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Abstract

We prove large deviation results for Minkowski sums S,, of iid random compact
sets where we assume that the summands have a regularly varying distribution
and finite expectation. The main focus is on random convex compact sets. The
results confirm the heavy-tailed large deviation heuristics: “large” values of the
sum are essentially due to the “largest” summand. These results extend those
in [8] for generally non-convex sets, where we assumed that the normalization
of S,, grows faster than n.
Keywords: Minkowski sum, random compact set, large deviation, regularly
varying distribution
2000 Mathematics Subject Classification: Primary 60F10

Secondary 52A22

1. Introduction

Preliminaries on random sets and Minkowski addition. The theory of random sets is
summarized in the recent monograph [9]. For all definitions introduced below we refer
to [9]. Let F be a separable Banach space with norm || - ||. For A;, Ay C F and a real
number A, the Minkowski addition and scalar multiplication, respectively, are defined
by

A1+A2:{a1+a2: aleAl,CLQEAQ}, )\Alz{)\alz CL1€A1}.

We denote by IC(F') the class of all non-empty compact subsets of F'. Note that this is
not a vector space. However, it is well known that IC(F) equipped with the Hausdorff
distance

d(Aq, Ag) = Inax{ sup inf |la; — azl|, sup iIelg la —a2|}, A1, Ay € K(F),
1

a1€A; a2€A42 az€A» 01
forms a complete separable metric space. The Hausdorff metric is subinvariant, i.e.,

d(Al + A, As + A) < d(Al,AQ) for any Al,AQ, Ae IC(F)
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For any subset U of K(F), a real number A and a set A € K(F) we use the notation
M={\C:CeclU}landU+A={C+A: C elU}. Forsubsets Uy, Uz of K(F) we
denote d(Z/ll,Z/IQ) = ian1€Z/l1,A26U2 d(Al, Ag)

A random compact set X in F' is a Borel measurable function from an abstract
probability space (2, F,P) into K(F). Since addition and scalar multiplication are
defined for random compact sets it is natural to study the strong law of large numbers,
the central limit theorem, large deviations, etc., for sequences of such random sets; see
Chapter 3 in [9] for an overview of results obtained until 2005. A general Cramér-type
large deviation result for Minkowski sums of iid random compact sets was proved in
[2]. Cramér-type large deviations require exponential moments of the summands. If
such moments do not exist, then we are dealing with heavy-tailed random elements.
Large deviations results for sums of heavy-tailed random elements significantly differ
from Cramér-type results. In this case it is typical that only the largest summand
determines the large deviation behavior; see the classical results by A. Nagaev [10] for
sums of iid random variables; cf. [11, 6]. It is the aim of this paper to prove large
deviation results for sums of heavy-tailed random compact sets. In what follows, we
make this notion precise by introducing regularly varying random sets.

Regularly varying random sets. A special element of K(F) is Ag = {0}. In what follows,
we say that U C K(F) is bounded away from Ay if Ay & clU, where clU stands for the
closure of Y. We consider the subspace Ko(F) = K(F) \ {Ap}, which is a separable
metric space in the relative topology. For any Borel set i C Ko(F') and & > 0, we write

U ={A e Ko(F): d(A,C) <efor some C €U}.

Furthermore, we define the norm || 4| = d(4, Ao) = sup{||al| : a € A} for A € K(F),
and denote B, = {A € K(F) : ||A|| < r}. Let Mo(Ko(F)) be the collection of Borel
measures on Ko(F) whose restriction to IC(F) \ B, is finite for each » > 0. Let Cp
denote the class of real-valued, bounded and continuous functions f on KCo(F') such
that for each f there exists » > 0 and f vanishes on B,. The convergence p,—u
in M (ICO(F)) is defined to mean the convergence [ fdu,— [ fdu for all f € Co.
By the portmanteau theorem ([5], Theorem 2.4), p,—p in Mo (Ko(F)) if and only
if p, (U)—p(U) for all Borel sets U C K(F') which are bounded away from Ay and
satisfy u(0U) = 0, where OU is the boundary of U.

