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Abstract. For any positive number k£ and for any hypergraph H with
vertex set V(H) and edge set E(H) C 2V we call U C V(H) a
k-antimatching of H provided for every matching F C E(H) it holds
rank A[U, F] < k, where A is the V(H) x E(H) (0,1) matrix whose
(v,e)-entry is 1 if and only if v € e. Consider a finite poset P with a
unique maximal element and having a rooted tree as its Hasse diagram.
Let H be the hypergraph with V(H) = P and with E(H) being the set of
all down-sets of P. Let u be a submodular function defined on 2V such
that u(V(H)) > d+ (£ — 1)c for a positive integer £ and two nonnegative
reals d and c¢. For any nonnegative reals di, ..., d, with Zle d; = d, we
show that either there is a matching {D1, ..., D¢} of H with u(D;) > d;
for all 4, or there is a l-antimatching C of H such that u(C) > c¢. We
establish a countable version of this result by assuming further that u
satisfies the weak Fatou property and reverse Fatou property. We propose
a conjecture on a possible extension of our result from 1l-antimatching
to general k-antimatching.
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1 Introduction

1.1 Matching and antimatching

Let F be a field, let V and E be two sets, and let M € FV > Take a positive inte-
ger k. For any subset & of 2%, we can consider V = {A C V : rankp(M[A, B]) <
k,¥VB € £}. Do you think that there may exist some kind of duality between &
and V7 If so, in which sense can you say that £ and V correlate with each other?
To make life easier, let us move to a special case where M is a zero-one matrix,
namely the incidence matrix of a hypergraph.

Let H be a hypergraph, which consists of its vertex set V(H) and edge set
E(H) C 2V#), To emphasize that we are considering a hypergraph, we often call
each edge of the hypergraph H a hyperedge of H. When we require () € E(H),
the hypergraph H is called a paved space in measure theory [13, Chapter 3].
For each positive integer k, a k-matching of H is a set of k disjoint hyperedges
of H, while a k-antimatching of H is a subset C' of V(H) which is disjoint
from at least one member of any (k + 1)-matching of H [@] Note that a k-
antimatching is just a set which cannot be a transversal of any (k+ 1)-matching.
The matching number of H is the largest size of a matching of H, which
we denote by v(H). For each B C V(H), let H[B] be the hypergraph with
V(H[B]) = B and E(H[B]) = {ANB: A€ EH)}\ {0} C 2B. Clearly, if
0 € E(H), then v(H) = v(H[V(H)]) + 1. Note that C is a k-antimatching of
H if and only if v(H[C]) < k. It is also not hard to check that the set £ of all
matchings and the set V of all k-antimatchings of H addressed here form a dual
pair as described in the opening paragraph.

Dualities/reciprocities/complementarities are ubiquitous in sciences and math-
ematics [4, ,@] But more often we see concepts which seem to have some weak-
ened version of duality or orthogonality [67, §2.3]. The most famous example may
be various uncertainty principles between signal duration in the time domain and
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signal bandwidth in the frequency domain, which have both product version and
sum version [21 41 47]. Let us see if some uncertainty relation between matching
and antimatching can be established in some situations.

Ezample 1. Let G be a graph, namely a pair (V(G), E(G)) where E(G) C (V(QG)).
For each v € V(G), the star at v of G is the set {e € E(G) : v € e}, which
we denote by Stg(v). We construct a hypergraph He such that V(Heg) = E(G)
and E(Hg) = {Stg(v) : v € V(G)}. If G has at most one isolated vertex,
namely a vertex v with Stg(v) = (), then there is a natural bijection from the
family of independent sets of G to the set of matchings of Hg which sends
S C V(G) to {Ste(v) : v e S}. It is also easy to check that a maximum size
1-antimatching of H¢ corresponds to the set of all edges inside a maximum size
clique of G. If G is a perfect graph, we surely know that its independence number
times its clique number is no smaller than its number of vertices, which can be
interpreted as some uncertainty inequality between the sizes of a matching and
a l-antimatching. Indeed, this characterizes perfect graphs [36].

A digraph I" has a vertex set V(I') and an arc set A(I") C V(I') x V(I'). We
say that x can reach y in a digraph I' if there is a path from z to y in I'. For
any x € V(I"), the up-set of  in I', denoted by « 1, is the set of all vertices of
I" which can reach x; the down-set of x in I', denoted by = |, is the set of all
vertices of I" which can be reached by z. Note that € (z )N (z |r). In general,
for any W C V(I), we let W tr= Ugewa Tr and W | r= Uzewz Jr; We call
W an up-set of I" provided W = W 1 and we call it a down-set of I" provided
W =W |r [12, p. 20]. In graphical models, an up-set is called an ancestral set
or an upper set, while a down-set is called a descendant set or a lower set [40].
In topological dynamics, an up-set of a Boolean algebra is called a Furstenberg
family [3]. For each digraph I', we define its down-set hypergraph, denoted by
Hp, to be the hypergraph with V(Hp) = V(I") such that D € E(Hr) if and only
if D is a down-set of I'. Given a topological space, we can view all its open sets as
hyperedges and thus get a hypergraph. In this sense, a down-set hypergraph is
often known as an Alexandroff space [§], which is a topological space in which the
intersection of arbitrary family of open sets is still open. In combinatorics, down-
set hypergraphs appear in the context of poset antimatroid or poset greedoid or
poset convex geometry, which is a fundamental class of antimatroids and convex
geometries [15,34]. Finally, we mention that down-set hypergraphs play a key
role in the work of lattice representations [24,48].

Recall that a poset is just a transitive acyclic digraph I', namely y € = 1
and x € y Tp imply that x =y, while y € x T and z € y Tp imply z € z Tp. A
rooted tree poset is a poset T in which 1) there is a special root vertex r with
r lr=V(T), 2) for every x € V(T), the number of paths in T" leading from r to
x is finite, and 3) (z L7) N (y }7) equals = |1, y {1, or O, for all x,y € V(T). A
ray in a rooted tree poset is a maximal chain in the poset. A ray either forms
a finite path which starts from the root and ends at a leaf (a minimal element
in the poset), or forms an infinite path starting at the root. An end in a rooted
tree poset is a set of the form R\ U where R is a ray and U is an up-set. A
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rooted tree [35,88] is the Hasse diagram of a rooted tree poset, which is an
out-tree rooted at the maximum element of the poset, also known as the root
of the rooted tree; In other words, a rooted tree poset is simply the transitive
closure of a rooted tree. When drawing a rooted tree without indicating its root,
we follow the convention that all arcs go downwards and_so the highest vertex
in the figure is regarded as the root. For example, Fig. [l demonstrates a tree
rooted at r. When we talk about a chain, a ray, or an end of a rooted tree, we
mean a one in its poset.

Fig.1. A tree T rooted at 7.

Ezxample 2. For a rooted tree T and a positive integer k, a k-antimatching of
Hy is a subset of a union of at most k rays, or equivalently, a union of at most
k chains.

1.2 Width and height of a weighted rooted tree

According to Talagrand [54, p. 5], besides the fact that it is much easier to find
the crux of the matter in a simple structure than in a complicated one, there
are not so many really basic structures, so one can hope that they will remain
of interest for a very long time. The simple structure of our concern is the set
of rooted trees as discussed in Example PJ. A weighted hypergraph is a pair
(H, u) where H is a hypergraph and p is a map from 2V(H) to R which is known
as a weighting function. Similarly, we define weighted digraphs, weighted
graphs and their weighting functions. The most usual weighting function is the
counting measure, which maps a set to its size. Due to the analogy between
counting and measure, it is an active area to extend results from combinatorics
to continuous combinatorics [[19,32]; Moreover, as pointed out by Lovész [37], it
deserves to replace linear functions by submodular functions in many combina-
torial studies and see what will happen. Motivated by previous work in [9,53],
we obtain an uncertainty relation for a rooted tree weighted by a signed mea-
sure [60, Theorem 1]. This paper aims to generalize that result from measures to
submodular functions. Before stating our main result, we need to develop some
more definitions.

For any positive integer k, we write [k] for the set of the first k positive
integers and we use Ay_; to designate the (k — 1)-dimensional probability sim-
plex, namely Ag—1 = {(01,...,0k) : > ;e i = 1,0; 2 0,Vi € [k]}. Consider a
weighted hypergraph (H, ). A k-matching of H is a (dy, ..., di)-matching in
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(H, ) if its elements can be enumerated as D1, ..., Dy such that u(D;) > d; for
i€ [kl

Definition 1. Let (H, ) be a weighted hypergraph.

