ai(x;) holds by choosing xg, = x — > ik, Yi and x; = y; for i # ko with Y xi=x. O
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Proof of Proposition 10. (1) Necessity. Since A* is constant, A*(—o0) = A*(+00). By
Proposition 6, there exists kg € [m] such that

A*(—00) =1 = Ap(—00) = Y " Aj(+00),  A*(Ho0)=1-) Ki(+00),
JjFko i=1

implying that Ay (—00) = Ay, (4+00), i.e. Ay, is constant.

Sufficiency. Suppose that A;, =c. By Proposition 6, we have A*(+o0)=1—a+
i Aj(+00). Also, A*(—00)>1—a+ D it Aj(+00) = A*(+00). Therefore, A*(x)=
l—a+Y Aj(+00) for all x e R.

(2) Since A* is constant, by part (1) there exists ko such that Ay, is constant. Without loss
of generality, assume ko = 1.

Sufficiency. Suppose that A;,(y) > A;,(4-00) for some ip and all y € R. Then, for any
(X1« e vy Xm) € R withx= Y"1 5, D1 Ai(xi) < D1 | Ai(+00) = A*(00). Thus, A*(x) =
A*(+o00) > Y1 Aixi).

Necessity. Assume on the contrary that for all A;, there exists x; € R such that A; (x;) =
Aj(400). Since A is constant, it follows that for any x € R,

A_1<x - x,-> + ) Ail) =) Ri(+00) = AF(+00) = A (x).

This contradicts with the assumption that A*(x) > Z:’;l E(y,') withy; =x — Z:’;Z x; and yg =
xi for k > 2. This proves the desired result. O

Appendix C. Proofs of results in Section 4

Proof of Lemma 4. If Lj; =0 for some iy € [m], then VaR):_(Y) = —oo for Y € L°. Thus,
the right-hand side (RHS) of (4.2) is Z:”zl y;. Note that the left-hand side (LHS) of (4.2)
is larger than or equal to > ;" y; and that the lower bound can be attained by choosing
Xig =X — i, ¥j and X; = y; for j # io. Thus, (4.2) holds for this special case. So we assume
that A; € (0, 1] for i € [m].

If O 1 VaR, (X) <>, yi, by cash invariance of VaR and Corollary 2 in [12], there exists
optimal allocation (X1, ..., X;;) € A, for D:.”: 1VaR):,(X) such that VaR):_ (X;) <y forie[m].
Thus, 312, VaR; (X;) V yi = > L, yi, attaining the lower bound of LHS. So, (4.2) holds for
this case.

If Df’; 1VaR;l_ X) > Z:"zl yi, also by cash invariance of VaR and Corollary 2 in [12], there

exists optimal allocation (X1, ..., Xy) € A, for O7L 1VaR}:,(X) such that VaR;i(X,') > y; for
i € [m]. Thus, we have

m _ m _ m _
> VaR; (X)) Vyi= ) VaRj (X)) = u| VaR; (X),
=

i=1 i=1

implying that

LHS < [J VaR; (X). (C.1)
i=1 !
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Next, we show that the reverse inequality of (C.1) is also true. To this end, for any other
allocation (Y7, ..., Y) € A, (X), denote K = {k : VaR;k (Yr) < yi, k € [m]}. Then,

ZVaR (YDVyi=Y vi+ . VaR (¥)

iek ie[m\K
>Zy,+DVaR (X)— ) VaR], (Y)>DVaR (X),
ieK ieK

where the first inequality follows from the fact that ) ;" , VaR;i(Yi) >0 1VaR;i(X). Thus,
the reverse inequality of (C.1) holds. This completes the proof. (]

Proof of Theorem 3. The proof is similar to those of Theorems 1 and 2. By Lemmas 2, 3
and 5, we have

m
O VaR¥ (X) = VaRY (X;
=1 A% X, )eA (X)Z XD

m

- inf inf {VaRK" X)) v }
(X.,...,Xm)eAm(X);y,-eR Ao KDV i

= inf inf VaR" X))V
YmeR (X, m)eAmoo{Z i XD y’}

.....