Following [5], for the general case of random elements with values in a separable
metric space, a random compact set X is regularly varying if there exist a non-null
measure pu € Mo (Ko(F)) and a sequence {as, }n>1 of positive numbers such that

nP(X € ay-)—p(-) in My(Ko(F)). (1)

The tail measure p necessarily has the property p(AA) = A\~ *u(U) for some o > 0, all
Borel sets U in Ko(F) and all A > 0. We then also refer to regular variation of X with
index o and write for short X € RV (a, p). From the definition of regular variation of
X we get ([5], Theorem 3.1)

[P(X € t(K(F)\ B)) " P(X € t)—scu() in Mo(Ko(F)) ast — o0,  (2)

for some ¢ > 0. The sequence {a,},>1 will always be chosen such that nP(X €
an(K(F) \ B1))—1. With this choice of {ay },>1, it follows that ¢ = 1 in (2).
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An important closed subset of I(F') is the family of non-empty compact convex
subsets of F, denoted by coC(F). Denote the topological dual of F by F* and the
unit ball of F* by B*, it is endowed with the weak-* topology w*. The support function
ha of a compact convex A € coK(F) is defined by (see [9])

ha(u) =sup{u(z): z € A}, wue€ B

Since A is compact, ha(u) < oo for all uw € B*. The support function hy is sublinear,
ie., it is subadditive (ha(u + v) < ha(u) + ha(v) for all u,v € B* with v +v € B*)
and positively homogeneous (ha(cu) = cha(u) for all ¢ > 0, u € B* with cu € B*).
Let C(B*,w*) be the set of continuous functions from B* (endowed with the weak-x
topology) to R and consider the uniform norm || f||« = sup,ep- |f(v)|, f € C(B*, w*).
The map h: coK(F) — C(B*,w*) has the following properties

hay+a, =ha, +ha,, haa, = Aha,, Al,AQECOK(F), A>0,

which make it possible to convert the Minkowski sums and scalar multiplication,
respectively, of convex sets into the arithmetic sums and scalar multiplication of the
corresponding support functions. Furthermore,

d(AlaAQ) = HhAl - hAzHOO' (3)

Hence, the support function provides an isometric embedding of co I(F') into C(B*, w*)
with the uniform norm. If G = h(co K(F)), then G is a closed convex cone in C(B*, w*),
and h is an isometry between co IC(F') and G.

A random compact convex set X is a Borel measurable function from a probability
space (€2, F,P) into co L(F'), which we endow with the relative topology inherited from
K(F). The support function of a random compact convex set is, clearly, a C(B*, w*)-
valued random variable taking values in G.

The definition of a regularly varying random compact convex set parallels that of a
regularly varying random compact set above, and we are using the same notation: a
random compact convex set X is regularly varying if there exist a non-zero measure
e My (co Ko(F )) and a sequence {ay, },>1 of positive numbers such that

nP(X € ay-)—p(-) in My(coKo(F)). (4)

Once again, the tail measure p necessarily scales, leading to the notion of the index of
regular variation.
The following lemma is elementary.

Lemma 1. (i) A random compact convex set X is regularly varying in co KC(F) if and
only if its support function hx is regularly varying in C(B*,w*). Specifically, if (4)
holds for some sequence {a,}, then for the same sequence we have

nP(hx € an-)—v(-) in Mo(C(B*,w")), (5)
where v = pohy' (the “special element” of C(B*,w*) is, of course, the zero function,).

Conversely, if (5) holds, then (4) holds as well with p = v o hx. In particular, the
indices of reqular variation of X and hx are the same.
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(i) If a random compact set X is reqularly varying in K(F') then its convex hull co X
is a random compact convex set, that is reqularly varying in coKC(F'). Specifically, if
(1) holds, then so does (4), with the tail measure replaced by the image of the tail
measure from (1) under the map A — co A from K(F) to coK(F). In particular, X
and co X have the same indices of regular variation.

Proof. Since isometry implies continuity, the support function is homogeneous of
order 1, and assigns to the “special set” {0} the “special element”, the zero function,
the statement of part (i) of the lemma follows from the mapping theorem (Theorem
2.5 in [5]). For part (ii) note that the map A — co A from K(F) to coK(F) is a
contraction in the Hausdorff distance, hence is continuous. It is also homogeneous of
order 1. Since the “special set” {0} is already convex, the statement follows once again
from the mapping theorem.

