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Abstract

We initiate the study of applying the Combinatorial Nullstellensatz to the DP-coloring
of graphs even though, as is well-known, the Alon-Tarsi theorem does not apply to DP-
coloring. We define the notion of good covers of prime order which allows us to apply
the Combinatorial Nullstellensatz to DP-coloring. We apply these tools to DP-coloring
of the cones of certain bipartite graphs and uniquely 3-colorable graphs. We also extend
a result of Akbari, Mirrokni, and Sadjad (2006) on unique list colorability to the context
of DP-coloring. We establish a sufficient algebraic condition for a graph G to satisfy
xpp(G) < 3, and we completely determine the DP-chromatic number of squares of all
cycles.
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1 Introduction

We only consider nonempty, finite, undirected, simple graphs unless otherwise noted.
Generally speaking we follow West [34] for terminology and notation. The set of natural
numbers is N = {1,2,3,...}. Given a set A, P(A) is the power set of A. For m € N, we write
[m] for the set {1,...,m}. If G is a graph and S,U C V(G), we use G[S] for the subgraph of
G induced by S, and we use FEg(S,U) for the subset of E(G) with an endpoint in S and an
endpoint in U. If an edge in F(G) connects the vertices u and v, the edge can be represented
by uv or vu. We use a(G) for the size of the largest independent set in G. For v € V(G),
we write dg(v) for the degree of vertex v in the graph G, and we use A(G) and 6(G) for
the maximum and minimum degree of a vertex in G respectively. If G; and G2 are vertex
disjoint graphs, we write G1 V G4 for the join of G and Gy. Also, G* denotes the k* power
of graph G (i.e., G* has the same vertex set as G and edges between any two vertices within
distance k in G).
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If D is a simple directed graph (i.e., digraph), we view the edge set of D as a subset of
V(D) x V(D). When (u,v) € E(D) we say that u is the tail of the edge and v is the head of
the edge. For v € V(D) we use df;(v) for the outdegree of v, and we use dg,(v) for the indegree
of v. An orientation of an undirected graph G is a directed graph D with V(D) = V(G) and
each edge in E(D) is formed as follows: for each uv € E(G), exactly one of the ordered pairs:
(u,v) or (v,u) is put in E(D).

1.1 Combinatorial Nullstellensatz and its Application to List Coloring

The focus of this paper is to apply the Combinatorial Nullstellensatz to DP-coloring
of graphs, a far-reaching and insightful generalization of list coloring of graphs. In this
subsection we review the Combinatorial Nullstellensatz and briefly overview how it has been
applied to list coloring problems.

Suppose that F is a field. We use F[z1,...,x,] for the ring of polynomials in n variables
with coefficients in F. If p(z1,...,2,) € Flz1,...,,], then we use [}, 2], to denote the
element in IF that is the coefficient of the term ], xfl in the expanded form of p(z1,...,x,).

We are now ready to state the Combinatorial Nullstellensatz.

Theorem 1 (Combinatorial Nullstellensatz [2]). Suppose F is a field and f € Flxq,. .., xy,)].
If f has degree S0 i, [[[1=, 2] # 0, and Si,...,Sy are subsets of F with |S;| > t; for
each i € [n], then there is an (s1,...,sn) € [[1—, Si such that f(s1,...,8,) #0 .

Many exciting applications of Theorem [l have appeared in the literature. Since we are
seeking to apply Theorem [l to a generalization of list coloring, we will now highlight how
Theorem [I] has been applied to list coloring. We will begin with some definitions.

In the classical vertex coloring problem we wish to color the vertices of a graph G with
up to m colors from [m] so that adjacent vertices receive different colors, a so-called proper
m-coloring. The chromatic number of a graph, denoted x(G), is the smallest m such that
G has a proper m-coloring. List coloring is a well-known variation on the classical vertex
coloring problem, and it was introduced independently by Vizing [32] and Erdés, Rubin,
and Taylor [12] in the 1970’s. For list coloring, we associate a list assignment, L, with a
graph G such that each vertex v € V(G) is assigned a list of colors L(v) (we say L is a list
assignment for GG). The graph G is L-colorable if there exists a proper coloring f of G such
that f(v) € L(v) for each v € V(G) (we refer to f as a proper L-coloring of G).

A list assignment L is called an m-assignment for G if |L(v)| = m for each v € V(G).
The list chromatic number of a graph G, denoted x¢(G), is the smallest m such that G is
L-colorable whenever L is an m-assignment for G'[4. We say G is m-choosable if m > x,(G).
If f:V(G) — N, we say that G is f-choosable if G is L-colorable whenever L is a list
assignment for G satisfying |L(v)| = f(v) for each v € V(G).

Given a graph G with V(G) = {v1,...,v,}, the graph polynomial of G, denoted fg, is
given by fg(x1,x9,...,2,) = HvivjEE(G),j>i(‘ri — x;). Importantly, notice that it is possible

'Note that when we evaluate f(si,...,s»), addition and multiplication are performed in F.
2Clearly, x(G) < x¢(G) for any graph G since an m-assignment could assign the same m colors to every
vertex in V(G).



to view fg as an element of F[zq,...,z,] where F is any field . Notice also that fg is
homogenous of degree |E(G)|. Also, if L is a list assignment for G such that L(v) C N for
each v € V(G), then G is L-colorable if and only if there is a (c1,...,¢,) € [[j—; L(v;) such
that fg(ci,ca,...,¢,) # 0. This observation makes it clear as to why Theorem [ can be
useful in attacking list coloring problems.

We will now introduce one of the most useful tools for applying the Combinatorial Nullstel-
lensatz to list coloring: the celebrated Alon-Tarsi Theorem. Suppose D is a simple digraph.
We say that F is a circulation contained in D if F' is a spanning subgraph of D and for each
v € V(D), dg(v) = dj,(v). We say a circulation is even (resp. odd) if it has an even (resp.
odd) number of edges.

Suppose G is a graph with V(G) = {v1,...,v,}, and suppose that D is an orientation
of G. Let diff(D) denote the absolute value of the difference in the number of even and

+ (0.
odd circulations contained in D. Alon and Tarsi [3] showed that diff(D) = |[J]}, x?D (vl)] fo

when fo € R[zq,...,x,]. This and Theorem [I] immediately imply the following result.

Theorem 2 (Alon-Tarsi Theorem [3]). Let D be an orientation of the graph G. Suppose
that f : V(G) — N is given by f(v) = 1+ d},(v) for each v € V(G). If the number of
even and odd circulations contained in D differ, then G is f-choosable, and consequently
Xe(G) < maxyey (@) (1 + dp(v)).

Many applications and extensions of the Alon-Tarsi Theorem have appeared in the liter-
ature (see e.g., [3 13} 14, [15], 19, 28| 30} 29| B1l, B33l B35]).

