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1. INTRODUCTION

Originated in geometry, a widely used definition of an asymptote says that
it is a line (or a halfline) that continually approaches a curve or a surface but
does not meet it. In convex geometry, this definition was generalized by Gale
and Klee [2], who defined an asymptote of a nonempty closed subset X of
the Euclidean space R™ as a halfline h which lies in R" \ X and satisfies the
condition §(X, h) = 0, where the inf-distance §(X,Y’) between nonempty sets
X and Y in R” is given by

O(X,Y)=inf{llz —y| : 2 € X,y Y}

Later, Klee [4] introduced the concept of j-asymptote of a closed convex set
K C R" as a plane L C R” of dimension j, 1 < j < n — 1, satisfying the
conditions K N L = @ and §(K, L) = 0. In particular, a 1-asymptote is a line
asymptote (see Figure [1)).

Plane asymptotes appeared to be a useful tool in the study of various
properties of convex sets. For instance, closed convex sets in R” without plane
asymptotes are precisely those whose affine images are closed (see [I], 5 [9]).
Certain classes of convex sets (like continuous convex sets, M-decomposable
sets, and M-polyhedral sets) have suitable geometric properties due to the
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L

Figure 1: A plane asymptote L of a convex set K.

absence of plane asymptotes (see [2, [, [7, 8, [11]). The range of dimensions of
plane asymptotes of a given closed convex set in R™ was investigated in [3] [5].

In the study of asymptotic behavior of convex sets, it is often desirable
to describe their line or halfline asymptotes. This task is often difficult (if
possible at all) partly due to the fact that the family of plane asymptotes is
not hereditary (see, for instance, Example below). Our goal here is to
show that plane asymptotes of a given convex set K C R™ always contain
closed cones which are asymptotes of K (see Theorem and Theorem
below). Also, we study some geometric properties of cone asymptotes.

For terminological convenience, we will say that a nonempty closed set
X C R™is an asymptote of a nonempty closed set Y C R" provided XNY = &
and 0(X,Y) = 0. Furthermore, we use the expression cone asymptote to
distinguish it from another established concept, asymptotic cone Cx of a
nonempty set X C R", which is a cone with apex at the origin o, defined by
Cx = (cl((0,€]X) : e >0).

We conclude this section with necessary definitions, notation, and results
on convex sets in the n-dimensional Euclidean space R™ (see, e.g., [10] for
details). The elements of R™ are called vectors, or points. In what follows, o
stands for the zero vector of R”. We denote by [u,v], and [u,v), respectively,
the closed segment with endpoints u,v € R™ and the closed halfline through
v with endpoint u:

[u,v] ={(1 = ANu+ v : 0 < <1},
[u,v) ={(1 = Nu+ v : A >0}.

Also, u-v will mean the dot product of w and v, and ||u| denotes the
norm of u.

Given a pair of subspaces T C S of R™, a subspace F' C R" will be called
complementary to T in S provided FNT = {o} and F +T = S. By an
r-dimensional plane L in R", where 0 < r < n, we mean a translate of
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a suitable r-dimensional subspace S; of R™: L = u + Sr, where u € R™.
The subspace S}, is uniquely determined by L and equals L — v for any choice
of velL.

A closed halfspace V of R™ is defined by V = {x € R" : z-e < v}, where e
is a nonzero vector and -y is a scalar. If L C R" is a plane of positive dimension,
then by a closed halfplane of L we will mean any set of the form LNV, where
V' is a closed halfspace of R™ satisfying the condition @ # LNV # L.

In what follows, K means a nonempty convex set in R™. The relative in-
terior and relative boundary of K are denoted rint K and rbd K, respectively.
A convex set K C R" is called line-free if it contains no lines. For a nonempty
set X C R"™, the notations cl X and conv X stand, respectively, for the closure
and the convex hull of X. If X is bounded, then the set Y = conv(cl X) is
compact.

We recall that a nonempty set C' in R" is a cone with apex v € R" if
v+ Mz —wv) € C whenever A\ > 0 and x € C. (Obviously, this definition
implies that v € C, although a stronger condition A > 0 can be beneficial;
see, e.g., [6].) A cone C with apex v is called convex if it is a convex set, and
is called nontrivial if C' # {v}. The polar cone C° of a convex cone C' C R”
with apex o is defined by

C°={zeR":z2e<0 Veec C}.