— For any positive integer k and any nonnegative real d, we say that (H, ) is
(d, k)-fat provided for any (61,...,0k) € Ax—1, (H, 1) has a (ddy,...,doy)-
matching.

— For any positive integer k, the k-width of (H, u) is the supremum of the set
of those reals d such that (H, u) is (d, k)-fat.

— For any positive integer t and any nonnegative real ¢, we say that (H,pu) is
(¢, t)-tall provided we can find a t-antimatching C of H such that u(C) > c.

— For any positive integer t, the t-height of (H, 1) is the supremum of the set
of those reals ¢ such that (H, u) is (c,t)-tall.

Example 3. Let T be the rooted tree depicted in Fig. E and let p be the counting
measure on V(7). The set of blue vertices and the set of green vertices are both
down-sets of T" and hence hyperedges of Hy. The 2-matching formed by them
indeed gives rise to a (4,4)-matching of (Hr, 1t). One can check that (Hr, p) is
(7,2)-fat and (3, 1)-tall.

|
NN

Fig. 2. A rooted tree T'; See Example E

Ezxzample 4. Let T be the rooted tree on three vertices with two leaves x and y.
Let d = 2 and ¢ = 5. Let A be the set of probability measures on V(T') and
let Leb be the Lebesgue measure on A. Let X := {u € A: (Hp, p) is (¢, 1)-tall}
and Y := {u € A : (Hp,p)is (d,2)-fat}. We can calculate that Leb(X) =
Leb(A) — Leb({p € A: p(x) + p(r) < 5, pu(y) + u(r) < 3}) = Leb(A) and that
Leb(Y) = Leb({x € A : max{pu(x), u(y)} > 3, min{u(x), u(y)} > 5}) = 0. For
each positive integer k, we are wondering what are the expected k-width and
expected k-height of (Hp, ) when p runs through all probability measures in
A.

In mathematics and its applications, we discuss various interesting set func-
tions, say measures, capacities and others [23]. Let X be a set and let u be a
function from 2% to R. The function y is said to be increasing if u(A) < u(B)
whenever A C B. If yu is increasing and grounded, that is, u(0) = 0, it is called
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a capacity or a cooperative game [23, p. 27]. For any ¢t > 2, we say that pu is
t-alternating if for all Aq,..., A; € 2%,

p((VA) < > (= 40,

i=1 0AIC[H] iel

and we say that p is t-monotone if —p is t-alternating. A 2-monotone func-
tion is called supermodular and a 2-alternating function is submodular. We
mention that entropy functions [20], polymatroid rank functions [[16], and con-
nectivity functions [27] are some well-known examples of submodular functions.
Besides them, we also encounter submodular functions in many new contexts
[25, Theorem 7]. We call i a subadditive function if

#(A) + u(B) = p(AU B) 1)

holds for all disjoint sets A, B C X. Taking A = B = () in Eq. @) shows
that p(@) > 0 for all subadditive functions y. Important classes of subadditive
functions include the set of outer measures [56, §1.7] and the class of submeasures
[55]. We call p a superadditive function provided —p is subadditive, and we
call p an additive function if it is both subadditive and superadditive. We call
1 a weakly submodular function if

1(A) + p(B) = p(AU B) + (AN B) = p(AU B) + u(0) (2)

holds for all disjoint subsets A and B of X. If u is weakly submodular and
(@) > 0, then p is subadditive. A submodular capacity defined on a finite set
is a polymatroid. We say that p has the weak Fatou property provided

limsup pi(X5) > p(X)
n—oo
for every sequence X; C Xy C --- of subsets of X such that X = U2, X, =
lim,,_, o X,,. We say that u has the reverse Fatou property if

p(limsup X,,) > limsup p(X,)
n—oo n—oo
for any sequence (X,,) of subsets of X. We call y an F-continuous function if
it satisfies both the weak Fatou property and the reverse Fatou property. Note
that a finite measure p is basically just an F-continuous additive function — more

precisely, we only need to define p on a o-algebra instead of the whole powerset
of X.

Ezample 5. Let X = {a,b} and let u be the set function on X such that
w(@) =0, p(a) = u(b) =2 and p(X) = 1. Clearly, p is submodular. Consider a
sequence { X, }nen of subset of X, where X,, = {a} if n is even and X,, = {b}
otherwise. Then p(limsup,,_, . X,) = pu(X) = 1 and limsup,,_, . (u(X,)) =
limsup,,_,. 2 = 2. This means that p does not satisfy the reverse Fatou prop-
erty.
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Theorem 1. [60, Theorem 1] Let T be a countable rooted tree and let u be an
additive and o-additive function on 2V 7). Let k be a positive integer and let ¢, d
be two positive reals such that

W(V(T)) 2 d+ (k- 1)e. (3)
Then (Hy, p) is either (d, k)-fat or (¢, 1)-tall or both.

Tightness of the bound in Theorem m is discussed in [60, Example 1] while
the failure of generalizing Theorem [l| from rooted tree poset to general poset is
reported in [60, Example 3]. How about considering other kinds of set functions?

Theorem 2. Let T be a finite rooted tree and let p be a submodular function on
V(D) satisfying (B) > 0. Let k be a positive integer and let ¢, d be two positive
reals such that (EL) holds.

1. (Hp,p) is either (d, k)-fat or (c,1)-tall or both.
2. If u(C) < ¢ for every end C of T, then (Hr, p) is (d, k)-fat.

After presenting the above strengthening of Theorem ﬂ for finite trees, we
should also list the following natural extension of [60, Conjecture 1].

Conjecture 1. Let t be a positive integer. If we replace (E) in Theorem E by the
condition of 1(V(T)) > d + [£2]c, then (Hr, ) is either (d, k)-fat or (c,t)-tall
or both.

The next example means that p(@)) > 0 is necessary for the truth of Theo-
rem

Ezample 6. Consider the rooted tree as displayed in Fig. E Define a function
poon 2V(T) such that u(A) = uw(AU {r}) = 10(|A| — 1) for all A C {a,b,c}.
One can check that p is a co-alternating function but p(f) < 0. Let ¢ = 1 and
dy = do = 5. Note that

M(V(T)) =20 >c+ d1 + d2 =11.

But, neither can you find a chain C with x(C) > 1, nor can you find two disjoint
down-sets Dy and Ds such that u(Dq) > 5 and p(D2) > 5.

Ezample 7. Let T be a rooted tree which is not a directed path, that is, T has
at least two rays. Let  : 2V(T) — R be the set function such that

(X) {1 if NN X is a nonempty end of T" for every nonempty end N of T
H =

0 otherwise.

Note that p is basically a unanimity game [23, p. 42] and so is oo-monotone. For
every positive reals d and ¢ and integer k > 2, the weighted rooted tree (T, u) is
neither (d, k)-fat nor (¢, 1)-tall.
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Question 1. Does Theorem E still hold when we replace the assumption of p
being submodular by p being weakly submodular or even just subadditive?

There are many ways to add continuity assumptions to guarantee the tran-
sition from finite to infinite. In Theorem [ll, we do not require the weighting
function p to be increasing but in the following variant we do not require the
weighting function u to be additive.

Theorem 3. Let (T, u) be a weighted rooted tree. Assume that V(T') is countably
infinite, and that p is submodular, F-continuous and satisfies p(@) > 0 and
w(D 1) > w(D) for all D C V(T). Let k be a positive integer and ¢,d be two
positive reals such that (B) holds.

1. (Hp,u) is either (d, k)-fat or (c,1)-tall or both.
2. If T does not have any saturated chain C with u(C) > ¢, then (Hy,u) is
(d, k)-fat.

