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Abstract

In this thesis, we study two problems that stem from the research of Tufan num-
ber of even cycles, and one problem on the kernelization of minimum vertex cuts. In
Chapter 2, we study the maximum number of hyperedges which may be in an r-uniform
hypergraph under the restriction that no pair of vertices has more than ¢ Berge paths
of length k between them. When r» = ¢ = 2, this is the even-cycle problem asking for
ex(n, Cq;). We extend results of Fiiredi and Simonovits and of Conlon, who studied the
problem when r = 2.

In Chapter 3, we prove ex(n, Cy,) < (16v/5vElogk + o(1)) - n**'/*. We improve
on Bukh and Jiang’s method used in their 2017 publication, thereby reducing the best
known upper bound by a factor of \/5log k.

In Chapter 4, we present a linear algorithm to construct minimum vertex cut spar-
sifiers of size ©(k?) in directed acyclic graphs with % terminals. Previously, Kratsch and
Wahlstrom constructed a vertex cut sparsifier with O(k?) vertices via the theory of repre-
sentative families on matroids. We draw inspiration from the renowned Bollobas’s Two-
Families Theorem in extremal combinatorics and introduce the use of skew-symmetry
into Kratsch and Wahlstrom’s methods, which leads to the stated improvement.
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Chapter 1

Introduction

1.1 The Even-Cycle Problem

The study of extremal combinatorics has a heavy focus on unavoidable structures. A
common theme that lies at the heart of many important problems in the field is the
following question: when the size of the system grows to infinity, what are the structures
that must, or must not, appear? A natural follow-up to this question is, can we derive
upper and lower bounds on the size of our systems (for these structural characteristics
to emerge)? These types of inquiries are best embodied by one of the most well-studied
groups of problems in extremal graph theory — the Turan type problems, which study
the following notion in various settings.

Definition 1.1.1 (Turan Number). Given a graph F, we denote by ex(n, F’) the maximum
number of edges that a graph on n vertices can have while not containing F' as a subgraph.
Similarly, for a family of graphs F, ex(n, F) requires that no element of F is present.

The first result, known as Mantel’s Theorem, was proven by Mantel [41] in 1907.
Since then, extensive amount of works have been established, among which is the cele-
brated Erd6s-Stone-Simonovits Theorem [19]: ex(n, F) = (1 — = +0(1))(3), where
X(F) is the chromatic number of F. This result, proven in 1946, essentially solved
Turdn’s Problem for all graphs F' with x(F") > 2. However, for bipartite F' it only gives
ex(n, F) = o(n?), and determining the order of magnitude for the Turdn number of a

bipartite graph in general is a difficult problem (see [23] for a survey).

When F' = Cy, the study of ex(n, Cy) is known as the even-cycle problem. This
problem was first studied in 1938 by Erdés [16] and has since become a central problem
in extremal graph theory. A general upper bound of ex(n, Cy,) = O (n'*/*) was first
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published by Bondy and Simonovits [4]. Since then, improvements have been made to
the multiplicative constant [8,47,49], and constructions have been found showing that
the order of magnitude is correct for £ € {2,3,5} [1,5,17,50]. However, besides Cj,
Cs, and (1, the precise order of magnitude is unknown.

In the next two chapters, we present new results on the even-cycle problem. In
Chapter 2, we study the problem in hypergraphs and extend well-known results in sim-
ple graphs to r-uniform hypergraphs [31]. The upper bound we derive employs a reduc-
tion lemma and generalizes the results of Bondy and Simonovits [4]. The lower bound
construction utilizes a random polynomial method developed by Blagojevi¢, Bukh and
Karasev [2] as well as results from algebraic geometry. In Chapter 3, we return to sim-
ple graphs and present an improvement on the multiplicative constant in the bound
ex(n, Coy) = Ok (n'*/*) [29]. Our proof is an improved and simplified version of Bukh
and Jiang’s methods [8], with a different delivery.

1.2 An Extremal Result in Matroid Theory

In Chapter 4, we deviate from our previous discussion on Tufan problems and explore
another topic of similar flavour — linear dependency structures in extremal set systems.
To start with, we present the famous Bollobds’s Two Families Theorem.

Theorem 1.2.1. Let A = {Ay,--- A} and B = {By,--- , B,,} be families of sets such
that for all i € [m], |A;| < r and |B;| < s. Suppose for all i, we have A; N B; = @ and for
all j # i, ;N B; # @. Thenm < ("7).

This theorem was first proved by Bollobads [3] in 1965, and was later generalized
into matroid settings by Lovasz (see Theorem 4.7 in [38]). An algorithmic version of
this theorem in matroid settings, which we refer to as the representative set families
method, was presented by Marx [42], and applied by Kratsch and Wahlstrom in their
landmark paper [35] to derive new results on many problems in kernelization.

It is worth noting, however, that Theorem 1.2.1 has a skew-symmetric version,
where the same result holds with the conditions relaxed from “for all j # i, A;,NB; # @”
to “for all j > i, A;N B; # @”. More importantly, this skew-symmetry can be propagated
through the above line of work to derive a skew-symmetric representative set families
method. In Chapter 4 of this thesis, we apply this method to the minimum vertex cut
sparsifier problem, which is studied by Kratsch and Wahlstrom in [35], and derive a
stronger result [30].



Chapter 2

The Even-Cycle Problem in
Hypergraphs

2.1 Introduction

In this chapter, we focus on a generalization of the even-cycle problem to hypergraphs.
Note that a Cy is a pair of internally disjoint paths of length k between a fixed pair of
vertices. Analogously, we will study hypergraphs where we forbid a certain number of
paths of length k between vertices. In a hypergraph H, a Berge path of length £ is a set
of distinct vertices vy, vy, - - - , v and a set of distinct hyperedges h1, hs, - - - , hj, such that
{vi_1,v;} € h; for 1 < i < k. Note that the hyperedges {h;} could intersect in many
different ways and in general two Berge paths of length £ need not be isomorphic. We
call the vertices vy, - - - , v the core vertices of the Berge path. Note that given a Berge
path, the core vertices need not be unique.

The definition of Berge paths and cycles was extended to arbitrary graphs by Gerbner
and Palmer [24]. We say a hypergraph H is a Berge-F' if there is a bijection ¢ : E(F) —
E(H) such that e C ¢(e) for all e € E(F'). Again note that two hypergraphs H; and H,
may each be a Berge-F and could be non-isomorphic. We denote by F'”" the set of all
r-uniform hypergraphs which are a Berge-F' and we will write ¥ when the uniformity
is fixed. Extending the extremal notation, given a family of r-uniform hypergraphs F,
we denote the maximum number of hyperedges in an n vertex r-uniform hypergraph
which does not contain any F' € F as a subhypergraph by ex,(n, F).

In this chapter, we are interested in studying ex,.(n, F) when F is a family of Berge
theta graphs. A theta graph, denoted by ©y, is the (2-uniform) graph given by a set of ¢
internally disjoint paths of length k£ between a fixed pair of vertices. Note that O 5 = Cy
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and so the study of the Turdn number of O, ; generalizes the even-cycle problem. We
will study r-uniform hypergraphs which do not contain a Berge-0O,,;, i.e. we will study
the Turdn number for the family ©F,. An alternative definition of a hypergraph in 67,
is a set of distinct vertices z,y, v{, -+ ,vi_,,--,v%,- - vt | and a set of distinct r-edges
hi, - hg,--- hi,--  hi such that {z,v{} C hf, {vi_,v!} C R}, and {v;_,,y} C Iy
for1 <i <tand 2 < j < k— 1. That is, we are forbidding that a pair of vertices
have ¢ Berge paths of length k& between them with disjoint internal core vertices. For
(2-uniform) graphs, the study of ex(n,©;,) has been investigated in [9, 14, 20]. In
particular, Faudree and Simonovits gave a more general version of the upper bound in
the even-cycle problem.

Theorem 2.1.1 (Faudree and Simonovits [20]). Given two integers k and t, there exists

a constant ¢y, > 0, such that

ex(n, Or,) < ck,th%.

Our first main result is an extension of this bound to r-uniform hypergraphs.

Theorem 2.1.2. For fixed r, given two integers k and t, there exists a constant ¢, j, such
that

B 1+%
ex,(n,0p,) < crpan k.

Recently, Conlon [14] complemented the upper bound of Faudree and Simonovits
and showed that the order of magnitude is correct when ¢ is large enough relative to .

Theorem 2.1.3 (Conlon [14]). For any natural number k > 2, there exists a natural
number t such that
ex(n, Ort) = Qk(nH%).

Our second theorem shows that this is also the case in higher uniformities.

Theorem 2.1.4. For fixed r and any natural number k > 2, there exists a natural number
t such that
ex,(n,©F,) = kar(nH%).

In Section 2.2 we prove Theorem 2.1.2 and in Section 2.4 we prove Theorem 2.1.4

2.2 Proof of Theorem 2.1.2

After submiting the work in this chapter, we learned that Theorem 2.1.2 also follows
from a more general theorem of Gerbner, Methuku, and Vizer (remark 13 in [26]). Their
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theorem states that if /" is graph with a vertex whose deletion makes the graph acyclic,
then ex,(n,Berge — F) = O(ex(n, F')). Since Oy, has this property, the upper bound
follows. We include our proof as well, as it gives an explicit multiplicative constant.
We further comment that this multiplicative constant was later improved by Gerbner,
Methuku and Palmer in [25].

The proof of Theorem 2.1.2 is inspired by a reduction lemma of Gy6ri and Lemons
[28] (see also Lemma 2.16 of [37]). To prove Theorem 2.1.2 from Theorem 2.1.1, we
prove the following lemma, which says that given any r-uniform ©7,-free hypergraph,
we can reduce it to a O ;-free (2-uniform) graph which has a constant proportion of the
edges of the original r-uniform hypergraph.

Lemma 2.2.1 (Reduction Lemma). Let 2 < m < r, and H be a r-uniform hypergraph
without @ﬁt. Define the m-uniform hypergraph G in the following way: Order the edges of
H arbitrarily and, going through the edges one by one, pick an m-set from each hyperedge
of H to be in G where the m set chosen is the one which has been chosen the fewest number
of times previously (break ties arbitrarily). Let My ; ., = Zf;l (mk(i_rlzﬁm_m) +k+ 1
Then the hypergraph G will have no @ﬁ /" and each of its edges will have multiplicity no
more than My, ; ;. .

Proof. Let’s first fix the notation we’ll use in the rest of the proof. We will call the
edges of H as hyperedges and the edges of G just as edges. We’ll use h; to denote the
hyperedges, and ¢; to denote edges. The edge set of H and G will be E(H) and E(G),
respectively, and their (common) vertex set will be denoted as V. For every h € F(H),
the m-set chosen from h will be denoted as e(h).

First note that G is @,ﬁ /"-free. Indeed, for any Berge path in G, say voev; - - - €xvg,
there is a corresponding Berge path in H vyh;...h,v, Wwhere h; is the hyperedge such that
e; = e(h;). Therefore, a @ﬁ " in G would imply that there is a @,3 v in H.

Now assume the lemma is not true and that there is an edge in G which was chosen
more than M := M,,,,, times. It suffices for us to construct a @ﬁ " in G, which
will give us a @,ﬁ . in H and results in a contradiction. Let e be an edge in G with some
multiplicity at least M +1, and z, y € e. We will construct paths from z to y starting with
a path of length 2, with the goal to construct ¢ paths of length £, yielding a contradiction.
Consider the last hyperedge which contributed to the multiplicity of e, call it h. Since
every time we select an m-set from a hyperedge in H, we select the one with the least
multiplicity, we know that every other m-set in A must have multiplicity at least M.
Since r > 2, we know there exists v; € h\ {z,y}. Therefore there exists a hyperedge
hy € E(H) such that {z,v,} C e(hy). On the other hand, note that v;,y € h \ {z}, thus
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there exists b} € E(H) \ {hi} such that {v;,y} C e(h}). This gives us a length 2 path
from z to y, namely z, v;, y connected by h; and h}. Note that e(h;) and e(h}) also have
multiplicity at least M, and e(h) is not part of the path.

To extend this result, we prove the following claim, from which the construction of
a ©p, in G follows easily follows easily.