1.2 DP-coloring and generalized S-labelings of Graphs

In 2015, Dvordk and Postle [11] introduced DP-coloring (they called it correspondence
coloring) in order to prove that every planar graph without cycles of lengths 4 to 8 is 3-
choosable. DP-coloring has been extensively studied over the past 5 years (see e.g., [4, 5, [0]
7, 18, 9, 10} 20, 2], 22, 23] 24} 25] 26l 27]). Intuitively, DP-coloring considers the worst-case
scenario of how many colors we have to use in a list coloring if we no longer can identify the
names of the colors. Following [6], we now give the formal definition. Suppose G is a graph. A
cover of G is a pair H = (L, H) consisting of a graph H and a function L : V(G) — P(V(H))
satisfying the following four requirements:

(1) the set {L(u) : u € V(G)} is a partition of V(H);

(2) for every u € V(G), the graph H|[L(u)] is complete;

(3) if Eg(L(u), L(v)) is nonempty, then u = v or uv € E(G);

(4) if wv € E(G), then Ey(L(u), L(v)) is a matching (the matching may be empty).

Suppose H = (L, H) is a cover of G. An H-coloring of G is an independent set in H of
size |V (G)]. Tt is immediately clear that an independent set I C V(H) is an H-coloring of G
if and only if |[I N L(u)| = 1 for each v € V(QG).

3Unless otherwise noted, when we are working with a graph polynomial fo (z1,...,Tn) we assume that
fo € Rz, ..., zx].



Given a function f : V(G) — N, we say H is an f-cover if |L(u)| = f(u) for each
u € V(G). Along the lines of f-choosability of graphs, we say that G is f-DP-colorable if
G is H-colorable whenever H is an f-cover of G. We say G is DP-m-colorable if G is f-
DP-colorable when f(u) = m for each u € V(G). A cover H = (L, H) is called m-fold if
|L(u)| = m for each u € V(G). The DP-chromatic number of a graph G, xpp(G), is the
smallest m € N such that G is DP-m-colorable.

Given an m-assignment, L, for a graph G, it is easy to construct an m-fold cover H
of G such that G has an H-coloring if and only if G has a proper L-coloring (see [6]). It
follows that x¢(G) < xpp(G). This inequality may be strict since it is easy to prove that
xppr(Cy) = 3 whenever n > 3, but the list chromatic number of any even cycle is 2 (see [6]
and [12]). Notice that like m-choosability, the graph property of having DP-chromatic number
at most m is monotone. The coloring number of a graph G, denoted col(G), is the smallest
integer d for which there exists an ordering, vy, va,. .., vy, of the elements in V(G) such that
each vertex v; has at most d — 1 neighbors among v, ve,...,v;_1. It is easy to prove that
X(G) < xe(G) < xpp(G) < col(G) < A(G) + 1, and Dvordk and Postle [11] observed that
xppr(G) < A(G) provided that G is neither a cycle nor a complete graph.

Since there are striking similarities and differences between DP-coloring and list coloring
(see the citations mentioned above), it is natural to ask whether the Combinatorial Nullstel-
lensatz or an analogue of the Alon-Tarsi Theorem can be applied to DP-coloring. As many
researchers have noticed, for any n € N the counterclockwise orientation of the edges of a
copy of Copta, D, has 2 even circulations and 0 odd circulations. Moreover, the outdegree
of every vertex in D is 1 which means x¢(Ca,+2) < 2 by the Alon-Tarsi Theorem. However,
XppP(Cant2) = 3. So, we are not able to replace x¢(G) with xpp(G) in the statement of the
Alon-Tarsi Theorem (i.e., Theorem [2I).

The purpose of this paper is to explore the possibility of applying the Combinatorial
Nullstellensatz to the study of DP-coloring of graphs, despite this setback. In fact, our
arguments will apply to a far-reaching generalization of many coloring problems, S-labeling,
recently introduced by Jin, Wong, and Zhu [16]. Specifically, the notion of S-labeling is a
common generalization of signed k-coloring, signed Zg-coloring, DP-coloring, group coloring,
and coloring of gained graphs. Suppose that S is some nonempty subset of the symmetric
group Sy over some set A with |A| = k. An S-labeling of graph G is a pair (D, o) consisting
of an orientation D of G and a function o : E(D) — S. A proper k-coloring of (D,o) is a
mapping f : V(G) — A such that o((z,y))(f(x)) # f(y) for each (z,y) € E(D). We say G
is S-k-colorable if there is a proper k-coloring of (D, o) whenever (D, o) is an S-labeling of
G. Observe that a graph G is DP-k-colorable if and only if G is Si-k-colorable.

1.3 Outline of the Results

The key obstacle to overcome in applying the Combinatorial Nullstellensatz to DP-
coloring is: the graph polynomial fg is typically viewed as a polynomial over R which allows
us only to prove results in the DP-coloring context on covers that correspond to list assign-
ments. In this paper we view graph polynomials as polynomials over some appropriate finite
field which allows us to apply the Combinatorial Nullstellensatz to certain covers with list
sizes bounded by a power of a prime. This flexibility allows us to apply the Combinatorial
Nullstellensatz, and the tools derived from it, to many covers that do not correspond to any



list assignment and to coloring problems of S-labelings (defined above).

In Section 21, we define the notion of good covers of prime order which allows us to apply
the Combinatorial Nullstellensatz to DP-coloring as follows (note that in the statement of
the Theorem below ¢ is a prime power and every set L(v) has size at most t).

Theorem 3. Let G be a graph with V(G) = {vi,...,v,}, and let H = (L, H) be a good prime
cover of G of order t. Suppose that fo € Fylxy,... xa]. If [[112; 2¥] e # 0 and |L(v;)| > t;
for each i € [n], then there exists an H-coloring of G.

We then show how Theorem [3] can be used to prove the well-known result that non-trivial
trees have DP-chromatic number equal to 2. We also discuss how this result in fact applies
to coloring problems of S-labelings.

In Section 2.2, we show how Theorem [Blabove along with the Quantitative Combinatorial
Nullstellensatz, a generalization of the Combinatorial Nullstellensatz, can be used to prove
results on DP-coloring of cones of certain graphs. Specifically, we prove the following result.

Theorem 4. Let G be a connected bipartite graph with |V(G)| = |E(G)|. Then, G' =
K1V G is f-DP-colorable with f(v1) = 2 for the universal vertex, and f(v) = 3 for all
veV(G) —{uv}.

In Section 23], we extend some of the ideas of Section to apply to the cones of certain
uniquely 3-colorable graphs. We also prove a DP-coloring analogue of the Theorem in [1],
where it is shown that existence of a single appropriate list assignment that leads to a unique
coloring of a graph G, in fact implies the f-choosability of G. We illustrate applications of
these results with some simple examples.

In Section B we utilize some properties of the finite field of order 3 to establish a sufficient
algebraic condition for a graph G to satisfy xpp(G) < 3.

