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Abstract

In a partially ordered semigroup with the duality (or polarity) transform, it is pos-
sible to define a generalisation of continued fractions. General sufficient conditions for
convergence of continued fractions are provided. Two particular applications concern
the cases of convex sets with the Minkowski addition and the polarity transform and
the family of non-negative convex functions with the Legendre—Fenchel and Artstein-
Avidan—Milman transforms.
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1 Introduction

The studies of order reversing involutions (also called dualities or polarities) on partially
ordered spaces have recently gained a considerable attention. If K is a partially ordered
space, then the map from =z € K to x* € K is said to be an order reversing involution if
™ = x for all z and = < y implies that y* < z*.

The two main examples are the family of convex sets containing the origin and ordered by
inclusion and the family of convex functions on R? ordered pointwisely. It is shown in [I1 [5]
that the only (up to a rigid motion) order reversing involution on the family of compact
convex sets containing the origin is the classical polar transform, see [I1] and Section @l
For the family of non-negative convex functions on R¢ that vanish at the origin, only two
involutions (up to rigid motions) exist: one is the classical Legendre-Fenchel transform [9]
and the other is the A-transform, see [2] 3] and Section
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It is also possible to endow the space K with an addition operation that turns it into an
abelian semigroup. Such an addition may be chosen to be the lattice operation corresponding
to the order or defined otherwise. For example, on the family of closed convex sets partially
ordered by inclusion it is possible to consider the convex hull of the union as the semigroup
operation or add sets using the Minkowski (elementwise) addition. In the case of convex
functions, a natural semigroup operation is the arithmetic addition, while it is also possible
to consider the epigraphical or level sums. In this paper, it is assumed that K is an abelian
semigroup with the additive operation that is consistent with the order.

The order reversing nature of the involution makes possible to define a continued fraction
on a semigroup. In comparison with classical numerical continued fractions, the additive op-
eration is the semigroup addition, while the one over operation is replaced by the involution.
The classical concept of continued fraction is recovered for the semigroup [0, co] with the
conventional addition and the involution given by the arithmetic inverse. The semigroup
setting differs from the setting of continued fractions in Jordan algebras pursued in [4] and
the studies of multidimensional continued fractions in [7] and [§].

This paper argues that convergence results for continued fractions built from convex
sets and those from convex functions can be derived from general statements concerning
continued fractions on semigroups. The non-existence of an inverse operation to the addition
renders impossible the direct use of most of the tools from the classical theory of continued
fractions, see [6]. Instead, the key emphasis is put on the partial order together with bounds
on the Lipschitz constant for the involution transform. These bounds are needed for properly
chosen subsets of the original semigroup, e.g. for convex sets that contain the unit ball. The
latter in the abstract setting becomes an involution-invariant element, which is also the key
ingredient to define a suitable metric. In this very general setting, several sufficient conditions
for convergence of continued fractions with constant and variable terms are obtained in
Section Bl A particular attention is devoted to periodic continued fractions, whose limits
may be regarded as a generalisation of quadratic irrational numbers in the semigroup setting.

The general results are applied for set-valued continued fractions in Section [ For exam-
ple, a continued fraction with a constant term being a set K converges if K is sandwiched
between two Euclidean balls with diameters » and R such that either » > 1, or r =1 and R
is finite, or r < 1 and R < r/(1 —r), see Theorem Il In the set-valued case, we obtain a
necessary and sufficient condition for the convergence that amounts to the fact that an odd-
numbered approximant of the continued fraction is a subset of the ball with radius strictly
less than one. The key argument is the Lipschitz property of the polarity transform meaning
that the Hausdorff distance between the polars of two convex sets containing a centred ball
of radius r is bounded by r~2 times the Hausdorff distance between the original sets.

Section [l presents several convergence results for continued fractions of convex functions
both for the Legendre-Fenchel and A-transforms. It is rather easy to modify these results to
apply to the semigroup of log-concave functions with the multiplication. Another possible
application left outside of the framework of this paper is for the semigroup of probability
measures with the convolution operation as the addition and the involution inherited by an
application of the involution operation on the original space.



2 Continued fractions on semigroups

Let K be a partially ordered abelian semigroup with the neutral element e. Assume that
e < z for all z € K and that the order is compatible with the addition, that is z < y for
x,y € Kimplies x + z < y + z for all z € K. Assume that, the order is weaker than the
semigroup order, i.e. y = x4+ z for some z € K yields that < y. In this case, the semigroup
is reduced, meaning that the only invertible element is e.