Recall that the Hewitt-Yosida Theorem claims a unique decomposition of
any additive function into a sum of a F-continuous additive function (measure)
and a discontinuous additive function [B3, Theorem 8.16]. Also note that the
relationship between submeasures and measures can be quite complicated [55].
In view of Example fj and Theorem P, it is natural to wonder if we can drop/relax
the continuity assumption on g from Theorem B. For any set X, an ultrafilter
on X is a function ¢ from 2% to {0,1} such that ¢(0) = 0, ¢(X) = 1 and
dp(YUZ)=9X)+ ¢(Z)— d(Y NZ) — Here we are talking about the filters as
invented by Cartan (1937) instead of the filters as introduced by Kolmogorov
(1941) and Wiener (1949). It is clear that the bigness defined by ultrafilter is
robust under partitioning, that is, for any partition of X into finite many parts,
eaxctly one part will be mapped by the ultrafilter to 1. An ultrafilter on X is
principal provided there is z € X such that ¢(Y) = 1 if and only if x € Y An
easy consequence of Zorn’s Lemma is that there exists a non-principal ultrafilter
¢ on any infinite set X, namely ¢(Y) = 0 for all finite subsets Y of X [12, p.
245, Exercise 10.8] [45, 7.5.17].

Ezample 8. Let X be the set of all positive integers and take x € X. Let T be
the rooted tree in which x is bigger than y for all y € X \ {z} and any two
elements in X \ {z} are incomparable. Let 1 be a non-principal ultrafilter on X.
Surely, u is additive but not F-continuous: Taking A,, = [n] for all n shows that
the weak Fatou property fails while taking A, = X \ [n] for all n shows that
the reverse Fatou property fails. For the weighted rooted tree (T, 1), every chain
has weight 0 and, for every two disjoint down-sets A and B in T', it must hold
either u(A) =0 or u(B) = 0. Hence, though u(V(Hy)) =1> 3 =2 4 (2 - 1)1,
(Hr, p) has neither (1, 1)-matching nor 1-antimatching of weight at least .

In Section E we provide a proof of Theorems E and E The proof is divided
in two steps: For the first step (Section R.1)), we focus on (a, §) down-sets and
use combinatorial arguments to get Theorem H and then Theorem E; In the
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second step (Section @), combining Theorem E with some continuity arguments,
including those preliminary work in getting Lemmas [I| and P}, we will derive
Theorem B. We remark that throughout our proof, we appeal to properties of
submodular functions in Egs. (E) to (E) So far, we do not see how to go around
those arguments to get any positive result about Question [I.

In Theorem B we have to impose additional continuity requirement on infinite
weighted trees to get our uncertainty relation. As seen in Example f, we do not
have this continuity condition in the finite case and so we are wondering if there
should be some other better reason behind to guarantee the uncertainty relation.
This motivates us to formulate Question E in Section B. Moreover, we discuss
there how the knowledge on anticores can help us go further from Theorems
and PB. Section B also reviews some simple facts on anticores for the convenience
of readers. Especially, we explain how Theorem [ there can imply Theorem P.

Section f is motivated by some previous work in Ramsey theory [7,9] and
connects to the existence problem for normal spanning trees and BBT spanning
trees. The work there directly follows from Theorems Eand . Section E contains
two simple applications of Theorem [ll and so the weighting functions there are
additive.

2 Up and down in a rooted tree

2.1 Finite tree

Definition 2. Let (I, u) be a weighted digraph. For any two real numbers «
and B, we say that a down-set D of I' is an («, 8) down-set of (I, ) provided

u(D) = B and (D tr) < a+p.
FEzample 9. Let T and p be what are given in Fig. E and Example E One can

check that ,u(f\. o) =4>3and ,u(/ﬁ) =6 < 3+ 3. Therefore, [, . isa (3,3)
down-set in (T, u).

For each digraph I' and v € V(I'), let us use I'"(v) for the set of out-
neighbors of v in I', namely I'" (v) = {w € V(I') : vw € A(I")}. Of course, we
have v {2 I'(v) for all v € V(I').

Theorem 4. Let T be a finite rooted tree and let p be a submodular function on
2V with u(@) > 0. Let a and B be two nonnegative reals such that p(V(T)) >
a+ B and p(L) < « for all rays L of T. Then the weighted rooted tree (T, i) has
an (a, B) down-set.

Proof. We intend to find a down-set D of T such that u(D) > g and u(D 1r) <
a + 8. We will demonstrate its existence by an induction on | V(T)|. Let r be
the root of 7.

If |[V(T)| = 1, then we have 0 > pu(r t7) —a = u(V(T)) —a > 8 > 0,
which forces 5 = 0. Therefore, we have u(r) = u(V(T)) > a+ S > 8 and
p(r t7) < a = a+ . This means that we can take D = {r}.
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Assume now | V(T)| > 1 and that the result holds when | V(T)| is smaller.
Take x € TT(r) and let X := z 7. There are three cases to consider.

Casg 1. pu(X) > fand p(X U{r}) <a+g.
Take D = X, which is a down-set of T. Then pu(D) = wu(X) > S and
w(D 1) = (X U{r}) <a+p.

CASE 2. u(X) > fand p(X U{r}) > a+ L.
Define a submodular function y/ on 2% by putting

i JuAu{r}) ifze ACX;
“(A)_{M(A) it AC X\ {a}).

Let T’ be the subtree of T induced by X. For each ray L’ of T', L' U{r} is a ray of
T and so we have p/(L') = u(L' U {r}) < a. Further note that p' (@) = u(0) > 0,
and that

p(V(T) =/ (X) = (X U{r}) > a+B. (4)

By our induction hypothesis for (77, '), we can find a down-set D of T” such
that

# (D) > B and p'(D t7/) < o+ B. (5)

Comparing (B) with (@) yields D 17 C X = x |r and so « ¢ D follows. We now

see that D = D |p satisfies u(D) = /(D) > f and u(D 1) = ¢/ (D /) <
o+ [, as wanted.

CASE 3. pu(X) < B.

Let T" be the tree obtained from T by deleting X. Let u’ be the function on
V(T satisfying p/(A) = p(A U X) — pu(X) for all A C V(T”). First of all, we
have ¢/ (@) = 0. For any A, B C V(T"), we verify that

W (AUB)+ /(AN B)
=(MAUBUX) - u(X)) + (u((ANB)UX) — pu(X))
<uAUX) +p(BUX) - 2u(X) (6)
=p'(A) + ' (B),

showing that u’ is submodular. Moreover, for any leaf u of T”, we see that

' (u ) =p(u tr UX) — p(X)
p(u tr UX) — p(X)

<(u(utr) + p(X) = p(®)) — p(X) (7)
=p(utr) — pu(0)
<p(u t7)

<a.
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Letting 8" :=  — u(X) > 0, it is clear that ¢/ (V(T")) = p(V(T")UX) — (X)) =
p(V(T)) — u(X) > a+ B — u(X) = a+ . These facts together then enables us
apply the induction hypothesis on (7", ') to get a down-set D’ of T” such that

WD) > B and j/(D tp) < at B
Take D := D’ U X, which is surely a down-set of T'. It follows that
#(D) = u(D' UX) = /(D) + u(X) > 8 + pu(X) = B
and
u(D tr) = (D" 1t UX) = /(D" 177) + (X)) < a4+ '+ p(X) = a + B.
This finishes the proof. a

Proof (Proof of Theorem @) Let r be the root of T. We will proceed with an
induction on k. Surely, we only need to prove the second reading as it implies
the first claim.

When k = 1, we can see that the down-set V(T') satisfies u(V(T)) > d and
thus (T, ) is (d, 1)-fat. This tells us that the base case holds true.

Assume now k£ > 2 and the result holds for smaller k. Let dy,...,d; be k
nonnegative reals such that Zf 1 d; = d. We have to find k disjoint down-sets
Dy, ...,Dy of T such that u(D;) > d; for all i € [k].

Applylng Theorem Y for o = cand 8 = dy, yields a down-set D of T satisfying
w(D) > B =dy and u(D t7) < a+f = c+dj. Consider the submodular function
1/ on 2V(T) such that p/(A) := w(A\ (D 1r)) for all A C V(T). Observe that

k—1

(k=2)c+ Y di <p(V(T)) = (c+dy)

i=1

<p(V(T)) = p(D 1)

<p(V(T)\ (D t1)) — (D) (8)
<M( (T)\ (D 1))
w' (V(T)).