Claim 2.2.1. Let S C V be a “forbidden set”, and M = Y%} (W17 4k + 1. For
1 < k — 2, suppose we have vertices x, vy, vs,- -+ ,v;,y and edges e1, -, €41 that form a
path in G in the order given, and the last edge e¢;.; € G with v;,y € e;41 has multiplicity

at least M — 3", (SFm=my (i — 1)+ 1. Let S' = SUe; U~ Ue;yr. Then we can find

r—m
vi1 € S’ such that x,vy,va, -+, v;, V41, y forms a path, and the last edge in this new path
containing v, 1,y has multiplicity at least M — ZZH (1SHamemy 1

Proof of Claim 2.2.1. To find the vertex v;,;, first we will find a new hyperedge h' €
E(H) such that e;;; C ' and b’ € S’. Note that the set S’ has cardinality less than
|S| + (¢ + 1)m as we included all i + 1 edges in the already existing path. We would like
to make sure the next edge we choose for the new path is different from all previous
edges. The number of hyperedges h such that e(h) = e;5; and h C 5’ is at most
(S m=m) Now we let E' = {h € E(H) | e(h) = e;11,h € S'}, then we have

T—m

B2 e B |et) = e — (511 O E)

r—m
i+1

> M — Z('Slﬂm m)—(i—1)+125.

Now we pick i’ to be the last edge (in the original ordering) of £’, which then implies
that every m-set in 1/, besides ¢; 1, has multiplicity at least M — Z’“ (‘S ‘J;i";z_m) —i+1.
Since b’ € S’, we can find v;,; € h' such that v;;; ¢ S’. Now we choose two m-sets from
', namely e;, , and e;;» where v;,v;y1 € €, and v;11,y € e;4o. This gives us a length
i+ 2 path from z to y, namely the path z, vy, --- ,v;, v;.1, y where the last two edges are

e;,, and e;;», and the previous edges are the same as in the old length i + 1 path. The
last edge, ¢;,2, has multiplicity at least M — Z”l ('S 'J;Tn_m) — 1+ 1, as desired. Note

that the edge e(/’) is not part of the path, and as we discard the edge e;,, in the original
path, we add in two new edges, namely ¢/, and e; .. [

With this claim, we can now build the first path from = to y by induction on k. The
base case when k£ = 2 is already constructed before the statement of the claim. In the
induction step, when we already have a length k& — 1 path, apply the claim with S = &
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and we obtain a length k path, as desired. Note that if all we need is just one path, then
we just need the multiplicity of the edge e to be at least M 1 ..

To build ¢ paths, we will construct each path separately. Assume that we have built
i — 1 paths. To build the ith path, the forbidden set S would be the union of all edges
in previous paths. This ensures that the paths we are building are vertex-independent
and edge-distinct. It then follows that to build ¢ vertex-independent paths from z to y,
it suffices for us to have that the multiplicity of the edge e to be at least My ,,,. This
gives us a @ﬁ " in the graph G. If we then choose hyperedges in H that gives the edges
in this @,ﬁ »", we obtain a @,ﬁ i in H. Such hyperedges can be chosen because all edges
in this @E " in G have multiplicity at least 1, and these hyperedges are guaranteed to be
distinct since for any two hyperedges chosen, say h; and ho, e(h1) # e(hs), and therefore
hy # hsy. This leads to a contradiction. Therefore all edges in G must have multiplicity
at most My, ¢, . ]

By Theorem 2.1.1, there exists a constant ¢, such that ex(n, O ;) < cxn't %. Now
assume that a r-uniform hypergraph has more than M; ;. oc n'" % edges. Then if we
reduce this hypergraph into a (2-uniform) graph with the scheme described above, we
will either have a graph with more than ckﬁmH% edges, or it will have at least one edge
with more than M, » multiplicity. Both cases imply that there is a ©,,; in the reduced
graph, which leads to a ©7, in the original hypergraph. This completes the proof of
Theorem 2.1.2.

2.3 Preliminaries for Theorem 2.1.4

To prove Theorem 2.1.4, given any natural number £ > 2, we need to construct a
O -free r-uniform hypergraph with Q(n'* i ) edges where t is a large enough constant
depending only on k£ and r. Bukh [6], building from work of Blagojevi¢, Bukh and
Karasev [2], found an elegant random algebraic construction for Turan type problems,
and we will use this method to construct our hypergraphs. This method has recently
been used with success in both the graph [7,9, 14] and hypergraph setting [39].

Let £ and r be fixed, and for ¢ a prime power let F, be the finite field of order g.
We will work with polynomials in kr variables over F,. Let P, be the set of such poly-
nomials of degree at most d. That is, P, consists of linear combinations of monomials
15, 2% where 3" a; < d. For the remainder of this chapter we will use the term ran-
dom polynomial to denote a polynomial chosen uniformly at random from P,. Note that
the distribution of random polynomials is equivalent to choosing the coefficient of each

monomial [/, #% independently and uniformly from F,.
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We will need to know the probability that a random polynomial vanishes on a fixed
set of points. In particular, if we fix one point, since the constant term of a random
polynomial is chosen uniformly from F,, we have the following lemma.

Lemma 2.3.1. Let ¢ be a natural number. If f is a random polynomial of degree d in t
variables, then, for any fixed x € T,

The next lemma, proved as Lemma 2.3 in [7] and Lemma 2 in [14] extends the
conclusion of Lemma 2.3.1.

Lemma 2.3.2. Let t be a natural number. Assume x1,--- ,x, are z distinct points in IFZ
Suppose q > (;) and d > z — 1. Then if f is a random polynomial in t variables of degree
d,
1
Plf(x;)=0foralli=1,--- ,z] = —.
qZ
We now define the graphs that we will be interested in. Let N = ¢*. We will
construct an r-partite r-uniform hypergraph on N vertices as follows. Let V3, ...,V be
the partite sets, each a distinct copy of F¥. Choose fi, fa, -+ , fxp—1)-1 : Fi" — F, to
be random polynomials of degree at most d := k(2k + 1), chosen independently. For
v1, ..., v, with v; € V;, we declare (vy, - -+ ,v,) to be an edge if and only if

filv,vg, - 0) = folvr,ve, -0 0n) = -+ = frp—1)—1(v1,v2, -+ ,v) = 0.

We use the term random polynomial graph to describe the distribution of hypergraphs
obtained this way. Since these polynomials are chosen independently, we know from
Lemma 2.3.1 that the probability of a given hyperedge is in a random polynomial graph
is ¢'~*=1), The total number of possible hyperedges is N” = ¢*". Therefore the ex-
pected number of hyperedges is ¢*"¢!~*("—1) = ¢F+1 = N1+/k,

We will be interested in subgraphs that appear in a random polynomial graph. Since
hyperedges appear when a system of polynomials vanishes, we will describe subgraphs
as varieties. Let IF, be the algebraic closure of F, and let ¢ be a natural number. A variety
over F, is a set of the form:

W={zeF,: fi(z) = folx) = = fulx) =0}

for a collection of polynomials fi,--- , f : FZ — F,. In other words, a variety is the set
of common roots of a set of polynomials. We say IV is defined over F, if the coefficients
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of these polynomials are from [, and write W (IF,) = W N[F},. We say IV has complexity
at most M if s, ¢t and the maximum degree of the polynomials are all bounded by M.
We will be very interested in how many points can be on a variety, and we will use
the following theorem, proved by Bukh and Conlon ([7] Lemma 2.7) using tools from
algebraic geometry.

Theorem 2.3.3. Let q be sufficiently large and suppose W and D are varieties over F, of
complexity at most M which are defined over F,. Then one of the following holds:

o |W(F,)\ D(F,)| < ca, where ¢y depends only on M, or
* [W(Fg)\ D(Fy)| = q/2.

Using these tools, we will show in the following section that with high probability we
may modify a random polynomial graph to obtain a ©/,-free hypergraph with Q(n'*1/k)
edges.

2.4 Proof of Theorem 4

In this section we show that there exists an n vertex Of -free hypergraph with €, ,(n'*1/%)
hyperedges. Our proof is an adaption of [14] to the hypergraph setting. Let ¢ be a suf-
ficiently large prime power and let G be a random polynomial graph on n = rN = rg*
vertices defined in the previous section. As noted before the expected number of hyper-
edges in GG is

Nl—l—l/k — Q(n1+1/k), (21)

We are interested in GEt as a subgraph of GG, and so we will be interested in Berge
paths between vertices. Suppose now that x and y are two fixed vertices in G and let
S be the set of Berge-paths with length k& between them. We will be interested in the
moments of the random variable |S|. Let m be fixed and note that |S|™ is the number
of ordered collections of m Berge paths of length k between x and y. These paths can
be overlapping or identical, and the total number of hyperedges in any collection of m
paths is at most km. The probability that any hyperedge is in G is ¢'~*"~!) because the
polynomials are chosen independently, and so since ¢ is sufficiently large, Lemma 2.3.2
implies that for z — 1 < d the probability of any particular collection with z hyperedges
is in G is ¢*17*("=), Now if we denote P,, . as the number of ordered collections of m
paths between x and y such that their union has z hyperedges in total, we have:

km
E[|S|"] = 3 P gD,
z=1
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as long as km < d. Now we shall estimate F,, . by estimating the maximum number
of vertices there can be in any particular collection with z hyperedges. Namely, if a
collection has hyperedges h,, - - , h., then we want to estimate max | Ujc[.] h-.

Claim 2.4.1. If the union of m Berge-paths from z to y, each of length k, has = edges in
their union {h;}?_,, then

< zk(r—l)—z‘

WIANENY

k
Proof. Given such a collection, assume | U h; \ {z,y}| = no. Let P, ..., P, be the set of
paths. We will think about Py, ..., P,, as both a set of vertices and as a set of edges, and

we let n; and z; be the number of vertices and edges respectively in P;\ (P, U --- U P;_1).
Let 2} = z;if n; > 0 and 2/ = 0 if n; = 0.

If n, > 0, we first give a lower bound on z. If we consider the edges in P, \
(PLU---U P,_4), this set of edges will form some number of disjoint Berge paths. Since
consecutive edges in a Berge path must overlap, then in each of these smaller Berge
paths, at least 2 vertices will have already been seen in P, U- - -U P,_;. Then if one of the
smaller Berge paths has a edges, there will be at most a(r — 1) — 1 vertices contained in
these edges that were notin P, U --- U P;_;. Since z; is the sum of the number of edges
in each of the smaller Berge paths, we have z; > ’%11 Let 7’ be the number of n; which

are greater than 0. Let
m
2= Z zl < r'k,
=1

and so v’ > % On the other hand,

, ni+1 ng+r no 2
> = > .
D Dl sl o s B (e}
i:n; >0
This implies
< Zk(r—1) =2
n )
0= k
Since 2’ < z the result follows. O

We can now bound P, ..

Claim 2.4.2. Assume that km < d. Then P, ., = Oy, (¢?*=1=)

Proof. We want to count the number of all possible ordered collections of m Berge-paths
between x and y with 2 edges in their union. Let V' = w be the upper bound on
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the number of vertices, then we first choose the vertices that will be in the collection.
There are less than (rN)” number of ways to do this. Then we choose 2 hyperedges,
each having r vertices. The number such choices is bounded by (‘:)z Last we choose
2 vertices from each hyperedge to make up the ordered set of core vertices. This is
bounded by r??, which eventually gives us

r

7aV (V) T'QZNV _ Ok,r<NV> _ Okm(qzk(rfl)fz)?

where the implied constant uses that m is bounded above by a constant depending on
k. Note that every collection of m paths is counted by this method in at least one way,
giving the upper bound on P,, .. ]

Thus, when m < 2k + 1 we have z < km < d (since d = k(2k + 1)) and we may
apply Lemma 2.3.2 to find

km
E[|S|™) = Pn.q® 07D < kmCy, == C. (2.2)

z=1

Where C} . is a constant dependent on & and r, and C' is used to simplify our notation.