Assume that K is equipped with an order reversing involution x — z* (also called duality
or polarity transform), so that 2** = x and z < y implies that z* > y*. The involution is
not assumed to commute with the addition, i.e. (z + y)* is not necessarily =* + y*. Since
e < z for each z € K, we have x* < e* meaning that e* dominates all elements from K and
e*+x =e¢e* for all x € K.

Consider a sequence {x,,n > 1} of elements from K and define the sequence [z1, ..., z,],
n > 1, recursively by letting

[1’1] = Ty,
[zla"'axn+l]:(x1+[x2a"'>xn+l])*a n=>1.
The element z, = [z1,...,x,] is said to be the nth approximant of the continued fraction

generated by {z,,n > 1}.
Remark 2.1. The dual operation to the addition is defined by setting

r@y=(z"+y)".
Then [x1,...,2,] = 2] ® [z2, ..., x,]".
Ezample 2.2. If K = [0, oo] with the conventional addition and involution z* = 1, then

1
zn:[zl,...,xn]:x1+ T
1

T2+
2 x3+"'+ﬁ

is the nth approximant of the numerical continued fraction, see e.g. [6].

Remark 2.3. The neutral element and its dual influence the continued fraction as follows

[T1, oo Ty €F Tty - v oy ] = [T1, -0 T

[T1, .o Ty €, Tty -+ 5 | = [T, - xm+xm+1,...,xn], m # 0,n,
le,z1,...,x,] = [21,. .., 2] =21 + [0, ..., 2],
(1, .., xn, €] = [21,. .., Tp1].

The following result generalises the well-known property of continued fractions with pos-
itive terms.

Lemma 2.4. The nth approximant z, = [x1,...,Z,] 1S increasing in each of the even num-
bered terms and decreasing in each of the odd numbered terms. The sequence {zom, m > 1}
is increasing and {zam_1, m > 1} is decreasing.
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Proof. A direct check shows that [z1,...,xk,...,2,] is increasing in xy if k is even and
decreasing if £ is odd. Then

Zom4+2 = [931> <oy Lom;, (932m+1 + $§m+2)*] > [951, e L2m; e*] = [931> e ,932m] = Zom -
A similar argument applies to the odd part of the continued fraction. O

From now on, assume that K is equipped with the scaling transformation x — ax by
positive real numbers a. It is assumed that the scaling satisfies the distributivity laws and
that (ax)* = a='z* for all a > 0 and x € K. In particular, the second distributivity law
implies that ax < bx for a < b.

Fix any h € K such that 2* = h (in this case h is said to be self-polar) and define, for
x,y € K|

pr(z,y) =inf{t >0: v <y+th, y <x+th}. (1)
Note that p;, is a semimetric that might take infinite values and is scale-homogeneous, that
is pp(ax,ay) = app(z,y) for a > 0. The (possibly infinite) norm of x € K is defined as
[zl = pn(z, ).

Let K, be the family of x € K such that x < ah for some a > 0. Note that K, is a
sub-semigroup of K. Since pp(z,y) < a for < ah and y < ah, pp(x,y) takes finite values
for z,y € K,,. If x € K}, then pp(a,z,e) — 0 as a, | 0. Denote

K; ={reK: z*€K,}.

It is sensible to let 0h = e and coh = e*.
In the following we assume that

ﬂ{xEK:x§y+th}:{xeK:x§y}. (2)

t>0

Lemma 2.5. If @) holds, then py, is a metric on K, and the order is closed, that is the set
{(z,y) : x <y} is closed in the product space (K, pr) X (Ky, pp)-

Proof. Because of ([2), pp(z,y) = 0 yields that < y and y < z, so that z = y. Other
properties of the metric are evidently satisfied. If py(z,,z) — 0 and pp(y,,y) — 0 and
r, <y, for all n, then for a sequence t,, — 0 one has

v <z +toh <yp +th <y + 2.0,

so that = <y by (2. O

Remark 2.6 (Multiple self-polar elements). If h; and hy are two distinct self-polar elements,
then h; < ahy either holds for some a > 1 or does not hold for any a > 0. Indeed, by passing
to the polars, the inequality becomes hy > a=ths, so that a=thy < hy < ahy. If by < aho,
then a tpp, (z,y) < pn,(z,y) < app, (z,y) for all 7,y € K.



Definition 2.7. The continued fraction generated by a sequence x,, € K, n > 1, is said to
converge if z, = [x1,...,2,]| converges in p, as n — 0o to an element of K.