We are ready to invoke our induction hypothesis to find k¥ — 1 down-sets of T,
say Di,...,D}_,, such that p/(Dj]) > d; holds for all ¢ € [k — 1]. For i € [k],

define
o _[DAD ) e k-1
"D if i = k.
Clearly, D, ..., Dy are pairwise disjoint sets. Note that u(Dy) > dj, and that
for i € [k — 1],
w(Di) = p(Di\ (D 1)) = /(D)) = d;.
To verify that D1,..., Dy are what we need, it remains to show that D; is a
down-set of T for every i € [k —1]. Picki € [k —1] and « € D; |7 C D} |r=
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Then there exists ' € D; such that € 2’ [7. From 2’ € D; = D, \ (D 1r) we
derive that (2’ {7)ND = 0; and so x € 2’ |7 implies = ¢ D . We now see that
xz € D/ \ (D 1r) = D;. This shows that D; is a down-set of T, as required. O

We assume that our input is a finite rooted tree and a function f € RV™) We
use p for the additive function such that u(A) = > ., f(x) for all A C V(T).
We further assume that (§) holds and let dy, ..., dx be k nonnegative reals such
that Zle d; = d. The following three observations ensure that there is a linear
time algorithm to find either an end C of T' with (C) > ¢ or k disjoint down-sets
Dy, ..., Dy of T such that u(D;) > d; for all i € [k]:

(i) There is an algorithm that finds an end C of T such that u(C) > u(C") for
all ends C’ in linear time.

(ii) Write DS(T, u, o, B) for the problem of finding an («, 3)-down _set in T.
If (T,p) and two reals «, 8 satisfy the conditions in Theorem H, there is
an algorithm solving DS(T), i, o, 8) in linear time. Indeed, according to the
proof of Theorem {, we can reduce DS(T, u,«, 3) to DS(T', i/, o', B") for
some rooted tree T” with | V(T")| < | V(T')| in constant time.

(iii) If u(C) < cfor all ends C in T, there is an algorithm that finds a (d1, . .., dj)-
matching of (Hr, ) in O(k| V(T)|) time (by using (ii) k times).

2.2 Infinite tree

Let T be a rooted tree with a root r. A rake in T is a subset W of V(T') that
is the union of two sets Wy and W7, called its handle and its brush respectively,
such that Wy is a saturated chain in 7" and W is either empty or of the form
w |7 where w is the minimum element in W;. Note that if the handle of a rake
is an infinite chain then its brush must be an empty set. For each nonempty rake
W, let h(W) denote the unique maximum element of W. Let N stand for the set
of positive integers. Let 70 := {r}, let T" := {J,cqi—r TT (v) and T<" := U;;E T7
forall i € N.

Lemma 1. Let T be a rooted tree. For each i € N, let R; be a rake in T such
that |R; N T9| < 1 for all j € [i]. Then there exists an increasing map ¢ € NN
such that limsup Ry s a saturated chain in T
1—>00
Proof. Let Ry := limsup R;. If Ry is a chain in 7', then ¢ can be chosen as the
1—00
identity map. Otherise, we have Ry # () and so 71 := min{i : T*NRy # 0} < oco.
Choose v1 € T™ N Ry, let Ny = {i € N: vy = h(R;)} and let ¢ be the unique
order-preserving bijection from N to N;. Let R; := limsup Ry, iy- If Ry is a
1—00

chain in T, then ¢ can be chosen to be ¢;. Otherwise, we can find 75 > 7 and

vy € Ry NT™, and then let No = {i € Ny : {vo} =T™ N R;} and let ¢ be the

unique increasing bijection from N to Na. Let Ry := limsup Ry, ;). If Ro is a
1—00

chain in T, then ¢ can be chosen to be ¢o. Otherwise, we continue as before and

repeat this procedure as far as we can. If we cannot stop at some finite moment
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t to get the required map ¢ = ¢, we then must have found an infinite chain

v1, Vs, ... of vertices of T" and an infinite filtration N D Ny O Ny O --- of infinite

subsets of N. Surely, we can find an increasing map ¢ € N such that (i) € N;

for all 7 € N. It is not difficult to see that limsup Ry(;), which coincides with
1—00

lim Ry;) and contains {v; : i € N}, is an infinite saturated chain in 7', finishing
1—> 00

the proof. a

Lemma 2. Let (T, ) be a weighted rooted tree on countably many vertices such
that p has the weak Fatou property. For any € > 0 and any n € N, there is an
up-set F of T such that F C T<"*' |F| < oo, and p(F U (Uucpnrn v b)) =
u(V(T)) —e.

Proof. Let M be the set of minimal elements of 7" which fall into T'<"™. Note that
M corresponds to the set of rays of T" which are disjoint from 7. Since M UT™
is countable, its elements can be enumerated as vy, vg,.... Foreach v € M UT™,
we define the rake R, to be the union of v 17 and v |7. Let A, := Ui:l Ry,
for £ < |MUT"|. If MUT™ is indeed a finite set, say of size m, we make
the convention that A, := A, for all £ > m. Clearly, (A¢)sen is an increasing
sequence of sets and ZILI& Ay = V(T). Due to the weak Fatou property of u,

there exists a positive integer N such that pu(Ay) > pw(V(T)) — €. Surely, we can
take I to be Ay NT<"*!, completing the proof. 0

Proof (Proof of Theorem B) Let dy,...,d; be k nonnegative reals with d =

Ele d;. Let us assume that (Hr, 1) does not contain any (dy, ..., dy)-matching
and turn to show that we can find a saturated chain C of T such that u(C) > c.

Let 7 be the root of T. Let (e, )nen be a sequence of positive reals such that
lim,,_, €, = 0. By Lemma P, for each n € N there exists a finite subset F}, of
T<"*1 such that F,=F, TTa :U'(Fn U (Uuanan u \l/T)) > H(V(T)) — €n.

Pick n € N. We consider the finite subdigraph T, of 7" induced by F},.
Surely, T;, is a rooted tree rooted at r. For any A C F,,, let A represent the set
AU (Uyeanrn v dr). Define a function g, from 2 to R by setting p1,,(4) =

wu(A) for all A C F,, = V(T,,). We now apply Theorem E on (T, i) and see
that, we either have a (di,...,dy)-matching in (Hp,,pu,) or an end C,, of T,
with p,(Cr) > ¢ — €,. Assume, for sake of contradiction, that the former case
happens. This means that we have k disjoint down-sets Dy, ..., Dy of T,, such
that p,(D;) > d; for i € [k]. It follows that Dy |r,..., Dy lr are k disjoint
down-sets of T, such that, thanks to the increasing property of u, u(D; |7) >
1(D;) = pn(D;) > d; for all i € [k]. This contradicts our assumption that (Hp, u)
does not contain any (dy,...,dy)-matching. Therefore, the aserted set C,, must
exist and we can set R,, := én It is easy to see that R, is a rake of T satisfying
w(Ryp) > c— €, and |R, NT™| < 1 for all m € [n].
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Finally, we use Lemma m to obtain the existence of an increasing map ¢ from
N to itself such that C' := limsup Ry, is a saturated chain in 7'. It follows that
n—oo

> limsup p(Ry(n)) (Reverse Fatou)
n— oo

= lim p(Ry(n))

n—oo

> lim (c— €¢(n))

n—oo

:C,
which is the end of the proof. a

To finish off, we mention that an infinite counterpart of Theorem H can be
established exactly in the same way as we deduce Theorem B from Theorem P.

3 Anticore and base polyhedron

Let X be a countable set. Let M x be the set of functions p from 2% to R such
that the following hold:

L p(X) = 0;

2. For every rooted tree T with V(T') = X and every nonnegative reals ¢ and d
and positive integer k with u(X) > d+ (k — 1)¢, (Hp, p) is either (d, k)-fat
or (¢, 1)-tall or both.

Question 2. How to characterize/understand M x? Is it closed under the taking
sum operation?

Here is a very simple observation, which says that to determine M x essen-
tially reduces to an understanding of the minimal elements in M x.

Observation 1. Let X be a countable set and p, 1’ be set functions on X with
wX)=p'(X). If € Mx and p/ < p, then p € Mx.

By Theorem E, for a finite set X, M x contains the set of all additive functions
on 2%. Therefore, we are interested in those functions which dominate some
additive functions. It turns out that this is already considered a lot by people of
various backgrounds.

Let X be a set and let 7 be a function from 2% to R. The core of 7 is the
set of additive functions p on 2% such that f(A) > 7(A) for all A C X and
f(X) = 7(X); The anticore of 7, is the set of additive functions p on 2% such
that

for all A C X and
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If X is a finite set, the anticore of 7 is also known as the base polyhedron of
7, thanks to its connection to matroid base polyhedron [16,22]. Since these two
concepts are dual to each other and so results about one can easily be translated
to results about the other, we will focus on anticore in this section. Note that
when we refer to a result on anticores from some literature, we may really mean
that that literature reports a counterpart result on cores.