Now if we want to apply tools from algebraic geometry, we need to write S as a
variety. However, this cannot be done directly since there is no fixed set of polynomi-
als whose set of common roots is exactly S. Therefore, we use the following analysis to
bound |S|. Any path in S is a sequence of core vertices and edges (x, hy, v1, ha, -+, Vk_1, hi, y).
We may partition the set of paths into which partite set each v; is in. That is, S can be
partitioned into disjoint sets depending on which partite sets each core vertex belongs
to. Namely, we can let S;, ... ;,,_, denote the set of paths from z to y such that the ith
core vertex v; belongs to V;,.

Now if we let o denote any length k& — 1 tuple from [r]*~!, then we have
S= J S,
oelr]k-1
and this is a disjoint union.
Fix any arbitrary S,. For notation, we denote the core vertices in an arbitrary path
as vy, - - ,v,_; and the non core vertices in hyperedge h; as wi,--- ,w’_,. We also need

to make sure that the non core vertices are ordered based on their partite sets. In other

words, if w}, € Vi, and wi, € V, where j, < j,, then t; < t,.
Given such a sequence p = (vy, -+ ,vp_1, Wi, -+ ,wh o -+ w, -+ wF_,) which de-

notes a path (that is, p is a vector ordered with the core vertices first and the non
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core vertices after), let the polynomials f;,,--- , f;» be extensions to the polynomial f;.
Namely,

fi,l(p) = fi(xavl7w%a e 7w:—2)7

fi72(p) = fi('Ul,UQ,w%, U ,’LU72,_2>,

fz,k(p) = fi(kala yawfa te 7w1]f—2)7

where the inputs to each f; are reordered according to which partite sets the vertices
are in. For example, if v € V5, v; € V3, then

fi,l(p) = fi(w%7$avlaw%7 T 7w1}—2)-

Now we may define the variety 7, as

{p e L1 f1(p) =+ = fix(p) = 0 foralliin [k(r — 1) — 1]},
where p € ]174"];(“2)”“*1 runs over sequences
(vly e 7Uk71’w%’ “ e ’w;727. .. ’wlf7. .. ,wf72)_

With this restriction on ordering, we see that S, C T,,(F,). Note that 7,, contains all
of the paths in S, but may also contain walks that are not paths.

If T,(FF,) contains a degenerate walk z, vy, vs, - -+, v4_1,y, then one of the following
three conditions must be true: = = v, for some b € [k — 1], v, = y for some a € [k — 1],
or v, = v, for some a # b € [k — 1]. Therefore we can consider the collections of sets:

_ 1 1 k koo
Wop =T N{vr, - U, Wy, - Wy gy - WY, Wy 1 T =V,

1 1 k k . _
Wa,b:Tam{vla"'7Ul€7w1a"'7wr—27"'aw17"'awr—2'va_vb}7

_ 1 1 k koo
Wa,O_TOm{Uh”'7Uk7w17"'7wr727'”7w17'”7w7’72'va_y}'

Each of these sets is also a variety with complexity bounded in terms of £ and r. Let W
be the union of all of the W,;, W,;, and W, , where the union is over all « and b with
1 <a<b< k-1 If X and Y are varieties with complexity bounded in terms of &
and r, then we claim that X UY is also a variety with complexity bounded in terms of &
and r. To see this, if X is the set of points where the set of polynomials { f;} vanish and
Y is the set of points where the polynomials {g¢;} vanish, then X UY is exactly the set
of points where the polynomials {f;g;} vanish. Since ¥ is the union of O(k?) varieties,
we have that W is also a variety with complexity bounded in terms of £ and r. Since

13



S, = T, \ W, we may apply Theorem 2.3.3 to S, (for algebraic geometry background
see [48] and for a similar discussion of applying Theorem 2.3.3 see Section 3 of [14]).

Now if we put everything together, we see that there exists a constant ¢, dependent
on k and r, such that either |S;| < ¢, or |S,| > . This conclusion holds true for any
arbitrary o € [r]*~1. Looking at S, we see that either |S| = > oeppi-1 [96| < Ci,r for some
constant C}, . dependent on k and r, or |S| > C},, which implies that there exists o such
that |S,| > ¢, and therefore |S| > |S,| > £. Now by (2.2) and Markov’s inequality, for
m < 2k + 1 we have

C
(q/2)™

Call a pair of vertices (z, y) bad if it has more than C},, length & paths between them. If
B is the random variable denoting the number of bad pairs, then we have

B|S| > Cp] = PIIS| > 3] = PlIS|" > (¢/2)"] <

C 1

E(B) <n?>x ——— = O, (¢** ™) =0 (—)

when we take m = 2k + 1. Therefore by Markov’s Inequality, P[B > 1] — 0 as n — .

Now let X be the number of edges, then by (2.1) the expected number of edges in G is
N'*+1/k_The variance is

E[X?]| -E[X]* = ) E[HH,] - E[H]E[H;] = N"(¢" ") — ¢*?7Y) < E[X]

where H; are indicator random variables for hyperedges and for i # j, E[H;H;| =
E[H;]E[H,] because a pair of events that 2 edges appear or not are independent due to
Lemma 2.3.2. By Chebyshev’s Inequality,

1 4
14+1/k 14+1/k
PIX - N / |2§N /]§N1+1/k

which goes to zero. Therefore with high probability this hypergraph on »N vertices
has Q,.(N'+!/%) edges, and it contains no ©f ., ;. This completes the proof of Theo-
rem 2.1.4.

2.5 Conclusion
In this chapter we showed that for fixed k, r, ¢t there is a constant ¢y ., such that
ex, (n,0F,) < cppn'tE,
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and that this order of magnitude is correct when ¢ is large enough relative to r and k.
That is, for fixed k and r there is a constant ¢, such that

1
ex,(n, @gck,r> = Q. (n'TE).

We end with some open questions. First, it would be interesting to determine the
dependence on r. Even when ¢ = 2 and k£ € {2,3,5} this dependence is unknown.
For example, it is known that ex,(n,CP) = © (n*?) when 2 < r < 6, but the order of
magnitude is unknown for » > 7 (c.f. [27]). It would also be interesting to determine
how the multiplicative constant of ex,(n,©7,) depends on ¢t when n > ¢ > 1 and r
and k are fixed. Finally, in this chapter we worked with the least restrictive definition
of paths between vertices in hypergraphs. One could forbid only certain types of paths
and demand that no pair of vertices have more than ¢ of these paths between them.
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Chapter 3

Improving the Constant

3.1 Introduction

In this chapter, we present an improvement to the constant factor in the bound ex(n, Cy) =
Oy (n**'/*). To discuss methods that lead to upper bounds on ex(n, Cy;), we first show
a simple derivation of ex(n, {Cs,Cy,--- ,COy}) < cn'™'/* for some constant c. Consider
a graph containing ©(n'*/*) edges with girth at least 2k + 1, and reduce it to a graph
with minimum degree ©(n'/*). Fix arbitrary vertex v, we start a Breadth-First Search
(BES) at v and observe that for the first £ levels of the breadth-fist search tree, every
level must expand by a factor of ©(n!/*) compared to the previous level. In particu-
lar, no two vertices with depth less than k£ can have common neighbors with greater
depth. Since the kth level cannot have more than n vertices, the bound follows. We
present this derivation since the best upper bounds on ex(n,Cy;) are, in essence, all
established using this same approach. As we will see shortly, employing this method
imposes fundamental limitations to the results derivable.

The first important upper bound on ex(n, Cy;) was proved by Bondy and Simonovits [4]
in 1974, where they showed ex(n, Co,) < 20kn'*'/*. This result is subsequently im-
proved through a line of researches, most recently by Pikhurko [47] to ex(n, Cy,) < (k—
1)n'*/* 4 Oy (n) in 2010 and by Bukh and Jiang [8] to ex(n, Cy) < 80vk log, kn'+/k 4
Og(n) in 2017. Our main contribution in this chapter is the following theorem.

Theorem 3.1.1. Fix k, let G be a n-vertex graph where n > (20k)**+2+°_ If
|E(G)| > 16v/5\/klog, k - n' /% ++ 8000k n ! +Zk—1)/(2K)

then G contains a copy of Cay.
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For the rest of this chapter, we will abbreviate log, as log. Our approach is an im-
proved version of Bukh-Jiang’s approach, and therefore suffers the same limitation as
all BES arguments. More specifically, consider a bipartite graph GG with bipartition V3, V,
such that |Vi| = n,|V,| = n/(k — 1). The BFS argument for the girth problem can be
exploited to show that e(G) < ¢(k—1)~"2n!*/* if G has girth at least 2k + 1 (For a more
detailed argument, see [46]). Now if we duplicate each vertex in V; into k — 1 copies,
we obtain a graph on 2n vertices and cvk — 1n'*'/* edges with no Cy;. Therefore, the
best upper bound on ex(n, Cy;) derivable from the BFS argument is cv/kn'*™'/* for fixed
constant ¢. To break the O(v/kn'*'/*) threshold would require a different approach.

Our result improves the best known bound for ex(n,Cy,) by a factor of /5logk,
taking us one step closer to the limitation of the method. Before discussing the proof,
we would like to point out the following facts about this chapter. This chapter is modi-
fied from Bukh-Jiang’s manuscript. While we had made global modifications to Bukh-
Jiang’s methods, most improvements made are local. In particular, it is highly similar to
their paper mathematically, with a few statements and minor proofs largely unmodified.
The author’s intentions in writing this chapter this way are to give a more intuitive de-
livery of Bukh-Jiang’s methods, to present simplifications and improvements that lead
to a better result, and to avoid confusing readers with different notations and proof
structures that demonstrate the same ideas. Therefore, this chapter adopted the same
notation with some unmodified definitions from Bukh-Jiang’s paper, and reshaped the
delivery structure and language to uncover the underlying ideas and intuition.

To begin our proof, in Section 3.2 we describe the graph structures used in this
chapter. For a detailed discussion of how our methods relate and differ from Pikhurko’s
and Bukh-Jiang’s work, please see Section 3.3.

3.2 Graph Reduction and Exploration

To employ the breadth-first search approach, we first process our graph to gain control
over the degrees of vertices. Classically, the graph is reduced to have minimum degree
Oy (n'/*) at the expense of half of the edges. However, in Bukh-Jiang’s approach and in
our approach, control over maximum degree is also required. Bukh and Jiang modified
the BFS process to avoid vertices of high degrees, while we make use of the following
reduction lemma.

Reduction Lemma. Fix o € (0,1), let v = (20/a)~%?. Let dpin(G), dmax(G) denote the
minimum and maximum degree of a graph G, respectively. If a graph G on n vertices
has at least cn'*™® edges, then it contains a subgraph G’ such that |V (G')| > cyn®/?,

|E(G)] = (¢/)o(G)F, dmin(G') 2 (¢/2)0(G')?, and dmax(G")/dmin(G') < 1/7.
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An initial version of this lemma was first proved by Erdos and Simonovits [18], and
various forms of this lemma occur in other works. Bukh and Jiang proved a slightly
different version of this lemma in their addendum. By slightly modifying their proof,
we obtain the above lemma. This proof is included in the Appendix for completeness.

With this structure in mind, our real result in this chapter is the following theorem.

Theorem 3.2.1. Fix k > 4, let A = /k(20k)?, and let d > max(2v/5+/k log kn'/*, (20k)**+2k),
If G is a graph on n vertices such that dpi,(G) > 2d + 5k* and dpe(G) < Ad, then G con-
tains a copy of Coy.

Theorem 3.1.1 then follows from Reduction Lemma and Theorem 3.2.1.

Proof of Theorem 3.1.1. Assume a graph H on m vertices has more than 161/10+/k log & -
Itk 4 8000k nt+(2F-1/(2F) edges, then we can find a bipartite subgraph H’ with

at least half of its edges. Using the Reduction Lemma, we find a subgraph G on
n > 4v10y/kTog kym!'/(?®) vertices and at least 2v/10/k log kn'*'/* edges, where v =
(20k)~2*. Now we compute the minimum degree in G.