Corollary 5. Suppose G is a graph with xpp(G) > 2 and V(G) = {v1,...,v,}. Let F C
Fslx1,...,x,] be the set of at most 21EG) polynomials given by:

F = H (l‘z + bi,jl‘j) : each bi,j € {—1, 1}
vv; EE(G), j>1

If for each f € F there exists (t1,to,...,t,) € [17-1{0,1,2} such that [[];—, xf’]f # 0, then
xpp(G) < 3.

We will also demonstrate that for a connected graph G with cycles, we can reduce the
number of polynomials to be tested to at most 2/E(GI=IV(GI+1 We end Section Bl by showing
some applications of Corollary Bl In particular, we show the converse of Corollary Bl does
not hold. We show that xpp(Ks4 — {e1,e2}) = 3, where {e;,e2} is any matching of size
two in Ky 4. We also completely determine the DP-chromatic number of all cycle squares:
xpp(C3) =3, xpp(C2) =5, and xpp(C2) = 4 whenever n € {4,6,7,8,...}.

While this paper initiates the study of applying the Combinatorial Nullstellensatz to DP-
coloring, it is by no means exhaustive. Much remains to be discovered regarding applications
of the Combinatorial Nullstellensatz and the Quantitative Combinatorial Nullstellensatz to



DP-coloring. For example, it would be interesting to see if the results in Section 2.3 could
be extended to larger families of uniquely k-colorable graphs. It would also be interesting to
extend the results of Section [ and find sufficient algebraic conditions for a graph to satisfy
xpp(G) <t fort> 3.

2 Using the Combinatorial Nullstellensatz

2.1 Combinatorial Nullstellensatz and Good Covers

As we will see below, applying the Combinatorial Nullstellensatz will require us to consider
graph polynomials as having coefficients in some finite field. So, when ¢ is a power of a prime,
we use F; to denote the finite field of order t. We say that an f-cover H = (L, H) of a graph
G is a prime cover of G of order ¢ whenever t is a power of a prime and max,cy () flv) <t.
When the choice of t is implicitly known, we simply use the phrase prime cover or prime
f-cover. Since a prime cover could be defined with any large enough prime power ¢, unless
otherwise noted, we choose t to be the smallest prime power that is meaningful in context.
When fg is the graph polynomial of graph G and we write fg € Fi[x1, ..., x,], we are viewing
fc as a polynomial in n variables over F;.

Suppose G is a graph with V(G) = {vy,...,v,}. From this point forward, if H = (L, H)
is a prime cover of G of order ¢, we will always name the vertices of H so that L(v) C {(v,j) :
j € Fy} for each v € V(G). Moreover, for each v;v; € E(G) with j > i, we let Az,'fvj (resp.
BZij) be the second coordinates of the set of vertices in L(v;) (resp. L(v;)) saturated by the
matching Er(L(v;), L(v;)). The saturation function associated with Ep(L(v;), L(v;)) is the
function Jz)'fvj : AUHZ_UJ_ — BZ);[UJ_ that maps each ¢ € Az)fvj to the unique r € BZ‘ij with property
(vi,q)(vj,r) € Eg(L(v;), L(v;)). We say that azjfvj is good if there is a § € F; such that for
each a € Az)fvj,

a0l (a)=p

VU5

where subtraction is performed in F; (note: we take az)fvj to be good if Az,'fvj = 0); that is,
there is a fixed difference between second coordinates of all pairs of matched vertices in H
that correspond to a single edge in G. When Jz)'fvj is not good, we say that it is bad. It is
now natural to say the cover H is good if there exists a way to name the vertices of H so that
L(v) € {(v,7) : j € F,} for each v € V(G) and every associated saturation function az)fvj,
for v;v; € E(G) with j > i, is good. From this point forward, whenever we are considering
a good prime cover H = (L, H), we will always assume that the vertices of H have been
named so that every saturation function is good. There is a straightforward application of

the Combinatorial Nullstellensatz when H = (L, H) is a good prime cover of G.

Theorem Bl Let G be a graph with V(G) = {v1,...,v,}, and let H = (L, H) be a good prime
cover of G of order t. Suppose that fo € Fylz1,...,xn]. If [[T7, :E:fi]fc # 0 and |L(v;)| > t;
for each i € [n], then there is an H-coloring of G.

Proof. For each v € V(G), let P(v) = {j € F; : (v,j) € L(v)}. For each v;v; € E(G) with
j > i, there is a §;; € F; such that a — 0%, (a) — B;; = 0 for each a € Azjfvj (note: we

Vivj



arbitrarily choose f; ; if AUHZ_UJ_ = ). Now, let feF, [x1,...,2,] be the polynomial given by
f(ﬂ?l,ﬂ?g,...,!l?n): H (:El_x]_ﬂlj)

viv; €E(G), j>i

Notice that if (p1,p2,...,pn) € [1ieq P(v;) satisfies f(pl,pg, ceoyspPn) # 0, then I = {(v;,p;) :
i € [n]} is an H-coloring of G. To see why this is so, suppose for the sake of contradiction
that ¢ > r and (vg, pg) is adjacent to (vy,pr) in H. Since F; is an integral domain and

f(p1,p2,-..,pn) # 0, we know that p, — p; — fBrq # 0. On the other hand, since (vq,pq) is
adjacent to (v,,p,) in H,

0=pr— UZ{TUq (pr) - /Br,q =Pr —Pq— /Br,q

which is a contradiction.

Now, notice that f and f are polynomials of degree Y"1 | t; = |E(G)|. Also, [[[/, 2] =
TTr, =¥ j- So, by the Combinatorial Nullstellensatz since |P(v;)| = [L(v;)| > t; for each
i € [n], there is a (p1,p2,...,pn) € [[;—; P(v;) such that f(pl,pg,...,pn) # 0. The result
follows. O

We now comment on how Theorem [3]in fact applies to S-k-coloring, the common gener-
alization of signed k-coloring, signed Zg-coloring, DP-coloring, group coloring, and coloring
of gained graphs, defined earlier. Suppose that G is a graph with V(G) = {v1,...,v,} and
t is a power of a prime. Let S; be the symmetric group over F;. Suppose that S is the
subset of S; consisting of all the permutations p € S; with the property that i — p(7) is the
same element of Fy for all i € Fy (subtraction is performed in Fy). Theorem [3] implies that if
fa €Fifwr, ... 2, ([0, 2¥] s # 0, and t > ¢; for each i € [n], then G is S-t-colorable. This
is because given any S-labeling (D, o) of G there is a corresponding t-fold cover H = (L, H)
of G with the following properties: (1) H is a good prime cover of order ¢ and (2) there is an
H-coloring of G if and only if there is a proper t-coloring of (D, o).