Example 2.8. If x,, = b,h for a self-polar h € K and non-negative real numbers b,, n > 1,
then z, = [by, ..., by]h, so that the convergence of z, can be derived from the convergence
of the numerical continued fractions. For instance, the Seidel-Stern theorem asserts that z,
converges if and only if > b, = oo. While it is tempting to conjecture that the continued
fraction in K converges if > z,, = e*, Example shows that this is wrong.

Lemma 2.9. Let r,h <z, < R,h, n > 1, for h € K such that h* = h. Then
[Ri,79,...,anlh < [z1,...,2,] < [r1, Ra,...,by)h,
where a, =r, and b, = R, if n is even and a, = R, and b, =1, if n is odd.
Proof. Tt suffices to use the induction argument based on
[Rih, o, ..., xn] = (Rih + [Ta, .. 20))" < [x1,..., 2]
< (rih+ [zg, ... x,])" = [r1h, xa, . .., 4]

for n > 1. O

3 Convergence results

The key technical condition used to deduce the convergence of continued fractions in K
requires that

ph(x*a (ZIZ' + th’)*) <t, > 07 (3)
if h < z. A weaker variant of this condition is
pn(z*, (x +th)*) < Cht, t >0, (4)

if h < x < Rh, where C} is a positive finite function of R € [1, 00]. Substituting x = h shows
that Cr > C7 = 1. It is immediate that the function C'r can be chosen to be non-decreasing
and right-continuous. Let C, be the constant in the right-hand side of (@) that ensures the
inequality for all x > h. Note that py(z*, (z + th)*) = pu([z], [z, t7 h]).

Lemma 3.1. If ({l) holds, then
pr(a*y*) < Chyr 2 pi(z,y)
for all x,y € K such that rh < x < Rh and rh <y < Rh.
Proof. Let pp(x,y) <t. Then x < y+th and y < x + th, so that
pr(a”,y") < max(pp(z”, (z + th)"), pr(y", (y +th)")).

It suffices to note that () and the scaling property of p, imply that

pr(a*, (x +th)*) < Ch 2t t >0,
for all & such that rh <z < Rh. OJ



Corollary 3.2. If () holds, then the involution operation is pp-continuous on K, NK5 and,
for x,y € Ky,
pr(@*,y") < C% max({|2*|[n, [y [[n)*pn (2, y) -

The following result covers the general case of continued fractions with variable terms.

Theorem 3.3. Assume that (K, pp) is complete and condition (@) holds. Assume that there
exist k > 1 and 0 < a < b < oo such that Cyq < a and

Tp + [Tni1y oy Tngok] > ah, (5)
Ty + [xn—i-h R xn—‘er—l] S bhv (6)
for alln > 1. If, for somel > 0,
lim sup Ph([%’n—zk—lﬂ, e 7$n]7 [xn—2k—l+17 e 736’n+1]) < o0, (7)
n—oo
then the continued fraction z, = [x1,...,x,]| converges to z € K.

Proof. By Lemma [2.4] for all m > 1 and n > 2k + m,

*
T F [Tty - s Tt 2ks T2t ls -« o s Tn) = T+ [Tmaty - ooy Tk, € ooy Ty
=, + [xm+1, Ce ,$m+2k] Z ah,
and
*
Tm + [Im-‘rla <o T2k s Tm2k+15 - - - >$n] < Ty + [$m+17 v Tm2k—1,€ 5. - >$n]
=X, + [$m+1, e ,me+2k_1] S bh .

In particular, z, < a 'h and so z, € K, for sufficiently large n. By Lemma B.1] for
n > 2k +m,

[Ty sy [Ty o Tnga]) = pn((@m + [Tty - s T0])s (@ F [Tmst, - Tosa])™)
S Cg/aa_2ph([l'm+1, P ,[En], [[Em+1, e ,In+1]) .
By iterating this argument for m = 1,...,n — 2k — [, we arrive at

Ph(zm Zn—l—l) S (a'_lcb/a)2(n_2k_l)ph([In—Qk—H—b cee axn]> [xn—2k—l+1a cee >$n+1])

< (a—lcb/a)2(n—2k—l)c

for all sufficiently large n and some finite ¢ that dominates the upper limit in (7). Since
the series > pp(zn, zna1) converges, the sequence {z,} is fundamental and its convergence
follows from the completeness assumption. O

Remark 3.4. In Theorem it suffices to impose only (@) with a > Cy, which becomes
a > 1if (3] holds.