Organization of the paper. In Section 2 we consider various examples of regularly vary-
ing compact random sets. In Section 3 we prove large deviation results for Minkowski
sums S, of iid regularly varying random compact sets. To the best of our knowledge,
such results are not available in the literature; they parallel those proved by A. and
S. Nagaev [10, 11] for sums of iid random variables. The case of general random
compact sets is treated in [8]. The price one has to pay for this generality is that the
normalizations \,, of the sums S,, have to exceed the level n. The situation with milder
normalizations considered in the present paper is much more delicate. Our main result
here assumes that the random sums are convex, but we include partial results in the
non-convex case as well.

2. Examples of regularly varying random sets

Simple examples of regularly varying random sets can be constructed from iid F-
valued random elements &1, ..., &k, k > 2, which are regularly varying with index a > 0
and tail measure v. The following three examples of random compact sets are distinct
but the tail measures turn out to be the same. For the proofs we refer to [8].

Example 1. The conver hull X = co{&,..., &} € RV(a,kv o T71), where T :
F — coK(F) is defined by the relation T'(z) = [0,z], and for z,y € F, [z,y] is
the random segment with endpoints z,y. The random zonotope X' = Zle[(),éi] €
RV(a, kv oT™1). The random set X = Ui<icj<il&i &) is a compact, but generally
non-convex, subset of F. The map g : (z1,...,2x) — Ur<icj<klzi, 2;] from F* to KC(F)
is continuous, homogeneous of order 1, and maps the zero point in F* to Ay, which
is now viewed as the “special element” of IC(F'). The continuous mapping argument
used in the examples of [8] shows that X € RV(a,kv o T71), where now we view
T(xz) = [0,z] as a map from F to K(F). Note that the tail measure is supported by
convex sets as in Theorem 2 below.

Another example of regularly varying random set is a sojourn set of multidimensional
Brownian motion.

Example 2. (Sojourn set.) For k > 3, let {W, = (Wt(i))izl,,,,)k, t € RY} be a
standard Brownian motion, i.e., the W;’s are independent standard Brownian motions
in R. Then {||W¢||, t € RT} is a Bessel process of order k.
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Consider the random set X = {t € RT : ||[W,|| < 1}. We claim that this set is
regularly varying with index o = (k — 2)/2. To see this, let us define

M =sup{t: te X} =sup{t e RT: |[Wy] <1}.

It follows from the last part of Exercise 1.18, p. 450 in [12] that M ~1 is x7_,-distributed.
Therefore

1
2(k=2)/21(k/2)
The map T : Rt — K(R) given by T'(x) = {0, z} is continuous, homogeneous of order
1 (and, hence, maps the zero point into Ag). Then the set Y = {0, M} C X is regularly
varying with index @ = (k — 2)/2 and, with the measure v on R™ defined above,

nP(Y € n* ) —poT () in My(Ko(R)).

P(M >t) ~ t=*=2/2 = y(t,00), t — oo,

This relation remains valid with Y replaced by X, once one can show that for any
e >0,
nP(d(X,Y) > n**=2¢g)—o0. (6)

Since Y C X, we have, with 7' = inf{t > n?(*=2c: |W,| < 1} € [n?/*=2)¢ 0],
P(d(X,Y) > n**=2¢)
= P(X contains a point separated by more that n?/*=2¢ from both zero and M)
<P(M —T > n¥*2¢),

Note that 7' is a stopping time, the process {||W¢||, t € RT} is a Feller process, hence
strongly Markov; see [12], p. 446. Therefore,

P(M T > n2/(k_2)€) = E(l{T<oo}P||WT|| (M > 7’L2/(k_2)€)).

At time T < oo, the Brownian motion is inside the closed unit ball, hence returning
to that closed unit ball at a later point means being within a distance of at most 2 of
the initial point. Therefore, on the event {T" < oo}, with probability 1,

Piwo (M > n?*=2e) < P(sup{t € R" : |[W,| < 2} > n*/ ")
= P(M > n2/(k_2)5/4) <ent
for n large enough, for some ¢ > 0. We conclude that for large n,
P(d(X,Y) > n**2e) <en™'P(T < o)
<enT'P(M > n¥F2e) = O(n~?)
as n — oo, thus proving (6).
The random set of this example can be naturally embedded into the space R¥ by

defining
X, = {tW;: tcR": |[W,| <1} C RN

It follows from what we already know about the set X, that X is regularly varying,
with the tail measure

= (vx H)oTy
where H is the normalized Haar measure on the unit sphere S*~1, and 7y : R* xSk~ —
K(RF) given by Ti(z,s) = [0, sx].
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3. Large deviations in the presence of expectation