We assume that X is a finite set of size n. It is well-known that the base
polyhedron of a set function 7 on X is nonempty whenever 7(}) > 0 and 7 is
submodular [42, Proposition 4.4]. Indeed, it coincides with the convex hull of
those marginal worth distributions of 7 and has the so-called Shapley value of T
as its center of gravity [52, Theorem 3, Theorem 5]! We recall below a nice and
short argument of displaying the nonemptiness of the anticore [52, Theorem 4].
For any permutation v = (v1,...,v,) of the n elements of X, we can define the
marginal worth distribution y of 7 to be the additive function y = y™" such that
y(v;) = 7(F;) — 7(F;—1), where we use F; for {vy,...,v;} for any i € [n] and use
Fp for . An inductive argument on |A| easily demonstrates that y(A) < 7(A)
for all A C X and thus y lies in the anticore of 7. The base case follows from
7(0) > 0 = y(0). If A is nonempty and ¢ is the maximum integer such that
v; € A, we have

y(A) =y(A\{vi}) +y(vi)
<7t(A\A{vi}) + y(v;) (By induction assumption)
=7(A\{vi}) + 7(Fi) — 7(Fi—1)
=T(ANF,_1)+717(AUF;_1) — 7(F;i_1)
<7(A). (By submodularity of 7)

In light of Observation E, we now see that to prove Theorem E it suffices to verify
it in the special case that u is a signed measure, namely an additive function. In
the conference version of our paper, we do prepare this signed measure version
already [60, Theorem 1]. We choose to establish Theorem E in Section P via a
different approach as we think that Theorem ¥ may be of independent interest.

Observation E enables us get something more than Theorem E Let X be a
finite set. A balancing sequence v on 2¥ is a sequence of nonnegative reals
va,A € 2% such that Y icacax 74 = 1 for all i € X. A necessary condition for
a map p from 2% to R to have a nonempty anticore is

p(X) < Y yap(A) 9)

ACX
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for all balancing sequences v on 2. Indeed, if f is in the anticore of u, then
w(X) =f(X)
=> 1)
ieX
=D (> va)f(@) +v0f(0)

i€X i€ACX

= > vaf(4)

ACX

< Z Yar(A).

ACX

The well-known Bondareva—Shapley Theorem [30, Theorem 1.1] claims that a
set function p on a finite set X has a nonempty anticore if and only if ({) holds.

Theorem 5. Let T be a finite rooted tree and let i be a function on 2V () for
which (B) holds for all balancing sequences v on 2X. For any positive integer
k and positive reals d and ¢ such that (E) holds, (Hr,p) is either (d,k)-fat or
(¢, 1)-tall or both.

Proof. According to the Bondareva—Shapley Theorem [[1[17], the anticore of p is
nonempty and so we can pick a signed measure f from it. By Theorem [ll, (Hr, f

is either (d, k)-fat or (¢, 1)-tall or both. Since f is dominated by p, Observation é
tells us that (Hr, p) is either (d, k)-fat or (¢, 1)-tall or both. O

We should indicate here how to view Theorem E as a special case of Theo-
rem fj. For any finite set X and any function y from 2% to R, its Lovész extension,
denoted fi, is the function from R¥ to R such that ji(g) = > i) 9(vi) (u(Si) —
w(Si—1)), where vy,...,v, is a permutation of X satisfying g(v1) > g(ve) >
o> g(vg), So = 0,581 = {v1},..., S = {v1,...,v,}. Clearly, ji is positively
homogeneous, namely [i(cg) = cfi(g) for all nonnegative real c. Moreover, if y is
submodular, [ is the support function of the base polyhedron of p [42, Proposi-
tion 4.5] and hence is a convex function on R [42, Theorem 4.16]. Therefore, on
the condition that (@) > 0 and p being submodular, it holds for any balancing
sequence v on 2% that

p(X) =p(1x)
=il > yala)
Ae2X\{0}
< Z vaf(la) (Convexity and positive homogeneity of )
Ae2X\{0}

= Z Yap(A)

Ae2X\{0}

< 3 qan(A). (1(0) = 0)

Ae2X
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This gives (E) and so we have confirmed that Theorem E can be read from
Theorem f.

For a set function on a general set X, the nonemptiness of its anticore can
be characterized analogous to the Bondareva—Shapley Theorem [29, p. 230] [46,
Theorem 8] [60, p. 2]. More results on anticore of infinite games can be found
in [18, Theorem 10][B0, Theorem 6.1]. Although an element in the anticore is
additive, we may not know for sure that it is inside M x and this then makes
it difficult to apply Observation [l| and Theorems [ll and B to earn more knowl-
edge about M x. However, people have studied the concept of the o-core of a
set function, which is the set of o-additive functions in the core. Note that an
additive function which is o-additive must be F-continuous. It thus looks inter-
esting to see if any results from [10,29,831,43,44,149,61] can be used to combine
Observation [l and Theorems [ll and B to generate more members of My for a
countably infinite set X. We mention that Lovasz extension is a finite version
of Choquet integral [11] and that a set function is submodular if and only if its
Choquet integral is convex [f, Theorem 1].

4 Path and pseudorandom graph

Ben-Eliezer, Krivelevich and Sudakov [[7, Definition 4.1] define a digraph I" to be
d-pseudorandom if for every two disjoint sets A, B C V(I') such that |A|, |B| > d,
there is at least one arc of I" going from A to B. In the same spirit, we call a
weighted graph (G, u) (di,...,dy)-pseudorandom if for every k disjoint sets
Dy,...,Di, C V(G) such that u(D;) > d; for all i € [k], there is at least one
edge of G connecting D; and D; for some {i,j} € (U;]). It is known that every d-
pseudorandom digraph on n vertices contains a directed path of length n—2d+1
[, Lemma 4.4] [58, Proposition 4.1]. Here is a counterpart for pseudorandom
weighted graphs.

Theorem 6. Let k > 1 be an integer and let dy,...,dg,c be k + 1 positive
reals. Let (G,p) be a finite connected weighted graph. We assume that p is
submodular, 1(0) > 0 and w(V(G)) > Zle di+(k—1)c. If (G, ) is (d1,...,dk)-
pseudorandom, then there exists a path P of G such that u(P) > c.

Proof. Run the depth-first search (DFS) algorithm on G, we will get a corre-
sponding depth-first search rooted tree T. Applying Theorem E on (T, ) and
parameters dy, . . ., d, ¢, we will either find a path P with pu(P) > ¢ or k disjoint
down-sets D1, ..., Dy such that u(D;) > d; for all i € [k]. By the property of
DFS algorithm [2, Lemma 5.3], there is no edge between disjoint down-sets of
T. Since (G, p) is (d, . .., dy)-pseudorandom, we see that the only possibility is
that the first case happens. a

Let G be a connnected graph. A spanning rooted tree of G is a rooted
tree T satisfying V(T') = V(G) and zy € E(G) whenever z € T (y).

Definition 3. Let G be a connected graph. A BBT spanning tree of G is a
spanning rooted tree T of G such that
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1) If v € y lr and vy € E(G), then x € T (y);
2) If v € TY ('), y € TT(y') and zy € E(G), then either ©’ € y' |r or
/ !
y ex lr.
We adopt the name of BBT spanning tree here as this construction is essentially
used by Bonamy, Bousquet, and Thomassé in their proof of [9, Theorem 6].

Ezxample 10. Let G be the grid graph with vertex set Z x Z in which two vertices
are adjacent if and only if their difference is one of the four elements, (0, +1)
and (£1,0). We display a BBT spanning tree T of G in Fig. E Note that T is
an infinite caterpillar, its central stalk marked in red is swirling around the root
of T', and each vertex outside of the stalk is connected in T to the vertex on the
stalk that is adjacent to it in G and is closest to the root along the stalk. The
stalk walks to the west for two steps, then to the north for two steps, then to
the east for four steps, then to the south for four steps, then to the west for six
steps, then to the north for six steps, then to the east for eight steps, and so on.