Corollary 3.5. Assume that (K, pn) is complete and condition () holds. Furthermore,
assume that there exist k > 1 and 0 < a < b < oo such that ¢ = a‘le/a < 1, (B) and (6]
hold, and there exists r > 0 such that x, > rh for all n > 1. Then the continued fraction
Zn = [T1,. .., 2,] converges to z € K, and

q2(n—2k)
pr(zn, 2) < 1_7(127”_1, (8)
Proof. Tt suffices to show that the upper limit in (7)) for [ = 0 is bounded by 7~!. Note that
(1, ..., Zneq] lies between [z1,...,2,,€| and [z1,...,z,,e*], whence
pon([z1, oy xnl, (21,0 X))

< max(pp([z1, .- 20, [T1, -y 20, €]), pul[ze, - o], (21, -0 20, €7))

= max(pp([z1, .., xal, [T,y 2na]), pr([T1, - 2], [0, -0 20)])

= pn([x1, ..., 2], [0, ooy Tpa])

By iterating this argument, we obtain

ph([xb s ’an [xb s >$n+1]) < ph(e’ [zl]) < rt

Therefore, p(2n, Zns1) < 2™ 2)r~1 whence

ph(zna Zm) < 1_7q27’

for all m > n and it suffices to let m — oo. O

The subsequent result relies on bounding the terms of the continued fraction by rh from
below and Rh from above. In the following denote

1
U(T,R):[T‘,R,’/‘,R,...]_1:§( r2+4r/R+r), r, R € (0,00], 9)

where the value of the numerical periodic continued fraction is found by solving the recursive
equation.

Theorem 3.6. Assume that (K, pn) is complete and condition ({l) holds. If rh < x, < Rh
foralln>1and 0 <r < R < oo such that

Co(Rr) jv(r,R)

(. R) <q<l1, (10)

then the continued fraction z, = [x1,...,x,] converges to z € K;, and () holds.



Proof. By Lemma 2.9,
Tp + [Tpsty ooy Togok) = (r+ [Ryry ..., Ryr))h — v(r, R)h  as k — oo,

and
Tp+ [Tni1y ooy Togok—1) S (R+ [ R,...,r))h = v(R,r)h as k — oo.

Fix any ¢ > 0. Then (B) and (@) hold for sufficiently large k& with a = v(r, R) — ¢ and
b=v(R,r)+e¢. Finally Cy/, < a follows from (I0) taking into account that the function Cg
is right-continuous. The convergence and the bound follow from Corollary O

Corollary 3.7. Assume that [@B) holds and (K, pn) is a complete metric space. Assume
that rh < x, < Rh for all n > 1 with R € [r,00|, and either (i) r > 1 or (i) r = 1 and
R < oo or (iii)r <1 and R<r/(1—r). Then z, = [x1,...,x,] converges in the metric p,
to z € Ky, and &) holds with any q > v(r, R).

Below we present another convergence condition that handles the case when z, > r,h
with infr, = 1.

Theorem 3.8. Assume that ({A) holds and (K, pp) is complete. Let {x,,n > 1} be a
sequence of elements from K such that r,h < z, < R,h, n > 1, where R, € [r,,o0|. If

. . -2
hrzggg.}fnlog(rnrnHC(RnH;il)/m) > 1, (11)
then the continued fraction z, = |x1,...,z,] converges.

Proof. Note that
rih < x4 [T, wn] < (R + Ti_+11)h’

i > 1. By Lemma [B.1]

for all # < n — 1. Denote a; = C’(R#T,;l)/ri,
Ph(Zns Zns1) = pr((T1 + [T2, - 20])", (21 + [22, . T0ga])")
< T1_2a%ph([$2a - >IN]’ [552’ sy xn-ﬁ-l])
S T1_2T2_2a%a§ph([x37 vy xn]7 ['T37 e 7xn+1])

n—1 n

< pn(@h, (o +2540)") [ 0726} < vy TJ 07200
=1 =1

In view of (II), the logarithmic convergence criterion yields that the series > pn(zn, Zni1)
converges, so that the sequence {z,} is fundamental. O

Remark 3.9. If ([B]) holds, then (II) becomes

liminf nlog(r,rmy1) > 1.
n—o0



Theorem and Corollary 3.7 cover the important case of continued fractions

Zn = 2,...,% (12)

n

with constant terms. An alternative proof of the convergence of continued fractions with
constant terms under the same conditions can be carried over using the contraction mapping
theorem.