In [8] we considered large deviations for the sums S, = X7 + --- + X, of iid regularly
varying random compact sets X;, ¢ = 1,2,..., which were not necessarily convex.
However, we had to assume that the scaling sequence {\,} of {S,,} had to grow faster
than n. This is not a very natural condition if the index of regular variation o > 1. In
Theorem 1 below we will relax the conditions on {A,} by assuming that we can define
the expectation of a random set, but we will restrict ourselves to compact convex sets.
Let X be a random compact set in F. Following [9], a random element ¢ € F is a
selection of X if € € X a.s. and if E||£]] < oo, £ is an integrable selection. The selection
expectation of X is defined as EX = cl{IE§ : € is an integrable selection of X } The
selection expectation of a random compact convex set is defined in the same way. The
selection expectation is necessarily a convex set (assuming sufficient richness of the
underlying probability space), even if X itself is not convex. If X is a random compact
convex set and E||X|| < oo, then the selection expectation of X is the unique convex
compact set EX satisfying Ehx (u) = hex (u) for all u € B*; see [9], Theorem 2.1.22.

Theorem 1. Let {X,,}n>1 be an iid sequence of random compact convex sets, reqularly
varying with index o > 1 and tail measure p € Mo (coKo(F)). Assume that E|| X[ <
00. Consider a sequence {\p}n>1 such that A, /" oo,

A 1d(S,, nEX) —0, (7)
MEA(S,, nEX,)—0, (8)

and for somen > 0, (i) Ap/n'/*"—o0 if a > 2, and (i) \,/n*/*T"—oco0 if 1 < a <
2. Then, with v, = [nP(|X1] > X)),

1P (S € A - +nEX1)—p(-)  in Mo(coKo(F)).

Remark 1. Notice that the assumptions of the theorem imply that A, /a,—oc.
Regarding the assumptions on the random set, we start by observing that the condition
E|| X1 < oo is automatic if & > 1. Further, condition (7) can be easily verified if
the random sets satisfy the central limit theorem. For example, if d(S,,nEX;)/\/n
converges in distribution (as it does when a Gaussian central limit theorem holds)
and M\, /y/n—o0 then (7), obviously, holds. This Gaussian central limit theorem
requires o > 2, and assumption (i) of the theorem already implies that A, //n—o0.
Alternatively, if d(S,,, nEX1)/a, converges in distribution in the context of an a-stable
central limit theorem, 1 < « < 2, then (7) also holds since A, /a,—00. Sufficient
conditions for the central limit theorem can be found in [4, 9]. If the Gaussian central
limit theorem is satisfied, then condition (8) follows by the isometric embedding (3)
and Corollary 10.2 in [7].

The usual choice of the scaling sequence is, of course, A,, = n. Then condition (7)
follows from the strong law of large numbers which is satisfied for any sequence { X, }
of iid random compact convex sets in F' by virtue of [4], Theorem 3.1 (the law of large
numbers for random compact sets in R? was established even earlier, by [1]). Since
the law of large numbers in a separable Banach space implies the L' convergence, the
isometric embedding (3) implies (8) as well. Conditions of the type (7), (8) and growth
conditions on {\,} similar to those used in Theorem 1 have been widely used in simple
non-set-valued large deviation contexts; see e.g. [11, 3, 6].
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Proof of Theorem 1. Let U C coKo(F') be a p-continuity set, bounded away from
Ao. We will show that v,P(S, € AU + nEX;)—u(U). We start with an upper
bound:

P(S, € AU + nEX1) =P (S, € AUl + nEX1, Ul {X; € \U})
+ P(Sn € Ml +nEX1, N {X; & MUY
< nP (X1 € AMU) + P (S, € \ld + nEX1, N { X5 & \lUTY)
= Il + IQ.

It follows from (2) and p-continuity of ¢ that

I . L,
p(th) = lim liminfy, Iy < lim limsupy,fy n(U)

n—oo
In order to show 7, Is—0 we use the isometric embedding h : co K(F) — C(B*,w*)
given by the support function. In the new language we have

n

Ynl2 = 'YHP(Z(hxl - Eth) S Z mi:l{hXi ¢ /\nvs})v

i=1
where V = h(U) is bounded away from the zero function. Note also that v, =
[nP(|[hx,|loo > An)] " Let Y; = hx, — Ehx, and S,, = 3.7, ¥;. Then
s > EAn}).