It is known that C° is a closed convex cone with apex o. Furthermore, C° is
n-dimensional provided C is line-free.
For a convex set K C R™ and a point v € R", the generated cone C,(K)
is defined by
Co(K)={v+ Az —v) : ze K, \>0}.

Both sets C,(K) and cl C,(K) are convex cones with apex v.
The recession cone of a convex set K C R"” is defined by

rec K = {e € R" : z+ Ae € K whenever z € K and A > 0},
and the lineality space of K is the subspace defined by
lin K =rec KN (—recK).

We will use the following properties of recession cones and lineality spaces of
closed convex sets.

(P1) rec K is a closed convex cone with apex o; it is distinct from {o} if and
only if K is unbounded.
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(P2) For any given point u € K, the cone rec K is the largest among all closed
convex cones C' C R™ with apex o satisfying the inclusion u + C C K.

(P3) One has K +1lin K = K.

(P4) If C C R™ is a closed convex cone with apex o, then lin C' is the largest
subspace contained in C.

2. HALFPLANE ASYMPTOTES

Klee [4] (also see [3]) observed that a line asymptote of a closed convex set
K C R" contains a halfline asymptote. Our first result partly generalizes this
assertion to the case of halfplanes of a plane asymptote.

THEOREM 2.1. If K C R"™ is a closed convex set and L C R"™ is a plane
asymptote of K, then the following assertions hold.

(a) For any bounded set X C L, there is a closed halfplane of L, disjoint
from X, which is an asymptote of K.

(b) For any bounded set Z C L, there is a closed halfplane of L, containing
Z, which is an asymptote of K.

Proof. (a) Consider the sets
M,={zelL :6K,z)<1/r}, r>1

We state that every set M, is nonempty, closed, and convex. Indeed, since
d(K,L) = 0, there are points p € K and g € L such that ||[p —¢q| < 1/r.
Obviously, d(K,q) < |lp — ¢|| < 1/r, which gives the inclusion ¢ € M,. If a
sequence of points q1,qs,... € M, converges to a point ¢, then ¢ € L due to
the closedness of L. Because the function §(K,x) continuously depends on
x € R" (see, e.g., [0, Theorem 8.21}), one has

O(K,q) = lim 0(K,q) <1/r,
21— 00

implying the inclusion ¢ € M,.. So, the set M, is closed.
For the convexity of M,., choose any points q,q € M, and a scalar £ > 0.
There are points p,p’ € K such that

lp—qll <K, q)+e<1/r+e, | —d| <K, {)+e<1/r+e.
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Given a scalar A € [0, 1], put
po=(1—=XNp+Ap' and go=(1-XN)g+ A

Then py € K by the convexity of K, and gy € L because (1 — p)q + uq’ € L
whenever p € R (see [10, Theorem 2.38]). Furthermore,

6(K,q0) < [lpo — ol
<(@A=Np—dgll+ M =] <1/r+¢ for each € > 0.

Thus §(K, qo) < 1/r, which gives qo € M,. So, the set M, is convex.
Next, we observe that M; N MsN--- = &. Indeed, assuming the existence
of a point u € My N MyN--- C L, we would have

(K ,u) <inf{l/r : r > 1} =0,

which gives u € K. The latter contradicts the assumption K N L = &.

Let X be a bounded subset of L. Then the convex set Y = conv(cl X) is
compact. By the above argument, Y N M; N MsN--- = &. Since the sequence
of closed sets Mj, Mo, ... is decreasing, the compactness of Y implies the
existence of an integer ¢ such that Y N M, = & for all r > t. Furthermore,
d(Y, M;) > 0. Hence there is a hyperplane H C R™ separating Y and M; such
that these sets are contained in the opposite open halfspaces determined by H
(see, e.g., [10, Theorem 10.12]). Denote by V' the closed halfspace determined
by H and containing M;, and let P = L NV. Clearly, P is a closed halfplane
of L containing M; and disjoint from Y. Furthermore,

(K, P) <inf{6(K,M,) : r >t} <inf{l/r : r >t} =0.

Summing up, P is an asymptote of K.