Theorem [3] also sheds some light on why the Alon-Tarsi Theorem cannot be applied in
the DP-coloring context to even cycles. Suppose that n € N, G = Coy, 492, and H = (L, H)
is a 2-fold cover of G. If we view fg as an element of Folz, ..., z,], then [[[2"2 zilf, =0,
and the hypotheses of Theorem [3] will not be satisfied. We will also see below in Section [3]
that the converse of Theorem B does not hold.

We now show how Theorem [3] can be used to prove a well-known DP-coloring result. Our
proof will make use of the fact that if H = (L, H) is any 2-fold cover of a graph G with
V(G) = {v1,...,v,} and vertices of H arbitrarily named so that L(v) C {(v,j) : j € Fa} for
each v € V(G), then it must be that for each v;v; € E(G) with j > i, o7t is good.

VV;
Proposition 6. Let T be a tree on at least two vertices. Then, xpp(T) = 2.
Proof. Let V(T) = {v1,...,vn}. Since T has at least one edge, xpp(T) > 1. Suppose

H = (L, H) is an arbitrary 2-fold cover of G. Clearly, H is a good prime cover of G. It is well
known that there exists an acyclic orientation, D, of T" with the property that di’;(vi) <1

Tt (v,
Thus, diff(D) = 1. Working over F, this means that [[]}", :EjD ( 1)] to 7 0. Theorem [3] then
implies that G is H-colorable. It follows that xpp (1) < 2. O



Even though the converse of Theorem [B does not hold in general, when the hypotheses
of Theorem [l are not met, Theorem [ can provide a “clue” as to how one might construct
a cover to establish a lower bound on the DP-chromatic number of a graph. Here is an
illustration of this idea.

Suppose that G is the line graph of a copy of K1 where p is an odd prime. Suppose
V(G) = {v1,...,v,} and we view fg as a polynomial in n variables over F,,. In [31], Schauz
showed that [[]; =¥ 1 fo = 0. This means that there may exist a p-fold cover H of G such
that there is no H-coloring of G and for each v;v; € E(G) with j > i, JZ,’fvj is good. This may
be seen as clue. Bernshteyn and Kostochka [6] famously showed that if M is the line graph
of a d-regular graph, then xpp(M) > d + 1. In order to prove this result, they construct a
d-fold cover H' of M for which there is no H’-coloring, and in their proof, it is easy to observe
that H' is a good prime cover of order d, thus confirming the clue for constructing such a
cover. Of course, in practice, using such a clue may not be easy. We will give a more detailed
use of similar ideas in Proposition [I8] below.

2.2 DP-Coloring the Cone of a Graph

In 2008 Schauz gave a generalization of the Combinatorial Nullstellensatz (see [29] B31]).
The generalization is called Quantitative Combinatorial Nullstellensatz, and we will show
how this generalization along with Theorem [3] can be applied to DP-coloring of the cone of
certain graphs. The cone of a graph G is defined to be K7 V G, and the vertex corresponding
to the K is called the universal verter. In this section, we will always denote the universal
vertex with vq.

Theorem 7 (Quantitative Combinatorial Nullstellensatz [29,[31]). Let Py, Ps, ..., P, be finite
nonempty subsets of a field F and P =[]y P;. Suppose for j € [n], d; = |P;|—1. For every
P(x1,...,2,) € Flz1,...,2,] of degree at most 37, dj,

[fo] = > Nupa-...p0) 'P(p1,p2,. .., pn)
=1

P (p1,p2,...pn)EP

where
n

N(p1,pa,---.on) = || II ®-9o

J=1 \eeP;—{p;}

Note: If |P;| = 1, we take Heer—{pj}(pj —€) to equal 1.

Proposition 8. Let G be a connected bipartite graph with |V (G)| = |E(G)|. Let G’ = K1VG.
Then, there is an H-coloring of G' for every good prime f-cover H with f(v1) = 1 for the
universal vertex, and f(v) =3 for allv € V(G).

Proof. Let G have the bipartition X,Y with |X| =m, [Y| =n, and let X = {vo,...,vpm11}
and Y = {vpt2,. .., Umint1}. Suppose we view the graph polynomial fgr as a polynomial in
m+n-+1 variables over F3. Suppose that P, = {0} and P, = {0,1,2} fori =2,3,...,m+n+1.
Let P =[]y P;. Let y = (y1,Y2:---,Ym+nt1) be the element of P such that y; = 0,
Yo = Y3 = - = Ymg1 = 1, and Ymi2 = Ymi3 = = Ymint1 = 2. Similarly, let z =



(21,22, -, Zman+1) be the element of P such that z; = 0, 29 = 23 = -+- = 2,11 = 2, and
Zm+2 = Zm+3 = - = Zmin+1 = 1. Since G has a unique bipartition, y and z are the only
elements in P for which f is nonzero.

Using the notation of Theorem [T we see that N(y) = N(z) = (—1)™"". So, Theorem [7]

implies

m+n—+1
[ H x?] = Z N(p17p27"'7pn+m+1)_1f(pl7p27---7pn+m+1)
=2 fG/ (p17p27---7pn+m+1)€7>

= N )+ N@ (@)
= (1)L ) (1) ) = 21

7

of G'. O

So, we have that [Hﬁ;"“ xz] ; # 0. Theorem [3then implies that there is an H-coloring
Gl

It is worth mentioning that the result of Proposition 8 could also be deduced from the
weaker result that there is an H-coloring of G’ = K7V Co o for every good prime f-cover H
with f(v1) = 1 for the universal vertex, and f(v) = 3 for all v € V(G’) —{v1}. This is because
when G is a connected bipartite graph with [V (G)| = |E(G)| and G’ = K; V G, deleting all
the vertices in V(G’) of degree less than 3 results in a copy of K; V Coyyo for some k € N.

With this in mind, we will now work toward an application of Proposition 8 However,
before we present the application we need some terminology and a result from [20]. Suppose
G is a graph and H = (L, H) is an m-fold cover of G with m > x(G). We say there is a
natural bijection between the H-colorings of G and the proper m-colorings of G if for any set
S of size m and for each v € V(G) it is possible to set L(v) = {(v,j) : 7 € S} so that whenever
w € E(G), (u,j) and (v,j) are adjacent in H for each j € S. To see that this definition
makes sense, suppose there is a natural bijection between the H-colorings of G and the proper
m-colorings of G. Then, for each v € V(G) it is possible to set L(v) = {(v,7) : j € [m]} so
that whenever uwv € E(G), (u,j) and (v, j) are adjacent in H for each j € [m]. Note that if Z
is the set of H-colorings of G and C is the set of proper m-colorings of G, then the function
f:C — T given by

fle) ={(v,c(v)) v e V(G)}

is a bijection.

Proposition 9 ([20]). Let T be a tree on n vertices and H = (L, H) be an m-fold cover of
T such that m > 2 and Eg(L(u), L(v)) is a perfect matching whenever uv € E(T). Then,
there is a natural bijection between the H-colorings of T and the proper m-colorings of T.