For 0 < ¢ < /3 consider the following disjoint partition of Q: B; = U, {||hx;,
A} and By = {maxizl,,,,m hxlloo < 5)\n}. Then

I < P(Ny{||Sn — hx,

0o >

PNy {[Sn — hx,llc > €Xn} N By)
< ZP(HS’n — hxlloo > €A, [hx, lloc > 5)‘71)
k=1

< P([Sn=1 —Ehx, [l > €An) [nP(lhx, [loc > 6An)]

<P([Sn-1llo > eAn — [|Bhxy|loo) [2P(lhxy]loo > 6An)]-
By (7), the first term in the right hand side above vanishes as n — oo, while by Lemma
1(i) the second term, when multiplied by Yn, converges to a finite limit. As regards
Bs, we denote Y = Y;1{jy,|_<2sr,} and S5 = 3" VP As 6 < /3, we have for
sufficiently large n,

(N

0o > €M NB2) < P(||Sn-1]lec > eXn/2, _max Vil < 26\,).

seesn—1

The required upper bound in the theorem will follow once we can show that for 6 > 0
small enough, 7, P ([|53]lsc > An)—0. Observe that

P(1S0 e > €An) <P (IS0 loc —ElShlloc > €An/2) + Ligyzs)sernyzy (9

Applying inequality (6.13) from [7], we see that for any b > nE||Y? |2,

~ ~ € € b 2002
P (115l — ElIS3lloc > €An/2) < 2exp {g ~ (g + W) log (1 + = )} .
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If @ > 2 and E|hy, |2, < oo, we take b = nE||Y1]|%,. If @ < 2 and E|hy, |2, = oo,
then for large n we take b = 2n (||EhX1HgO + E||hX1||g01{||hxl|‘w§35>\n}) dfa=2, by

Karamata’s theorem, we have b = nl(n) for a a slowly varying (at infinity) function .
If 1 < a < 2, then by Karamata’s theorem our choice results in b ~ cnA2P (||hx, [l >
35)\n) as n — oo for some ¢ > 0. In all three cases for all § > 0 small enough,

P (1158100 = EllSSllow > £An/2) —0.

The second term of (9) is zero for sufficiently large n. Indeed, if « = 1 and E|hx, [|oc <
00, then the choice of A, trivially shows that E|[S? || /A —0. For a > 1 we write

E[[Splloo/An < EllSnlloc/An +ElSn — Splloo/An,
and observe that E|[S,, s/ An—0 by the assumption (8). To see that
E[[Sn — Splloe/An—0
notice that, by Karamata’s theorem and the choice of A,

A nEYi[loo Ly, o> 20,y ~ enP([[hx; [loo > 20X,)—0.

”00

We conclude that, for any p-continuity set U4 bounded away from Ag,

lim sup FYnP(Sn € Anu + NEXl) < /L(us) —>,U,(L{),

n— o0 N0

where the limit is taken along such € > 0 that U/® is a continuity set.
To prove the corresponding lower bound, write for U as above

P(S, € \id +nEX1) > P(S, € Ald + nEX1, U {X; € \U™°Y)
> P(UL {X; € U5}
— P(Sn ¢ A + nEXl,U?:l{Xi S )\nZ/I_E}) =1 — .

The same argument as in the proof of the upper bound shows that ~, I,—0 as n — co.
Furthermore, a Bonferroni argument shows that

Yo It = ny P (X1 € Mld ™) — 7, 0.5n(n — 1)[P(X1 € \ld~9)]2.

By the choice of A, for ¢ > 0 so small that &/~¢ is bounded away from Ay and a
p-continuity set, liminf,, . v,I1 > u(b{_a). Letting ¢ — 0 establishes the required
lower bound, completing the proof.