Fig.3. A BBT spanning tree of the infinite grid graph; See Example @

Let G be a graph. For every r,v € V(G), an induced path from r to v
in G is a finite vertex sequence vi = r,v2,...,v; = v such that v;v; € E(G)
if and only if 4,5 € [¢] and |i — j| = 1; We denote the set of induced paths
from r to v by IP¢(r,v), write IP¢(r) for U,cy(g) IPc(r;v) and then use the
notation IP¢ for |J, ey (g IPc(r). In the sequel, we always assume that V(G) is
equipped with a well order <, namely a total order in which each nonempty set
has a least element. This allows us define a partial order < on IPg such that

(v1,...,0k) < (u1,...,us) if and only if there exists ¢ < min(k,s) such that
v; =uy; for i € [t — 1] and v; < u;. We say that (vq,...,vx) is an initial segment
of (u1,...,us) if k < s and u; = v; for i € [k]. Note that two distinct elements in

IP¢ are incomparable with respect to < if and only if one is an initial segment
of the other. If V(G) is a finite set, (IPg(r,v), <) itself surely still forms a well
order. The following result generalizes the idea of [9, Lemma 2].
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Lemma 3. Let G be a connected graph and let r € V(G). We assume that for
every v € V(G), the total order (IPg(r,v), <) has a smallest element, which we
denote by Pg(r,v). Then G has a BBT spanning tree rooted at r.

Proof. We first show that if Pg(r,v) = (v1,va, ..., vg41) for some positive integer
k, then Pg(r,vx) = (v1,...,v). If this were not true, let us assume
Pa(r,vr) = (w1, ... up) < (v1,...,08). (10)
If vg1 € {u1,...,ue}, we see that (uq,...,up, vg+1) < (V1,02,...,054+1), violat-
ing the definition of Pg(r,v). If vg41 € {u1, ..., ue}, then there is an m € [¢] such
that vey1 = u,, and then (ug,...,un) € IPg(r,vgr1). From vgiq € {v1,..., vk}
and (@;, we conclude that (u1,...,uy,) < (v1,v2,...,Vk4+1), yielding again a

contradiction with the definition of Pg(r, v).

Given the fact as illustrated above, we can build a spanning rooted tree T
of G as follows. For every v € V(G) \ {r}, we consider Pg(r,v), say Pg(r,v) =
(v1,v2,...,0k), and then add (vg, vk—1) to the arc set of T'. It is easy to see that
what we obtain is really a rooted spanning tree of G with root r. It remains to
check that it is a BBT spanning tree of G. Condition 1) in Definition E trivially
holds as all arcs of T' come from induced paths in G. To check condition 2) in
Definition E, we assume that Pg(r,z) = (v1,...,0), Pa(r,y) = (wq,...,ws),
xy € E(G), k,s > 1, and we aim to demonstrate that either vy_1 € ws_1 }1 or
W1 € Vp—1 7.

Let ¢ := max{i € N: v; = w;} > 1. We want to show that ¢ > min{k —
1,s — 1}. By way of contradiction, assume ¢ < min{k — 1,s — 1}. Observe that
{vi,.. ., vt N{ws,...,ws} = {v1,...,v,}. Without loss of generality, assume
that vg41 < wg41. Let ¢ be the minimum positive integer 7 such that v,ws €
E(G), which is well-defined owing to the assumption of xy € E(G). Note that
t > g+ 1. Then we see that (vi,...,v,ws) < (wi,...,ws—1,ws) in IPG(r,y),
contradicting the assumption that Pg(r,y) = (w1, ..., ws—1,ws). a

Ezample 11. In Fig. H, we draw a graph G whose vertices are ordered as the
usual order for nonnegative integers. Note that (IP&(0,1), <) does not have any
smallest element. However, it has a BBT spanning tree rooted at 0 as indicated
in boldface in Fig. H

1

m- 11
| | |
| | |

l_¢,, ———o——o
0 2 4 6 8 10

Fig.4. An infinite graph G and one of its BBT spanning trees.
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Bonamy, Bousquet, and Thomassé make use of [, Lemma 2] and [9, Lemma
3] to derive [0, Theorem 6]. Accordingly, we now employ Lemma é and Theorem
to establish Theorem H Let G be a graph. For any X C V(G), the closed
neighborhood of X in G, denoted by N¢g[X], is the set of vertices of G which
are either in X or adjacent to some elements of X.

Theorem 7. Let k > 1 be an integer and let dy,...,dg,c be k + 1 positive
reals. Let (G,u) be a finite connected weighted graph which is (dy,...,dy)-
pseudorandom. We assume that p is submodular, u(0) > 0 and

k
max{p(X) : |[V(G)\ X| <1} > Y di+ (k—1)c. (11)
i=1

Then there exist two subsets B and C' of V(G) such that C C B C N¢[C], G[C]
is a path and pu(B) > c.

Proof. As G is a finite graph, Lemma E allows us choose a BBT spanning tree
T of G rooted at any specified vertex. If the maximum value on the left hand
side of (@) is achieved at X = V(T'), we select r arbitrarily to be the root of T
and, for any X C V(T), let

{riu( U T (x) ifreX;

UX = zeX
U TT(x) ifr¢ X.
reX

Otherwise, we assume that the root r of the BBT spanning tree T is a vertex
such that X = V(T') \ {r} is a maximizer of the left hand side of (EI), and, for
any X C V(T), let

UOx = U T ().

rzeX

Define a submodular function A on V(T') by setting
A(X) := pu(Ox).

Note that A(0) = (@) > 0 and A(V(T)) = max{p(X) : |V(G) \ X| < 1} >
¥ di4 (k—1)e.

Let us show that it is impossible for (Hr, A) to have a (dy, . .., dy)-matching.
Otherwise, T" has k > 2 disjoint down-sets D1, ..., Dy satisfying u(Op,) > d;
fori € [k]. As (G, p) is (dy, ..., dg)-pseudorandom, there exist i # j and an edge
ry € E(G) such that z € Up, and y € Up,. We have 2’ € D; and 3 € D; such
that x € TT(2’) and y € TT(y'). Since T is a BBT spanning tree of G, we may
assume that ¢y € 2’ |7 C D;, which is absurd as D; and D; cannot include a
common element y'!

Hence, by applying Theorem E on the weighted rooted tree (T, )), we see
that T has a saturated chain C' with A\(C) > ¢. Putting B = U¢ then finishes
the proof. O
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Remark 1. — The step of going from finite to infinite in Section @ is not hard
but also not totally trivial; A recent work in the same direction is to get a
Gomory-Hu tree of an infinite graph [26].

— A normal spanning tree of a graph G is a spanning rooted tree T' of G in
which (z {1r) N (y I7) # 0 whenever zy € E(G). Jung 28] proved that every
countable connected graph has a normal spanning tree [14, Theorem 8.2.4];
Surely, when the graph is finite, a normal spanning tree is just a depth-first
search tree. Based on any normal spanning tree of a countable connected
graph, we can use Theorem B to get an infinite counterpart of Theorem fj.

— In order to emulate the proof of Theorem [f] to get a counterpart for countably
infinite graphs, we should go to Theorem B and we need to guarantee that
every countable connected graph has a BBT spanning tree. We [59] have
found that every connected graph has a BBT spanning tree and so such a
counterpart does exist.

5 Additive function

In the conference version of this work, we report [60, Corollary 1, Corollary
2] without proof due to the constraint on paper length. It turns out that the
statement of those two corollaries are not accurate and we correct them in this
final section.

Let P be a finite poset. For any r,z € P, let CHp(r,z) denote the set of
saturated chains of P from r to x and we write CHp(r) for {J,.p CHp(r,x).
The elements from CHp(r) form a poset in which A > B if and only if A C B.

Theorem 8. Let P be a countable poset, let r € P and let p be an additive
and o-additive function on 2. For every x € P, we assume that | CHp(r, )| is
finite and denote it by n,. For any k41 nonnegative reals ¢, dq, . .., dy satisfying
(k—1)c+ Ele di < u(r Ip), either there exists a saturated chain C of r |p

such that ) @ > ¢, or there exist pairwise disjoint down-sets D1, ..., Dy

of CHp(r) such that > 1) > d; for alli € [k].

u€ED; ny

Proof. Construct a rooted tree T" on the vertex set V(7T') := CHp(r) with an arc
from A to B if and only if A C B and |B\ A| = 1. Note that {r} is the root of
T. Define an additive funcion A on 2V(™) such that

p(z)
MA) = ===
(4) = 12
for all A € CHp(r,z). An application of Theorem m on the weighted rooted tree
(T, \) yields the result. O

For a tree G and W C V(G), we write Convg (W) for the union of all paths
in G connecting vertices of W.