Suppose G is a graph, and let M = K7 V G. Suppose that vy is the universal vertex of
M, and suppose that H = (L, H) is a cover of M. Also, suppose that for fixed I,m € N
satisfying | < m, L(v1) = {(v1,4) : 7 €{0,...,l—1}} and L(v) ={(v,j) : j € {0,...,m—1}}
for each v € V(G). We refer to the edges of H connecting distinct parts of the partition
{L(v) :v € V(M)} as cross-edges. For each j € {0,...,l — 1} and v € V(G), let

HY) = H — Ng[(v1,5)] and LU (v) = L(v) — Ng((v1,7)).



Now, suppose for each v € V(G), |Eg(L(v1),L(v))| =1 (i-e., Eg(L(v1), L(v)) is as large as
possible). Then, H) = (LU), HU)) is an (m — 1)-fold cover of G. We say that (v1,t) € L(v;)
is a level vertez if H® contains precisely |E(G)|(m — 1) cross-edges (i.e., H®) contains the
maximum possible number of cross-edges).

With this terminology and Proposition [ in mind, we are ready to present an application
of Proposition Bl

Theorem [. Let G be a connected bipartite graph with |V(G)| = |E(G)|. Then, G' =
Ky, Vv G is f-DP-colorable with f(v1) = 2 for the universal vertez, and f(v) = 3 for all
veV(G) —{uv}.

As discussed following the proof of Proposition [], when G is a connected bipartite graph
with |[V(G)| = |E(G)| and G’ = K; V G, deleting all the vertices in V(G’) of degree less than
3 results in a copy of K1V Cyiyo for some k € N. Hence, to complete the proof of Theorem [,
it is enough to prove the following statement.

Proposition 10. Let G' = K1 V Cogio. Then, G’ is f-DP-colorable with f(vi) = 2 for the
universal vertez, and f(v) =3 for allv € V(G') — {v1}.

Proof. We label the vertices of the copy of Cario used to form G’ (in cyclic order) as:
V9,03, ..., Uskys. For the sake of contradiction, suppose that H = (L, H) is a prime f-cover
of G’ such that there is no H-coloring of G’. We may suppose that for each v;v; € E(G’),
|Er(L(v;), L(v;))] is as large as possible. Let H' = (L', H') be the 3-fold cover for the path,
P, with vertices vg, vs, ..., V913, given by H' = H[U?fz'g L(vj)] — Ea(L(v2), L(vag43)) and
L'(v;) = L(vj) for each j € {2,3,...,2k+3}. For each j € {2,3,...,2k+3} suppose we name
the vertices in L(v;): (v4,0), (vj,1), (vj,2), so that there is a natural bijection between the
proper 3-colorings of P and the H’-colorings of P (this is possible by Proposition @)). Also,
arbitrarily name the vertices in L(v1): (v1,0), (v1,1). Now, we have named all the vertices in
V(H).

We may assume that JZ,’éU%H is bad since otherwise we could delete an element from
L(v1) to obtain a cover of G’ satisfying the hypotheses of Proposition Bl So, we assume
without loss of generality that {(ve,0)(vag+ts,0), (v2,1)(vekts,2), (v2,2)(ver4s3, 1)} C E(H).
It is now easy to see that at most one vertex in L(v;) can be a level vertex. Suppose that
(v1,0) is not a level vertex, and for j € {2,3,...,2k + 3} let L"(v;) = L(vj) — Nu((v1,0)).
Also, let H" = H[U?fgg L"(v;)]. Notice that H” = (L”, H") is a cover for the copy of Cop2,
C, used to form G’. Since (v1,0) is not a level vertex, there exists r,q € {2,3,...,2k + 3}
such that v,v, € E(G') and |Eg»(L"(v,),L"(vy))| < 1. So, there is a (vy,i) € L"(v,) that is
not adjacent in H to any elements of L”(v,). It is therefore possible to greedily construct an
H"-coloring I of C' that contains (vg,?). Then, I U{(v1,0)} is an H-coloring of G which is a
contradiction. O

2.3 Uniquely Colorable Graphs

We will now prove a generalization of Proposition 8l We begin with some terminology. A
graph G is said to be uniquely k-colorable if there is only one partition of its vertex set into
k color classes. From this point forward if G is a uniquely k-colorable graph, we always let
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{1, 12, ...,I;} be the unique partition of V(G) into k color classes. Also, for each i € [k], we
let n; = |I;], and for each 1 < i < j < k, we let m; ; = |Eq(I;, I;)].

Proposition 11. Suppose G is a uniquely 3-colorable graph with 2(ny + ng + n3) = |E(G)|,
ne+mig =0, ng+mie =1, and ny +mg3 =2 ( mod 3). Let G' = Ky V G. Then,
there is an H-coloring of G' for every good prime f-cover H of order 4 with f(v1) = 1 for
the universal vertex, and f(v) =4 for all v € V(G).

Proof. We view fer as a polynomial in ny + ng + ng + 1 variables over Fy = {0,1,z,2 + 1}.
Clearly, for is a polynomial of degree at most |E(G')| = 3(n1 + ng + ng). Suppose that
P = {0} and P, = {0,1,z,z + 1} for i =2,3,...,n1 + ng + nz + 1. Let P =[], P. Let
L = {U27 ce 7’Un1+1}’ I, = {UTL1+2’ s ’Un1+n2+1}7 and I3 = {Un1+n2+2’ s ,Un1+n2+n3+1}, be
the three unique color classes of G.

For each i € [6] let f; : {1,2,3} — {1,z,z + 1} be the bijective function such that:
) =1, 1(2) ==, 1(3) =z+1, fo(1) =1, fo(2) =2 +1, f2(3) ==, f3(1) ==, f3(2) =1,
f33) =a+1, fa(l) ==, f4(2) =x+1, fu(3) =1, f5(1) =x+1, f5(2) =1, fs(3) ==, fe(1) =
z+1, f6(2) =z, and fs(3) = 1. Now, for each i € [6], let y; = (Y1,Y2;-- -, Yn,+no+ns+1) De

the element of P such that y1 = 0, yo = y3 = -+ = Yny+1 = fi(1), Y142 = Yny43 = -+ =
Yni4no+1 = fi(2)7 and Yni+n2+2 = Yni4no+3 = *°° = Yni+notnz+1 = fl(3) Since G is uniquely
3-colorable, y{,ys,...,ys are the only elements in P for which fs is nonzero.