The statement of Theorem 1 is a bit unusual in the context of large deviation results:
while P(S,, € A,/ +nEX;), U a measurable subset of co Ko(F), is, in fact, a probability
measure on co Ko(F'), the sets AU + nEX; do not cover all measurable subsets of
coKo(F), except in the trivial case X3 = Ay a.s. This is especially inconvenient in
the case of linear scaling A\, = an for some a > 0, when the statement of Theorem
1 can be written in the form v, P((an)™'S, € - + a 'EX1)—pu(-) in Mo(coKo(F))
which leaves unanswered the obvious question of how the law of (an)~1S,, behaves on
sets that are not in co Ko(F)+a 'EX;. The following proposition yields the expected
answer: at the usual large deviation scaling the mass outside of coKo(F) + a 'EX;
asymptotically vanishes.
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Proposition 1. Under the assumptions of Theorem 1, v,P((an)~1S, € U)—0 as
n — oo for every a > 0 and measurable subset U with T := d(Z/{, co ICO(F)—i-a—lIEXl) >
0.

Proof. We again switch to the isometric embedding h : co K(F) — C(B*, w*) given
by the support function. Let V = h(U) and W = h(co Ko(F)+a 'EX1). By isometry,

inf — gl =T 10
fegjr}gewllf gl T (10)

For § > 0 we write in the notation of the proof of Theorem 1,
P((an)~'S, e U) = P((an)~1S, + a 'Ehx, € V)
< P(|lhx;,loc > 6n for at least two different j =1,...,n)

+) P((an) 'S, + a'Ehx, €V, |lhx, oo < Oni# ji=1,...,n)

j=1
=1 + Is.
We already know that v,,I1 —0. Furthermore,
Iy = nP((an) ™18, + a 'Ehx, € V, ||hx,|loc <Onfori=1,...,n—1)
<nP((an)7'S, + a 'Ehx, €V, ||Sn_i1]lee < Tan/2)
+ 1P (||Sn-tlloo > Tan/2, |hx;|loc < nfori=1,...,n— 1)
= Io1 + Ioo.

Note that
(an)~'S, +a 'Ehx, = (an) 'hx, + a 'Ehx, + (an)~'S,_1 — (an) 'Ehx,.
Clearly, hx, /(an) + Ehx, /a € W, while on the event described in I,
[(an) " Sp—1 — (an) "Bhx, o < 0.57 + (an) ' |Ehx, [leo < T

for large n. Therefore, (10) says that Iy = 0 for large n. Furthermore, we have already
established in the proof of Theorem 1 that 7, loo—0 as n — oo if § is small enough,
relative to 7. The statement of the proposition follows.

An interesting question is whether Theorem 1 extends to generally non-convex
random compact sets. A first observation is the following: while the set function
P(S, € A\ +nEX7) is a measure on measurable subsets U of co Ko (F), it is generally
NOT a measure on all measurable subsets U of Ko(F). For example, for disjoint
collections of compact sets, Uy and Us, the collections U; + nEX; and Us + nEX,
may not be disjoint. Therefore we cannot hope for a result stated as convergence
of measures but one can hope for a convergence result of set functions evaluated on
certain sets; see below. We only consider regularly varying random compact sets in
R? for some d > 1 for which the tail measure is supported by coC(R9). Informally,
those are random compact sets whose tails are the heaviest “in the convex directions”.
A good comparison is with real-valued regularly varying random variables whose tail
measures are supported by the positive half-line, e.g. a-stable variables with 1 < @ < 2
and 8 = 1; see [13], Chapter 1. We only consider linear scaling sequences {\, }.
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Theorem 2. Ford > 1 let {X,,}n>1 be an iid sequence of random compact sets in R,
X1 € RV(a, p) with o > 1, E[|[ X < 0o and p € Mo (Ko(R?)) supported by co K(R?).
Fora >0 and U C K(R?) let

V' ={VecokKRY): V+a'EX; €U +a 'EXy)},
Vi={VeckR): V+a'EX; €intd +a 'EX;)}.

Then for U bounded away from the “special element” Ao, with v, = (nP(||X1] >
an))™1,

u(V*) < liminf~,P(S, € and + nEX,) < limsup~,P(S, € anld + nEX;) < u(V*).

n—oo

Consider the complete separable metric space K(F) x coK(F) equipped with the
topology of coordinate convergence. With “special element” ({0},{0}), we define
My (K(F) x co K(F)) as the space of Borel measures on the metric space that are finite
outside of a neighborhood of the “special element”. Regular variation of a random pair
(X,Y) € K(F) x coK(F) can be defined straightforwardly.

The proof of the following lemma is the same as that of the second part of Lemma 1.

