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Abstract

The connected Turdn number is a variant of the much studied Turdn number, ex(n, F'),
the largest number of edges that an n-vertex F'-free graph may contain. We start a system-
atic study of the connected Turdn number ex.(n, F'), the largest number of edges that an
n-vertex connected F-free graph may contain. We focus on the case where the forbidden
graph is a tree. Prior to our work, ex.(n,T) was determined only for the case T is a star
or a path. Our main contribution is the determination of the exact value of ex.(n,T') for
small trees, in particular for all trees with at most six vertices, as well as some trees on
seven vertices and several infinite families of trees. We also collect several lower-bound
constructions of connected T'-free graphs based on different graph parameters.

The celebrated conjecture of Erd6s and Sdés states that for any tree 7', we have
ex(n,T) < (|T| — 2)%. We address the problem how much smaller ex.(n,T") can be,
what is the smallest possible ratio of ex.(n,T") and (|T'| — 2)5 as |T'| grows.
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1 Introduction

For a graph G, we write e(G) and |G| to denote the number of edges and vertices in G.
For a pair U, V' of disjoint sets of vertices in G, we use eg (U, V) to denote the number of
edges in G with one endpoint in U and the other in V. G will be omitted from the subscript
if it is clear from context.

One of the most studied problems in extremal graph theory is to determine the Turdn
number ex(n, F'), the largest number of edges that an n-vertex graph can have without
containing a subgraph isomorphic to F. In this paper, we start a systematic study of a
variant of this parameter: the connected Turdn number ex.(n, F') is the largest number
of edges that a connected n-vertex graph can have without containing F' as a subgraph.
Observe that if F' is 2-edge-connected, then any maximal F'-free graph G is connected,
as if G has at least two connected components, then adding an edge between them would
not create any copy of F'. Also, if the chromatic number of F' is at least 3, then by the
famous theorem by Erd@s, Stone, and Simonovits [6, 7], we know that ex(n, F') is attained
asymptotically (and for some graphs precisely) at the Turdn graph that is connected. These
two observations imply the following proposition.

Proposition 1.1.
(1) Ifall connected components of F are 2-edge-connected, then ex(n, F') = ex.(n, F).

(2) If x(F) > 3, then ex.(n, F) = (1 + o(1)) ex(n, F).

The asymptotics of ex(n, F) is unknown for most bipartite F' (for a general overview
of the so-called degenerate Turdn problems, see the survey by Fiiredi and Simonovits [8]).
However, it is known that for any graph F' that contains a cycle, ex(n, F') grows super-
linearly. If ex(n, F') is attained at a non-connected graph with a connected component of
size m, then we have ex(n, F) < ex(m, F) + ex(n — m, F'), which does not hold for
‘nice’ superlinear functions. There is a relatively large literature on the Turdn number of
forests (see e.g. [3, 11, 12, 14, 15]), and in many cases the extremal graphs turned out to
be connected, so for those forests F', we have ex(n, F') = ex.(n, F'). In this paper, we
concentrate on the family of trees. A famous conjecture of Erd6és and Sés (that appeared
in print first in [4]) states that any n-vertex graph with more than @ edges contains
any tree T' on k vertices. A proof was announced in the early 1990’s by Ajtai, Koml6s,
Simonovits, and Szemerédi, but only arguments of special cases have appeared. A recent
survey of these and other degree conditions that imply embeddings of trees is given in
[13]. The universal construction that shows the tightness of the Erd6s—S6s conjecture is
the union of vertex-disjoint cliques of size k — 1. This is not a connected graph and we are
only aware of two explicit results concerning ex.(n,T") (but there exist results on Turdn
problems in connected host graphs, see e.g. [2]). The connected Turdn number of stars
follows from the existence of (nearly) regular connected graphs. Apart from stars, paths on
k vertices, denoted by Py, have been considered. The value of ex.(n, P;) was determined
by Kopylov, and independently by Balister, Gy&ri, Lehel, and Schelp with the latter group
also showing the uniqueness of extremal constructions.

Theorem 1.2 ([1, Balister, Gy6ri, Lehel, Schelp], [10, Kopylov]). If G is an n-vertex
connected graph that does not contain any paths on k + 1 vertices, then

@ zmec{ (45 ) enon (T |55 (- [55]))

holds.
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In the remainder of the introduction, we shall present the various results obtained con-
cerning ex.(n,T"). Lower bound constructions are given in Section 2 and exact determi-
nation of ex.(n,T) including all trees on up to six vertices and some trees having seven
vertices is included in Section 3.

Our first result gathers several constructions, all based on some graph parameters, that
provide lower bounds on ex.(n, T'). For those parameters we use the following notation.

Definition 1.3.

* p(G) denotes the maximum number of vertices in a path P of G such that for all
x € V(P) we have dg(z) < 2.

A(G) and 6(G) denote the maximum and the minimum degree in G.
* v(@) denotes the number of edges in a largest matching of G.
* §(T) denotes the smallest degree in T that is larger than 1.

* For a vertex v € V(T) let my(v) be the size of largest component of 7' — v and let
m(T) = min{mr(v) : v € V(T)}.

* Foravertex v € V(T) let mp 2(v) be the sum of the sizes of two largest components
of T'— v and let mo(T') = min{my 2 (v) : v € V(T)}.

» For an edge ¢ = zy € E(G) we write w(e) = min{dg(z),dc(y)} and define
w(G@) = max{w(e) : e € E(G)}.

Notation. For graphs H and G, their disjoint union is denoted by H U GG. The join of H
and G, denoted by H + G, is H UG with all edges hg h € H, g € G added. For a graph H
and a positive integer k, kH denotes the pairwise vertex-disjoint union of k copies of H.
Sy, denotes the star with k leaves, Py, Ck, K, E} denote the path, the cycle, the complete
graph and the empty graph on £ vertices, respectively. The complete bipartite graph with
parts of size a and b is denoted by K .

In the following remark, we gather the consequences of known constructions (mostly
used for distinct purposes).

Remark 1.4.

(1) The existence of connected (nearly)-regular graphs show ex.(n,T) > LMJ

(

5 .

(2) The construction of Theorem 1.2 shows that if T" has diameter d, then ex.(n,T) >

d¥l _
(5N + 152 (= [420).

(3) Ka—1,n—a+1 shows that if the bipartition of T" consists of classes of sizes a and b
with a < b, then ex.(n,T) > (a—1)(n—a+1). In particular, we have ex.(n,T) >
(w(T) —1)(n —w(T)+1) and ex.(n,T) > (v(T) — 1)(n — v(T) + 1). The latter
can be improved to ex.(n, T) > (v(T) — 1)(n — v(T) + 1) + (*)~*) shown by
Ky, (1y-1 + En_y(T)41, the largest graph with matching number less than v(T)ifn
is large as proved by Erd6s and Gallai [5].

Observe that if 7" is balanced, i.e. @ = b in its bipartition, then the number of edges in
K4 1,n—a+1 is just a constant smaller than the number of edges in "5 K1, the extremal
graph of the Erd6s-S6s conjecture. The next proposition states lower bounds due to new
constructions. The proof of Proposition 1.5 will be given in Scetion 2.
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Proposition 1.5. Suppose T is a tree on k > 4 vertices.

(1) If T is not a path and thus p(T) < k — 3, then ex.(n,T) > ((kfzpéT)f?’) +
p(T) + 2) LWJ Furthermore, if T contains at least two vertices of degree

k—p(T)—1
at least three, then ex.(n,T) > (s k)+p(T)+2n — O(k).

(2) If T is not a star and 55(T) > 2, then ex.(n,T) > | =1 ] ((kg2) +52(T) — 1).

(3) If T is not a path, then ex.(n,T) >n — 1+ \-m,?T;)lflJ (m(q;)_l).

4) ex.(n,T) > I—kf'rr:;(T)J(l + (k*”TSQ(T))).

Next, we determine ex.(n,T') for all trees on k vertices with 4 < k < 6 (note that
there do not exist Ps-free connected graphs), some trees on 7 vertices and for some infinite
families of trees. We need some notation first.

Let D, denote the double star on a4+ b+ 2 vertices such that the two non-leaf vertices
have degree a + 1 and b + 1. Sahaz,...,aj with j > 3 denotes the spider obtained from j
paths with ay, as, . . ., a; edges by identifying one endpoint of all paths. S0 S, a,.....q, has
1+ Zgzl a; vertices and maximum degree j. The only vertex of degree at least 3 is the
center of the spider, the maximal paths starting at the center are the legs of the spider. M,
denotes the matching on n vertices (so if n is odd, then an isolated vertex and | | isolated
edges).