Using the notation of Theorem [Tl we see that for each ¢ € [6], N(y,) = (—1)"1F72tnms =1,
So, Theorem [0 and the fact that ng +mi3 =0, ng+mi2 =1, and n; + me3 =2 ( mod 3)
implies

ni+n2+nz+1
II =
Jar

1=2

—1
= E N(p17p27 s 7pn1+n2+n3+1) fG’(p17p27 s 7pn1+n2+n3+1)
(P1,p2,-,Pny +ng+ng+1)EP

6
ZZfG’(Yi)

— xn2+m1,3 (w + 1)n3+m1,2 + xn3+m1,2 (w + 1)n2+m1,3 + xn1+m2,3 (w + 1)n3+m1,2
+ xn1+m2,3 (w + 1)n2+m1,3 + xn3+m1,2 (w + 1)n1+m2,3 + xn2+m1,3 (m + 1)n1+m2,3
=W(z+D)+z)+(x+ 1%+ (@ + 1)) + 22 + (1)(z)

=z+z+1=1

So, we have that H?:l;"ﬁ"ﬁl xf’]f # 0. Theorem [3 then implies that there is an
G/
H-coloring of G'. O

For a simple application of Proposition [[I consider G = Ky V Ps. In G, let vy, s
be the vertices of the copy of K», and let the vertices of the copy of Ps (in order) be:
U1, u2,us3, ug, uz. Clearly, G is uniquely 3-colorable, and if we let Iy = {ug,u4}, Io = {v1,v2},
and I3 = {uy,us,us}, then it is clear that the hypotheses of Proposition [I1] are satisfied.
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We will now present a DP-coloring analogue of a result that appears in [I], where it is
shown that existence of an appropriate list assignment that leads to a unique coloring of G,
implies f-choosability of G for 3~ cy (¢ f(v) = [V(G)| + |E(G)| (for a nontrivial application
of this result in [I] see [18]).

Proposition 12. Let G be a graph, and let f : V(G) — N be such that 3,y f(v) =
\V(G)|+ |E(G)|. If P is a list assignment of G such that for each v € V(G), |P(v)| = f(v)
and P(v) C Fy for some prime power t, and there is a unique proper P-coloring of G, then
there is an H-coloring of G for every good prime f-cover H of order t.

Proof. Suppose V(G) = {v1,...,v,} and H is a good prime f-cover of G of order t. We
view fq as a polynomial in n variables over ;. Clearly, fg is a polynomial of degree at most
|E(G)] = > (|P(v;)| —1). For i € [n], let d; = |P(v;)] — 1. Let P =[], P;. Since there is
a unique proper P-coloring of GG, we know there is exactly one element in P at which fg is
nonzero. Suppose (a1, ...,a,) € P and fg(ai,...,a,) # 0. Using the notation of Theorem [7],

[wa] = N(ay,...,an) " falar,. .. an).
fa

i=1
Since F; is an integral domain, we have that N(ai,...,a,) ' fg(ay,...,a,) # 0. Theorem B
then implies that there is an H-coloring of G. O

We can use Proposition [I2]to prove a slightly stronger (albeit obvious H) version of Propo-
sition [6l The result makes use of the fact that if T" is a tree, there is an ordering of the
elements of V(T'), v1,...,v,, so that for each i € {2,...,n}, v; has exactly one neighbor
among vi,...,V;i—1.

Corollary 13. Let T be a tree on n vertices with at least one edge. Suppose vi,...,v,
is an ordering of the elements of V(T') so that for each i € {2,...,n}, v; has exactly one
neighbor among vy, ...,v;—1. Then, T is f-DP-colorable for f(vi) =1 and f(v;) = 2 for each
i€{2,...,n}.

Proof. Suppose that H is an arbitrary f-cover of T'. We know that H is a good prime f-cover
of order 2. Clearly, 3 cy () f(v) =2n —1=[V(T)[ + [E(T)|. Let P be the list assignment
for T given by L(v1) = {0} and L(v;) = {0,1} for each i € {2,...,n}. Then, it is clear
that there is a unique proper P-coloring of T'. Proposition [I2] then implies that there is an
‘H-coloring of T O

3 Prime Covers of Order 3

As we have seen above, prime covers of order 2 are ideal covers to be working with when
applying Theorem [3] (since when we have a prime cover of order 2, H, az)fvj is always good,
as we saw in Proposition [0l and Corollary [[3)). In this section, we will see that if we work a
bit harder, we can obtain a Theorem that applies to all prime covers of order 3. Throughout
this section, unless otherwise noted, we assume that G is a graph with V(G) = {v1,...,v,}.
We also assume that H = (L, H) is a prime cover of G of order 3.

“Corollary [[3] can be easily proven with greedy coloring. Our purpose in the proof of Corollary [3is to
give a very simple application of Proposition
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3.1 Dealing with Bad Matchings

In the context of prime covers of order 3, we have the following observation.

Observation 14. Suppose JZ,’fvj is bad. Then there exists 3; ; € F3 such that a—l—az,'fvj(a) = B
for each a € AN

(A

Let M = {UZ'fvj cvv; € E(G),j >i}. Let B : M — {—1,1}, be the function given by

B(o™ ) -1 if az)fvj is good
Opin:) =
v 1 if Jz)'fvj is bad.

Theorem 15. Suppose G is a graph with V(G) = {v1,...,v,} and H = (L, H) is a prime
cover of G of order 3 with the vertices of H arbitrarily named so that L(v) C {(v,j) : j € F3}
for each v € V(G). Let f(x1,...,zy,) € F3[x1,...,x,] be given by

flz1,...,2pn) = H (xi—kB(JZ'ij)xj).

Vi Uj EE(G), j>i

If [T, 2%)f # 0 and |L(v;)| > t; for each i € [n], then there is an H-coloring of G.

i=1T4
Proof. For each v € V(G), let P(v) = {j € F3: (v,7) € L(v)}. By Observation [I4] for each
viv; € E(G) with j > i, there is a f3; ; € F3 such that a + B(agvj)agvj (a) — f;,; = 0 for each
a€ Azj'fvj (note: we arbitrarily choose 3; ; if AZ){WJ- = (). Now, let f € Fa[xy,...,2,] be the
polynomial given by:

f(x17x27”’7xn): H (‘TZ+B(U17)-5UJ)'Z']_BZJ)
vinGE(G),j>i

Similar to the analogous result proven in the proof of Theorem Bl if (p1,p2,...,pn) €
[T, P(v;) satisfies f(p1,p2,...,pn) # 0, then I = {(v;,p;) : @ € [n]} is an H-coloring of
G.

Notice that f and f are polynomials of degree Y% t; = |E(G)|. Also, [T/, 2%]; =
TTE, =¥ - So, by the Combinatorial Nullstellensatz since |P(v;)| = |L(v;)| > t; for each
i € [n], there is a (p1,p2,...,pn) € [[;—; P(v;) such that f(pl,p2,...,pn) # 0. The result
follows. O

Interestingly, the polynomials f and f in the proof of Theorem [IF] are considered in [33]
where the authors study the Alon-Tarsi Number and Modulo Alon-Tarsi Number of signed
graphs. We can use Theorem [I5]to get a sufficient algebraic condition for a graph G to satisfy

xpp(G) < 3.