= inf { 0 VaR% (y)(X)\/Zy,-}
i=1

V1seens Ym€
m
_ : + .
_y],_.lffnem {VaR1 s TV X;y,} (C.2)
1=
= VaR}.(X),

where (C.2) follows from from Theorem 1 of [21]. The rest of the proof is the same as that of
Theorem 2 and, hence, omitted. O

Proof of Theorem 11. (1) Suppose that A*(—o0) < 0. Tken, for any x < ess-inf(X), there
exists (xq, ..., x,) € R™ such that ) 7" x;=xand ) - Aj(x;) > 1. Let {A;,..., Ay} be a
partition of €2, satisfying

Define X=X —0ls +x for je[m—1], and X, =X — Zm 1X Then P(X; > x;) <
P(A;) < Ai(x;), implying VaRj\'i(Xi) <ux; for i€[m]. Thus, Y 7", VaRj (Xj) < Yo xi=x.
This proves part (1) by letting x \( —oco.

(2) First, consider the case L = &. For any x < ess-inf(X), we have A*x)>1or A*(x)=1.
If A*(x) =1, then x ¢ L and, hence, there exists (xp, ..., x,) € R” such that Z:"Zl x; =x and
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Zl'-"zl Ai(x;) = 1. Therefore, we can always choose (xi, ..., x;,) € R such that Z:"Zl Xi =
x and Y™, Ai(x;)>1 whenever A*(x)>1 or A*(x)=1. Construct (Xi,...,Xy) as in
part (1). Then, P(X; > x;) <IP(A;) < Aj(x;) for j € [m], implying VaRXj (Xj) < xj. Therefore,
D;"leaRXl_(X) = —00.

Next, consider L # @&. Two subcases arise.

Subcase 1: Suppose sup L < ess-inf(X). By Lemma 6, we get 17" 1 VaR} (X) = sup L.
For any x € (sup L, ess-inf(X)), there exists (xi, ..., x,) € R™ such that > ;' x; =x and
Z;’;l Ai(x;) > 1. Construct X € A,,(X) as in part (1). Similarly, we have VaR), (X;) <x; for
j€lml. Thus, Y7, VaR, (X;) < x, yielding Dlm:]VaRXi(X) <supL by setting x \ supL.
Therefore, (172 1VaR:\i(X) =suplL.

Subcase 2: Suppose sup L > ess-inf(X). By part (1) of Lemma 6, we get that
D;"leaRXI_(X)Zess-inf(X). Also, by part (2) of Lemma 6, D;”ZIVaRXi(X)fess-inf(X).

Thus,
[ VaR}; (X) = ess-inf(X) = min {sup L. ess-inf(X)}
i=1 i
This completes the proof of the proposition. (]

Proof of Proposition 12. (1) The proof is similar to that of part (1) of Proposition 11.

(2) First, consider T = &. Then, for any x < ess-inf (X)izve have A*(x) <0. Thus, there
exists (x1, ..., X,) € R™ such that x=) 7" | x; and ) -, Ai(x;) > 1. Construct X as in the
proof of part (1) of Proposition 11. Then P(X; > x;) <IP(4)) < Aj(x;) for j € [m], implying
VaRXj(Xj) < x;. Therefore, (I VaR}; (X) = —oc.

Next, consider T £ &. Two subcases arise.

Subcase 1: Suppose sup T < ess-inf(X). For any xé€(supT, ess-inf(X)), there exists
(X1, ..., %n) €R™ such that > /", x;=x and Y ;" | A; (x;) > 1. Construct X € A,,(X) as in
part (1). Similarly, we have VaRJ/(j(Xj) <ux; for j € [m]. Thus, sz=1 VaRj(i(Xi) <ux, yielding
o 1VaR'I’\'i(X) <sup L by setting x \( sup 7. On the other hand, by Lemma 7, for any x € T,
we have Dl’."leaRX[(X) > x. Thus, D;.’;lVaRX[,(X) > sup L. This proves part (2) in Subcase 1.

Subcase 2: Suppose sup 7 >ess-inf(X). By part (1) of Lemma 7, we get that
om IVaRXl_(X) > ess-inf(X). Also, by part (2) of Lemma 7, O lVaRXi(X) < ess-inf(X).
Thus, 072 1VaRXi(X) = ess-inf(X) = min {sup 7, ess-inf(X)}. This completes the proof of the
proposition. u

Proof of Proposition 13. The proof is similar to that of Proposition 12. O

Proof of Lemma 6. (1) Assume on the contrary that D:.”leaRl_\i(X ) <xo. Then there
exists (X1, ..., X;) € A,,(X) such that Zf"zl VaRI_\i(X,-) < xo. Denote x; = VaRXi(X,-) for
ie[m]. Since A; is right-con@uous, E’ Lemma 1 it follows that P(X; > x;) < A;(x;).
Thus, Y70 P(X; > x;) < Yt Ai(xi) < A*(xp) = 1. However, | =P(X >xp) <Y /| P(X; >
x;). This leads a contradiction.