Theorem 9. Let V be a countable set, let k > 2 be an integer, and let yu be
an additive and o-additive function on 2V. Let G be a tree with V(G) =V and
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let W C V(G). Let dy,...,dg,c be k+ 1 positive reals such that uw(V(G)) >
Zle d; + (k—1)c. Then there are either k disjoint subsets D1, ..., Dy such that
w(D;) > d; and G — D; is a tree containing W for all i € [k], or there is a path
P in G — Convg(W) such that max{u(P), p(Convg(W)U P)} > c.

Proof. Shrink Convg(W) into a vertex r to get a new tree G’ from G. Orient
each edge of G’ so that every arc will go towards r and we thus get a rooted tree
T. Define X to be the additive function on 2V(™) such that

) (X) ifr¢ X CV(T),
AX) = {,u((X \{rHUW) ifreX C V().

By virtue of Theorem ﬂ, either (Hp, A) is (d, k)-fat or T has an end C such that
A(C) > c. This implies our claim, as desired. O

References

1. Abe, T.: Decomposing a balanced game: a necessary and sufficient condi-
tion for the nonemptiness of the core. Econom. Lett. 176, 9-13 (2019).
https://doi.org/10.1016//j.econlet.2018.12.009

2. Aho, A.V., Hopcroft, J.E., Ullman, J.D.: The Design and Analysis of Computer
Algorithms. Addison-Wesley Publishing Co., Reading, Mass.-London-Amsterdam
(1975), second printing, Addison-Wesley Series in Computer Science and Informa-
tion Processing

3. Akin, E.: Recurrence in Topological Dynamics: Furstenberg families and Ellis ac-
tions. The University Series in Mathematics, Plenum Press, New York (1997).
https://doi.org/10.1007/978-1-4757-2668-8

4. Albin, N., Clemens, J., Fernando, N., Poggi-Corradini, P.: Blocking duality for p-
modulus on networks and applications. Ann. Mat. Pura Appl. (4) 198(3), 973-999
(2019). https://doi.org/10.1007/s10231-018-0806-0

5. Alfonsi, A.: A simple proof for the convexity of the Choquet integral. Statist.
Probab. Lett. 104, 22—-25 (2015). https://doi.org/10.1016/j.spl.2015.04.022

6. Artstein-Avidan, S., Milman, V.: The concept of duality in convex analysis, and
the characterization of the Legendre transform. Ann. of Math. (2) 169(2), 661-674
(2009). https://doi.org/10.4007/annals.2009.169.661

7. Ben-Eliezer, 1., Krivelevich, M., Sudakov, B.: The size Ramsey number
of a directed path. J. Combin. Theory Ser. B 102(3), 743-755 (2012).
https://doi.org/10.1016/j.jctb.2011.10.002

8. Berghammer, R., Winter, M.: Order- and graph-theoretic investigation of dimen-
sions of finite topological spaces and Alexandroff spaces. Monatsh. Math. 190(1),
33-78 (2019). https://doi.org/10.1007/s00605-019-01261-1

9. Bonamy, M., Bousquet, N., Thomassé, S.: The Erdés-Hajnal conjecture for
long holes and antiholes. STAM J. Discrete Math. 30(2), 1159-1164 (2016).
https://doi.org/10.1137/140981745

10. Chateauneuf, A., Ventura, C.: Partial probabilistic information. J. Math. Econom.
47(1), 22-28 (2011). https://doi.org/10.1016/j.jmateco.2010.09.007

11. Choquet, G.: Theory of capacities. Ann. Inst. Fourier (Grenoble) 5, 131-295 (1955)
(1953/54), http://www.numdam.org/item?id=AIF 1954 5 131 0


https://doi.org/10.1016/j.econlet.2018.12.009
https://doi.org/10.1007/978-1-4757-2668-8
https://doi.org/10.1007/s10231-018-0806-0
https://doi.org/10.1016/j.spl.2015.04.022
https://doi.org/10.4007/annals.2009.169.661
https://doi.org/10.1016/j.jctb.2011.10.002
https://doi.org/10.1007/s00605-019-01261-1
https://doi.org/10.1137/140981745
https://doi.org/10.1016/j.jmateco.2010.09.007
http://www.numdam.org/item?id=AIF_1954__5__131_0

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Submodular functions and rooted trees 23

Davey, B.A., Priestleyy, H.A.: Introduction to Lattices and Or-
der. Cambridge University Press, New York, second edn. (2002).
https://doi.org/10.1017/CBO9780511809088

Dellacherie, C., Meyer, P.A.: Probabilités et Potentiel. Hermann, Paris (1975),
chapitres I & IV, Edition entiérement refondue, Publications de 'Institut de Math-
ématique de ’Université de Strasbourg, No. XV, Actualités Scientifiques et Indus-
trielles, No. 1372

Diestel, R.: Graph Theory, Graduate Texts in Mathematics, vol. 173. Springer-
Verlag, Berlin, third edn. (2005)

Edelman, P.H., Saks, M.E.: Combinatorial representation and convex dimension of
convex geometries. Order 5(1), 23-32 (1988). https://doi.org/10.1007/BF00143895
Edmonds, J.: Submodular functions, matroids, and certain polyhedra. In: Combi-
natorial Structures and their Applications (Proc. Calgary Internat. Conf., Calgary,
Alta., 1969). pp. 69-87. Gordon and Breach, New York (1970)

Forand, J.G., Uyanik, M.: Fixed-point approaches to the proof of the
Bondareva-Shapley Theorem. Econ. Theory Bull. 7(1), 117-124 (2019).
https://doi.org/10.1007 /s40505-018-0146-7

Fragnelli, V., Llorca, N., Sdnchez-Soriano, J., Tijs, S., Branzei, R.: Convex games
with an infinite number of players and sequencing situations. J. Math. Anal. Appl.
362(1), 200-209 (2010). https://doi.org/10.1016/j.jmaa.2009.07.057

Frankl, P., Tokushige, N.: Extremal Problems for Finite Sets, Student Mathe-
matical Library, vol. 86. American Mathematical Society, Providence, RI (2018).
https://doi.org/10.1090/stml/086

Fujishige, S.: Polymatroidal dependence structure of a set of random vari-
ables. Inform. and Control 39(1), 55-72 (1978). https://doi.org/10.1016/S0019-
9958(78)91063-X

Gascuel, O., Steel, M.: A Darwinian uncertainty principle. Syst. Biol. 69(3), 521—
529 (2020). https://doi.org/10.1093 /sysbio/syz054

Gelfand, .M., Goresky, R.M., MacPherson, R.D., Serganova, V.V.: Combinatorial
geometries, convex polyhedra, and Schubert cells. Adv. in Math. 63(3), 301-316
(1987). https://doi.org/10.1016,/0001-8708(87)90059-4

Grabisch, M.: Set Functions, Games and Capacities in Decision Making, Theory
and Decision Library C. Game Theory, Social Choice, Decision Theory, and Opti-
mization, vol. 46. Springer, [Cham] (2016)

Habib, M., Nourine, L.: Representation of lattices via set-colored posets. Discrete
Appl. Math. 249, 64-73 (2018). https://doi.org/10.1016/j.dam.2018.03.068
Huber, K.T., Moulton, V., Steel, M.: Phylogenetic flexibility via Hall-type
inequalities and submodularity. Bull. Math. Biol. 81(2), 598-617 (2019).
https://doi.org/10.1007 /s11538-018-0419-1

Job, A.: Gomory-Hu trees of infinite graphs with finite total weight. J. Graph
Theory 88(1), 222-231 (2018). https://doi.org/10.1002/jgt.22207

Jowett, S., Mo, S., Whittle, G.: Connectivity functions and polymatroids. Adv. in
Appl. Math. 81, 1-12 (2016). https://doi.org/10.1016/j.aam.2016.06.004

Jung, H.A.: Wurzelbdume und unendliche Wege in Graphen. Math. Nachr. 41,
1-22 (1969). https://doi.org/10.1002/mana.19690410102

Kannai, Y.: Countably additive measures in cores of games. J. Math. Anal. Appl.
27, 227-240 (1969). https://doi.org/10.1016,/0022-247X(69)90044-4