For continued fractions with constant terms, it may be of advantage to check directly the
conditions of Theorem instead of bounding the term from below and from above.

Corollary 3.10. Assume that (K, pp) is complete and condition ) holds. If x € K} is

such that, for some k > 1,
T+ |x,...,x] > ah

2k

x4+ |x,...,x] < bh

2k—1

and

with a > Cy,, then the continued fraction (I2) converges.

Corollary 3.11. Assume that (K, pn) is complete and condition (Bl) holds. Let z, be the
nth approximant of the continued fraction with constant term v € Kj. If zop_1 < rh for
r <1 and some k > 1, then z, converges to z € K.

Remark 3.12. The limit z of the continued fraction with constant term z satisfies the equation
=z+4+x, (13)

Consider now the changes that happen to the basic equation (I3)) if either z or z are scaled.
For each t > 1, t~'2 satisfies
(t ) =tz 4oy

for z, = (t —t71)2* + t7'z. Indeed,
tlotrm =t z+a)+ (-t =t = (t12)".

Assume that (3]) holds and rh < 2 < Rh so that one of the conditions of Corollary B.7 holds.
Then the continued fraction with the constant term tx converges for all t > 1, so that there
exists unique z; € K that satisfies

o =zttr,  t>1.
Fix 38 € [0,1] and note that y; = t7z; satisfies the equation

g =ty +t P



Since z > rh, we have y, < t°~!rh. If 3 < 1, then vy, = t°2 converges to e as t — oo by
Lemma 2.5 If 3 = 1, then the equation becomes y; = t~?y; + x. Since

T2 =ty =t (g ) < T <t

we have (z 4+t~ 2r~'h)* <tz < x*. Therefore, tz; converges to x as t — co.
While the following result can be proved under condition (4]), we formulate its simpler

version.

Theorem 3.13. Assume that [B) holds. If the continued fractions with constant terms x’
and x”, such that @’ > rh and 2" > rh with r > 1, converge respectively to z' and 2", then

1
r2—1"

ph(zl,z//) < ph(x/,x”)

Proof. 1t follows from (I3)), the triangle inequality, the translation invariance of the metric
pn, and Lemma [3.1] that

ph(z/7 Z//) _ ph((zl + x/)*’ (Z// + x//>*>
S 7’_2ph(z' + ZL’I,Z” + ZL’”)
<17 (pul, ") + pua,2)) .

The statement is obtained after rearranging the terms taking into account that » > 1. O

Example 3.14. The setting of Theorem B.3] is well adjusted to confirm the convergence of
periodic continued fractions. For instance, consider the continued fraction with alternating
elements z,y € K assuming that ([@]) holds. If x > eh, y > eh for some £ > 0, and

r+ (y+a*)* >rh, y+(z+y" ) >rh

for some r > 1, then ([f]) holds with £ = 1 and the continued fraction [z, y, z, vy, . ..] converges.
If y =", and (B]) holds, then condition (Bl for sufficiently large k& amounts to v(1,1)x > rh
and v(1,1)z* > rh for some r > 1, where v(1,1) = (1 + v/5). In this case, the continued
fraction [x,z*, x, x*,...] converges and the polar y = z* to its limit z satisfies the equation

r+(xdy)=y.

4 Continued fractions of convex sets

Let K = Cy be the family of all convex closed sets in R? containing the origin. We refer to
[11] for a wealth of information about convex sets. The closed Minkowski sum K + L of two
sets K, L € Cy is defined as the closure of the set {z +y: = € K,y € L} of pairwise sums
of points from K and L. If at least one summand is compact, then the set of pairwise sums
is closed and no additional closure is required.
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The family Cy with the closed Minkowski addition is a semigroup with the neutral element
e = {0} being the origin, partially ordered by inclusion. Note that all inclusions for sets are
understood in the non-strict sense. Since the convex sets from Cy contain the origin, K C L
implies that K + M C L+ M for K, L, M € Cy, so that the order is compatible with the
addition. The scaling by positive reals is defined conventionally as aK = {az : = € K}.