Let ¢ = e(H)/m't/* we have that ¢ > 8y/10y/% log k-+4000%k* /m'/ () which implies
that

2000k4 1/(2k)\1/k
Imin(G) = S = 43/10+/Klog kon'/* + O ) > 4v/T0y/Klog kn'/* + 5k,
m

Now from Pikhurko’s Result [47], we know that if d;,(G) > kn'/*, then G contains a
Cyy.. Therefore, Reduction Lemma implies diox (G) < (20k)%*kn'/*. Let d = 24/10+/klog kn'/*,
A = Vk(20k)?*. Theorem 3.2.1 completes the proof. O

To prove Theorem 3.2.1, we elaborate further on the graph structures. Let G be
a graph as in the statement of Theorem 3.2.1. Fix arbitrary vertex v of G and start a
breadth-first search process at v. Let V; be the set of vertices at minimum distance
from v for i € [k]. We recall the following definition of a tri-layered graph, which is the
basis of our discussions in Section 3.4, from Bukh-Jiang.

Definition 3.2.1 (Bukh-Jiang [8]). A graph G is called trilayered if its vertex set can be
partitioned into Vi, V5, V3 such that all edges in G are between V1, V; or between V3, V. For
arbitrary G, we use G[Vi, Vs, V3] to denote the induced trilayered graph of G on Vi, V, and
Vs. For A, B,C, D € R, we say that a trilayered graph has minimum degree [A : B,C : D]
if the minimum degree from V; to Vs, Vs to Vi, V5 to Vi and Vs to V; are at least A, B, C, D,
respectively.
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The last ingredient we need is the following definition of a ©-graph, which is at the
core of all our future discussions.

Definition 3.2.2. A ©-graph is a cycle of length at least 2k with a chord. That is, an edge
outside of the cycle connecting two vertices of the cycle.

The rest of the chapter is organized as follows: In Section 3.3, we recall several
important results from Pikhurko and Bukh-Jiang, which prove the non-existence of ©-
graphs in the trilayered subgraphs formed by our breadth-first search exploration. In
Section 3.4, which contains our main improvements in this chapter, we argue that if
certain conditions hold, then a trilayered graph satisfies certain minimum degree con-
dition must be present. We then embed a ©-graph in such subgraphs, contradicting our
result from Section 3.3. In Section 3.5, we show that either the aforementioned con-
ditions hold, or the levels from exploration expand exponentially. Final computations
then prove Theorem 3.2.1.

3.3 Results on O-Graphs

To argue for non-existence of ©-graphs in our exploration, we recall results of Pikhurko.

Lemma 3.3.1 (Lemma 2.2 in [47]). Let k > 3. Any bipartite graph H of minimum degree
at least k contains a ©-graph.

Corollary 3.3.2. Let k > 3. Any bipartite graph H of average degree at least 2k contains
a ©-graph.

Lemma 3.3.3 (Claim 3.1 in [47]). Suppose G contains no Csy.. For 1 < i < k — 1, neither
of G[V;] and G[V;, V;11] contains a bipartite ©-graph.

Using these results, Pikhurko showed that every level must expand by a factor of
roughly d/k compared to the previous level. The bound ex(n, Cy) < O(kn'*'/¥) then
followed. Bukh and Jiang improved on his method by analyzing three consecutive
levels, proving a better expansion ratio among them. They employed the following
technical definition, which generalized ©-graphs to three levels, and proved the next
lemma in conjunction.

Definition 3.3.1. Let G be a trilayered graph with layers Vi, Vs, V3. A ©-graph T in G is
well-placed if every vertex of T in V; is adjacent to some vertex of Vi not in T.

Lemma 3.3.4 (Lemma 10 in [8]). Suppose G contains no Co. For 1 < i < k — 1, the
graph G|V;_1,V;, Vi11] contains no well-placed ©-graphs.
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Note that Lemma 3.3.4 is analogous to Lemma 3.3.3. To prove statements equivalent
to Lemma 3.3.1 in trilayered graphs, Bukh and Jiang analyzed trilayered subgraphs
with specific minimum degree structures. They first determined sufficient conditions
for the existence of such trilayered graphs, then showed that if such subgraphs exist, a
(well-placed) ©-graph could be embedded inside. Finally, they argued that either the
preceding conditions hold, or the levels must expand by an average factor of O(ﬁogk).
Their result followed.

In this chapter, we follow the same proof structure. We improve on Bukh-Jiang’s
result by weakening the conditions required for minimum degree trilayered subgraphs
to be present, and presenting a better method to embed well-placed ©-graphs in such
subgraphs. These changes, presented in the following sections, lead to our O(+/logk)
improvement on the best-known upper bound for ex(n, Cyy).

3.4 Search for O-graphs

In this section, we present the central arguments of this chapter. Our results are sum-
marized in the following lemma, which states sufficient conditions for the existence of
(well-placed) ©-graphs.

Lemma 3.4.1. Let GG be a trilayered graph with layers Vi, Vs, V3, such that dp,(G) >
2d + 5k* and dpex(G) < Ad. If the following conditions hold:

d-e(Vi,Va) > 40k log k| V3|, (3.1)
e(Vi,Va) > 6k(log k + 1)%(2Ak)* 114, (3.2)
e(Vi, Vo) > 20(log k + 1)| V4| (3.3)

then either there is a ©-graph in G[Vy, V5|, or there is a well-placed ©-graph in G[Vy, V5, V3).

This lemma is an improvement over Lemma 6 in Bukh-Jiang. We removed two of
the conditions and improved the last condition by a factor of (logk + 1).

To prove Lemma 3.4.1, the rest of this section is organized as follows: In Lemma 3.4.2,
we show that given a trilayered graph formed by three consecutive levels in our BES pro-
cess, either we can find a trilayered subgraph with desired minimum degree structure,
or we can find a trilayered subgraph with stronger constraints on its edges. This process
can then be iterated — In Lemma 3.4.3, we prove that under the conditions stated in
Lemma 3.4.1, Lemma 3.4.2 can be iterated to show the existence of a desired trilay-
ered subgraphs. Finally, in Lemma 3.4.4, we show that a (well-placed) ©-graph can be
embedded in such subgraphs, which completes the proof.
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Without further delay, we now quote the following result, which is Lemma 7 in
Bukh-Jiang.

Lemma 3.4.2. Let a, A, B, C, D be positive real numbers. Suppose G is a trilayered graph
with layers V,, Vs, Vs and the degree of every vertex in V; is at least d + 4k? + C. Assume
also that

a-e(Vi,Va) > (A+k+1)|Vi| + B|Va|. (3.4

Then one of the following holds:

D) There is a ©-graph in G[V1, V).
II) There exist non-empty subsets V{ C Vi, V; C Vo, Vi C V5 such that the induced
trilayered subgraph G|V, V], VJ| has minimum degree at least [A : B,C : D].
III) There is a subset Vy C Vy such that e(Vy, V3) > (1 — a)e(V4, Va), and |Va| < D|Vs|/d.

A proof of this lemma, as presented in Bukh-Jiang, is included in the Appendix for
completeness. Here the parameter a can be interpreted as the edge loss ratio. More
specifically, in case (I) the proof of Lemma 3.4.1 is complete, and similarly in case (II)
we are done by Lemma 3.4.4. In case (III), we found Vs that shrinks proportionally
compared to V5, while being adjacent to most edges between V; and V,. We can then
apply Lemma 3.4.2 in G|V, Va, V3], thereby iterating this process. In the end, we will
either obtain a subset of vertices of ;, with an overly high average degree, or lands
in case (I) or (II). This procedure is done precisely in the following lemma, which is
Lemma 8 in Bukh-Jiang.

Lemma 3.4.3. Let G be a trilayered graph with layers V1, Vs, V3 satisfying conditions (3.1),
(3.2) and (3.3). Let C be a positive real number, such that the minimum degree from V5
to Vs is at least d + 4k* + C. Then one of the following holds:

D) There is a ©-graph in G|V}, V3).

I) There are non-empty subsets V| C Vi, Vj C Vi, and Vi C V3 such that the induced
trilayered subgraph G[V{, VJ, VJ] has minimum degree at least [A : B,C : D], where
A, B are real numbers and C, D are integers. Moreover, B > 5, and

A > 2k(AD)P7, (3.5)
(B —4)D > 2k. (3.6)

Proof. This proof is an improved version of Bukh-Jiang’s proof. Assume for the sake
of contradiction that neither of the conclusions are true. We will first show that the
conditions of Lemma 3.4.2 hold for a tuple of well defined A, B and D. Due to our
assumptions, the only probable conclusion of Lemma 3.4.2 would be (III), which gives
us Vo C Vi. We then iterate this procedure for ¢ = log k steps on Vs and subsequent
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subsets of V5. This process will generate a chain of sets V;t) C VQ(t_l) C ... C VQ(l) -
VQ(O) = V4. Finally, we will show a contradiction in VQ(t) to conclude the proof.

1

71> where i ranges from 0 to ¢ — 1. Let VQ(O) = V4. For VQ(” that is well

Let a; =
defined, set

d; = e(Vi, Vs ) /[y,

A = aie(Vi, Vi) 2[Vi| — k- 1,
B; = aidi/4 + 5,

D; = |min(2k, 10k /a;d;)|.

Here d; is the average degree from V;i) to V. We prove the following simple claim.

Claim 3.4.1. Foralli =0, --- ,t — 1, we have d; < 2k.

Proof of Claim 3.4.1. If we have \VQ@] < |W1], then

26V, 1y") eV Va") 1 eV a)
Vil + V3" il t+1 Wi

which then implies outcome (I) by Corollary 3.3.2. On the other hand, if |V2(i)| > |V
and d; > 2k, then
261, 15") _ eV, 13")
Vil + 17 1Y

which again leads to outcome (I). Therefore d; < 2k. [ |

Now note that A;, B;, D; satisfy constraints (3.5) and (3.6). Indeed, (3.6) follows as
long as d; < 2k, and for (3.5), we have by (3.2)

—k-1

i 1 G(Vl Vz)
A = ae(Vi, Vi 2li| — k — 1 > )
ae( 1, V2 )/ ‘ 1‘ _2(t+1)2 |‘/2|

3.2)
> 3k(2Ak)** T — k — 1 > 2k(AD;)Pi L

Therefore, if we apply Lemma 3.4.2, the only possible outcome is (III). The following
claim is the key to our iteration process.

Claim 3.4.2. For VQi) that is well-defined, condition (3.4) of Lemma 3.4.2 hold with re-
spect to the above defined a;, A;, B;, C, D;. Moreover, let VQ(’“) C VQ(Z) be the set derived
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from Lemma 3.4.2. We have the following invariants:

e(Vi, Va ™) > (1 — ap)e(Vi, Vi), (3.7)
t—id-e(Vq,Vs)

dir1 > a;d; 3.8

N T A (3.8)

Proof of Claim 3.4.2. This proof will proceed by induction. We first show that condi-
tion (3.4) holds for i = 0.

3
(Ao + K+ D[Vi| + BilVa| = Jaoe(Vi, Va) + 5|13

33) 3 1
A(t+1)

e(‘/la ‘/2) = aoe(‘/17 ‘/2>

Therefore, we can apply Lemma 3.4.2 to obtain V5 C V; as in outcome (III). Set 1/2(1) =
V5. Invariant (3.7) then follows directly from the conclusions of Lemma 3.4.2. For (3.8),
since ]VQ(I)| < Dy|V3]/d, we have

d-e(Vi,Vh)
10KV

> (1 — ap)apdy

This completes the proof for the base case. For induction, note that iterative application
of (3.7) gives

i—1
e(Vi, iy > e(vi, Vo) T (1 = a5) =

j=0

t—i+1

" e(V1, Va). (3.9)

This inequality helps us show condition (3.4) again. Indeed,

i 3 i i 3 i
(A + k4 DIVI] + BV = Jaie(Vi, V3") 451V, < Jaie(Vi, V) + 5|Vl

33) 3 1

< —aie(Vl, Vz(i)) + me(vh V2)

4
@23 i) t+1 (i)
< —ae(Vi, Vs ; Vi, Vi
< queVn V2 )+ gy et b2 )
. 1 : ,
= SV, Vi) Jae(V, Vi) = e, V).
Therefore, by Lemma 3.4.2 again, there is a subset VQ(HI) C VQ(“ satisfying (3.7), and

VY] < D[ Val/d
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This implies

(1 — a;)e(Vi, Vi) d 0
- ( az)az 110]{3|‘/Eg|6( 1, Vo )

diy1 = e(Vl,VQ(iH)) >
i+1 = - -
VD) Dy|Vs|/d

2

de(Vi,Va) 17 t —i de(Vy, Va)
= (- aadi =5 110 —a)) = adif 10k[V3|

=0
Therefore invariant (3.8) holds. This complete the proof of this claim. [

Through iterative application of this claim, we obtain our desired chain of subsets

VZ(t) c..-C VQ(I) C VQ(O). For simplicity of notation, let F' = d'fékvll"/:f). By (3.8), we have

i—1 . i—1

. t—j . t—j 1
d; > dy - F R AR XA [ (P
> do ] Ly = do Ht—j+1t+1

=0 J=0
it — g 3.1 . tt—1
=do <tf1> : tﬂl (Z)d0'4l(ti1> t tjrlel
> do-4ie_1t;j_;11-
Therefore we have d (t+1)
d_(; < m (3.10)

We now analyze the end results of our iteration, Vz(t) and d;. Observe that Vz(t) preserves
a good portion of the edges from V5 to V; (invariant (3.7)), while having exponentially
large average degree (equation (3.10)). Similar to Claim 3.4.1, we have d; < 2k, which
then implies

do < dye - (t+1)/4" < 2ke - (t +1)/4 < 20(¢ + 1).