The values of ex.(n, Py11) were determined by Theorem 1.2, and for & > 3, the
statement ex.(n, Sg) = L@J follows from Remark 1.4(1) and that the degree-sum of
an Sy-free graph is at most n(k—1). So in the next theorem, we only list those trees that are
neither paths nor stars. In particular, all trees have 5 or 6 vertices. Proofs of the following

theorems will be given in Section 3.

Theorem 1.6. For non-star, non-path trees with 5 or 6 vertices, the following exact results
are valid.

(1) Forany T = S31,...1 we have ex.(n,T) = L%J if n > |T|. In particular,
exc(n,S2,1,1) =nif n > 5and ex.(n,S211,1) = |32 if n > 6.

2
(2) We have ex.(n, D3 2) =2n—4if n > 6.
(3) We have ex.(n,S31.1) = L@j if n>7and ex(6,5311) =9.
(4) We have ex.(n, S221) =2n—3if n > 6.
Let D;yz be the tree obtained from D o by attaching a leaf to one leaf of D .

Theorem 1.7. ex.(n,Dj,) = 2n — 3 for all n > 7, and exc(n,D3,) = (3) for
1<n<6.

Theorem 1.8. ex.(n,S222) = 2n — 2 forall n > 7, and ex.(n,S222) = (g) for
1<n<6.

Theorem 1.9. ex.(n,S32,1) = 2n — 3 foralln > 7, and ex.(n,S321) = (g) for
1<n<e6.
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Theorem 1.10. For any T = Ssi..1 with A(T) > 4, if n is large enough, then
exe(n,T) = | &d)=bn |
C b 2 .

The broom, which we denote by B(k, a), is the special spider S,_1,1,1,...,1 on k ver-
tices. So its maximum degree is kK — a + 1 and its diameter is a.
Theorem 1.11.

k—a)n
(1) Foranya < k—2, ex.(n, B(k,a)) > max{L%J, ((
holds.

a+1

SNt (n— <))}

(2) Foranya <k/3, ex.(n,B(k,a)) = L@J holds if n is large enough.

For a better overview, we include tables with previous results, our results and open
cases for trees on up to 7 vertices. S D, o denotes the tree on 7 vertices obtained from the
double star D5 5 by subdividing the edge connecting its two centers.

Number of vertices | Tree | ex.(n,T) Construction
4 Py n—1 Sh_1
Ss n C,
5 Ps n K1+ (KyUE,_3)
Sy ES (nearly) 3-regular
S2,1,1 n C,
6 Ps 2n —3 Ko+ FE, o
Ss 2n 4-regular
S2,1,1,1 |32] (nearly) 3-regular
Soo1 | 2n—3 Ko+ Eyp_s
Ssan | 2050 Ky + M,
Dys | 2n—14 Koo

Table 1: The value of ex.(n, T) for all trees up to 6 vertices.

Tree exc(n,T) Construction Tree exc(n,T) Construction
S L%j (nearly) 5-regular P, 2n — 2 Ky + (En—q UK>)
S411 >2n—-3 Ko+ E,_2 S3,2,1 2n —3 Ko+ E,—o
S3.1.1,1 L%j (nearly) 3-regular 521,111 2n 4-regular
S2.2,2 2n — 2 Ko+ (Ep_y UK>) || S221.1 >2n -3 Ko+ E,—o
D3, 2n —3 Ko+ E,_o Dy 3 >2n—4 Ky n_2
SDyo | > 137" —O(1) | Proposition 1.5(1) Dy 3 >2n —2if6ln — 1 | Proposition 1.5(2)

Table 2: Exact values and lower bounds on ex.(n,T") for trees with 7 vertices.

The starting point of our final subtopic is the Erd6s—Sds conjecture, ex(n, T') = %n—f—
Oy (1). We would like to know how much smaller ex.(n,T") can be than ex(n, T"). For any
tree I" we introduce

y 2 ex.(n,T)
:= limsu :
T Sup
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where |T'| denotes the number of vertices in T'. It is well-known that any graph with average
degree at least 2d contains a subgraph with minimum degree at least d. Also, any tree on
k vertices can be embedded to any graph with minimum degree at least k. This shows that
yr < 2 for any tree T on k vertices. The Erd6s—Sés conjecture would imply v < 1.

Let 7 denote the set of trees on at least k vertices. We write vy, := inf{yr : T € Ti}
and v := limy_, . vx. Observe that -y, is monotone increasing as 7o O T3 D T4 D ...,
and thus the limit v exists.

Theorem 1.12. The following upper and lower bounds hold: 5 < v < %

1
3
2 Constructions

Proof of Proposition 1.5. For all lower bounds we need constructions.

For the general lower bound of (1), we construct a graph G(V, E) as follows: let s :=
| 5=p(17—z) and let V" be partitioned into | J;_, (A; UQ;) with |A;] = k —2p(T") — 3 for all
1<i<s,|Qi| =p(T)+ 1forall 1 < i< s. G[A4;]is aclique for all i. Every clique 4;
contains a special vertex x;, and G[{x;, x;+1} UQ;] is a path with end vertices x; and x;11
(with zs1 = x1). Then G cannot contain 7', as a copy of 1" could contain the vertices of
an A; and then at most p(7T") vertices from both of Q);_1 and @), so at least one vertex of T’
cannot be embedded.

To see the furthermore part of (1), we have the following construction G: we partition
the vertex set of G into {v} UJ;_; (4; UQ;), where s = [%1] with |A;| = k—p(T) — 1,
|Qil = p(T)+1forall 1 <4 < s, and |Q;] < p(T) + 1 and if |4;] > 0, then |Q;| =
p(T) + 1. The edges of G are defined such that G[{v} UJ;_, Q;] is a spider with center v
and legs Q;, G[A;] is a clique and exactly one vertex of A, is connected to the leaf of the leg
in Q;. The number of edges adjacent to A; UQ; is ("7 71) 4 p(T') +2, therefore e(G) is
as claimed. Finally, to see that G is T-free, observe that as T" contains at least two vertices
of degree at least 3, if G contained a copy of 7', then this copy should contain a vertex u
from one of the A;s. Also, such a copy cannot contain all vertices of @; as p(T") < |Q;].
Therefore, the vertices of the copy of T should be contained in |4;|+ |Q;| — 1 < k vertices
— a contradiction.

The lower bound of (2) is shown by the following construction of a connected n-vertex

n—1
T-free graph G: we partition the vertex set of G into {v} U U(’“ d A; with [A;| =k —1
foralli = 1,2,...,|%=1] and every A; containing a special vertex x;. The edges of G
are defined as follows: G[A; \ {z;}] is aclique, v is adjacent to all x;, and x; is adjacent to
d2(T) — 2 other vertices of A;, so dg(x;) = 62(T) — 1. We claim that G is T-free. Indeed,
as G — v has components of size at most k£ — 1, a copy of T" must contain v. As 7T is not
a star, at least one of v’s neighbors is not a leaf and so its degree should be at least J (7).

Butall v’s neighbors are z; vertices that have degree d5(7) — 1 in G. The number of edges
B J n— _
in Gl{o} UL Ailis 377 1((*57) +62(T) = 1).
The constructlon yielding the lower bound of (3) is G = K; + (7K 1)—1 U Ky),
where r = LWJ and s > 0. Indeed, if G contained a copy of T, then this copy should

contain the vertex v of K as otherwise T would be contained in m(7T') — 1 vertices. But
then we cannot embed the largest branch pending on v as it has size at least m/(7T").