It is known that the only order reversing involution on Cy (up to a rigid motion) is the
polar transform, see [Il [5]. The polar to K € Cy is defined as

K*={ucR?: sg(u) <1},

where
si(u) =sup{{u,z) : z € K}

is the support function of K and (u,x) denotes the scalar product. Note that the support
function may take infinite values if K is not bounded. Since the support function is homo-
geneous of order 1, it suffices to consider its values for u with the Euclidean norm ||u|| = 1,
i.e. for all u from the unit Euclidean sphere S%! in R?. The inclusion of convex sets turns
into the pointwise domination of their support functions. Let

ri(u) =sup{t: tu € K}

be the radial function of K € Cy. Then rg«(u) = 1/sk(u) for all unit vectors u, see [11
Sec. 1.6].

The only convex set invariant for the polar transform is the unit Euclidean ball B. If
K = rB is the ball of radius r centred at the origin, then K* = r~'B is the ball of radius
r~!. Further examples can be found in [I1, Sec. 1.6]. The polar to the neutral element {0}
is the whole space, i.e. e* = R

The family K;, = Ky consists of convex bodies (i.e. convex compact sets) containing the
origin and the metric p, from (0l is the Hausdorff distance

pi(K,L)=inf{e >0: K CL+¢eB, LC K +eB}

between K and L from K. Note that K + B is called the e-envelope of K, which is
alternatively defined as the set of points within distance at most ¢ to K. The norm of a set
defined as

IK| = sup{llz|| - = € K} = pu(K,{0})

is the radius of the smallest centred ball that contains K. The family Kj consists of all
convex closed sets that contain a neighbourhood of the origin and K, N Kj = Ky is the
family of convex bodies containing a neighbourhood of the origin.

It is known that g with the Hausdorff metric is a complete separable metric space, see
[11, Th. 1.8.3]. We apply the same definition of the Hausdorff metric also for closed (possibly
non-compact) sets, noticing that py may take infinite values.

Consider the set-valued continued fraction given by

F,=[Ki,...,K;, n>1,

for a sequence K, € Cy, n > 1.

11



Theorem 4.1. Let K,, = K for alln > 1 and K € Cy. Assume that K D rB, where either
(i)r > 1 or (ii) r =1 and K is compact or (i1i) 0 <r <1 and | K| <r/(1 —r). Then

F,=K,. .. K (14)

n

converges in the Hausdorff metric to a convex body F' € Ky that satisfies the equation
Fr=F+K. (15)
Proof. We confirm the validity of (B]) that becomes
pu(K*, (K +tB)") <t (16)

for all K € Cy such that B C K. Then K* C B and

K*={ue B: sg(u) <1}
={u € B: sk(u)+ sip(u) <1+tlul}
C{ueB: sg(u )—i—stB( )§1+t}
=(1+t){uec(1+t)'B: sg(u)+sp(u) <1}

C (1 +t){u € B: 3K+tB( ) < 1}
— (14+4)(K +tB)" .

For any convex body A and any ¢ > 0,
(1+e)AC A+¢||A||B.
Indeed, taking the support functions of the both sides, it is immediately seen that
(1+6)sa(u) < salu)+ellAll, uweSt.
In view of this and the fact that (K +tB)* C B,
K*C(1+t)(K+tB)"C(K+tB)"+1tB,
so that (I8) holds, and Corollary B.7 yields the result. O

In view of Corollary B.2, condition (B]) verified in the proof of Theorem (1] yields the
following result that is of independent interest.

Theorem 4.2. For any two convex compact sets K, L containing the origin,
pu(K*, L") < max(||[K*|, | L*[))*pu (K, L)

Theorem 4.3. Let K be a convex set containing a neighbourhood of the origin. The con-
tinued fraction ([[4l) with constant term K converges in the Hausdorff metric if and only if
Fop_1 CaB fora <1 and at least one k > 1.
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Proof. The sufficiency follows from Corollary B.IIl Assume that F,, converges to F' that
necessarily satisfies (I5)). Let K D eB for € > 0. Then F' C ¢~ !B, whence F is also compact
and ||F'|| = R is finite. Then there exists u with ||u|| = 1 such that sp(u) = rp(u) = R. It
follows from (IH) that

spe(u) > sp(u) + €.

Since sp«(u) = 1/rp(u) = 1/sp(u), we have

1

sp(u)

ESF(U)_I_ga

whence 1
R:sF(u):§( e24+4—¢)<1.

Thus, F,, C aB for a € (R,1) and all sufficiently large n, in particularly, for the odd-
numbered terms. O

Remark 4.4. Since the sequences F5, and F5,_; for the set-valued continued fraction with
the constant term K are monotone and bounded, they converge without any extra condition
on the set K. But their limits may be different.