(b) Let Z be a bounded subset of L, and let P be a closed halfplane of
L which is an asymptote of K (the existence of P is proved above). By a
compactness argument, one can choose a translate v + P of P which lies in L
and contains P U Z. Obviously, the halfplane v + P is an asymptote of K. |

We observe that the method of proof of Theorem gives a limited choice
of halfplane asymptotes of K, as illustrated by the next example.

EXAMPLE 2.2. Consider K = {(z,y,2) : © > 0,y > 1/x}, closed convex
set in R3. It is easy to see that the coordinate zz-plane of R, say L, is an
asymptote of K. The sets M, C L defined in Theorem are vertical closed
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halfplanes of L of the form {(z,0,2z) : © > a,}, r > 1. Consequently, the
halfplane asymptote P of K described in Theorem should be of a similar
form. On the other hand, it is easy to see that the only closed halfplanes of
L, which are not asymptotes of K, have the form {(x,0,z) : z < \}.

3. CONE ASYMPTOTES

We are going to refine the argument of Theorem to describe a wider
family of asymptotes which are subsets of a given plane asymptote. For a
nontrivial closed convex cone C' C R"™ with apex o, consider its conic e-
neighborhood D.(C'), € > 0, defined as the union of all closed halflines h C R”
with apex o which form with C' an angle of size at most €. Clearly, D.(C) is
a closed cone (not necessarily convex) with apex o. For the following lemma,
we recall that S; denotes the subspace which is a translate of a plane L C R".

LEMmMmA 3.1. If L C R” is a plane asymptote of a closed convex set
K C R", then {o} # rec K NSy, ¢ lin K. Furthermore, rec K NSy, # Sy

Proof. The assertion {0} # rec K NSy ¢ lin K is proved in [9]. Next,
assume for a moment that rec K NSy, = S;. Then S;, C rec K, and a com-
bination of (P1) and (P4) would imply the inclusion Sy, C lin K, contrary to
the first assertion. [

We will need one more technical lemma.

LEMMA 3.2. Let K C R™ be a unbounded closed convex set, and u € K,
v € R™ be points. Any unbounded sequence of points x1,x2,... € K \ {u,v}

contains a subsequence, say x'y, x5, ..., such that the unit vectors
i —u T —wv
e =-—"——— and ¢ =-——- > 1 1
g e S A W

K3 3

converge to the same unit vector e € rec K.

Proof. Since all vectors (x; —u)/||x; — u||, i > 1, belong to the unit sphere
of R™, a compactness argument implies the existence of a subsequence, say
xl,ah, ..., of x1,29,... such that the vectors ey, e, ... given by converge
to a unit vector e. The inequalities

il = llull < ll2f — ull < flag] + flull,
il = lloll < flg = vll < flll + vl
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give
/ J—
lim ||z} —u| = lim |z} —v|| =cc and lim M:l.
i—00 i—v00 i—oo ||z} — v
Therefore,
o _
lim ¢; = lim xf = + U/ -
i—00 i—00 sz - UH ”.Z’l - U”
;o r_ _
~ lim Hl’: | x} u u/ v =le+o=c.
i—oo \ ||zf — || ||z} —ul |z} — v

Next, we assert that the closed halfline [u,u+ ¢€) lies in K. Indeed, choose
any point y in [u,u + e). Then

y=1—-Nu+Au+e)=u+re, A>0.

Clearly, |ly — u|| = A. Choose an integer iy such that ||z} — u| > max{1, A}
for all ¢ > ig. Then

fe=(1- 1 + Y e, iz
u e, = —_ — U X, u, ; 7 0.
' 2 — o =l 77T =0

With y; = u + Ae;, one has
yi = (1= Nu+ Mu+¢;) € [u,u+e;) = [u,z}).
Now, the inequality
lyi —ull = X < [l2f —ull, >0,
gives y; € [u,x}] C K for all i > 4y. Finally,

y=u+ de= lim (u+ Xe;) = lim y; € K.

1—>00 1—00
Summing up, [u,u + e) C K. Finally, (P2) shows that e € rec K. 1

THEOREM 3.3. Let K C R" be a closed convex set, and let L C R™ be a
plane asymptote of K. With C = rec K N S, the following assertions hold.