This contradicts condition (3.3). Therefore we conclude that the iteration must stop
before ¢ steps, resulting in either outcome (I) or outcome (II). O

Remark. The contraction rate of VQ(i) could be shown explicitly in the above proof. Specifi-
cally,

1 10k|Vs|  do
aidi d N Faldl

31 e (t+1)

i+1 G
VY] < Dy|val/d < vl < =

|Val.

This bound confirms our intuition that VQ@ shrinks exponentially.

We now come to the last piece of the puzzle: proving the existence of a ©-graph.
The following lemma, while following the same scheme as in Lemma 9 of Bukh-Jiang,
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presents a different method to embed an arbitrarily long path under the assumption
that no (well-placed) ©-graphs exist. More details on such distinctions are discussed
after the proof.

Lemma 3.4.4. Let G be a trilayered graph with layers Vi, Vs, V3 and minimum degree at
least [A : B,d + k : D], where A, B are real numbers and D is an integer. Suppose B > 5,
and

A>2k(AD)P™! (B —4)D > 2k. (3.11)

Assume that every vertex in V, has at most Ad neighbors in V3. Then there is a ©-graph in
G[V4, V3], or there is a well-placed ©-graph in G.

Proof. Assume that neither of the conclusions are true. In this proof, we will utilize this
assumption to embed an arbitrarily long path P in G, contradicting the finiteness of the
graph. P will have the form vy «~ vy «w - -+ «~ v, Where vy, --- ,v; € V; and each pair
v;, vi11 is connected by a path of length 2D alternating between V5 and V5.

To utilize the assumption of no well-placed ©-graph, we strengthen the statement
by maintaining the following property while building the path:

Definition 3.4.1. A path P is called good if every vertex in Vo, P has at least one neighbor
inV;\ P.

This property enables us to make arguments of the form “either the path could be
extended, or we can find a well-placed ©-graph”, as we will see later in the proof.

We start our construction with a random vertex vy from V;. Inductively, assume that
a good path P = vy «w v; «w - -+ «~ 1;_1 has been constructed, we wish to extend it to
vg e~ - - -« v We make the following observations.

Claim 3.4.3. Foralli =0,--- ,] — 1, v; cannot have k or more neighbors in V5, N P.

Proof of Claim 3.4.3. If v; has at least k neighbors in 1, N P, then we can follow the path
and build a ©-graph with a chord through v;. This ©-graph is well-placed since P is a
good path. |

Claim 3.4.4. Given a good path @), let u € V5N Q) be a vertex adjacent to the last vertex of
@ (note that this last vertex can belong to either Vi or V3). Then u has less than t = [ B/2]
neighbors in V; N Q.

25



Proof of Claim 3.4.4. If u has neighbors vy, , - -+ ,vy,, where k; < ky < -+ < k;, then the
path vy, «~ u and the edge uvy, form a cycle of length at least

2D(t —2)+2 > 2D(B/2 —2) + 2= D(B — 4) + 2 > 2k.

This cycle, together with the chord uvy,, forms a ©-graph spanning over Vi, V5, V. More-
over, this ©-graph is well-placed since () is a good path, and u is adjacent to v, which
is not part of the ©-graph. This contradicts our assumption. |

Note that by Claim 3.4.3, there are at least A — k ways to extend v;_; to another
vertex in V5 \ P, and Claim 3.4.4 ensures that all of these extensions are good. Denote
Up = N(v—1) \ P, where N(-) is the usual notation for neighborhood. The following
claim, which is the heart of our embedding scheme, states that a large portion of these
good extensions in Uy can be extended further inductively in a vertex-disjoint manner.

Claim 3.4.5. Fori = 0,1,--- ,D — 1, there exist sets U; C V5 such that for each u € U,
there exists a path Q(u) from U, to u of length 2i that alternates between V, and V.
Moreover, Q(u) is a good extension of P, and for every pair u,v € U;, Q(u) and Q(v) are
vertex disjoint. Furthermore,

1 D
1> -3k+ A ot :
Ui 2 =3k + (8(2k+1)A) 1} i+1

Proof of Claim 3.4.5. We prove this claim by induction, where the base case with i = 0
is true as stated. Assume the claim is true for i, we want to find U, by extending paths
from U;.

For arbitrary u € U, let P, denote the concatenation of paths P and @(u). By similar
argument as in Claim 3.4.3, we see that « cannot have more than £ neighbors in P, NV5.
Therefore, u has at least d neighbors in V3 that does not land on P,. These neighbors
are our candidates for extending P,, and we filter these candidates with the following
procedure. Define three sets S;, F} and 7T, where S;, F; C U; and T' C V3. Intuitively,
we want S; to be the set of vertices with successful extensions to V3, F to be U; \ S,
and 7 to be the set of potential extensions from S; to V5. Set them to be empty initually,
consider the following procedure.

We claim that when this procedure terminates, |S;| > |U;|/2. Indeed, if |F\| > |U;|/2,
then |T| < |S1]5%~ < 1%l _4_ Moreover, every vertex u in F, has at least d neighbors in

2k+1 2 2k+1°
V3 \ P,, which means at least % edges adjacent to u land in 7'. Therefore,
2kd 2kd |U;
e(F.T) > |F| &

>
2k+1 "~ 2k+1 27
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Algorithm 1
1: Pick a vertex v randomly from U; \ (S; U Fy).
2: Let M, = (N(u) NVs) \ (T'U P,). If [M,| > 5%, then randomly select 3% vertices
in M, to put into 7', and denote these vertices as 7,,. Put « into 5.
3: Otherwise, put u € F; and move on to the next itration. Terminate this procedure if

51UF1 :Uz

which implies e(F},7T)/|T| > 2k. By Lemma 3.3.1, there exists a ©-graph in G|V, V3],
which is a contradiction. Thus |S,| > |U;|/2.

We extend the previous notations to vertices in 1. For v € T, (as defined in Pro-
cedure 1), let Q(v) be the path Q(u)v, and P, = P,v. Note that the paths {Q(v)},er
are not necessarily pairwise vertex disjoint, since v could be on the path Q(w) for some
w € U;,w # u. This issue will be resolved later. For now, we make the following
observation concerning extending vertices in 7" back to V5.

Observation 3.4.6. For an arbitrary vertex v € T, it has at least D — i neighbors in V5 \ P,
or in the last 2k vertices of P. To see that, suppose we call an edge vw where w € P, NV,
long if the distance between v, w is at least 2k through the path P, and short otherwise.
If v has a long edge vw, then v cannot have any other neighbors in P, N V4, for otherwise
there would be a well-placed ©-graph. Moreover, since |Q(v) N V5| = i, we see that v has at
most i neighbors on QQ(v). Our claim then follows.

Utilizing this observation, we will extend every vertex in S; greedily, while main-
taining that all extensions land in different vertices in V5. As in procedure 1, we define
sets S, Fy C S1,D C Vs, where S, denotes the set of vertices with successful 2-step
extensions, and F, = S; \ Sy. D denotes the set of endpoints of successful extensions.
We set them to be empty initially, and consider the following procedure.

Algorithm 2
1: Pick a vertex u arbitrarily from S; \ (52 U F3).
2: If there exists v € N(u)NT and w € N(v)\ (P,UD), then we can successfully extend
P, to P,vw. Put u into S, and put w into D.
3: If such vertices do not exist, put u into F3 and move on to the next itration. Termi-
nate this procedure if Sy U 5 = 5.

Let € = yoprna- We claim that when this procedure terminates, |Sy| > €|S1| — 2k.
To see that, we know every vertex u € F5 cannot be extended, which means all of its

possible extensions land in D or the last 2k vertices of P. If || > (1 —¢€)S; + 2k >
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(1 — €)Sy, by Procedure 1 and Observation 3.4.6, the number of failed extension must

be at least
d D —i)(1—¢)

2k+1 2(2k + 1)
Since |D| = |S,], all these failed extensions must land in a set of size less than €|S;|. The
average degree on this set would then be at least

D)= Y.

| Fy|

(D —i)(1 - e)d 1
Uil - 21 — e)Ad > Ad,
skt Ul gy > AL eAd>

which is a contradiction to the assumption that no vertices in V, has more than Ad
neighbors in V3. Therefore we have at least |Sy| > €|U;| — 2k successful extensions.

The next step is to filter these extensions such that they are pairwise vertex disjoint.
What we have constructed so far is a set ) of length 2i + 2 paths from U, to D such that
if we choose any two paths py, p» from @), their first 2i vertices would be disjoint, and
their last two vertices would also be disjoint. Therefore every path could only overlap
with at most 2i 4 2 other paths in (), which implies there exists a set of pairwise disjoint
paths @ such that |Q’'| > |Q|/(2i + 2). Let U;y1 C D be the set of endpoints of these
paths, we have

€ D—1 1

U;)| -2k >
2(2’—1—1)‘ | i+ 18(2k+1)A

Uin] = Q'] = 1Q1/(2i42) = |92/ (2i+2) = |U;|—2k,

which satisfies the stated bound. All of these extensions are good by Claim 3.4.4. |

Now from condition (3.11), we see that Up_; is non-empty. Let Q = vy < « -+ e~
v;—1 «~ u be an arbitrary extension with v € Up_,. By Claim 3.4.4, (N(u) N V1) \ Q is
non-empty. Let v; be chosen arbitrarily from this set, and let the new path be Qu;. We
prove one last claim to finish the proof.

Claim 3.4.7. The path Qu, is good.

Proof of Claim 3.4.7. We show that for any w € V5, N @, w has at most 2t — 2 neighbors
in V; N Qu;. By Claim 3.4.4, w has fewer than ¢ neighbors in @) NV} that precede w in Q.
We want to apply the same argument to the reverseal of Qu;.

Consider the sub-path ' = v; «~ w of Q). Since () is a good path, w can’t have ¢
or more neighbors in V; N Q). Therefore, assume w has neighbors vy, -+ , v, € V1 N Q)
where v, = v; and ky < ky < -+ < k;. Then the path vy, , «~ w, together with the
edges wuy, , forms a cycle of length at least 2k, with chords through v. This ©-graph is
well-placed since the path @ is good, and v;, , «~ w does not go through v, = v;, which
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means vertices of this ©-graph in V5 can use v; to satisfy the well-placed condition. We
conclude that w must have less than ¢ neighbors in Q" N V;. Since 2t — 2 < B, the path
Quy is good. [

Therefore, we can construct an arbitrarily long path in G, which is a contradiction.
We conclude that a (well-placed) ©-graph must exist. O

Remark. This result is stronger than Lemma 9 in Bukh-Jiang, in the sense that Bukh and
Jiang showed how to embed one extension inductively, while we presented a method to
embed multiple vertex-disjoint extensions simultaneously. We also note that |U;| can be
made arbitrarily large by increasing A, which only affects the magnitude of n. Therefore,
our methods embed many “parallel” paths concurrently.