Ezample 4.5. a) It is easy to see that K = rB satisfies the condition of Theorem [4.1] for each
r > 0.

b) A segment K = [0,u] for a given u € R? does not satisfy the condition and the
corresponding continued fraction diverges. Indeed, F), is a segment for even n and a half-
space for odd n.

c¢) Assume that K is a strip {(z1,72) : —a < 21 < a} C R% Then K* is the segment
with end-points at (£a~',0). Thus, F, is the segment with end-points at (4a,,0) where
a, = la,...,a]. Thus, F, converges, whereas K does not satisfy the condition of Theorem [A.1]
if a < 1. However, Fy.,1 C rB with » < 1 for sufficiently large %k, and so Theorem [£.3]
confirms the convergence of the continued fraction.

In relation to continued fractions generated by non-constant sequences, Theorem B.3]
taking into account Remark B.4] applies. Furthermore, the continued fraction converges if
rB C K,, C RB for all n > 1 and for r and R satisfying the conditions of Corollary [3.7. By
Theorem [3.8] the continued fraction converges if r, B C K,, and liminf,,_,., nlog(r,r,1) > 1.

Ezxample 4.6. Let K and L be two different centred segments in the plane. Then the infinite
sum K+ L+ K+ L+--- is the whole plane. However, the continued fraction [K, L, K, L,...]
diverges. Indeed, K* is a strip, so that L + K* is the same strip of a different width, so
that (L + K*)* if a scaled variant of K, and the successive iterations result in a sequence
that alternates between a scale of K and a polar to it. This example shows that a direct
generalisation of the Seidel-Stern theorem on continued fractions with positive terms [6],
Th. 4.28] fails in the set-valued case.

Ezxample 4.7. Convex sets that appear as limits of periodic continued fractions might be
regarded as a generalisation of quadratic irrational numbers. Consider the continued fraction

13



[K,L,K,L,...] with two alternating terms K,L € Cy. By Corollary together with
Remark 3.4] this continued fraction converges if K 4 (L+K*)* D aB and L+(K+L*)* D aB
for a > 1, and both K and L contain a neighbourhood of the origin.

Example 4.8. In the setting of Example [4.7] the continued fraction diverges if K and L are
two segments, see also Example [L.6l. In order to obtain a converging continued fraction built
of segments, consider three centred non-collinear segments L; = [—u;, w;], i« = 1,2,3, in the

plane and the corresponding continued fraction [K;, Ko, .. .|, where K3, = [—Usp4i, Usnti] =
L; for n > 0 and 7 = 1,2, 3. Condition (Bl for £ = 1 amounts to

with a > 1. A direct geometric calculation shows that

1

K1+ K;; =
( ! +2) 1+ |<Un+17Un+2

>‘ [_Un+2> 'Un—i-2] :
Thus, (B) holds if

1
1+ |<ui2a ul3>|
for some a > 1 and all permutations (i1, is,73) of (1,2,3). This is always possible to achieve
by increasing the lengths of the segments. Furthermore, ([7l) holds with [ = 1 if

[Kn—2k7 ) KTL] - R37 [Kn—2k7 R Kn-‘rl] C RB7 (18)

[_uilauh] + [_ui3> ui3] DaB (17)

for a finite fixed R and all sufficiently large n. In case of segments, this condition holds, since
each of the approximants in (I8]) take only three possible values and all they are compact,
since

[Kna Kn-l—la Kn+2]* - Kn + (Kn—i-l + K:LJ,_Q)*
contains a neighbourhood of the origin.

Remark 4.9. The Minkowski sum in the definition of set-valued continued fractions can be
replaced by other operations with sets, e.g. the convex hull of the union, the L,-sum or the
radial sum, see [I1]. For instance, if the convex hull of the union K V M = conv(K U M)
is chosen as the semigroup operation, then K VtB C K + tB, so that (3] holds in this case
and the convergence results from Section 2] apply. Furthermore, it is possible to consider a
sequence of alternating operations, e.g. the Minkowski sum and the radial sum. The latter
case is particularly easy, since its reduces to the numerical continued fraction built of the
values of the support function of the terms, so that the classical convergence criteria apply.

5 Space of non-negative convex functions

Let K = Cvxo(R?Y) be the space of convex functions f : R? — [0, 0] such that f(0) = 0 with
the arithmetic addition as the semigroup operation and the pointwise partial order. The
Legendre—Fenchel transform of a function f is defined as

[ (@) =sup((z,y) — f(y)), =e€R.