To obtain the construction yielding the lower bound of (4), we partition the vertex set to
A1, Aoy Ag, Agy1 with s = L#Z(T)J and |[A;| =k —mo(T) foralli =1,2,...,s
As T is not a path, we have k —mo(T') > 2, so in each A; we can pick two distinct vertices
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x;,yi, maybe with the exception of A,;1. Then we define G as a “cycle of cliques”, so
G[A;] is a clique for all 4, and z;y;41 is an edge (formally there should be three cases
depending whether A, has size 0, 1, or at least 2). To see that G is T-free, consider
the vertex v with mo(T') = mq 2(v), i.e. the largest two connected components By, By in
T — v have a total size of m (7). Suppose G contains a copy of T and the vertex playing
the role of v belongs to A;. Then, as there are only two edges leaving A;, T apart from
two components of 7' — v must be embedded into A;. Moreover, since the two edges leave
from distinct vertices, at least one vertex of the two exceptional components must also be
embedded to A;. So A; should contain at least & — mo(T') + 1 vertices — a contradiction.
(Ifi = s+ 1 and x; = y;, then we have the same contradiction, as then Agy; should
contain at least k — mo(T") vertices, but A, is strictly smaller than that.) O

3 Proofs

We start by proving Theorem 1.6. We restate and prove its parts separately.
Theorem 3.1. For T = S31,... 1, the equality ex.(n,T) = LWJ holds if n > |T|.

Proof. The constructions giving the lower bounds are connected (nearly) regular graphs of
degree A(T') — 1.

If T'= S311,...1, then the upper bound proof is a special case of Theorem 1.11, but for
completeness, we give a simpler proof of this case. If G is a connected, n-vertex, T-free
graph and for some = we have dg(z) > A(T), then G is the star. Indeed, the neighbors
of = can be adjacent only to other neighbors of z, otherwise 1" would be a subgraph of
G. So by connectivity Ng[x] = V(G). But then if there is at least one edge between two
neighbors of z, then, as |V (G)| > |V (T')|, again T would be a subgraph of G. The star has
fewer edges than the claimed maximum, so to have ex.(n,T’) edges, G must be (nearly)
(A(T) — 1)-regular. O

Theorem 3.2. Foranyn > 6, ex.(n,Dsz2) = 2n — 4 holds.

Proof. To see the lower bound, observe that K5 ,,_o is Do o-free as w(Ka ,,—2) = 2, while
w(Da2) = 3.

To see the upper bound, observe first that all connected graphs with 6 vertices and at
least 9 edges contain a copy of D5 5 as can be checked in the table of graphs of [9] on pages
222-224.

Suppose there exists a minimum counterexample: a connected graph G on n > 7
vertices and e(G) > 2n — 3 edges with no copy of Dy 5. We consider several cases.

CASEI: §(G) < 2 and there is a vertex v of degree at most 2 which is not a cut vertex.

Delete this vertex v of degree 1 or 2 to obtain a connected H = G'\ v with |H| > 6. By
minimality e(H) < 2(n—1)-4and2n—3 < e(G) < e(H)+2 <2(n—1)-4+2=2n—4
— a contradiction.

CASEII: §(G) = 2 and every vertex of degree 2 is a cut vertex.

Consider v of degree 2 such that in H = G — v out of the two components A and B,
| A is as small as possible. Let w be the vertex in A adjacent to v and let z be the vertex in
B adjacent to v.

If |A| > 6 then by minimality of G, 2n — 3 < e(G) < 2|4| —4+2|B|-4+2 =
2(|A| 4+ |B] + 1) — 8 = 2n — 8 — a contradiction. Otherwise 3 < |A] < 5as |A4| < 2
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would imply 6(G) = 1 and we were in Case I. Also, |A| > 4 as |A| = 3 would imply that
A must contain a vertex of degree 2 which is not a cut vertex and we were in Case I again.

Suppose |A| = 5. If dg(w) = 2 then | A| is not minimum, so in the induced subgraph
on A all vertices have degree at least 2 and dg(w) > 3. But then the induced graph on
A either contains a vertex of degree 2 which is not a cut vertex and we are in Case I or
all degrees in G[A U {v}] (except for v) are at least 3. Then one can find a copy of Ds o
with w being one of the centers and v being a leaf pending from w. Indeed, by the degree
condition, G[A \ {w}] contains a C4, so if N(w) contains two non-neighbor vertices x,y
of this (4, then x can be the other center of the copy of Dy 2 and y the other leaf pending
from w. Otherwise w has exactly two neighbors in A, and then by the degree condition
G[A\ {w}] is K4 and it is trivial to embed D3 o.

Finally suppose |A| = 4. As |B| > |A| = 4, it follows that B* = B U {v,w} has at
least 6 vertices and |B*| = n — 3, and hence by minimality of G, e(B*) contains at most
2(n—3)—4 edges and together with at most 6 edges in A gives e(G) < 2n—10+6 = 2n—4
— a contradiction.

CASEIIL: §(G) > 3.

If all vertices are of degree 3, we have 3n/2 edges, which is at most 2n — 4 for n > 8.
For n = 7 this is impossible by parity, hence 6(G) > 3 and A(G) > 4. Consider an edge
e = zy with dg(y) = A(G) > 4 and dg(z) > 3.

If da(y) > 5, then for u,w’ € N(z) we have |[N(y) \ {z,u,v'}| > 2, so x and y are
centers of a copy of Dy 5. If do(y) = 4 and dg(x) = 4 then either = and y have distinct
neighbors s not in N[y] and ¢ not in N [x] and we find a copy of D » with centers z, y, or
x and y are twins having the same neighbors a, b, ¢ excluding themselves. But as |G| > 7,
at least one vertex, say a, has a neighbor d not adjacent to the other 4 vertices and then a
and z can be centers of D 5 with y and d pending from a.

So we can assume that all vertices have degree 3 or 4 and vertices of degree 4 form an
independent set Q. Let P = V' \ @, and consider the bipartite G[P, Q] where p + ¢ = n,
|P| = p and |Q| = ¢. Clearly, 49 = e(P,Q) < 3p. Hence 3n = 3¢ + 3p > 7q and
q <3n/7,p > 4n/7. But then

(@) = 4q9 + 3p < 12n/7+12n/7 _12n <9 —3
2 2 7
for n > 11. So we are left withn = 7,8, 9, 10.

Forn = 7: ¢ < 3n/7 = 3 and ¢ must be an integer. If ¢ = 3, then G = Ky 3
containing Ds ». The case ¢ = 2 is impossible as the degree sum would be odd (by the
number p of odd-degree vertices). Hence ¢ = 1 and p = 6. Consider a vertex v of degree 4
and its neighbors a, b, ¢, d all of degree 3. If say a is adjacent to a vertex outside {v, b, ¢, d},
then there is D5 5. But as this holds for all of a, b, ¢, d it means A = {v, a, b, ¢, d} has no
neighbor in V' \ A and G is not connected.

For n = 8, we still have ¢ < L%J =3 and p > 5. But p = 5, 7 are impossible, again
due to parity, hence ¢ = 2 and p = 6. Let Q = {a,b} be the set of vertices of degree
4. If some vertex z in P is adjacent to both a and b, then consider the only neighbor z
of x in P. Here a is adjacent to  and three more vertices in P, so at least two vertices
except « and z are neighbors of a and x can use z and b to obtain a copy of D5 2 with
centers x and a. Hence every vertex in P is adjacent to at most one vertex in (), yielding
|P| > e(P, Q) = 4]Q| — a contradiction.
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Forn =9, we have ¢ < L?’T"J = 3. The case ¢ = 2 is impossible by parity and ¢ = 1,
p = 8implies e(G) = (4 +24)/2 = 14 = 2n — 4 as stated by the theorem. So only ¢ = 3,
p = 6 is to be checked. Let Q = {a, b, c} be the set of vertices of degree 4. If some vertex
v in P has at least two neighbors in @), say a, b, then we have a copy of D, o with centers
v and a, as all the four neighbors of a are in P and at most two of them belong to N[z]. So
every vertex in P can have at most one neighbor in () and as in the previous case we have
|P| > e(P, Q) = 4|Q| — a contradiction.

Forn =10, ¢ < L37"J = 4, and so parity of the degree sum implies ¢ = 4 or ¢ = 2. If
g = 2 then e(G) = (8 + 24)/2 = 16 = 2n — 4 as stated in the theorem, so only ¢ = 4,
p = 6 remains to be checked.

Let Q = {a,b,c,d} be the set of vertices of degree 4. If some vertex v in P has all its
neighbors in @, say a, b, ¢, then we obtain a copy of D 5 with centers v and a. Otherwise,
we have 4|Q| = e(P, Q) < 2|P| — a contradiction. O

Theorem 3.3. ex.(n,S31,1) = L?’(%_l)] if n>7and ex.(6,5311) = 9.