Utilizing Lemma 3.4.2, 3.4.3 and 3.4.4, we now prove Lemma 3.4.1.
Proof of Lemma 3.4.1. Given a graph G satisfying the conditions in Lemma 3.4.1, we
first apply Lemm 3.4.3 with C' = d + k. If the lemma results in outcome (I), then our
claim holds. If the lemma results in outcome (II), then we apply Lemma 3.4.4 on the

resulting trilayered subgraph and our claim holds. This proves Lemma 3.4.1. O

We now proceed to prove Theorem 3.2.1.

29



3.5 Proof of Theorem 3.2.1

In this section, we prove that under the conditions of Theorem 3.2.1, we have for all 4
\Vig1| > (d?/20k log k)| Vi_1|. (3.12)

We introduce the following auxiliary conditions, which will be proved by induction on
1.

e(V;, Vigr) > 2d|Vi], (3.13)
e(Vi, Vigr) < 2k|Viga, (3.14)
Via| > k7| Vi, (3.15)

These inequalities hold for i = 0. Assuming the inductive hypothesis, we know that the

minimum degree in the graph is at least 2d + 5k%. Therefore
(3.14)
e(Vi, Vi) = (2d + 5k%)|Vi| — e(Viey, Vi) > (2d + 5k — 2k)|Vi| > 2d| V|

This inequality implies that V; has average degree at least 2d in G[V;, V;11]. Moreover, if
(3.14) is false, then V;,; has average degree at least 2k in G[V;, V;,4]. By Corollary 3.3.2,
this leads to a contradiction. Therefore (3.14) is true, and (3.15) is a consequence of
(3.13) and (3.14). This completes the proof for the auxiliary claims.

We now move on to prove (3.12). Assume for the sake of contradiction that (3.12)
is false, we will show that the conditions of Lemma 3.4.1 hold, which then leads to a
contradiction.

Assume (3.1) is false. We have

(3.13)
2d°|Via| < de(Vi1, Vi) < 40k log k|Viyal,
d2
>_ -
nl o0 log k
This contradicts with the assumption that (3.12) is false.

\Vi Vi1l

(3.2) follows from the fact that d > (20k)*+2*. We have
6k(log k + 1)2(2AK)* 71, < 63 (2k3/2(20k) %)) %1
< (200)"° 7% 612 - (2) < 2d < e(V;, Vi) /|Vi.
Finally, if (3.3) is false, we have

(3.13) (3.15) k
2d|Vioi| < e(Viey, Vi) <20(logk + 1)V < 4010g/€3\‘/2+1!,

2

Vil > —— Vi 4.
‘“|—zomogk‘ il
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This again implies (3.12). Therefore (3.12) hold for all :.

We now conclude the proof of Theorem 3.2.1. If k is even, applying (3.12) k/2 times
results in
dk

Vil > —
Vil = (20k log k)*/?

If k is odd, applying (3.12) (k — 1)/2 times results in

k—1 dk
Vi| > "l >———.
Vil 2 (20klogk)(k*1)/2‘ e (20k log k)*/2
Since |V;| < n, we must have d < /20klog kn'/*. O

3.6 Potential Improvements

This section is dedicated to devoted readers who intend to improve Theorem 3.2.1 using
our methods.

The idea of using ©-graphs in the BFS approach originated from Pikhurko’s work [47].
The most critical component of this combination is the embedding scheme of a ©-graph
in specific graph structures. For reference, Pikhurko utilized Lemma 3.3.1, while Bukh
and Jiang and the author utilized different versions of Lemma 3.4.4. In essence, all three
proofs are driven by their respective embedding methods. Therefore, if one intends to
improve the upper bound on ex(n,Cy;) following this approach, one shall investigate
potential structures and schemes to embed ©-graphs.

We investigated the following structure in particular.

Definition 3.6.1. For A, B,C,D € R, we say that a trilayered graph G on vertex sets
Vi, Vo, Vs has degree [A : B,C : (2 : D)] if there exists a partition of Vs into V,Z and V.,©,
such that the minimum degree from Vy to Vs, V.2 to Vi, Vs to Vi, Vs to Vi, and Vs to V.2
are at least A, B, C, 2, D, respectively.

This definition is inspired by two observations. First of all, the proof of Lemma 3.4.2
found thatif an [A : B, C : D] structure cannot be found, then V; can be partitioned into
two sets ‘72 and 15\ X72, such that the former has high density with V3 and the latter has
high density with V; (see Appendix). Let Vo = ‘72 and Vg = V5 \ 172, the existence of a
[A: B,C : (2, D)] structure is likely with respect to such graph partitions. Second, using
the ideas in our proof of Lemma 3.4.4 and Bukh and Jiang’s proof of their Lemma 9, we
can prove the following result.
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Lemma 3.6.1. Under the same constraints on A, B, D as in Lemma 3.4.4, if G is a trylay-
ered graph on Vi, V, = Vg U Vi, V5 with minimum degree at least [A : B,C : (2, D)], then
there is a ©-graph in G[V;, V5] or there is a well-placed ©-graph in G.

Therefore, if one is able to show, under weaker conditions in comparison to Lemma 3.4.1,
that either an [A : B,C : D] structure exists or an [A : B,C : (2 : D)] structure exists,
then one could improve our bound. We were able to prove an analog of Lemma 3.4.2
for the [A: B,C : (2: D)] structure, but was unable to derive an analog of Lemma 3.4.3.

It is also worth pointing out that the constant factor of the upper bound proved
by this chapter is not fully optimized. In particular, we believe that the bound can
be further improved by constant factors if instead of using the Reduction Lemma, we
employ a modified breadth-first search algorithm (see Bukh—Jiang Section 1) to bound
the maximum degree in our graph. In this chapter, we decided not to present the proof
with a modified BFS since we believe the current proof with Reduction Lemma is cleaner
and more applicable to further problems.

Appendix

Bukh-Jiang’s Proof of Reduction Lemma (slightly modified) Let H be a subgraph
of G that maximizes the ratio e(H)/v(H)'**/2. By the assumption on e((), this ratio is
at least en®/2. Since e(H) < v(H)?/2, it then follows that v(H)'=%/2 > 2en®/2. Let S be
subset of V' (H) consisting of yv(H ) vertices of largest degrees. We consider two cases.

Suppose at least ¢(H)/4 edges of H are incident to vertices in S. Set n = 27/a. By
averaging, we can find aset 7' C V/(H) \ S of nu(H ) elements that is incident to at least
fraction /(1 — 7) of edges leaving S. Hence, e(SUT) > (1 )e(H)/4 = ne(H)/4. Let
H' be the subgraph of H induced by S UT. Since

('7 + 77)1—‘,—04/2 — ,71+oz/2(1 + 2/a)1+a/2 S (3/0‘/)1—&—04/271—&-04/2
< (33/2/a1+a/2>71+a/2 < (10/04)’714_&/2 < 7/27

we have

e(H") > ne(H) _ e(H) N e(H)
V(HYo2 = 2yp(H) a2~ qu(H)e2 ~ y(H)He2’

contradictory to the choice of H.

Therefore, we may assume that S is incident to fewer than e(H)/4 edges of H. Thus

the minimum degree of a vertex in S is at most GZ(H ) = ) Removing edges incident
5] 2yv(H)
to S from H then leaves a graph H’ with maximum degree at most ) (since S

2vv(H)
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consists of vertices of highest degrees in H) and at least 3e(H)/4 edges. In particular,
average degree of H' is at least 3e(H)/(2v(H)).

Now we remove vertices of degree less than e(H)/(2v(H)) repeatedly to obtain G'.
Since the number of edges removed is less than e(H)/2, G’ would have at least yv(H)
vertices and e(H)/4 edges. Each vertex in this graph has degree between e(H)/2v(H)
and e(H)/2yv(H), and we have ¢(G’) > e(H)/4 > (c/4)n*?v(H)*/2 > (c/4)v(G)+e/2,
Finally, since e(H)/v(H) > cn®/?v(H)* > cv(G')*, we are done. O

Bukh-Jiang’s Proof of Lemma 3.4.2 We suppose that alternative (I) does not hold.
Then, by Corollary 3.3.2, the average degree of every subgraph of G[V;, V3] is at most
2k.

Consider the process that aims to construct a subgraph satisfying (II). The process
starts with V] = Vi, VJ = V5 and Vi = V3, and at each step removes one of the vertices
that violate the minimum degree condition on G[V/, V3, V;]. The process stops when
either no vertices are left, or the minimum degree of G[V/, V], V] is at least [A : B,C :
D). Since in the latter case we are done, we assume that this process eventually removes
every vertex of G.

Let R be the vertices of V, that were removed because at the time of removal they
had fewer than C' neighbors in Vj. Put

E' = {uv € E(G) :u € Vy, v € Vs, and v was removed before u},

def

S = {v € V; : v has at least 4k* neighbors in V;}.

Note that |E’| < D|V3|. We cannot have |S| > |V}]|/k, for otherwise the average degree

of the bipartite graph G[V;, S] would be at least % > 2k. So |S| < |Vi|/k.

The average degree condition on G[V;, S] implies that

e(V1,S) < k(|Vi| +S]) < (k+ 1)

Let u be any vertex in R\ S. Since it is connected to at least (d+4k*+C) —4k* = d+C
vertices of V3, it must be adjacent to at least d edges of £’. Thus,

|[R\ S| < |E'|/d < D|Vs]/d.

Assume that the conclusion (III) does not hold with 172 = R\ S. Then e(V}, R\
S) < (1 —a)e(Vy,V3). Since the total number of edges between V) and V; that were
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removed due to the minimal degree conditions on V; and V5 is at most A|V;| and B|V;|
respectively, we conclude that

e(V1,V2) < e(V1,5) +e(Vi, R\ S) + A[Vi| + B|V2 (3.16)
< (k+DVil+ (1 = a)e(Vi,Va) + A[Vi| + B|V4|,

implying that
a-e(Vi,Va) < (A+k+1)|Vi| + B|Val.

The contradiction with (3.4) completes the proof. O
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Chapter 4

Representative Sets Method in Matroid
Theory

4.1 Introduction

Let G = (V, E)) be an unweighted, directed graph, and let S,7" C V be sets of terminals.
In the vertex sparsifier problem, our goal is to construct a smaller graph H, called the
vertex sparsifier, that preserves the cut structure of S, 7 in G. More precisely, H should
include all vertices in S, T, and for all subsets A C S and B C T, the size of the min-cut
separating A and B is the same in G and H. Here, we allow the min-cut to contain
vertices from A and B.

A landmark result of Kratsch and Wahlstrom proved the first bound on the size
of a vertex sparsifier that is polynomial in the number of terminals. When S, 7" have
size k, the vertex sparsifier has O(k?®) vertices. Kratsch and Wahlstrém’s main insight
is to phrase the problem in terms of constructing representative families on a certain
matroid, after which they can appeal to the rich theory on representative families [42,
45]. Their result, also known as the cut-covering lemma in the areas of fixed-parameter
tractability and kernelization, has led to many new algorithmic developments [32-35].
Nevertheless, despite the recent surge in applications of the cut-covering lemma, the
original bound of O(k?) has yet to be improved.

In this chapter, we observe the ordered version of the representative family method,
and use it to give a sparsifier on O(k?) vertices in directed acyclic graphs. This matches
known lower bounds of 2(k?). Furthermore, unlike previous versions, our new algo-
rithm runs in linear time in the size of the graph, and computes a cover for all furthest
min-cuts between subsets of the terminals. We expect this may lead to further ap-
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plications in the theory of kernelization. The central method we use is the following
theorem.

Theorem 4.1.1. Suppose F C P(F?) for some field F and for all B € F, |B| = s. Let
A={ACF*||A| <rand 3B € F s.t. AW B is linearly independent}.

Fix any ordering o of F, namely F = {By, Bs,- - , B, }, and suppose d > r + s. Then there
exists BC F, B={B;,,Bi,, -+, B, } where iy <iy < ... < iy, such that

(a) For all A € A, there exists B;, € B where AW B, is independent and for all j €
(n],j > i, AW B; is dependent. Note that B; is not necessarily in .

() m < (%), and we can find B algorithmically using O((?)ns* + (f)w_ln) field opera-
tions over IF (in particular, in time linear in |F|).