(a) For any point v € L and a scalar ¢ > 0, the closed cone v+ D.(C)N Sy,
lies in L and is an asymptote of K. Furthermore, there is a scalar €y > 0
such that v+ D.(C) NSy, is a proper subset of L for all 0 < & < gq.
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(b) If a closed subset M of L is an asymptote of K, then, for any point
v € L and a scalar € > 0, the closed set M N (v+ D.(C)NSy) is an
asymptote of K.

Proof. (a) Since rec K is a closed convex cone with apex o, so is the set
C. By Lemma {0} # C # Sr. Then the polar cone C§ of C within the
space Sy, is nontrivial. If e is a nonzero vector in C%, then C' lies in the closed
halfplane P = {x € S, : z-e < 0} of Sp. A simple geometric argument shows
the existence of a scalar ¢y > 0 such that the closed cone D.(C) N Sy is a
proper subset of S, for all 0 < € < gg.

Obviously, v + D.(C) N SL, is a closed cone with apex v. Furthermore,

v+ D (C)NSL Cv+ S = L.

By the above argument, v + D.(C) N Sg is a proper subset of L for all
0<e<egg.

Because L is an asymptote of K, there are sequences of points pi,ps,
-+ € K and q1,¢2, ... € L such that lim; , ||p; — ¢i|| = 0. Clearly, both sets
{p1,p2,..-} and {qi1,q2,...} are unbounded. Indeed, otherwise, one could
choose respective subsequences converging to the same point in KNL, contrary
to the assumption K N L = &.

Choose a point u € K. By Lemma/[3.2] there is an unbounded subsequence

Diy s Pigs - - - such that the unit vectors
= U i — U
Hpij - UH ||pij - UH
converge to the same unit vector e € rec K. Let
i — v
d = %77’ ji>1.
7 i, — o
Since the subsequence g;, , i,, - . . is unbounded and ||p;; —q;, || — 0 as j — oo,

the inequalities
lai; — vl = lIps; — ai,; | < llpiy — vll < llai; — vl + [lpg; — @]l
give

i, — U
o 12501 _
J—0o0 ||QZ] - ’UH
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Therefore,

lim ¢, = lim (

j—oo j—o0

pi; —v P —q¢j>
lgi; — vl llgi; —vll

— (Hpij - UH pi; —v Pi; — 4

_ ) e 16 + 0O = e€.
g, — vl llps; — vl g, =l

Jj—o0

Because c;j € Sy, for all j > 1, the limit vector e also belongs to Sr. Thus

e € rec KNSy = C. Clearly, there is an index r > 1 such that every vector

ei;, j > r, forms with e an angle of size at most €. Equivalently, every halfline

[0,qi; — v) forms with the halfline h = [0,e) C C an angle of size at most ¢.
Thus

¢i; € [v,q;;) =v+[0,q;; —v) Cv+Dc(h) Cv+D(C)NSL,  j=>r.

Finally, because lim; ;o [|pi; — ¢i;|| = 0, the cone v + D.(C) N S is an
asymptote of K.

(b) Suppose that a closed subset M of L is an asymptote of K. Then
there are sequences of points pi,ps,... € K and ¢,q2,... € M such that
lim; , ||pi — ¢i|| = 0. An obvious modification of the argument from part (a)
shows the existence of unbounded subsequences

pil,pi2,...€K and qil,qi2,...GMQ(U—FDE(C)QSL)

such that limj o [|pi; — ¢i;[| = 0. So, the set M N (v + D:(C) N S) is an
asymptote of K. 1

We observe that, generally, Theorem does not follow from Theorem
Indeed, if K is the convex set from Example then its recession
cone is the polyhedron {(z,y,2z) : > 0, y > 0}. In terms of Theorem
Sr, = L, C is the halfplane {(z,0,z) : x > 0} of L, and v+ D.(C) NSy, is the
nonconvex closed cone in L of angle size m + 2¢. Clearly, this cone is larger
than any halfplane asymptote of K contained in v+ D.(C) NSy, and there is
no halfplane asymptote of K containing this cone.

Analysis of the proof of Theorem results in the following corollary,
which shows the existence (but not a constructive description) of arbitrarily
sharp pencil cone asymptotes.