Lemma 2. If a random compact set X is regularly varying in K(F) then the pair

(X, co X) is regularly varying in K(F) x co K(F). Specifically, if (1) holds, then
nP((X, c0X) € an-> —v(-) in Mo(K(F) x coK(F)),

where v = po (I,c)™t, with I the identity map, and ¢ : K(F) — coK(F) is the

continuous map assigning to a compact set its convex hull.

Proof of Theorem 2. Let us start with the following consequence of the regular
variation assumptions imposed in the theorem: for every € > 0,

P(t'd(X,c0X) >0 | |[|X]|| > et)—0 ast — oo for every & > 0. (11)
To prove (11) we may and will assume that £ = 1. Notice that by Lemma 2,

I/({(AvB) €, HB” > 1})

Pt (X,coX) e ||X]|>t)— v({(A,B): |B| > 1})

(12)

weakly in (R?) x co/C(R?), and the limit measure is concentrated on pairs (B, B)
where B is convex. Since the map (4, B) — d(4,B), K(R?) x coK(R?) — [0, 00)
is continuous, we conclude that the conditional law of d(X,coX)/t given || X|| > ¢
converges weakly to the law of d(A, B), where the pair (A, B) is distributed according
to the law in the right hand side of (12). However, d(A, B) = 0 a.s. according to the
latter law, and so (11) follows.

Denote S? = coX; + - +coX,, n > 1. Let U C Ko(F) be bounded away from
Ap. For € > 0 we write, with \,, = an,

VP (Sn € AU + nEX1) = 7P (Sn € Mld + nEX, d(S,, Sp) > eAy) (13)
+ 7P (Sn € Mld +nEX1, d(S,, S)) < edp) =1 + L.
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To estimate I1, we will use the following estimate on the Hausdorff distance between
sums of compact sets and their respective convex hulls (e.g. p. 195 in [9] or p. 881 in
[1]): for any n > 1 and compact subsets Ay, ..., A, of R%,

d(A 4 ...+ An, c0A +...+coA,) < d/? max ||A . (14)
j=1,.
Then
I <4, P(d(Sn, Sn) > eAy)
= 1P (d(Sn, S9) > e, | X, < [e/(2d" )]\, for each j = 1,. ,n)
+ 1P (d(Sy, SY) > e, |1 X5 > [e/(2d"/?)]\, for exactly one j = 1,. ,n)

+ 7P (d(Sn, S9) > eXn, || X5 > [e/(2dY?)| A, for at least 2 different 5 =1,...,n
=TI + L2+ Lis.

It follows from (14) that, if | X, < [¢/(2d"/?)]\, for j = 1,...,n, then d(S,,S%) <
€An/2, so that I1; = 0. Furthermore,

Lis <P (| X;] > [/(2d*?)] A, for at least 2 different j = 1,...,n)—0
by the choice of the sequence {\,,}. Finally, we use (14) once again to see that
Iy = %ZP (d(Sn, S2) > edn, 1X;]] > [e/(2d") A,
||Xz-|| < [e/(2d"*)| A, fori=1,...,n, i # j)
<Y > P Xi > coX;) +d(X;, coX;) > e,
j=1 i#] i
1X1 > [/ (2dY)An, 1G]] < [/ (2d"/2)An for i =1, n, i # j)
<Y Y P(eAn/2+d(X;, c0X;) > edn, | X > [¢/(2d"%)]\n)

J=1

= P(IX > X)) P (X1, c0 X1) > eXn/2, [ Xa] > [/(2d"/2)]A, ) —0

by (11) and regular variation. Therefore, I; —0 in the right hand side of (13).
For the second term in the right hand side of (13) we have, since A\, = an,

I < v,P ((an) 'S5 € (U +a'EX1)7).
Denote V*¢ = {V € coK(R?) : V +a 'EX; € (U +a 'EX;)%}, so that
I < 7,P((an) ™'Y € V** + a'EX1) + 7, P(d((an) 1SS, coK(RY) + a'EX,) > ¢)
= Io1 + Ioo.

By Proposition 1, Io—0. Furthermore, the set V*?¢ is a closed subset of co K(R?)
that is bounded away from Ag. Therefore, by Theorem 1, limsup,, . 21 < M(V*QE).
Since V*?¢ | V* as ¢ — 0, we conclude that

limsup v, P(S, € anUd +nEX;) < p(V*),

n—oo
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and the proof of the corresponding lower bound on I in the right hand side of (13) is
similar.
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