Corollary Bl Suppose G is a graph with xpp(G) > 2 and V(G) = {v1,...,v,}. Let F C
Fslx1, ..., 2] be the set of at most 21EG) polynomials given by:

F = H (LEZ + bi,jxj) : each bi,j € {—1, 1}
v v EE(G), j>1

If for each f € F there exists (t1,ta,...,t,) € [171{0,1,2} such that [[];-, xf’]f # 0, then
xpp(G) < 3.

13



Proof. Suppose that H = (L, H) is an arbitrary 3-fold cover of G with the vertices of H
arbitrarily named so that L(v) C {(v,j) : j € F3} for each v € V(G). Let f(x1,29,...,2,) €
Fs[x1,...,x,] be the polynomial given by

f(:El)va"'a:En) = H (xl—i_B(O-z}-fv])x])
vinGE(G),j>i

Clearly, f € F. So, there exists (t1,t,...,t,) € [[}=;{0,1,2} such that [[]}~, 2%]; # 0.

Since |L(v;)| = 3 > t; for each i € [n], there is an H-coloring of G by Theorem Since H
was arbitrary, we have that xpp(G) < 3. O

Using the idea of natural bijections (as discussed in the previous Section), it is possible
to simplify Corollary [l a bit by reducing the number of polynomials that need to be checked.

Corollary 16. Suppose G is a connected graph containing a cycle with V(G) = {v1,...,v,},
and T is a spanning tree of G. Let F C F3[x1,...,x,] be the set of at most 2 E(G)I-IV(G)+1
polynomials given by:

F = H (i — xj) H (@i +bijz;)| : each b ; € {—1,1}
viv; €E(T), j>i viv; €EE(G)—E(T), j>1i

If for each f € F there ewists (t1,t2,...,tn) € [1121{0,1,2} such that [[]}-, 2%]; # 0, then
xpr(G) < 3.

Proof. Suppose that H = (L, H) is an arbitrary 3-fold cover of G. We may assume that
|Er(L(vi), L(v;))| = 3 whenever v;u; € E(G). Let H = H—vajeE(G)_E(T) Eu(L(v;), L(vj))
and H' = (L, H'). Notice that H' is a 3-fold cover of T.. By Proposition [0 it is possible to
assign names to the vertices of H such that L(v) = {(v,j) : 7 € F3} for each v € V(G) and
there is a natural bijection between the proper 3-colorings of T' and the H’-colorings of T.
Let f(x1,...,zy) € F3]x1,...,2,] be the polynomial given by

fx1,...,zp) = H (mi—kB(UZij)xj).

Vi Vj EE(G), j>i

Since Uz)-fvj is good whenever v;v; € E(T), f € F. So, there exists (t1,t2,...,t,) € [[1-1{0,1,2}

such that [[]}~, %] # 0. Since |L(v;)| = 3 > t; for each i € [n], there is an H-coloring of G
by Theorem Since H was arbitrary, we have that xpp(G) < 3. O

3.2 Some Applications
Proposition 17. xpp(Ks4—{e1,e2}) = 3, where {e1, ez} is a matching of size two in Ky 4.

Proof. Since G' = K44 — {e1,e2} contains a copy of Cy, we have that xpp(G’) > 2. Suppose
V(G') ={v1,...,vs}. Using a computer to analyze the 16384 polynomials over F3 contained

m

F = H (@i + b jxj) each b ; € {—1,1} 5,
vv  EE(G), j>1i
we see that the hypotheses of Corollary [ are satisfied. Thus, xpp(G’) = 3. O

14



The converse of Corollary [ does not hold. We now present an example to show this. It is
known that xpp(K3+) = 3 if and only if t = 2,3,4,5 ([27]). Suppose that G is a copy of K3 5
with partite sets {vy,ve,v3} and {vyg,vs5,v6,v7,v8}. View the polynomial fi as an element of
Fs[z1,...,28]. We know fg is homogenous of degree 15. Let T be the set containing the 8
elements in Hﬁzl{o, 1,2} with coordinates summing to 15. It is easy to compute that for each
(t1,to,. .. ts) € T, [T, 2% fo = 0. Notice that this example also shows that the converses
of Theorems [l and I3l do not hold.

Even though the converse of Corollary [Bldoes not hold, when the hypotheses of Corollary [l
are not satisfied, we can still use that information to give ourselves “clues” about how one
might construct a 3-fold cover for which there is no coloring,.

As an example suppose that G = 062 where the vertices of GG in cyclic order are: vy, v, ..., vg.

Consider the following polynomials over Fj:

filzr, x2, ..., x6) = fa(x1,22,...,26) and

fg(l‘l,l‘Q,...,JEG) = (l‘1+$2)($1+l‘3) H (l‘i—l‘j).
v;v; €EE(G)—{v1v2,v1v3}, 5>i

It is not hard to compute: [[[°_, 2?];, = 0 and [[]S_, 2], = 1. So, Theorem [T tells us that
ift H = (L,H) is a 3-fold cover for G with vertices of H named so that O’Z-LZ,UJ_ is bad when
(i,7) = (1,2) and when (7,5) = (1,3) and good otherwise, then there is an H-coloring of G.
On the other hand, there may exist a 3-fold cover for G, H, that is a good prime cover of
order 3 for which there is no H-coloring of G.

This second observation gives us an idea about what the proof of the following Proposition
might look like.

Proposition 18. xpp(C2.) > 3 for any k > 2.

Proof. Let G = C§k= and denote the vertices of GG in cyclic order as: vy, vs,...,v3,. We will
prove the desired result by constructing a 3-fold cover of G for which there is no coloring. For
each i € [3k], let L(v;) = {(v;,t) : t € F3}. Then, let H be the graph with V(H) = Uf’il L(v;).
We draw the edges of H as follows: draw edges so that H|[L(v;)] is a complete graph for each
i € [3k] and for each vjv; € E(G) — {vsr_2vsk, vsk—1v3x} draw an edge between (v;,t) and
(vj,t) for each t € F3. Finally, for j = 3k — 2,3k — 1 and each ¢ € F3, draw an edge between
(vj,t) and (vsg,t + 1) where addition is performed in Fs.

Now, H = (L, H) is clearly a 3-fold cover of G. We claim that there is no H-coloring of G.
For the sake of contradiction, suppose that I is an H-coloring of G. We know that there exist
r,q € F3 with r # ¢ such that (v1,q), (v2,r) € I. Suppose that [ is the element in F3 — {q,r}.
The edges in Eg(L(vy), L(vsk)) U Eg(L(ve), L(vs)) imply that (vsg,l) € I. By observing
the edges in the induced subgraph H[Uf’ifl L(v;)], we see that (vsk—1,q), (vsg—2,7) € I. It
must be that [ =g+ 1 or I =r+ 1. So, (vs,!) is adjacent to (vsx_1,q) or (vsk_s,7). This
contradicts the fact that I is an H-coloring of G. O

Note that in the proof above H = (L, H) is a 3-fold cover of G such that az)fvj is good for

all vv; € E(G). 1t is also worth mentioning that x¢(C%,) = 3 can be proven via the Alon-
Tarsi Theorem [17]. It is also known that x,(C2) = 4 whenever n > 6 and n is not divisible
by 3 [28]. This along with Proposition [I8 and the fact that xpp(G) < A(G) provided that
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G is neither a cycle nor a complete graph, immediately allows us to give the DP-chromatic
number of all cycle squares.