COROLLARY 3.4. Let K C R" be a closed convex set, and L C R™ be
a plane asymptote of K. There is a closed halfline h C rec K N Sy with
endpoint o such that for any point v € L and scalar € > 0, the pencil cone
(v+ Dg(h)) N L is an asymptote of K.
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The next example shows that in Theorem the set D.(C) cannot
be replaced with C and even with the closed metric e-neighborhood of C,
defined by

N(C)={z eR" : p(x,C) < e}.

Consequently, no translate of the cone v + C' may be an asymptote of K.
ExXAMPLE 3.5. The set K C R? given by the conditions
K={(z,y,2) : x>0,y >1/z, 2> (x+y)?}
is closed and convex. Furthermore, the following properties of K hold:

(a) the coordinate xz-plane, say L, is an asymptote of K;

(b) no closed slab between a pair of parallel lines in L is an asymptote
of K;

(c) rec K is the vertical halfline h = {(0,0,2) : z > 0}, and no metric
neighborhood v + N:(h) N L of the halfline v + h, with v € L, is an
asymptote of K;

(d) for any choice of scalars & > 0, and (3,7 € R, the planar cone
D(e,B,7) ={(2,0,2) : z = alz — B[ +~7} C L (2)
is an asymptote of K.

Indeed, the set K is closed and convex as the intersection of closed and
convex sets

Ki={(z,y,2) : 2>0,y>1/z} and Ky ={(z,9,2) : 2> (x +9)°}.
(a) Clearly, K N L = &, and the sequences of points
pi = (i,1/3,[(* +1)/i*) € K, ¢ = (i,0,[(> +1)/i]*) € L, i>1,

satisfy the condition ||p; — ¢;|| = 1/i. So, 0(K, L) = 0, which shows that L is
an asymptote of K.
(b) Let @ be any closed slab between a pair of parallel lines in L.
Assume first that @ is vertical. Then it can be described as

Q={(2,0,z) : a<z<p}, where a<p.
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Since K1NQ = @ and K is a both-way unbounded vertical cylinder, 6( K7, Q)
equals the distance between the branch of hyperbola {(z,y,0) : = > 0,zy = 1}
C bd K and the point (a, 0,0) € @, which is positive. Therefore, the inclusion
K C K gives 0(K,Q) > §(K1,Q) > 0. Hence no vertical slab in L is an
asymptote of K.

Suppose now that @ is slant. Then

Q={(z,0,2) : ax+B <2< azr+ '}

for suitable scalars « and 8 < f’. Assume for a moment that §(K,Q) = 0.
Then one can choose sequences of points p; € K and ¢; € Q), ¢ > 1, such that
lpi — qil] = 0 as i — co. Denote by p! the point at which the segment [p;, g;]
meets bd K, i > 1. Let

p; = (i, yi,z) and ¢ = (u;,0,v;), oui+B<v <ou+p, i>1.

By a convexity argument, x;y; = 1 and ||p} —¢;|| < ||pi—¢i||. Hence ||p;—g;|| —
0 as ¢ — o0, or, equivalently,

lim ((z; —u;)? +1/27 + (2 —v;)?) = 0. (3)

1—00

Thus z; — oo and u; = z; + &;, where ; — 0 as ¢ — co. Consequently, there
is an index 49 > 0 and a scalar v > 0 such that

|vi| < max {Jow; + B, [ow; + 5]}
< |azi| + |ag| +max{[B], [} < |azi| + v
whenever ¢ > ig. Therefore,
|zi — vi| > |zi| — |vi| > ((a:Z + 1/:6,-)2 — |ax;| — 'y) — 00 as i — 00,

in contradiction with . Summing up, ) cannot be an asymptote of K.

(¢) Given the point p = (1,1,4) € K, the halfline p+h = {(1,1,2) : 2 > 4}
is included in K. This argument and (P2) imply that h C rec K.

For the opposite inclusion, choose any vector e = (u,v,w) € rec K. Then

p+Are=(14+ Ay, 14+ v, 4+ w)e K forall A>0.

Equivalently, for all A > 0, one has

T+ >0, 14+ w>1/(14+ ), 44w > (2+Au+v))>
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The first condition implies that u > 0. This inequality and the second condi-
tion give v > 0, while the third condition results in u+v = 0. Henceu =v =0
and w > 0, implying the inclusion e € h. Summing up, rec K = h.