Proof. The lower bounds are shown by K + M,,_; forn > 7 and by K3 3 forn = 6. The
former is S 1 1-free as shown in Proposition 1.5(3) with m(Ss31,1) = 3. The graph K3 3
is S3 1,1-free as the bipartition of S3 ; 1 has a part of size 4.

To obtain the upper bound, we consider an S ; ;-free connected graph G. The general
idea is to choose a longest cycle C' = v1va, ..., v in G, and argue depending on its length
k.

If £ = n, then C is a Hamiltonian cycle. It cannot have short chords; e.g. if vovy
is an edge, then S5 11 can have center vy and legs vov;, voU3, V2v4VsV6. Moreover if

n > 6, then longer chords cannot occur either. Indeed, if vov; with j = 5,...,n — 21is
an edge, then v, with v; and its two successors can form the leg of length 3. Likewise for
j = 6,...,n — 1such aleg can be formed using the two predecessors of v;, still keeping

the legs vov; and vovz. This excludes all chords if n > 6, hence |E(G)| = n. If n = 6,
then antipodal vertices can be adjacent without creating any copy of S3 1,1, but no other
chords may occur. In this way we obtain the extremal graph K3 3.

Assume next that 4 < k < n. We show that this is impossible whenever n > 6. Since
G is connected, there is a vertex x not in C' but having at least one neighbor in C. If e.g.
xvg is an edge, we find S3 1,1 with center vo and legs zvg, vov1, V2V3V4Vs.

Assume now k = 4, C' = vivov3vg, n > 6. If P is any path with one end in C and
all its other vertices in V(G) \ V(C), then P can have no more than two edges, otherwise
S3,1,1 would be found, with the long leg in P and the two short legs in C. We are going to
prove that if P is shorter than 3, the number of edges in G is smaller than what is given in
the theorem.

If P has length 2, let xyv; be a path attached to C. Then the edges zvy, xvs, TV,
Yvg, Yv4 cannot be present because C'is a longest cycle. Also the edges v1vs and vov, are
excluded because G is S5 1 1-free. This implies |E(G)| < 8 if n = 6. If n > 6, there
should be a further vertex z adjacent to C' U P, but any edge from z to C' U P would create
an S3 1,1. (For zx the center is vy, and for any other edge the center is the neighbor of z.)
Hence n > 6 is impossible in this case.

Suppose that P = yuv; is a single edge not extendable to a longer path outside C. Then
a sixth vertex x can only be adjacent to v, or v4 (or both), otherwise an S5 1,1 would occur.
And also here, it is not possible to extend this graph to a connected graph of order 7 without
creating an S ;1 subgraph. Hence n = 6. Moreover, the diagonals of C' must be missing;
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e.g. the edges zvo and vovy would yield Ss 1 ; with center vy and legs zvg, vav3, V2V4V1Y.
Thus the number of edges is only 4 plus the degree sum of x and y, which is at most 7
because the presence of all four edges xvs, xvy, yv1, yvs would make G Hamiltonian,
hence C' would not be a longest cycle.

Finally we have to consider graphs without any cycles longer than 3. It means that
each block of G is K3 or K3. Let f(n) denote the maximum number of edges in such a
graph. We clearly have f(1) = 0, f(2) = 1, f(3) = 3. Let B be an endblock of G, with
cut vertex w. Deleting B — w from G we obtain a S5 ; ;-free connected graph of order
n — |V(B)| + 1, where |V (B)| is 2 or 3. Hence

f(n) <max{f(n —1) +1, f(n—2) +3}.

This recursion implies f(n) < |3(n—1)/2] for every n, completing the proof of the upper
bound forn > 7. O

Theorem 3.4. e¢x.(n,S221) =2n—3if n > 6.

Proof. The lower bound is shown by K5 + E,,_o as it has matching number 2, while
I/(Sg72_’1) =3.

To obtain the upper bound on ex.(n, S22 1), we proceed by induction: for n = 6 every
connected graph on 6 vertices and 10 edges contains Sy 21 (by inspecting the table of
graphs of [9] on pages 222-224).

For the induction step assume that the statement of the theorem holds for graphs of at
most n — 1 vertices and assume on the contrary that G is a connected graph on n vertices
and 2n — 2 edges without Sz 2 1. Here 2n — 2 suffices as otherwise if e(G) > 2n — 1, we
can delete an edge on a cycle.

If §(G) < 2 and there is a vertex v of degree at most 2 which is not a cut vertex, then we
can apply inductionto H = F—vtoobtaine(G) < e(H)+2<2(n—1)—-34+2=2n-3
— a contradiction.

Suppose §(G) = 2 and every vertex of degree 2 is a cut vertex. Then let v be such a
cut vertex with neighbors « and y. Consider H = G — v + (zy). Here |[H| = n — 1 and
e(H)=2n—2—-2+1=2(n—1) — 2+ 1, hence by induction H contains a copy S of
S2,2.1. If S does not use the edge xy, then S is also in G — a contradiction. If S uses zy
such that one of = and y, say =, is a leaf in S, then replace x by v and the edge xy by vy to
obtain a copy S’ of Sa 2.1 in G — a contradiction. Finally, if zy is the edge of a 2-leg of S
containing the center, say x and the leg is xyz, then replace this leg by zvy to obtain S’ in
G — a contradiction.

So we can assume §(G) > 3. If all vertices are of degree 3, then e(G) = 3n/2 < 2n—2.
If all vertices are of degree at least 4, then e(G) > 2n > 2n — 2, hence there exists a vertex
y of degree 3 adjacent to a vertex x of degree at least 4. Let u, v be the other two neighbors
of y, and let z # wu,v,y be a neighbor of z. If u or v has a neighbor outside these 5
vertices, then we obtain a copy of Ss 21 with center y. If not and N(z) = {u,v,y, 2z},
then z must have a neighbor outside these 5 vertices and we obtain a copy of S 5 ; with
center z. Finally, if N(u) U N(v) C {u,v,z,y, 2} and 2’ is another neighbor of z, then
d(2") > 3 implies that 2z’ must have a neighbor outside these 6 vertices, and we obtain a
copy of Sz o 1 with center x. This contradiction finishes the proof. O

Proof of Theorem 1.7. The assertion is trivial for n < 7. For larger n the split graph
construction K5 + F,,_o shows that 2n — 3 is a lower bound.
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To derive the same as an upper bound, assume n > 6 and consider any D3 ,-free graph
G of order n with more than 2n — 4 edges. Then, by Theorem 1.6(2), thereisa D = D5 o
subgraph in G let the central edge of D be zy.

If some vertex not in D is adjacent to a leaf of D, then a copy of Dj , arises — a
contradiction. More generally, there cannot exist any vertex at distance exactly 2 from
{z,y}. By the connectivity of G, it follows that every vertex of G is adjacent to at least
one of  and y. On this basis we partition V(G) — {z, y}, defining

X=N@-Ny, Y=N@g-Nal,  Z=N@nNQ).

Let us assume |Y'| > |X|. Due to the presence of D3 o we know that | X| + |Z| > 2 holds.
Moreover, |Y| > |X| with n > 7 implies |Y|+ |Z]| > 3. Hence there cannot be any X — Y
edges, moreover Y U Z is an independent set, both because G is D3 ,-free. For the same
reason, if | X|+|Z| > 2, then also X U Z is independent. In this case the entire X UY U Z
is independent and G cannot have more than 2n — 3 edges, yielding just the extremal split
graph K + E,,_o. Otherwise, if | X| + | Z| = 2, there can be just one edge inside X U Z,
hence we have 6 edges in the K4 subgraph induced by X UZ U{x, y}, and there are further
n—4 edges from Y to y. These are altogether n + 2 edges only, i.e. fewer than the assumed
2n — 3. This contradiction completes the proof. O

Proof of Theorem 1.8. To simplify notation, let f(n) = ex.(n, S2,2,2). The lower bound
for n > 7 is obtained by the following construction that works for all n. Take a complete
graph K on the vertex set {v1,v2,v3,v4} and join all v; for ¢ = 5,6,...,n to vy and
v9. Equivalently, v and v are universal vertices, supplemented with the single edge v3vy.
This connected graph with 2n — 2 edges does not contain S5 > because it is not possible
to delete two vertices from S5 5 o to destroy all but one edges.

The argument for the upper bound applies induction on n, with base cases n < 7, from
which only n = 7 is nontrivial. We note here that n = 5 and n = 6 are the only cases
where 2n — 2 is not an upper bound on the formula given for f(n).