Corollary 19. xpp(C2) =3, xpp(C2) =5, and xpp(C?2) = 4 whenever n € {4,6,7,8,...}.

Acknowledgment. We are thankful to Xuding Zhu for his encouragement and helpful
comments.

References

1]

[11]

[12]

[13]

[14]

[15]

S. Akbari, V. S. Mirrokni, B. S. Sadjad, A relation between choosability and uniquely list col-
orability, Journal of Combinatorial Theory, Series B 96 (2006) 577-583.

N. Alon, Combinatorial nullstellensatz, Combinatorics, Probability, and Computing 8 (1999),
7-29.

N. Alon and M. Tarsi, Colorings and orientations of graphs, Combinatorica 12 (1992), 125-134.

A. Bernshteyn, The asymptotic behavior of the correspondence chromatic number, Discrete
Mathematics, 339 (2016), 2680-2692.

A. Bernshteyn, The Johansson-Molloy Theorem for DP-coloring, Random Structures € Algo-
rithms 54(4) (2019), 653-664.

A. Bernshteyn and A. Kostochka, On differences between DP-coloring and list coloring, Siberian
Advances in Mathematics 21:2 (2018), 61-71.

A. Bernshteyn and A. Kostochka, Sharp Dirac’s theorem for DP-critical graphs, Journal of Graph
Theory 88 (2018), 521-546.

A. Bernshteyn and A. Kostochka, DP-colorings of hypergraphs, Furopean Journal of Combina-
torics 78 (2019), 134-146.

A. Bernshteyn, A. Kostochka, and X. Zhu, DP-colorings of graphs with high chromatic number,
European J. of Comb. 65 (2017), 122-129.

A. Bernshteyn, A. Kostochka, and S. Pron, On DP-coloring of graphs and multigraphs, Siberian
Mathematical Journal 58 (2017), 28-36.

Z. Dvordk and L. Postle, Correspondence coloring and its application to list-coloring planar
graphs wihtout cycles of lengths 4 to 8, J. Combinatorial Theory Series B 129 (2018), 38-54.

P. Erdés, A. L. Rubin, and H. Taylor, Choosability in graphs, Congressus Numerantium 26
(1979), 125-127.

H. Fleischner, M. Stiebitz, A solution to a coloring problem of P. Erd6s, Discrete Mathematics
101(1992), 39-48.

D. Hefetz, On two generalizations of the Alon-Tarsi polynomial method, J. Combin. Theory Ser.
B 101 (2011), no. 6, 403-414.

T. Jensen, B. Toft, Graph Coloring Problems, Wiley, New York, 1995.

16



[16]

[17]

18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

29]

[30]

[31]

32]

33]

L. Jin, T.-L. Wong, X. Zhu, Colouring of S-labeled planar graphs, arXiv: 1811.08584 (preprint),
2019.

M. Juvan, B. Mohar, and R. Skrekovski, List total colourings of graphs, Combinatorics, Proba-
bility and Computing 7 (1998), 181-188.

H. Kaul and J. Mudrock, Criticality, the list color function, and list coloring the Cartesian
product of graphs, arXiv: 1803.09141 (preprint), 2018.

H. Kaul and J. Mudrock, On the Alon-Tarsi number and chromatic choosability of Cartesian
products of graphs, FElectronic Journal of Combinatorics 26(1) (2019), #P1.3.

H. Kaul and J. Mudrock, On the chromatic polynomial and counting DP-colorings of graphs, to
appear in Advances in Applied Mathematics, 2020.

S-J. Kim and K. Ozeki, A note on a Brooks’ type theorem for DP-coloring, Journal of Graph
Theory 91(2) (2018), 148-161.

S-J. Kim and K. Ozeki, A sufficient condition for DP-4-colorability, Discrete Mathematics 341
(2018), 1983-1986.

S-J. Kim and X. Yu, Planar graphs without 4-cycles adjacent to triangles are DP-4-colorable,
Graphs and Combinatorics 35 (2019), 707-718.

R. Liu and X. Li., Every planar graph without 4-cycles adjacent to two triangles is DP-4-colorable,
Discrete Mathematics 342 (2019), 623-627.

R. Liu, S. Loeb, Y. Yin, and G. Yu, DP-3-coloring of some planar graphs, Discrete Mathematics
342 (2019), 178-189.

M. Molloy, Asymptotically good edge correspondence colouring, arXiv: 1808.08594 (preprint),
2018.

J. Mudrock, A note on the DP-chromatic number of complete bipartite graphs, Discrete Mathe-
matics 341 (2018) 3148-3151.

A. Prowse and D. Woodall, Choosability of Powers of Circuits, Graphs and Combinatorics 19
(2003), 137-144.

U. Schauz, Algebraically solvable problems: describing polynomials as equivalent to explicit
solutions, FElectronic Journal of Combinatorics 15 (2008), no. 1, R10.

U. Schauz, Flexible lists in Alon and Tarsi’s theorem, and time scheduling with unreliable par-
ticipants, Electronic Journal of Combinatorics 17 (2010), no. 1, R13.

U. Schauz, Proof of the list edge coloring conjecture for complete graphs of prime degree, Elec-
tronic Journal of Combinatorics 21 (2014), no. 3, P3.43.

V. G. Vizing, Coloring the vertices of a graph in prescribed colors, Diskret. Analiz. no. 29, Metody
Diskret. Anal. v Teorii Kodovi Skhem 101 (1976), 3-10.

W. Wang, J. Qian, and T. Abe, Alon-Tarsi number and modulo Alon-Tarsi number of signed
graphs, Graphs and Combinatorics 35 (2019), 1051-1064.

D. B. West, (2001) Introduction to Graph Theory. Upper Saddle River, NJ: Prentice Hall.

X. Zhu, The Alon-Tarsi number of planar graphs, Journal of Combinatorial Theory Series B 134
(2019), 354-358.

17



	1 Introduction
	1.1 Combinatorial Nullstellensatz and its Application to List Coloring
	1.2 DP-coloring and generalized S-labelings of Graphs
	1.3 Outline of the Results

	2 Using the Combinatorial Nullstellensatz
	2.1 Combinatorial Nullstellensatz and Good Covers
	2.2 DP-Coloring the Cone of a Graph
	2.3 Uniquely Colorable Graphs

	3 Prime Covers of Order 3
	3.1 Dealing with Bad Matchings
	3.2 Some Applications