Technically, this version is equivalent to the weighted version of the representative
family method (see, e.g., Fomin et al. [21]), as any input with all weights distinct
enforces a corresponding total ordering on the elements!. However, the difference in
focus is significant, as a total element ordering can carry semantic meaning that is
obscured when implemented using weights.

Applying Theorem 4.1.1 to vertex cut sparsifiers, we obtain the main result of this
chapter.

Theorem 4.1.2. Given a directed acyclic graph G = (V, E) with terminal sets S, T of size k,
we can find a vertex cut sparsifier of G of size ©(k?) algorithmically in time O((m-+n)k°M).

In order to get Theorem 4.1.2 to run in linear time, two further obstacles need to
be overcome. The first is to compute a representation for the matroids underlying the
result, known as gammoids in time linear in m + n. The usual method for representing
gammoids goes via the class of transversal matroids, however, this requires taking the
inverse of an n x n matrix. Luckily, we observe that an older construction of Mason [43]
can be used to represent gammoids more efficiently over DAGs; see Lemma 4.2.1.

The other obstacle is that the method of Kratsch and Wahlstrém [35] is inherently
iterative. They use a representative family computation to find essential vertices — i.e.,
vertices that have to be included in the sparsifier if the result is to be correct — then
eliminate one non-essential vertex at a time until all vertices are deemed potentially
essential. Using Theorem 4.1.2 and the topological ordering of a DAG, we show that a

n the first version of this manuscript, we presented a proof of Theorem 4.1.1 that runs in polynomial
time. It was later pointed out to us that this theorem is equivalent to Theorem 3.7 in [21], which runs
in linear time. We thereby refer the readers to the proof in [21], as our proof shares similar underlying
ideas with theirs.
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single representative family computation lets us find all vertices contained in furthest
min-cuts between subsets of the terminals, thereby removing the need for iteration. In
fact, a cut-covering set for furthest (or, symmetrically, closest) min-cuts was not previ-
ously known.

4.2 Preliminaries

Throughout this chapter, all graphs are directed and unweighted. We begin with stan-
dard terminology on cuts and cut sparsifiers.

Definition 4.2.1 (Vertex Cut). Given a directed unweighted graph G = (V, E) with sets
X, Y CV,aset C CVisavertex cutof (X,Y) if after removing C from G, there does not
exist a path from a vertex in X to a vertex in Y. We denote the size of a minimum vertex
cut between X,Y in G as mincuts(X,Y).

Definition 4.2.2 (Vertex Cut Sparsifier). Consider a directed unweighted graph G =
(V,E) with sets S,T C V. A directed unweighted graph H = (V', F) is a vertex cut
sparsifier of G if

() S, TCV.
(b) Forall X C S,Y C T, mincutg(X,Y) = mincuty (X,Y).

The problem we consider in this paper is the minimum size of a vertex sparsifier.

Problem (Minimum Vertex Cut Sparsifier). Given a directed unweighted graph G =
(V, E) with terminal sets S,T C V, what is the minimum number of vertices in a ver-
tex cut sparsifier of G?

Vertex cut sparsifiers were first introduced by Moitra [44] in the approximation al-
gorithms setting; see also [11,13,40]. Recently, they have found applications in fast
graph algorithms, especially in the dynamic setting [10, 12, 15]. For the specific prob-
lem above, Kratsch and Wahlstrom [35] obtained the bound O(k?), where |S| = |T| = k.
Their application was in the fixed-parameter tractability setting, specifically in con-
structing kernels for cut-based problems. Our proof utilizes similar matroid-theoretic
techniques as theirs, which we introduce next.

Definition 4.2.3 (Matroid). Given a finite ground set U, a set system M = (E,I) where
E CU,I CP(F)is called a matroid if

(a) @€ 1.
(b) For X,)Y CE,ifY €eland X CY, then X € I.
(0 If XY € I and |X| < |Y|, then there exists y € Y \ X such that X U{y} € I.
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Central to our proof is the use of gammoids and their representations.

Definition 4.2.4 (Gammoid). Given a graph G = (V, F) and a vertex subset S, the gam-
moid on S is the matroid M = (V,I) where I contains all subsets T C V such that there
exist |T| vertex-disjoint paths from S to T in G.

Definition 4.2.5 (Matroid disjoint union). Given two matroids on disjoint ground sets,
their matroid disjoint union is the matroid whose ground set is the union of their ground
sets, and a set is independent if the corresponding part in each matroid is independent.

Definition 4.2.6 (Representable matroid). Given a field F, a matroid M = (E,I) is
representable over I if there exists a matrix A over the field F' such that there exists a
bijective mapping from E to the columns of A, where a set S C E is independent if and
only if its corresponding set of columns of A are linearly independent.

In particular, it is well known in matroid theory that gammoids are representable in
randomized polynomial time; see Marx [42]. However, to control the running time, we
revisit an older representation by Mason [43], and note that it leads to a representation
in near-linear time in |V| 4+ |E| on DAGs. We also note that the disjoint union of two
representable matroids is representable.

Lemma 4.2.1 (Construction of Gammoid Representation on DAGs). Given a directed
acyclic graph G = (V,E), aset S C V, and ¢ > 0, with |V| = n, |E| = m and |S| = k,
a representation of the gammoid on S of dimension k over a finite field with entries of
bitlength ¢ = O(klogn + log(1/<)) can be constructed in randomized time O((n + m)k()
with one-sided error at most e, where O hides factors logarithmic in /.

Proof. We review the construction of Mason [43]. Associate a variable z,, to every edge
(u,v) € E, where all variables z,, are formally independent. For two vertices u,v € V,
define the path polynomial

P(u,v) = Z H T

P: u~v (u,w)eE(P)

where P ranges over all directed paths from u to v in GG. Define the matrix M with rows
indexed by S and columns by V, where for v € S, v € V we have M (u,v) = P(u,v).
Then M is a representation of the gammoid on S.

Indeed, on the one hand let " C V' be a basis of the gammoid. By definition, there
is a vertex-disjoint flow linking S to 7. Instantiate the variables x,, by letting x,, = 1
for every edge used in one of these paths, and z,, = 0 otherwise. Under this evaluation
M|[S,T] is a permutation matrix, hence independent, which shows that det M[S, T] # 0.
On the other hand, let 77 C V and let C' C V be an (S,7)-min cut, |C| < |T|. Then
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M][S,T] factors as M[S,T] = M|[S,C]- M'[C,T] for a matrix M'[C, T, hence the rank of
M|[S,T] is at most |C|. Here, M'[C,T] is defined as M, except that vertices of C' have
been turned into sources.

To get a representation over a finite field IF, we pick a sufficiently large field F and
replace every variable z,, by a random value from F. For the success probability, note
that any dependent set in M remains dependent after such a replacement. Therefore,
it is enough to consider the probability that det M[S, B] # 0 for every basis B of the
gammoid. For this, we observe that the entries M (u,v) are polynomials of degree at
most n, hence det M[S, B] has degree at most nk. Furthermore, the number of bases is
atmost () < n*. Let F = GF(2") where 2° > (1/¢)(nk)n*, i.e., ¢ = ©(klogn+log(1/¢)).
By Schwartz-Zippel, the probability that det M[S, B] = 0 for a given basis B is at most
nk/|F| < en™", hence by the union bound the probability that this occurs for at least
one basis B is at most . We note that field arithmetic over F can be performed in time
o(?).

It remains to evaluate the vectors R, = (P(s,v))ses for v € V' quickly. For simplicity,
we assume without loss of generality that the vertices s € S are sources in G; this can
be achieved by introducing a new vertex s’ for every s € S, with a single edge (s, s),
and replacing s by ¢’ in S. Note that this does not change the resulting gammoid. Let
V = {vy,...,v,} where (vy,...,v,) is a topological ordering of G, starting with the
vertices of S; this can be computed in time O(m + n) by standard methods. Note that
P(s,s) = 1 for s € S, hence the vectors R, s € S are unit vectors making up the
standard basis for F*. For all other vertices v € V, note

P(s,v) = Z P(s,u) Ty,
ueN—(v)
where P(s,u) = R,(s) has already been computed due to the topological ordering.
Hence R, can be computed using O(kd~ (v)) field operations from the previously com-
puted vectors. Performing this across all variables vy, ..., v, uses O((n + m)k) field
operations, hence the total running time is bounded by O((n 4 m)k(), as stated. N

Given these definitions, we now apply Theorem 4.1.1 to representable matroids and
obtain the following Theorem, which we will use in our proof.

Theorem 4.2.2 (Algorithmic Skew-Symmetric Bollobds’s Theorem on Representable
Matroids). Consider a representable matroid M = (F,I) of rank r + s. Let A be a family
of sets of size at most r, and let F = {By, By, --- , B,} be a family of sets of size s such
that for all A € A, exists B € F, AW B € I. Then there exists B = {B;,,---,B;, } C F,
m < ("F*), such that for all A € A, exists j where AWB;, € I and forallk > i;, AWB, ¢ 1.
BB can be found in time O((m + n)k°W).
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4.3 Vertex Cut Sparsifier for DAGs

In this section, we prove our main result, Theorem 4.1.2. We first borrow the following
key concepts from Kratsch and Wahlstrom [35].

Definition 4.3.1 (Essential Vertex). A vertex v € V' \ (S UT) is called essential if there
exists X C S, Y C T such that v belongs to every minimum vertex cut between X, Y.

Definition 4.3.2 (Neighborhood Closure). For a digraph G = (V, E) and a vertex v € G,
the neighborhood closure operation is defined by removing v from G and adding an edge
from every in-neighbor of v to every out-neighbor of v. The new graph is denoted by cl,(G).

Definition 4.3.3 (Closest Set). For sets of vertices X, A C V, A is closest to X if A is the
unique min-cut between X and A.

We remark that neighborhood closure is exactly what we call vertex elimination,
but we prefer to keep the same terminology from [35]. We introduce the following
definitions to simplify our discussions.

Definition 4.3.4. For sets X C S)Y C T, let C be a vertex cut for X,Y. Let G' be
the subgraph formed by the union of all paths from X to Y. The left-hand side of C,
denotes L(C), is the set of vertices that are still reachable from X in G’ after C'is removed.
Similarly, the right-hand side of C, denoted R(C), is the set of vertices that can still reach
Y in G’ after C' is removed.

Definition 4.3.5 (Saturation). Let C be a vertex cut for X C S,Y C T. For a vertex
v € C, we say that v and C are saturated by X if there exists |C| + 1 paths from X to C
that are vertex disjoint except for two paths that both ends at v. Similarly, v and C are
saturated by Y if there exists |C| + 1 paths from C to Y that are vertex disjoint except for
two paths that both starts at v.

The following three lemmas are stated and proved as Reduction Rule 1, Proposition 1
and Lemma 5 in [35], respectively. Their proofs, as presented in [35] and Chapter 11.6
of [22], are included in the Appendix for completeness.

Lemma 4.3.1 (Closure Lemma). If v € V' \ (SUT) is not an essential vertex, then cl,(G)
is a vertex cut sparsifier of G.

Lemma 4.3.2 (Closest Cut Lemma). Let C be a vertex cut for X C S, Y C T that is closest
to X orY, then for all vertices v € C, v and C' are saturated by X or Y, respectively.

Lemma 4.3.3 (Essential Vertex Lemma). Let v be an essential vertex with respect to
X C S)Y C T. Let C be any minimum vertex cut between X,Y. Then v and C are
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saturated by both X and Y.

Using these results, Kratsch and Wahlstrom presented an inspired construction of
matroids which, combined with the theory of representative families, resulted in their
O(k?) bound. We now present a modified construction that utilizes skew-symmetry in
Theorem 4.2.2, resulting in Theorem 4.1.2.

Theorem 4.3.4. For a directed acyclic graph G = (V, E') with terminal sets S and T, let
k = |S UT|. Then there exists a set of vertices P of size O(k?) such that for each pair of
X CS)Y CT, the min-(X,Y) cut that is closest to Y is contained in P. This set can be
found in time O(nk®~' + mk?), and a sparsifier on P can then be constructed in the same
asymptotic running time.