For n = 7 the assertion is that every connected graph G with 7 vertices and at least
13 edges contains S5 2 o as a subgraph. To prove it, suppose first that G has a cut vertex
x, and consider the vertex distribution between the components of G — z. If it is (3, 3)
— where we unite components if there are more than two, e.g. the distribution (3,2, 1) is
also viewed as (3, 3) — then already 9 nonadjacencies are found, hence G would have at
most 21 — 9 = 12 edges — a contradiction. If the distribution is (2,4), then it forces 8
nonadjacencies, hence G must be the graph in which the two blocks incident with x are
K3 and K5. Obviously this graph contains Sz 5 2. If the distribution is (1, 5), then x has
a pendant neighbor, say y, and G — y is a connected graph of order 6, having at least 12
edges. Routine inspection shows that all such graphs G contain Sz 3 .

Assume that G is 2-connected. If G has minimum degree 3, then G has a Hamiltonian
cycle, say C' = v1v20304v5v6v7. (More generally it is well known that a graph of order
2d + 1 and minimum degree d is non-Hamiltonian if and only if either it is the complete
bipartite graph K 441 or it has two blocks incident with a cut vertex, both blocks being
K 411; in our case both of them would have only 12 edges.) The presence of any long
chord in C, e.g. v3vs immediately creates an Sy 5 o with center v3 and legs v3vov1, V3V4s,
v3v6V7. Moreover, any three consecutive short chords, e.g. v2v4, V3V5, V4V6 create an S o 2
with center vy and legs v4v2v1, V4V3V5, V4UsV7. And now at least one of these situations
holds because in general a cycle of length n without three consecutive short chords and
with no other chords at all can have no more than n + 2n/3 < 2n — 2 edges if n > 7.
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Hence in the 2-connected case G has minimum degree exactly 2, and if we remove a
vertex = of degree 2, we obtain a graph on 6 vertices with at least 11 edges. If it is K5 with
a pendant edge, then the pendant vertex must be adjacent to = and we immediately find
Ss,2.2. Otherwise there can be at most one vertex of degree 2 in G — x, hence it contains
a Cg, say v1v2v3v4U5v6 (as a rather particular corollary of Pdsa’s theorem). If the two
neighbors of x are antipodal in C, e.g. vz and vg, we find Sz 5 o With center v3 and legs
V3T Vg, V3V2V1, U3U4v5. If the two neighbors of x are consecutive in C, then C' extends to
C~ which we already settled. Hence we can assume that the neighbors of x are vo and vy.
Since C has at least 5 chords, some of the five chords vivs, v1v4, VovUs, V3V5, V3V Must
be present, and each of them creates Sz 2 » with = and the edges of C. This completes the
proof of f(7) = 12.

Turning now to the inductive step, assume that n > 8 and that the upper bound 2n — 2
is valid for all smaller orders other than 5 and 6. Depending on the structure of the graph
under consideration, we will apply one of the following upper bounds:

Ffn—1)+2, f(n —3)+6, f(n —6)+12.

Suppose that G is an S 2 »-free connected graph of order n > 8, and G'is S 2 2-saturated,
i.e. the insertion of any new edge inside V' (G) would create an .Ss 5 o subgraph. Under the
latter assumption we observe the following.

Claim 3.5. If x is a vertex of degree 2, say with neighbors y and z, then yz is also an edge
of G.

Proof of Claim 3.5. Otherwise yxz would be an induced path in G. Let then G’ be the
graph obtained by the insertion of edge yz. By assumption there is an S = S5  » subgraph
in G’, which necessarily contains the edge yz. If yz is a leaf edge of .S, then of course the
degree-3 center of S cannot be z, it must be another vertex w adjacent to y or to z. But then
z or y is a leaf vertex of .S, and replacing yz with yx or zx we find another copy of S5 2 2
which is a subgraph of G — a contradiction. The other possibility would be that y or z is
the degee-3 vertex of S, and the edge yz is continued with a leaf edge zw or yw (allowing
also w = x). But then = cannot be a mid-vertex of any leg of S since = does not have a
neighbor other than y and z. Hence the leg yzw or zyw can be replaced with yxz or zxy,
and we would again find a copy of S5 2 2 as a subgraph of G. O

As a consequence of Claim 3.5, if G has a vertex of degree 1 or 2, then |E(G)| <
f(n—1)+2 < 2n — 2 follows by induction, because deleting a vertex of minimum degree
the graph remains connected. Hence from now on we may assume that G has minimum
degree at least 3.

Let C = v1vavsvy . . . vg be a longest cycle in G. We have already seen that if s = n,
then |E(G)| < 5n/3 < 2n — 2. Next, we observe that if n > s > 5, then V/(G) \ V(C) is
an independent set. Indeed, if zy is an edge outside C' then there is a path P (possibly an
edge) from {x,y} to C and in this case a copy of S3 2 2 is easily found using edges of C,
with two edges from P U {zy}. E.g., if vz is an edge, then .S 2 5 can have center vz and
legs vy, vsvavy, v3U4vs. Thus, every vertex outside of C has at least three neighbors in
C. Moreover, no two of those neighbors are consecutive in C, because C' is longest. This
immediately excludes s = 5. But also s > 5 is impossible because if e.g. va, v4, v are
neighbors of z, then an S 5 5 can have center = and legs zvov1, TV4V3, TUsVs.
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As a consequence, investigations are reduced to Sy 2 o-free connected graphs with min-
imum degree at least 3 and without any cycles longer than 4. Such a graph G cannot be
2-connected (because due to Dirac’s theorem, 2-connectivity would imply the presence of
a cycle longer than 5). Hence G contains at least two endblocks.

Let B be an endblock of G, attached with cut vertex w to the other part of G. We
argue that B induces K4 in G. All vertices of B except w have degree at least 3 inside B,
therefore B contains a 4-cycle, say C’ = wzyz. If there is a vertex w in V(B) \ V(C"),
then 2-connectivity of B and the exclusion of cycles longer than 4 imply that there are
exactly two neighbors of u in C”, either w and ¥, or z and z. But then there must exist a
third neighbor v of u not in C’, and v also has two neighbors in C’; and then a cycle longer
than 4 would occur. Thus B is a K, indeed.

Now we are in a position to complete the proof of the theorem by induction on n.
Consider any maximal Sy 5 o-free connected graph G of order n > 7 that has at least 2n —2
edges. If G has a vertex of degree at most 2, then apply the upper bound f(n — 1) + 2.

If G has minimum degree at least 3, we know that G is not 2-connected. Then we
distinguish cases according to n. If n = 8 or n = 9, remove all the 6 non-cutting vertices of
two K4 endblocks of G and apply the upper bound f(n—6)+12. This yields |[E(G)| < 13
forn = 8 and | E(G)| < 15 for n = 9, both are smaller than 2n — 2.

If n > 10, remove the 3 non-cutting vertices of a K, endblock of G and apply the
upper bound f(n — 3) + 6. This yields | E(G)| < 2n — 2. O

Remark 3.6. The extremal graphs are not unique if n > 7. In the graph constructed at
the beginning of the proof we can remove three vertices of degree 2 and attach a block K
to one of the two high-degree vertices. As another alternative for n > 10, we can remove
six vertices of degree 2 and attach two blocks isomorphic to K4, one block to each high-
degree vertex. A further extremal graph of order 7 can be obtained from K5 by attaching
two pendant edges to a vertex of K.

Proof of Theorem 1.9. A lower bound for n > 7 is the split graph K5 + F,,_o with 2n —3
edges which does not even contain S5 2 1 and hence S3 2 1 cannot be a subgraph either.

The proof of the upper bound proceeds by induction on n. The base case n = 7 is left
to the Reader. Assume G is a minimum connected counterexample with n > 8 vertices
and has at least 2n — 2 edges but no copy of S35 1. If G contains a vertex v of degree at
most 2 such that H = G — v is connected, then, by minimality, e(H) < 2(n— 1) — 3 hence
2n —2 <e(G) <e(H)+ 2 < 2n — 3 — a contradiction.

Next, assume v is a cut vertex with neighbors x and y. Consider the graph H that we
obtain from G by deleting v and adding the edge xy. We will show that if H contains S3 2 1
then so does GG. Let A be the component containing « and B the component containing y.
By symmetry we may assume that if H contains a copy S of Ss o 1, then its center is in A
and so B can contain vertices of at most one leg of S. We consider cases according to the
number of vertices in S N B. If A contains S3 5 1 completely, then so does G.