It is easy to see that a metric neighborhood v + N.(h) N L of v + h,
with v € L, is a subset of a suitable vertical slab Q C L. According to
part (b) above, @ is not an asymptote of K. Hence v + N¢(h) N L is not an
asymptote of K.

(d) Let S = Land v = (f,0,7). If a > 0, then the planar cone D(«, 3,7)
from can be expressed as v + D.(h) N Sy, where ¢ = cot™(a). If a = 0,
then D(0,3,7) = v+ Dy /5(h) N Sp. In either case, Corollary shows that
D(a, 8,7) is an asymptote of K.

4. LINE-FREE CONE ASYMPTOTES

We describe below a family of plane asymptotes M contained in a plane
asymptote L of K such that the cone D.(rec K N M) N Sy becomes line-free
provided ¢ is sufficiently small.

THEOREM 4.1. Let K C R” be a closed convex set, . C R" be a plane
asymptote of K, and F be a subspace complementary to lin K N Sy, in Sp.
The following assertions hold.

(a) For any point v € L, the plane M = v+ F lies in L and is an asymptote
of K.

(b) For any point v € L and any € > 0, the closed cone v+ D.(rec KNF)NF
is a line-free asymptote of K.

(c) There is an n-dimensional line-free closed convex cone C' C R"™ with
apex o such that C' C D.(rec K N F) and the cone v+ C' N F is an
asymptote of K.

The proof of Theorem is divided into Lemmas [£.2]-[4.4]

LEMMA 4.2. Let K C R™ be a closed convex set, L. C R™ be a plane
asymptote of K, and v be a point in L. For any subspace F' C R" com-
plementary to lin K N Sy in Sp, the plane M = v + F' lies in L and is an
asymptote of K.

Proof. Since lin K C rec K, Lemma shows that the subspace T =
lin K NSy, is distinct from Sz, (possibly, T' = {o}). By (P3), K = K +T.



CONE ASYMPTOTES OF CONVEX SETS 93

Choose a subspace F' C R" complementary to 7" in Sy, and consider the plane
M=v+F. Since M =v+F Cv+ S5y =L and KN L = @, it remains
to show that §(K, M) = 0. Indeed, choose sequences of points p1,pa,... € K
and qi1,q2,... € L such that lim; o ||p; — ¢i|| = 0. Clearly, ¢; — v € Sg,
i > 1. Denote by ¢, the projection of ¢; — v on F in the direction of T, and
let pl =p; + (v+ ¢, — ¢), i > 1. Because

vtqgi—q=¢q— (¢ —v) €T,

one has
pi=pitv+g-q) e K+T=K, i>l

Furthermore, v + ¢, € v+ F = M, i > 1, and
O(K, M) < lim ||p; — (v + ¢
1—00
= lim [|(pi +v+q; — @) — (v+q))||
71— 00
= lim ||p; — qi|| = 0.
1—00
Summing up, M is an asymptote of K. 1

LEMMA 4.3. Let K C R"™ be a closed convex set, and L C R™ be a plane
asymptote of K. Given a subspace F' complementary to lin K NSy, in Sy, the
closed convex cone C' = rec K N F with apex o is nontrivial and line-free.

Proof. By Lemmal4.2] every translate of the form v+ F, where v € L, is an
asymptote of K. Consequently, Lemma shows that the closed convex cone
C =rec K N F is distinct from {o}. It remains to prove that C is line-free.
Assume for a moment that C contains a line I. We consider separately the
following two cases.

(i) Let o €l. By (P4), [ is a 1-dimensional subspace contained in lin K.
Consequently, I C lin K N F, contrary to the choice of F.

(ii) Let o ¢ [. Because o is an apex of rec K, every closed halfline [o, z),
where x € [, is contained in rec K. Clearly, the union of all such halflines
coincides with {o} U P, where P is the open halfplane of the 2-dimensional
subspace, spanl, bounded by the 1-dimensional subspace I’ = [ —[. Then
I’ CclP CrecK, and, as above, I’ € lin K N F', contrary to the choice of F.

Summing up, C should be line-free. I



94 V. SOLTAN

LEMMA 4.4. If C C R™ is a closed line-free convex cone with apex o,
then there is a scalar € > 0 such that the closed cone D.(C) is line-free.
Furthermore, there is an n-dimensional closed convex cone C' C R™ with
apex o and a scalar ' € (0,¢) such that D.(C) C C" C D.(C).