Proof. Let Gg = (V, ER) be the graph G with the direction of all edges reversed. We
make the following modification to our graphs GG, Gx. For each vertex v € V' \ (SUT),
add a vertex ¢’ into V' and for each directed edge (u,v) € E, add (u,v’) into E. Denote
this new directed graph G’ = (V’, E’), and similarly construct G, = (V’, E;). Note
that G’, G’; are both acyclic. Enumerate V' in a reverse topological ordering, namely
V = (v1,vs,- - ,v,) where v; cannot reach any v; for j > i.

Let M, = (F4, I) be the gammoid constructed on the graph G and the set of termi-
nals S in G, and let M, = (E», I) be the gammoid constructed on the graph G’;, and
the set of terminals 7" in G';. To distinguish between elements of F; and E,, we label

vertices in E; as vq,...,v,,0,,...,v,, and elements in E, as @y, ...,0,,01,...,0, . For

) n?l
any set of vertices U C V, denote the respective sets in F;, and F, as U; and U,. Let
M be the disjoint union of matroids M; and M, so M is representable and it has rank

O(k).

Observe that for any X C S, Y C T, the min-cuts between X and Y in G are the
same as in GG’ because the vertex copies v" we added to G have no outgoing edges.
Therefore, G and G’ have the same set of closest cuts. We now construct families of sets
A, F that satisfy the conditions of Theorem 4.2.2. For a min-cut C between X, Y that is
closest to Y, and a vertex v € C, define

Acy = (SN X UG\ {v}) U (T \ Y2 U Cy).
Let A consists of A, for all such cut-vertex pairs. Define
F={B,={v,v'} |veV}

We prove the following claim.
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Claim 4.3.1. For each A = A(c..), B, is the unique set in F such that AW B, is independent
in M, and for all u > v in the reverse topological order of V, AW B, is dependent in M.

Proof of Claim 4.3.1. We first show that A W B, is independent. Since M is a disjoint
union matroid, we need to show that (AN E;) W {v} = S \ X; U is independent in
M, and (AN Ey)w{v'} =T, \ Yo UCy U {7} is independent in M.

Since both M; and M, are gammoids, we need to show existence of vertex disjoint
paths from S; to S; \ X; U (4. First note that singleton paths can cover all vertices in
S1\ X;. Since (; is a min-cut between X; and Y}, by duality there exists vertex disjoint
paths from X to C). Therefore S; \ X; U (} is independent in ;. Similarly, singleton
paths can cover all vertices in 75 \ Y5. It suffices for us to show the existence of vertex
disjoint paths from Y5 to Cy U {7'}.

By Lemma 4.3.2, there exists |Cy| + 1 paths from Y; to C, that are vertex disjoint
except for two paths that both ends at v. Therefore, we can redirect one of these two
paths to end at ¥, and we obtain |Cy| + 1 vertex disjoint paths from Y> to C, U {7’}. This
proves independence.

Now fix u > v in the reverse topological ordering, so that there does not exist a
path from v to u. We want to show that either (A N E;) W {u} is dependent in M;, or
(AN Ey) W {u'} is dependent in M,. Consider four possible cases:

* u is not on any path from X to Y. Assume for the sake of contradiction that both
(AN E;)w{u} and (AN E,) W {u'} are independent. Then there must exist a path
from X to v and a path from u to Y, which forms a path from X to Y through «
(since G is acyclic), contradiction.

* u € L(v) (see Definition 4.3.4). Then any path from u to Y (or from Y to u in
G r) must intersect with C, which means there does not exist vertex disjoint paths
from Y to C' U {u} in Gg. Therefore (AN E,) W {@'} is dependent.

* u € R(v). Then any path from X to u must intersect C. Assume for the sake of

contradiction that (A N E;) W {u} is independent, then there exists vertex disjoint

paths from X to C'\ {v} U {u}, which means there is a path from X to u that goes
through v. However, since u > v in the topological ordering, there does not exist
paths from v to u. This is a contradiction, so (A N E;) W {u} is dependent.

u € C. Then u € (AN E,), which implies (AN E,) W {u} is dependent.

This completes the proof. |

Let P be the collection of vertices that Theorem 4.2.2 finds. Then by the above claim,
for each pair of X C S, Y C T and their min-cut C closest to Y, all vertices in C' must be
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in P. Note that this also implies that all essential vertices are in P. For the final running
time, note that computing the gammoids takes time O((m +n)k?) by Lemma 4.2.1 with
e = 1/n°", and computing the representative sets takes time O(nk**~!) by taking d = k
and s = 2 in Theorem 4.1.1.

To construct the final sparsifier H on P, for each vertex u € P, we run a depth-first
search starting at v on the graph G, defined to be G minus the out-edges of vertices in
P\ {u}. For each vertex v € P\ {u} that is reachable from « in G,, we add an edge (u, v)
to H. Note that this procedure returns the same graph H as the one that sequentially
applies Lemma 4.3.1 on all vertices not in P, but achieves a shorter runtime of O(k%*m).
To see the equivalence, observe that in both cases, there is an edge (u,v) in the final
sparsifier if and only if there is a path from u to v in G whose internal vertices are
disjoint from P. We conclude that the output graph H is a valid sparsifier. O

We make two remarks about this proof. First of all, we never explicitly compute the
sets A(c,.). They are used only to prove the existence of a vertex cut sparsifier. More im-
portantly, the critical difference between our proof and Kratsch and Wahlstrom’s proof
is that our proof gives an asymmetrical construction. Kratsch and Wahlstréom utilized
the property that essential vertices can be saturated from both sides (see Lemma 4.3.3)
to give a symmetrical construction using three matroids, while we use the topological
ordering on DAGs to give a construction that only requires one side of saturation.

We now present tight lower bound constructions in the following section.

4.4 Lower Bound Constructions

In this section we present two constructions that have Q(k?) essential vertices, which
implies that their vertex cut sparsifiers must have size at least Q(k?). The first construc-
tion is presented by Kratsch and Wahlstrom in [35].

Construction 4.4.1. Let S and T be two vertex sets of size 2n. Enumerate them as
!/ / !/ / / /
S:{U17U17U27U27”' ,Un,Un},T:{Ul,ul,U27U2,"' 7un7un}'

For each i,j € [n], create a vertex w; ; and add edges from v;, v, to w; ;, and from w; ; to
uj, uj. Then w;; is an essential vertex with respect to X = {v;, vj} and Y = {u;, u}}.

The second construction is a variant of a grid. Similar constructions are present in
many related works; see, for example, [36].

Construction 4.4.2. Consider the following grid of vertices in Figure 4.1.
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to,1 to,2 ton—1 ton

t1,0 t1,2 t1,n+1

tn,n+1
tn+1,n+1
Figure 4.1: Grid construction
Let S and T be the boundary vertices marked as red, namely
S=T= {tO,la T 7t0,n7 t1,07 T 7tn,07 tn+1,17 T 7tn+1,n7 tl,n+17 T 7tn,n+17 tn—l—l,n—&—l}‘

Formally, the grid is constructed by adding the following edges.

(a) For each row i € [n]. add horizontal edges from left to right between consecutive
vertices from t; o to t; ,+1. Note that we exclude the top and bottom rows of terminals.

(b) For each column i € [n], add vertical edges from top to bottom between consecu-
tive vertices from ty; to t,.,. Note that we exclude the left and right columns of
terminals.

(c) For each vertex v; ; where i, j < n, add a diagonal edge going to the immediate vertex
in the bottom right direction of v; ;.

We show that the vertices vy 1, - - , v, are all essential. For each i =1,--- ,n, consider
X = {tl,Oa e 7tn,0a tO,ly o 7t0,i7tn+1,17 Tt 7tn+1,i}a Y =T \ X.

In other words, we partition the sets of terminals into two sets, namely the left and right
sides of the ith column. Observe that the column C' = {v;,--- ,v,;} is a min-cut for X, Y.
Moreover, every vertex v € C'is essential with respect to X,Y. Applying this argument to
all columns, we see that all vertices vy 1, - - - , vy, are essential.

These two constructions exhibit a dichotomy. Call a min-cut C' between X, Y essen-
tial if exists v € C that is essential with respect to X, Y. Construction 4.4.1 demonstrate
that a directed acyclic graph could have O(k?) essential cuts, each containing O(1) es-
sential vertices. On the other hand, Construction 4.4.2 gives a directed acyclic graph
with O(k) essential cuts, each of size O(k). We do not observe any construction of
directed graphs that falls outside of these two cases.
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4.5 Conclusions

After the presented results were derived, the authors made subsequent attempts to im-
prove the bound over general directed graphs. While we have found evidence suggest-
ing that O(k?) is the correct bound in general directed graphs, we were not able to find
a complete proof.
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Appendix

Proof of Lemma 4.3.1

Lemma. Ifv € V' \ (SUT) is not an essential vertex, then cl,(G) is a vertex cut sparsifier
of G.

Proof. Let H = cl,(G), it suffices for us to show that forall X C S|Y C T,
mincutg (X, Y) = mincuty (X, Y).

We first show mincutg(X,Y) < mincuty (X, Y'). Let C be a min-cut between X, Y in H,
we show that C' is a valid vertex cut in GG. Suppose not, then there exists a path P in G
from X to Y that does not intersect with C. If v ¢ P, then P is also a path in H, which
contradicts the fact that C'is a cut. If v € P, let u and w be v’s predecessor and successor
in P. According to the closure operation on v, there is an edge uw in H. Therefore we
again have a path from X to Y in H not intersecting C, contradiction.

Next we show mincutg(X,Y) > mincuty (X, Y’). Since v is not essential, there exists
a min-cut C' between X,Y such that v ¢ C. We show that C' is a cut in H. Suppose
not, then there exists a path P in H from X to Y not crossing C. For every edge uw on
P that is created by the closure operation, replace it by the path u, v, w and denote the
new walk P’. After truncating all the cycles of P’, we obtain a path from X to Y in G
not crossing C, contradiction. We conclude that mincutg(X,Y) = mincuty(X,Y). O

Proof of Lemma 4.3.2

Lemma. Let C be a vertex cut for X C S,Y C T that is closest to X or Y, then for all
vertices v € C, v and C' are saturated by X or Y, respectively.

Proof. We prove this lemma for cuts closest to X, as the other case is symmetrical.
Assume for the sake of contradiction there exists v € C' such that v and C' is not saturated
by X. Add a sink-only copy of v into our digraph G and call the new graph G’, then by
duality there must exists a cut C’ of size |C| between X and C' U {v'} in G’. We now
consider a few cases.

First note that we can’t have v, v’ both in ", as otherwise C’\ {v'} would be a smaller
(X,Y) cutin G. Now if v € C" and v' ¢ (", then by duality there is a path from X to v
that does not intersect ¢’ \ {v}, which can be redirected to v’, contradicting the fact that
(" is a cut. Similarly, if v € C” and v ¢ C we have a contradiciton. Therefore v, v" ¢ (”,
which implies C' is not the unique (X, C') min-cut, contradiction. O]
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Proof of Lemma 4.3.3

Lemma. Let v be an essential vertex with respect to X C S,Y C T. Let C be any minimum
vertex cut between X,Y. Then v and C are saturated by both X and Y.

Proof. We slightly modify our graph. Add a vertex v’ to G, and add edges such that
v" has the same in-neighbors and out-neighbors as v. Denote the new graph as G’, we
show that C" = C'U{v'} is a min-cut between X, Y in G’. This lemma then follows from
Menger’s Theorem.

Assume for the sake of contradiction that C’ is not a min-cut between X, Y, and let
D be a min-cut between X, Y where |D| < |C'| = |C| 4 1. We consider a few cases.

(@) ve Dand v ¢ D. Since D is a min-cut, by Menger’s theorem there exists a path
P from X to Y such PN D = {v}. If we replace v by v" in P, we obtain a valid
path P’ from X to Y that does not cross D, which is a contradiction to the fact
that D is a cut.

(b) v € D and v ¢ D. The same argument from the previous case works.

(c) v,v" ¢ D. Then D is a valid cut in G, and |D| < |C|. Therefore D is a min-cut in
G that does not contain v, which is a contradiction.

(d) v,v" € D. Then consider D' = D\ {v'}. D' is avalid cutin G, and |D’'| < |C| — 1,
which contradicts the fact that C' is a min-cut in G.

Therefore we conclude that D is a min-cut in G, which completes the proof. O
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