If A contains all of S5 91 except for a leaf played by y, then the same copy with v
replacing y is contained in G. If S N B = {y, w}, then the leg of S ending x — y — w can
be replaced in G with x — v — y to obtain a copy S’ of S321. If SN B = {y, w, 2}, then
the leg of S ending x —y —w — z can be replaced in G with  — v — y — w to obtain a copy
S’ of S3.91. So, as proved, H must be S5 2 1-free, hence 2n — 2 < e¢(G) < e(H) +1 <
2(n—1) —3+1 < 2n — 4 — a contradiction.
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Therefore, from now on we may assume 0(G) > 3. By Theorem 1.6(4), we know
that G’ contains a copy S of Sz 21. Let v be the center of S with legs v — u, v — =z — v,
and v — a — b. If y or b has a neighbor not in .S, then G contains a copy of S3 51 — a
contradiction.

Suppose x (or a) has a neighbor z not in S. Then z cannot be adjacent to any of v, y, a, b
as a copy of Ss321 would appear. Also, z cannot be adjacent to any vertex outside .S as
again a copy of S5 5 1 would appear in G. By §(G) > 3, z must be adjacent to u, z, and a,
but then a copy of S3 2 1 (this time with center z) would appear in G.

We have shown so far that x, y, a, b cannot have neighbors outside S.

If w has at least two neighbors z and w outside S, then they cannot be adjacent (it would
create the leg v — u — z — w of a copy of S3 2 1) and none of them can have a neighbor
outside S as a copy of S3 5 1 would appear in G. As shown above, they cannot be adjacent
to any of x,y, a,b hence they have degree at most 2 (with neighbors u and possibly v)
contradicting 6(G) > 3.

If u has just one neighbor, say z outside .S, then z cannot have a neighbor outside S' as
a copy of S3 21 would appear, and as before, z cannot be adjacent to any of x, ¥, a, b hence
z can be adjacent to at most v and v but then dg(z) < 2 contradicts 6(G) > 3.

So the only vertex of .S that can have further neighbors outside S is v. We claim that
there cannot exist a path v — w — z with w, z ¢ S. Indeed, if w, z existed, then any of the
edges ax, ay would create a copy of S35 1 with center a. Similarly, any of the edges za,
xb would create a copy of Sz 21 with center b. But then §(G) > 3 implies the presence of
ua and ux in G creating a copy of S35 1 with center u. Therefore all vertices outside S
must have degree 1, which case has already been dealt with. This finishes the proof of the
induction step. O

Proof of Theorem 1.10. It is enough to prove that if GG is a connected n-vertex graph with
A(G) > A(T), then G contains T or e(G) < LWJ So fix a vertex v with dg (v) =
A(G) > A(T) and consider the partition {v}, N(v), X := V(G) \ N[v].

If X contains an edge xy, then by connectivity of (G, there must exist a path (maybe
a single edge) from zy to N(v) and we find a copy of T in G. So we may assume that
X is independent, and thus by connectivity of G, every x € X is adjacent to at least one
u € N(v).

CASEL: dg(v) = A(G) > A(T).

Then any x € X is adjacent to exactly one vertex u € N(v) as if zu, zu’ are edges
in G, then uzu’ can form the long leg of a copy of 7" with center v and other neighbors
of v complete this copy of 7. So dg(z) = 1 forall z € X. Let u,u’ € N(v) be two
vertices such that at least one of them has a neighbor in X. Then again if uu’ is an edge,
we find a copy of T. So if U C N(v) is the set of neighbors of v that are adjacent to a
vertex in X and U’ = N(v) \ U, then e(G) < [UU X |+ e(U"). If [U’'| < A(T) 4 1, then
e(U") < (A(TQ)‘H) andsoe(G) <n—1+ (A(TQ)‘H) < LWJ as A(T)—1> 3.
Finally, if |[U’| > A(T) + 2, then either G[U’] is a (partial) matching and thus e(G) <
A+ U +|X]|-1)+ 3ITU’| < 3("2_1) < L(A(T;_l)"J (here we use A(T') > 4) or G[U']
contains a path on 3 vertices, and then by |U’| > A(T) + 2 we find a copy of T'in G.

CASEIL: dg(v) = A(G) = A(T).

As X is independent, we have ¢(G) < (A(G) + 1)A(G) = (A(T) + 1)A(T)
O(1).

o
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Proof of Theorem 1.11. The lower bound LU“_T“)"J follows from Remark 1.4(1), while, as

the diameter of B(k, a) is a, Remark 1.4(2) yields the lower bound (r%lw) + %52 ) (n —
L2452 ])

2To see the upper bound of (2), let G(V, E) be an n-vertex B(k,a)-free graph with
a < k/3. Assume first that there exists a vertex « with dg(z) > k — 1. We claim that
G[V \ {z}] does not contain a path on 2a — 3 vertices. Indeed, suppose to the contrary
that y1, Y2, . - ., Y24—3 18 @ path in G[V' \ {«}]. Then as G is connected, there exists a path
P from z to some y; that does not contain any other y;. Then either x, P, y;, y;—1,...,%
or z, P,y;,yjt+1,...,Y2q—3 contains at least a vertices. So x and the first @ — 1 of them
together with the other neighbors of = form a copy of B(k,a) — a contradiction. Theo-
rem 1.2 implies that if n is large enough, then e(G) < n—1+e(G—z) < n—1+|2%3 |n <
an < |%5%n] as a < k/3. This finishes the proof in this case.

Assume finally that A(G) < k — 2. Then if n is large enough, every vertex x of
G is the endpoint of a path on a - k vertices, since G is connected and have maximum
degree at most k — 2. Suppose towards a contradiction that G contains a vertex = with
dg(x) =d >k —a+ 1. Let 21, 22, . .. 24 be the neighbors of = and let x, yo, Y3, - - - , Ya-k
be a path P. Then y5 is one of the z;’s, and as d < k — 2, there must exist z; such that
zj € P,say z; = y; and either y;—1,Yi—2, .-, Yi—a+2 OF Yit+1,Yi+2; - - -, Yita—2 are not
neighbors of z. Then z, these y;s and the neighbors of x form a B(k, a).

We obtained that A(G) < k—a must hold, which implies e(G) < L@J as claimed.

O

Theorem 1.11 will provide the upper bound of Theorem 1.12. The next statement
gives a general lower bound on ex.(n,T') and thus will help us obtain the lower bound of
Theorem 1.12.

Theorem 3.7. For any € > 0 there exists a positive integer ko = ko(¢) such that for any

tree T on k > kg vertices, we have ex.(n,T) > (% —e)nifk > ko and n is large enough.

Proof. CASEL: m(T) > |k/3].
Then by Proposition 1.5(3) we have

1
2nk(6—5>,

if k and n are large enough.
CAsSeII: m(T) < |k/3].
Then mo(T) < 2m(T) <2 L%j , and thus k — mo(T) > [%] Proposition 1.5(4) yields

wiomz [ (1 (1)) 2 (5-9)

if k and n are large enough. O

Proof of Theorem 1.12. The lower bound follows from Theorem 3.7, the upper bound
from Theorem 1.11(2) with taking a = |k/3]. O
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4 Concluding remarks

Theorem 1.12 gave upper and lower bounds on . If the lower bound from Theorem 1.11(1)
turned out to be (asymptotically) sharp (which we believe to be the case) fora = (1/2—¢)k
ora = (1/2+ ¢)k, then the upper bound on v would improve from 2/3 to 1/2. Note that a
special case of Theorem 1.10 yields ex.(n, S5,1,1,1) = LMJ, so a small case
when a = |k/2|. We have no evidence to believe that the lower bound of 1/3 on 7 is best
possible.

In Remark 1.4 and Proposition 1.5, we enumerated several graph parameters based on
which one could define general constructions avoiding trees 7" for which these parameters
have small value. It would be nice to add other parameters to this list, and would be
wonderful to prove that it is enough to consider a finite set of parameters to determine the
asymptotics of ex.(n,T) for all trees T. Of particular interest is the characterization of
those trees for which ex(n,T) — ¢(T) < ex.(n,T) < ex(n,T') holds for some constant
¢(T). As we have seen after Remark 1.4, balanced trees share this property assuming the
Erd&s-S6s conjecture.