Proof. Since C is line-free, the polar cone C° is n-dimensional (see, e.g.,
[10, Theorem 8.4]). Choose a nonzero vector e € (—int C°). Then C \ {o} is
contained in the open halfspace W = {z € R" : z-e > 0} (see [10, Theorem
8.6]). Denote by S the unit sphere of R", and let E = C' N'S. Clearly,
C={ :X>0,z€FE}.

Since E is a compact subset of W, there is an € > 0 such that the closed
set

Vo(E)={x €S : 0(zx,F) <p}, p=2sin(e/2),

is contained in W. We observe that a closed halfline h = [0, u), with u € S,
is contained in D.(C) if and only if there is a closed halfline b’ = [0, u'), with
u’ € E, such that the angle between h and I’ is of size at most . Considering
the isosceles triangle A(o,u,u’), we deduce that the angle between h and A’
is of size at most ¢ if and only if ||u — u/|| < 2sin(e/2). This argument implies
that

D.(C)={Xz : A>0,z € V,(E)}.

It is easy to see that every closed halfline [0, z), where x € V,,(E), is contained
in {o} UW. Hence D.(C) C {o} UW. An argument similar to that of Lemma
shows that the cone D.(C) is line-free.

Finally, consider the hyperplane H = {z € R™ : x-e = 1}. Then both
sets A= CNH and B = D (C)N H are compact (see [10, Theorem 8.15]),
and A is convex. Furthermore, both sets A and B have dimension n — 1 and
rint A C rint B (see [10, Theorem 8.14]). Given any point a € rint A, the set
A" = a+p(A—a), with p > 1, is convex and contains A in its relative interior.
A compactness argument implies that A’ C B provided p is sufficiently close
to 1. For this value of u, let

C'=C,(AY={ z : Ax>0,xe A}

Then C’ is a closed convex cone satisfying the inclusions C' C {0} Uint C" and
C' C D(C), as desired. 1

The following example shows that the cone D.(C) in Lemma may be
nonconvex even if the cone C' is convex and line-free.
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ExXAMPLE 4.5. Let C = {(z,y,0) : y > |z|/10} be the planar cone in
R3. Clearly, C is closed, convex, and line-free. Let ¢ = sin=!(0.1) ~ 0.1.
The point u = (10,1, 1) belongs to D.(C) because v = (10,1,0) € C and
the angle between the halflines [0, u) and [o,%') equals sin~!(1//102) < e.
Similarly, the point v = (=10, 1, 1) belongs to D.(C'). On the other hand, the
midpoint w = (0,1, 1) of the segment [u, v] does not belong to D.(C'). Indeed,
the angle between [0, w) and C' is achieved on the pair of halflines [o, w) and
[0,w"), where w = (0, 1,0), and this angle equals sin~*(1/v/2) = 7/4 > . So,
w ¢ D.(C), implying that the cone D.(C) is not convex.

In view of Theorem (4.1 one may ask about the existence of minimal
(under inclusion) cone asymptotes of K. The following theorem shows that
such asymptotes (if any) should be halflines.

THEOREM 4.6. Let X C R" be a nonempty closed set, and C' C R" be a
closed convex cone with apex v, which is an asymptote of X. If dimC > 2,
then there is a convex cone C' with apex v which is an asymptote of K and
a proper subset of C.

Proof. Choose a point u € rint C'\ {v}, and consider a hyperplane H C R"
containing {u,v} such that C' meets the interiors of both closed halfspaces,
say Vi and Vs, determined by H. The sets C; = CNV; and Cy = C N Vs are
closed convex cones with common apex v, whose union is C', and each of these
cones is a proper subset of C. Because C is an asymptote of K, there is an
unbounded sequence of points z1, 3, ... € C such that 6(z;, X) — 0 asi — oc.
Clearly, one of the cones C] and (5, say C, contains an infinite subsequence
x,ab, ... of x1,29,.... Since C1NX C CNX =@ and 6(z}, X) — 0 as
1 — 00, the cone C is an asymptote of X. |

5. PROPERTIES OF CONE ASYMPTOTES

The next two theorems show that some properties of plane asymptotes can
be generalized to the case of cone asymptotes (see [4] and [9] for the original
statements).