(2) For any x > ess-inf(X), P(X > x) < 1. From the definition of A* and its monotonicity, it
follows that

m
AFX) =5upy, 4.y e O Aiy) = AF(—00) > 1,

i=1
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implying that there exists (x1,...,X,)€R™ such that Y ', x;=x and Y 1, Ai(x;) >
P(X > x). Let {Ay, ..., A} be a partition of the set {X > x}, satisfying that
e
PA) =B >0 <D e,
> et M)

and define X, =X — Zm ! X;, where Xj= (X —x) la;,+x; for je[m—1]. Obviously,
X1, ..., Xm) € Ap(X) and P(X; > x;) < P(A;) < Ai(x;) for i € [m], implying VaRX[(Xi) < Xxj
for i € [m]. So we get Z;"Il VaRXl_(X,-) <x. The desired result now follows by setting x |
ess-inf(X). O

Proof of Lemma 7. (1) Assume on the contrary that D;"leaRXi(X ) < xg. Then there exists
(X1, ..., Xm) € Ap(X) such that Y7 VaR; (X;) < xo. Denote x; = VaR}; (X;) for i € [m], and
set € =x0 — Y it x;. Since A*(x) =0, it follows that Y%, A;(x;) < 1. Since x; +€/2 +
>, xi < xo, we have

A+ )+ZA (x) = A (xo) =1.

By Lemma 1 and right-continuity of A;, it follows that P(X; > x;) < Ai(x;) and P(X; > x; +
€/2) < A1(x1 + €/2). Thus,

m m
—]}D(X>in+§) §]P’<X1 > X1 +§)+Z]P’(X,~>x,~)
i=1 i=2

m

(x1+ ) Z x) <1,

which is a contradiction. This proves part (1).
(2) The proof is the same as that of part (2) of Lemma 6. O

Appendix D. Proofs of results in Section 5

Proof of Theorem 6. Eq. (5.10) follows from Theorem 2. We focus on constructing its
optimal and asymptotically optimal allocations according to different situations.

(1) Suppose that P(X > xp) < A*(xp). Let X € A, (X) be constructed as in the proof of
Theorem 4. It is easy to see that P(X; > x;) < Tj(xj), implying VaRX/_(Xj) < x; for j € [m]. By
(2.6) in Lemma 1, we have

P(Xj < xp) = P(X < x0) = Alxo—) = Aj(xj—),

implying VaRXi (Xj) = x; for j € [m], where the last inequality follows from the fact that A(y) <
Aj(y) for any y € R. Thus, VaRj\'j(Xj) =x; for j € [m], i.e. X is an optimal allocation of X.

(2) Suppose that P(X > xq) = A*(xg), and P(X > xo + €) < P(X > xo) for any € > 0. Let
{B)}nen be a partition of {X > x¢}, defined by B; = {X > x¢ + 1} and

1 1
an{XO+—<X§xo+ } n>2.
n n—1
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For k> 1, let {Bx1, - - - , Bun} be a partition of By, satisfying
Aj(x)) .
P(By) =P(By) - —e— j€lm].
! Y A
Denote C;= Ukzl Byj for je[m]. Thus, {Cy, ..., Cy} constitutes a partition of {X > xp}.
Construct an allocation of X as follows:
m—1
Xi=x;+(X —xo) ¢, ie[m—1]; Xm=X—ZXj. (D.1)
j=1

Note that P(X; > xj) =P(Cj) = Kj(xj) for j € [m] and that P(X; > x; + €) < P(C}) = Kj(xj) for
any € > (. Thus, VaRX/_(Xj) = x; for j € [m]. This proves part (2).