Kannai, Y.: The core and balancedness. In: Handbook of Game Theory with Eco-
nomic Applications, Vol. I, Handbooks in Econom., vol. 11, pp. 355—-395. North-
Holland, Amsterdam (1992)


https://doi.org/10.1017/CBO9780511809088
https://doi.org/10.1007/BF00143895
https://doi.org/10.1007/s40505-018-0146-7
https://doi.org/10.1016/j.jmaa.2009.07.057
https://doi.org/10.1090/stml/086
https://doi.org/10.1016/S0019-9958(78)91063-X
https://doi.org/10.1016/S0019-9958(78)91063-X
https://doi.org/10.1093/sysbio/syz054
https://doi.org/10.1016/0001-8708(87)90059-4
https://doi.org/10.1016/j.dam.2018.03.068
https://doi.org/10.1007/s11538-018-0419-1
https://doi.org/10.1002/jgt.22207
https://doi.org/10.1016/j.aam.2016.06.004
https://doi.org/10.1002/mana.19690410102
https://doi.org/10.1016/0022-247X(69)90044-4

24

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Y. Wu and Y. Zhu

Kindler, J.: The sigma-core of convex games and the problem of measure extension.
Manuscripta Math. 66(1), 97-108 (1989). https://doi.org/10.1007/BF02568484
Klain, D.A., Rota, G.C.: Introduction to Geometric Probability. Lezioni Lincee.
[Lincei Lectures], Cambridge University Press, Cambridge (1997)

Konig, H.: Measure and Integration: An Advanced Course in Basic Procedures and
Applications. Springer-Verlag, Berlin (2009), corrected, 2nd printing

Korte, B., Lovész, L.: Homomorphisms and Ramsey properties of antimatroids.
vol. 15, pp. 283-290 (1986). https://doi.org/10.1016/0166-218X (86)90049-1
Libkin, L., Gurvich, V.: Trees as semilattices. Discrete Math. 145(1-3), 321-327
(1995). https://doi.org/10.1016/0012-365X(94)00046-L

Lovéasz, L.: A characterization of perfect graphs. J. Combinatorial Theory Ser. B
13, 95-98 (1972). https://doi.org/10.1016/0095-8956(72)90045-7

Lovéasz, L.: Submodular functions and convexity. In: Mathematical Programming:
The State of the Art (Bonn, 1982), pp. 235-257. Springer, Berlin (1983)

Luccio, F.: Arithmetic for rooted trees. Theory Comput. Syst. 60(1), 33-52 (2017).
https://doi.org/10.1007 /s00224-016-9731-7

Luenberger, D.G.: A double look at duality. IEEE Trans. Automat. Control 37(10),
1474-1482 (1992). https://doi.org/10.1109/9.256366

Malvestuto, F.M.: A new notion of convexity in digraphs with an application to
Bayesian networks. Discrete Math. Algorithms Appl. 9(2), 1750016, 22 (2017).
https://doi.org/10.1142/S1793830917500161

Meerkoetter, K.: Uncertainty relation for multidimensional discrete
signals. Multidimens.  Syst. Signal Process. 28(2), 389-406 (2017).
https://doi.org/10.1007 /s11045-015-0346-3

Murota, K.: Discrete Convex Analysis. SIAM Monographs on Discrete Mathemat-
ics and Applications, Society for Industrial and Applied Mathematics (SIAM),
Philadelphia, PA (2003). https://doi.org/10.1137/1.9780898718508

Parker, J.M.: The sigma-core of a cooperative game. Manuscripta Math. 70(3),
247-253 (1991). https://doi.org/10.1007/BF02568374

Parker, J.M.: Extreme points of a set of contents majorized by a
submodular set function. Arch. Math. (Basel) 59(6), 572-580 (1992).
https://doi.org/10.1007/BF01194850

Pietsch, A.: History of Banach Spaces and Linear Operators. Birkhduser Boston,
Inc., Boston, MA (2007)

Pintér, M.: Algebraic duality theorems for infinite LP problems. Linear Algebra
Appl. 434(3), 688693 (2011). https://doi.org/10.1016/.laa.2010.09.007

Ram Murty, M.: Some remarks on the discrete uncertainty principle. In: Highly
Composite: Papers in Number Theory, Ramanujan Math. Soc. Lect. Notes Ser.,
vol. 23, pp. 77-85. Ramanujan Math. Soc., Mysore (2016), https://mast.queensu.
ca/~murty/BaluConference.pdf

Rota, G.C.: The many lives of lattice theory. Notices Amer. Math. Soc. 44(11),
1440-1445 (1997), http://www.ams.org/notices/199711/comm-rota.pdf

Sagara, N., Vlach, M.: A new class of convex games on o-algebras and the opti-
mal partitioning of measurable spaces. Internat. J. Game Theory 40(3), 617-630
(2011). https://doi.org/10.1007/s00182-010-0258-2

Schmeidler, D.: On balanced games with infinitely many players. Tech. rep., The
Hebrew University of Jerusalem, Jerusalem, Israel (1967), Research program in
game theory and mathematical economics

Schmeidler, D.: Cores of exact games. I. J. Math. Anal. Appl. 40, 214-225 (1972).
https://doi.org/10.1016/0022-247X(72)90045-5


https://doi.org/10.1007/BF02568484
https://doi.org/10.1016/0166-218X(86)90049-1
https://doi.org/10.1016/0012-365X(94)00046-L
https://doi.org/10.1016/0095-8956(72)90045-7
https://doi.org/10.1007/s00224-016-9731-z
https://doi.org/10.1109/9.256366
https://doi.org/10.1142/S1793830917500161
https://doi.org/10.1007/s11045-015-0346-3
https://doi.org/10.1137/1.9780898718508
https://doi.org/10.1007/BF02568374
https://doi.org/10.1007/BF01194850
https://doi.org/10.1016/j.laa.2010.09.007
https://mast.queensu.ca/~murty/BaluConference.pdf
https://mast.queensu.ca/~murty/BaluConference.pdf
http://www.ams.org/notices/199711/comm-rota.pdf
https://doi.org/10.1007/s00182-010-0258-2
https://doi.org/10.1016/0022-247X(72)90045-5

52.

53.

54.

55.

56.

57.

58.

59.
60.

Submodular functions and rooted trees 25

Shapley, L.S.: Cores of convex games. Internat. J. Game Theory 1, 11-26; errata,
ibid. 1 (1971/72), 199 (1971/72). https://doi.org/10.1007/BF01753431

Song, Z.X., Ward, T., York, A.: A note on weighted rooted trees. Discrete Math.
338(12), 2492-2494 (2015). https://doi.org/10.1016/j.disc.2015.06.014
Talagrand, M.: The Generic Chaining: Upper and lower bounds of stochastic pro-
cesses. Springer Monographs in Mathematics, Springer-Verlag, Berlin (2005)
Talagrand, M.: Maharam’s problem. Ann. of Math. (2) 168(3), 981-1009 (2008).
https://doi.org/10.4007 /annals.2008.168.981

Tao, T.: An Introduction to Measure Theory, Graduate Studies in Math-
ematics, vol. 126. American Mathematical Society, Providence, RI (2011).
https://doi.org/10.1090/gsm /126

Tao, T.. Higher Order Fourier Analysis, Graduate Studies in Mathe-
matics, vol. 142. American Mathematical Society, Providence, RI (2012).
https://doi.org/10.1090/gsm /142

Wang, F., Wu, X.Y., Zhu, R.. Last passage percolation on the
complete  graph. Statist. Probab. Lett. 164, 108798, 10 (2020).
https://doi.org/10.1016/j.spl.2020.108798

Wu, Y., Zhu, Y.: BBT tree orders of connected graphs (2020)

Wu, Y., Zhu, Y.: Weighted rooted trees: Fat or tall? In: Fernau, H. (ed.) Computer
Science — Theory and Applications. pp. 406—418. Springer International Publishing,
Cham (2020). https://doi.org/10.1007/978-3-030-50026-9__30


https://doi.org/10.1007/BF01753431
https://doi.org/10.1016/j.disc.2015.06.014
https://doi.org/10.4007/annals.2008.168.981
https://doi.org/10.1090/gsm/126
https://doi.org/10.1090/gsm/142
https://doi.org/10.1016/j.spl.2020.108798
https://doi.org/10.1007/978-3-030-50026-9_30

	Submodular functions and rooted trees
	Introduction
	Matching and antimatching
	Width and height of a weighted rooted tree

	Up and down in a rooted tree
	Finite tree
	Infinite tree

	Anticore and base polyhedron
	Path and pseudorandom graph
	Additive function