THEOREM 5.1. Let C' C R™ be a closed convex cone with apex o. If
a translate of C is an asymptote of a closed convex set K C R™, then
rec K N C # {o}. Furthermore, for any nonzero vector e € rec K N C, there
is a translate of the closed halfline h = |o, e) which either lies in bd K or is an
asymptote of K.
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Proof. Let a translate D = v + C of C' be an asymptote of K. Then
K N D = @ and there are sequences of points p1,ps,... € K and q1,q2,... € D
such that lim; o [|[pi — @i|| = 0. We observe that both sequences are un-
bounded. Indeed, otherwise one could choose respective subsequences con-
verging to the same point in K N D, contrary to the assumption K N D = &.
As shown in the proof of Theorem [3.3] there are subsequences p;,, pi,, ... and
Qiy 5 Giq, - - - Such that the unit vectors

Di. —Uu
€. 1

o
;=77 and e &,
lps; — ull

= —4 > 1
2 Hqij_UH’ J=4

converge to the same unit vector e € rec K. Since ¢;; —v € C for all j > 1
and the cone C is closed, we obtain that e € C.

Consider the halfline h = [0,e). Then h C C and, by (P2), the halfline
u + h lies in K. Consider the family of parallel halflines

AN = (1 —Nv+ ) +h, 0<A<1.
By the above, h(0) C D and h(1) C K. Consequently, K Nh(0) = @. Let
XN =sup{A €[0,1] : KNh()\) =2}.

It is easy to see that int K NA(N) = & and 6(K,h(N)) =0. If KNh(N) = o,
then h()\’) is an asymptote of K. Suppose that K N h()\) # @ and choose a
point w € K Nh(A). By (P2), the halfline w + h lies in K, and the inclusion
w + h C h()\) implies that w + h C bd K, as desired. 1

The following example shows that in Theorem ﬂ (unlike Lemma the
inclusion rec K N C' C lin K is possible.

EXAMPLE 5.2. Let the closed convex sets K C R? be given by
K={(z,y,2) : x>0,y >0,z +y>1}.

Clearly, rec K = {(x,y,2) : * > 0, y > 0} and lin K is the z-axis. Let C be
the closed convex cone with apex o generated by the circular disk

D ={(z,y,1) : 2*+ (y+1)* < 1}.

The cone C' is an asymptote of K because K N C = @ and §(C,l) = 0,
where [ C K is the vertical line {(1,0,z) : z € R}. At the same time,
rec K NC ={(0,0,2) : z> 0} is a subset of lin K.
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THEOREM 5.3. Let X C R”™ be a nonempty closed set and C' C R™ be
a closed convex cone with apex o. There is a translate of C' which is an
asymptote of X if and only if the set X — C' is not closed.

Proof. Let a translate D = v + C of C be an asymptote of X. We first
observe that v ¢ X — C. Indeed, assume for a moment that v € X —C. Then
v=x—u, where x € X and u € C. Consequently, rt =v+uecv+C =D,
contrary to the assumption D N X = &. Since D is an asymptote of X,
there are sequences of points x1,z2,... € X and y1,¥y2,... € D such that
lim; 0 ||z; — yi|]| = 0. Expressing y; as y; = v+ z; for a suitable z; € C, i > 1,
one has r; — z; € X — C and

lim |Jv = (z; — 2z;)|| = lim |ly; — ;]| = 0.
71— 00 11— 00

So, v € cl(X —C) \ (X — C). Thus the set X — C is not closed.
Conversely, suppose that the set X — C' is not closed. Choose a point

vecd(X -C)\ (X -0)

and consider the cone D = v+ C. We assert that DN X = &. Indeed, assume
the existence of a point z € DN X. Then z = v+ u = x, where u € C and
x € X. Consequently,

v=zr—ueX—C,

which is impossible by the choice of v.

Next, the inclusion v € cl(X — C) implies the existence of a sequence
u1, U2, ... of points in X — C converging to v. With u; = x; — 2;, where
x; € X and z; € C, and with w; = v+ 2z; € D, ¢ > 1, we obtain that

lim ||z; —w;|| = lim ||(u; + 2;) — (v + 2)|| = lim [Ju; — v|| = 0.
1— 00 1— 00 71— 00
Hence §(X, D) = 0. Summing up, D is an asymptote of X. |
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