Proposition 1.5 gave constructions that do not contain any tree 7" on k vertices with
given p(T'), d2(T), m(T'), and mo(T"). It would be interesting to figure out whether these
constructions are best possible. For a family G of graphs, we write ex.(n,G) to denote
the maximum number of edges in an n-vertex connected graph that does not contain any
G € G as a subgraph.

Problem 4.1. (1) For any k and p let 7, denote the set of trees 7" on k vertices with
p(T) < p. Determine ex.(n, 77310).

(2) Forany k and d > 3 let 7;0 4 denote the set of trees T on k vertices with d2(1) > d.
Determine ex.(n, T ;).

(3) For any k and m let 7;1,7” denote the set of trees T" on k vertices with m(T') > m.
Determine ex.(n, T, )-

(4) For any k and m let 7,2, denote the set of trees T" on k vertices with mq(T') < m.
Determine ex.(n, 773m)

As for special tree classes, one such class that could give some insight is the set of
spiders with all legs of at most 2 vertices. For the spider S = S22 21,1,...,1 With ¢ legs of

32,5,

two vertices and s legs consisting of a single vertex, we have |S| = 2¢t + s + 1, and
e v(T)=t+1if s >0,
« A(T)=t+s,
e mo(T) =4ift > 2.

The construction of Remark 1.4(1) based on maximum degree outperforms the one based
on the matching number in Remark 1.4(3) if s > ¢. But the one based on mg in Proposi-
tion 1.5(4) is better than both previous ones once s > 5 and ¢ > 2. It would be interesting
to see whether these constructions achieve the asymptotics of ex.(n, ).

Classical Turdn numbers are monotone with two respects: Firstly, if H is a subgraph of
F then ex(n, H) < ex(n, F'). This inequality is preserved for the connected Turdn number
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ex.(n, F') (excluding the small “undefined” cases Ko and Ps). Secondly, if m < n, then
ex(m, F) < ex(n,F). This property is not necessarily preserved by connected Turén
numbers for small values of n with respect to |T'|. There are several examples given by
our results, of the following type: ex.(|T| — 1,T) = (|T|271) > ex.(|T|,T); see e.g.
T = 5372,1.

Problem 4.2. Is it true that there exists a threshold ng (F) such that ex.(m, F') < ex.(n, F)
holds whenever ng(F) < m < n?
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Abstract

This article aims to provide exponential lower bounds on the number of non-isomorphic
k-gonal face-2-colourable embeddings (sometimes called, with abuse of notation, biem-
beddings) of the complete multipartite graph into orientable surfaces.

For this purpose, we use the concept, introduced by Archdeacon in 2015, of Heffer
array and its relations with graph embeddings. In particular we show that, under certain
hypotheses, from a single Heffter array, we can obtain an exponential number of distinct
graph embeddings. Exploiting this idea starting from the arrays constructed by Cavenagh,
Donovan and Yazici in 2020, we obtain that, for infinitely many values of k£ and v, there

, H(1/4)
are at least k3 +o0F) . 2" @rz To() non-isomorphic k-gonal face-2-colourable embeddings

of K, where H(-) is the binary entropy. Moreover about the embeddings of Ky, for

t € {1,2, k}, we provide a construction of 2" FEEED +o(v:k) non-isomorphic k-gonal face-
2-colourable embeddings whenever £ is odd and v belongs to a wide infinite family of
values.

Keywords: Topological embedding, non-isomorphic embedding, Heffter array.

Math. Subj. Class. (2020): 05C10, 05C15, 05B20, 54C25

1 Introduction

The purpose of this paper is to provide exponential lower bounds on the number of non-
isomorphic embeddings of the complete multipartite graph into orientable surfaces that
induce faces of a given length & (i.e. we investigate the so-called k-gonal embeddings). We
first recall some basic definitions, see [28].
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Definition 1.1. Given a graph I and a surface X, an embedding of T" in X is a continuous
injective mapping ¢: I' — 3, where I' is viewed with the usual topology as 1-dimensional
simplicial complex.

The connected components of 3 \ ¢(T") are said 1)-faces. Also, with abuse of notation,
we say that a closed walk F of T is a face (induced by the embedding ) if ¢)(F') is the
boundary of a i-face. Then, if each i)-face is homeomorphic to an open disc, the embed-
ding v is called cellular. If the boundary of a face is homeomorphic to a circumference (i.e.
is a simple cycle), such a face is said to be simple and if all the faces are simple we say that
the embedding is circular (or simple, following the notation of [32]). If moreover, the em-
bedding is face-2-colourable sometimes, with abuse of notation, we call it a biembedding.
In this context, we say that two embeddings ¢: I' — ¥ and ¢’: IV — X are isomorphic
if and only if there is a graph isomorphism o: I' — T such that o (F) is a ¢’-face if and
only if F'is a 1-face.

The existence problem of cellular embeddings of a graph I' into (orientable) surfaces
has been widely studied in the case of triangular embeddings, which are the ones whose
faces are triangular. This kind of embeddings has been investigated, at first, because their
construction was a major step in proving the Map Color Theorem [33]. Among the papers
related to this existence problem, we recall [3, 15, 16, 18, 19, 23, 26] where the natural
question of the rate growth of the number of non-isomorphic triangular embeddings of
complete graphs has been considered too. Moreover, due to the Euler formula, if there
exists a triangular embedding v from I to some surface ¥, ¢ minimizes the genus of 3.
For this reason, such kinds of embeddings are called genus embeddings. Two naturally
related questions are the investigation of the rate of the number of non-isomorphic genus
embeddings (see [21, 25]) and that of the k-gonal embeddings (see [17, 22, 24]).

In this paper, we consider the latter question and we study the rate growth of the number
of non-isomorphic k-gonal embeddings of the complete multipartite graph with m parts of
size t, denoted by K, «:. Here, we provide exponential lower bounds on this number for
several infinite classes of parameters &, m and ¢. Furthermore, our embeddings also realize
additional properties: the faces they induce are (in several cases) simple and it is possible
to color them within two colors, i.e. these embeddings are 2-face colorable. Finally, in the
cases where k is 3, we find new classes of genus embeddings.

The approach we use in this article is purely combinatorial and requires the notion of
combinatorial embedding, see [14, 34]. Here, we denote by D(I") the set of all the oriented
edges of the graph I" and, given a vertex = of I', by N (T, ) the neighborhood of z in T".

Definition 1.2. Let I" be a connected multigraph. A combinatorial embedding of T" (into
an orientable surface) is a pair II = (I', p) where p: D(I") — D(I") satisfies the following
properties:

e forany y € N(T', z), there exists y' € N (T, z) such that p(z,y) = (z,vy’);

* we define p, as the permutation of N (T, x) such that, given y € N(T', z), p(x,y) =
(z, p(y)). Then the permutation p, is a cycle of order |N (T, z)|.

It is well known that a combinatorial embedding of I is equivalent to a cellular embed-
ding of I in an orientable surface, see [1, 20, 29]. This observation leads us to study this
kind of embedding isomorphisms purely combinatorially. From the combinatorial point of
view, the faces are determined using the face-trace algorithm, see [1]. It is easy to see that
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the faces are closed walks (that is sequences of consecutive vertices and edges, denoted
by v1,v9,...,vx), the length of a closed walk is the number of its edges. If the faces are
simple then v; # v; for any 7 # j, so the closed walks are indeed cycles with k distinct
vertices and k edges. In this context, it is possible to rephrase the definition of embedding
isomorphism as done by Korzhik and Voss in [24], see page 61.

Definition 1.3. Let IT := (T, p) and II' := (I”, p’) be two combinatorial embeddings of,
respectively, I and T”. We say that II is isomorphic to II' if there exists a graph isomor-
phism o: I" — I" such that, for any (x,y) € D(I"), we have either

oop(z,y)=p oo(zy) (1.1)

or

oo p(z,y) = () oo(x,y). (1.2)
We also say, with abuse of notation, that o is an embedding isomorphism between I and TT'.
Moreover, if Equation (1.1) holds, o is said to be an orientation preserving isomorphism

while, if (1.2) holds, o is said to be an orientation reversing isomorphism.