Y
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It is well known that the Legendre-Fenchel transform is an order reversing involution on
Cvxo(RY), see [9]. The neutral element is the function identically equal to zero, and its dual

is the convex function identically equal to infinity outside the origin. The only self-polar

function is h(z) = %[|z||*. The family K, is the family of convex functions that admit a

quadratic majorant, and the metric py, is given by
. € €
pulf.g) = infe > 05 f(2) < g(2) + Sl 9(2) < f@) + Sl o € RY.

It is easy to see that (2]) holds and so pj, is indeed a metric.
The dual operation (see Remark [2Z]) to the arithmetic addition is the inf-convolution

(Fo o)) = inf(f(ra) +g(e)).
Consider the continued fraction
Zn = [f1,-- -, [nl GCVXO(]Rd), n>1,

generated by a sequence {f,,,n > 1} from Cvxo(R?).

Theorem 5.1. Assume that a function f € Cvxo(RY) satisfies ||z||* < f(x) < &|||? for
all v € RY, where R € [r, 0|, and

4r
2
4+ —=>4. 19
z (19)
Then the continued fraction z, = [f, ..., f| with the constant term f converges in the metric

pr to z € Ky, satisfying z* = z + f.
Proof. 1t is easy to see that (@) holds with Cr < Cy, = 2. Indeed, if f > h, then

1 1 1
(.24 0) = (0 +0) < (@0 +0) = Sl + o] = Sl = Sl

whence

fi(x) = sgﬂg[(z,x%—v) — f(z +v)]
= ” rilillla ”[<x,:c +v) — f(z +v)]

1 1
= sup [(z,z+v)— f(z+v)— §t||:)3 +v||? + §t||a7 + v||2]
[ol| <l

1
< sup[{z,r +v) — flx +v) — =t||lz +v|* + 2t||z|*]
vERT 2

= (f +th)*(z) + 4th.
Thus, pn(f*, (f +th)*) < 4t. In order to improve the inequality, start by observing that
pu(f* (f +th)*) =inf{e > 0: f* < (f +th)" +ch}
=inf{e >0: f*<(f*@t'h)+eh}.
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If h < f < Rh, then R~'h < f* < h. Therefore,

e —y) = (@) = kalyll

where k, = ||z||(1 + v1 — R~1!). Indeed, k, is the steepest slope of the tangent line to the
graph of 1]|u/|?, u € R?, that passes through the point (z,1R™!||z||*) € R*". Thus,

(f* & 1)) = inf(f*(x — ) + 51~ ol
> (o) + inf(~ullyl + 57 )
> (@)~ gtlell?(1 + V= B2,

Thus, (@) holds with
Cr=1+vVI—R1. (20)

Finally, (I0) holds if

v(r, R)
1+ I_U(R,T) <v(r,R),

which is equivalent to the imposed condition (I9]).

It remains to show that K, is complete in the metric pj. If { f,,} is a fundamental sequence
in pp,, then f,(x) is a fundamental sequence for each x € RY, so that f,(z) — f(z) for all x
and f € K,,. Finally, f,, < f,, +¢ch for any ¢ > 0 and all sufficiently large n and m implies
that f < f,, +ch and f, < f 4 eh by letting n — oo and m — oo. O

Given that () holds with C'g given by (20), all results from Section[3]can be used to obtain
further sufficient conditions for the convergence of continued fractions in Cvxg(R?). For
instance, Corollary [3.10 implies that the continued fraction with constant term f converges
if its approximants satisfy zop+1 < a”'h and 29 > b~'h for some k > 1 with a > Cj,. The
latter condition amounts to a > 2 — b=,

The other polarity transform (A-transform) on Cvxy(R?) thoroughly analysed in [3] is
given by

me:f“{@@;;yewaﬂw>o} e (), o

00, otherwise .

For simplicity, assume that d = 1. In this case the family of self-polar functions includes

hwwz(@igiﬁéww

for any p € [1, o0], see [10].
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For any finite positive outside the origin self-polar function A, condition (3] holds. Indeed,

it f > h, then
°(x) = su <$’>_1_ {z,y) —1 (r.y) — 1
PO= 17 F )~ T +he) | Fw) + ()
th(y)({z,y) — 1) *
= f(y)(f(y) ran(y) T
(z,y) —
<t21;13 ny) + (f + th)*(x)

Since K, is complete with the p;, metric, Corollary [3.7] yields the convergence of continued
fractions with constant terms and further results from Section Bl apply in this case.
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