(3) First, suppose that A; (xj +€) < A; (x;) for any € > 0. Let X € A,(X) be defined as in
(D.1). Then P(X; > xj) = Kj(xj) < Tj(xj + €), implying VaRXl_(Xj) =x; for j € [m]. Thus, X is
an optimal allocation of X. ‘

Next, consider the second half of part (3). We prove that no optimal allocation exists
by contradiction. Assume on the contrary that there exists an optimal allocation X € A, (X).
Denote y; =VaRXj(Xj) for j € [m], satisfying Y, y; =xo. By the assumption of part (3),
there exists &, say, k =1, such that Ay (yx) = Ax (v + t0). Denote €; = min {¢g, 70} /2. Then
P(X1 > y1 +€1) < A1 + €1) = A1 (y1), and P(Xx > yi) < Ax(yx) for k > 2. Hence,

m
P(X > x0) =P(X > x0 + €1) <P(X; > y1 +€1)+ Y _ PX; > y)
i=2

<Y Ay =1 (xo),
i=1

which contradicts with the assumption P(X > x¢) = A*(xp).
Let X1n, - . ., Xon) € Ajp(X) be as defined by (5.8). By a similar argument to that of part (2)
in Theorem 5, we have

1y — _

P(Xin > 10— =) < M), POy > xta) < Akivn). =2,
implying that VaRXl_ (Xin) < Xiy for i € [m]. Hence, Y 1, VaRXi(Xi,,) <> Xin=x0+ 1/n.
By Theorem 2, the desired statement follows by letting n — 4-00. O

Proof of Theorem 7. (1) Suppose that P(X > xo) < A*(xg). In this case, there exists
(x1, ..., Xm) €R™ such that xo=)"7", x; and Y/~ Ai(x;) € (P(X > x0), A*(xp)). Let X €
A(X) be as defined by (5.2). Then P(X; > x;) =IP(C)) < xj(xj), implying that VaRXj(Xj) <X
for j € [m] and

m m
m
E1 VaRj([_(X) = Z VaRj(i(X,-) = Z Xi = X0-

i=1 i=1

In view of Theorem 2, we conclude that X is an optimal allocation of X with VaRj[j (X)) =x;
for j € [m].
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(2) First, we show that no optimal allocation exists by contradiction. Assume on the con-
trary that there exists an optimal allocation X € A,,(X). Denote x; = VaRXj(Xj) for j € [m].
Then Y1, x; =xp and A*(xp) = PX > x0) < 312 PX; > x) < 3724 A;(x;), However, by
Proposition 7, it follows that Z[mzl Ai(x;) < A*(xp), a contradiction.

Next, we turn to constructing a sequence of asymptotically optimal allocations. We consider
two subcases.

Subcase 1: Suppose that P(X > xp + €) < P(X > xo) for any € > 0. Let (X1, ..., Xon) €
A,,,(X) be defined by (5.6). Then

1 _
IP(X» : —) A, j e [ml,
jn > Xjn + o < ](-x]ﬂ) Jj€lm]

implying VaRXj (Xjn) < Xjn + 1/ (mn) for j € [m]. Thus, Y72 VaRY (Xin) < 1L Xin + 1/n =
xo+ 1/n.

Subcase 2: Suppose that P(X > xg + €9) = P(X > xp) for some €y > 0. Then A* (xg +€) <
A*(xg) for any € > 0. Construct (X1, ..., Xmun) € Ap(X) as in (5.8). Similarly, we have
YLy VaRy (Xin) <xo+ 1/n.

By Theorem 2, the desired statement follows by letting n — +o00. O

Proof of Theorem 8. We prove only part (3); the proofs of parts (1) and (2) are the same as
those of Theorem 6. We consider two subcases.

Subcase 1: Suppose that A; (x; +€) < A;j (x;) forany €e >0 and i€ K. Let (X1, ..., X;,) €
A, (X) be defined by (D.1). Then, P(X; > x;) = A;(x;) < Ai(x; +€) for i € K, and P(X; > x;) =
Ai(x;) for i ¢ K. Thus, VaR'Xj (Xj) < x; for all j € [m], implying Z:”: 1 VaR'Xi(Xi) = VaRX,k X).

Subcase 2:  Suppose that for any (yi,...,ym) €R™ satisfying > 7', yi=xo and
sz=1 E(yi) = A*(xp), there always exists some 79 > 0 such that Ax (yx) = Ax (yx + to) for
some k € [m]. By a similar argument to that in the proof of Theorem 6 (3), we can construct a

sequence of allocations (X1, . . . , Xmun) € Ayu(X), satisfying Z:":l VaR'Xl_(Xm) — Xp. U
Proof of Theorem 9. The proof is similar to that of Theorem 7. O
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