This combinatorial approach has been developed in the literature into two kinds of di-
rections. The first one is the use of recursive constructions and has been applied to construct
triangular embeddings of complete graphs from triangular embeddings of complete graphs
of a lesser order. Within this method, it was first shown that there are at least gav?—o(v?)
non-isomorphic face-2-colourable triangular embeddings of the complete graph K, for
several congruence classes modulo 36, 60 and 84 (see [3, 16]) and then that, for an infinite
(but rather sparse) family of values of v, there are at least pbv’—o(v?) non-isomorphic face-
2-colourable triangular embeddings of K, (see [15, 18, 19]). Another consequence of these
kinds of recursive constructions is the existence of 2¢v”~°(v*) non-isomorphic Hamiltonian
embeddings of K, for infinitely many values of v (see [17]).

The second approach uses the current graph technique. Within this method, it was pro-
vided the first exponential lower bound (of type 2%) on the number of non-isomorphic
face-2-colourable triangular embeddings of K, for infinitely many values of v. Then, sim-
ilar results have been also given in the cases of genus and quadrangular embeddings (see
[22, 23, 24, 25]). The approach used in this paper belongs to this second family. The main
tool we will use is the concept of Heffter array, introduced by Archdeacon in [1] to provide
constructions of current graphs. Section 2 of this paper will be dedicated to introducing
this kind of array, to reviewing the literature on this topic and to further investigating the
connection with face-2-colourable embeddings. Then, in Section 3, we will deal with the
following problem: given a family of embeddings each of which admits Z, as a regu-
lar automorphism group (i.e. embeddings that are Z,-regular), how many of its elements
can be isomorphic? Proposition 3.4 will provide an upper bound on this number. In the
last two sections, we will consider some of the known constructions of Heffter arrays and
we will show that, under certain hypotheses, from each of such arrays we can obtain a
family of Z,-regular embeddings that is exponentially big. These families, together with
Proposition 3.4, will allow us to achieve the existence of an exponential number of non-
isomorphic k-gonal face-2-colourable embeddings of K, and K= . in several situations.
In particular, in Section 4 we will obtain that, when k is congruént to 3 modulo 4 and v
belongs to an infinite family of values, there are k3 +o(*%) . 29(F)v+o(v) non-jsomorphic k-
gonal face-2-colourable embeddings of K, where g(k) is a rational function of k. Finally,
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in Section 5, we will consider the embeddings of K 2t In this case, for t € {1,2,k},
we will provide a construction of 2M(¥)v+o(v.k) non-isomorphic k-gonal face-2-colourable
embeddings whenever k is odd, v belongs to a wide infinite family of values and where
h(k) is a rational function of k.

2 Heffter arrays and face-2-colourable embeddings

In this section we introduce the classical concept of Heffter array and its generalizations,
showing how these notions are useful tools for getting face-2-colourable embeddings of the
complete multipartite graph into an orientable surface.

An m x n partially filled array on a given set 2 is an m X n matrix with elements in {2 in
which some cells can be empty. Archdeacon [1] introduced a class of partially filled arrays,
called Heffter arrays, and showed how it is related to several other mathematical concepts
such as difference families, graph decompositions, current graphs and face-2-colourable
embeddings. These arrays have been then generalized by Costa and al. in [9] as follows.

Definition 2.1. Let v = 2nk 4+ ¢ be a positive integer, where ¢ divides 2nk, and let J be the
subgroup of Z,, of order t. A Heffter array over Z,, relative to J, denoted by Hy(m, n; h, k),
is an m X n partially filled array with elements in Z, such that:

(1) each row contains h filled cells and each column contains k filled cells;
(2) forevery x € Z,, \ J, either x or —x appears in the array;
(3) the elements in every row and in every column sum to O (in Z,,).

Example 2.2. Below we have an Hg(11;9), say A. Hence the elements of A belongs to
Zoo7 and we avoid the elements of the subgroup of Zsg7 of order 9.

10| 55| 101 | —90 13 | =22 —78 | 67| =56

=37 —-9| 45| 102 | -91 21| -20 -79 68

o8 | —47| -8 54 | 103 | =81 19 | —18 —-80
—70 | 59| -38| —=7| 44| 93|82 17| —-16

—71 60 | —48| —6| 53| 94| —-83 15| —14

-33 —-72| 61| -39 11 49 95 | —84 12
24 | =25 —73 62 | —43 4| 40| 96| -85

26 | —27 —74 1 63| —52 3] 50| 97| —86

—87 28 | —29 —75 | 64| —42 2| 41 98

99 | —88 30 | =31 —76 65| 51| -5 o7

36 | 100 | —89 32| =34 77| 66| —35 1

If ¢ = 1, namely, if J is the trivial subgroup of Zs,;+1, we find the classical Heffter
arrays defined by Archdeacon, which are simply denoted by H(m, n; h, k). It is immediate
that if there exists an Hy(m,n;h,k) then mh = nk, 3 < h < nand3 < k < m.
Also, m = n implies k& = h and an H;(n,n; k, k) is simply denoted by H;(n; k). The
most important result about the existence problem for Heffter arrays is the following, see
[2,5,13].

Theorem 2.3. An H(n; k) exists for everyn > k > 3.
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For other existence results on classical and generalised Heffter arrays see [32].

In [10] we introduced the further generalization of a A-fold Heffter array A over Z,
relative to J, denoted by *H;(m, n; h, k) replacing property (2) of Definition 2.1 with the
following one:

(2’) the multiset {+x | © € A} contains A times each element of Z, \ J, where v =
2nk
=+t

Note that if A > 1 then h and & can also be equal to 2.

Example 2.4. The following array A is a 2H(2, 5; 5, 2), in fact the multiset {+z | x € A}
contains 2 times each element of Z;; \ {0}.

1(-2 3 4 )
-1 21 -3 |—-4|-5

Anyway here we consider the case A = 1, since several of our constructions cannot be
naturally extended to the case A > 1, as it will be underlined in Remark 2.17.

The focus of this paper is not the existence problem of Heffter arrays, but their con-
nection with face-2-colourable embeddings. We point out that there are several papers
in which Heffter arrays have been investigated to obtain face-2-colourable embeddings see
[1,4,6,8, 10, 11, 12]. To present such a connection, now we have to introduce the concepts
of simple and compatible orderings.

In the following, given two integers a < b, by [a, b] we denote the interval containing
the integers {a,a + 1,...,b}. If @ > b, then [a, b] is empty. The rows and the columns of
an m x n array A are denoted by Ry, ..., R, and by (1, ..., C,, respectively. Also we
denote by £(A), E(R;), £(C;) the list of the elements of the filled cells of A, of the i-th
row and of the j-th column, respectively. Given a finite subset 7" of an abelian group G and
an ordering w = (1,12, ...,ty) of the elements of T, for any i € [1,k] let s; = > " t;
be the i-th partial sum of 7. The ordering w is said to be simple if s, # s, for all 1 <
a < b < k. We point out that if s, = 0 an ordering w is simple if no proper subsequence
of consecutive elements of w sums to 0. Note also that, if w is a simple ordering, then
w™l = (tg,tk—1,...,t1) is simple too. Given an m x n partially filled array A, by wg,
and we; we denote an ordering of £(R;) and £(C)), respectively. If for any 4 € [1,m] and
forany j € [1, 7], the orderings wg, and wc, are simple, we define by w, = wg, o---owr,,
the simple ordering for the rows and by w. = wc¢, o - - - o w¢,, the simple ordering for the
columns. Also, by natural ordering of a row (column) of A one means the ordering from
left to right (from top to bottom).

Definition 2.5. A partially filled array A on an abelian group G is said to be
* simple if there exists a simple ordering for each row and each column of A;
e globally simple if the natural ordering of each row and each column of A is simple.

It is easy to see that if & < 5 then every H;(n; k) is globally simple. By a direct check
one can see that the array of Example 2.2 is globally simple.

Definition 2.6. Given a relative Heffter array A, the orderings w,. and w, are said to be
compatible if w. o w, is a cycle of order |E(A)|.

Reasoning as in [11], we get the following.
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Theorem 2.7. Let A be a relative Heffter array Hy(m,n; h, k) that admits two compati-
ble orderings w, and w.. Then there exists a cellular face-2-colourable embedding o of
< Such that every edge is on a face whose boundary has length h and on a face
whose boundary has length k, into an orientable surface of genus

(nk—n—m—1)(2nk +t)

g=1+ 5

Konkte
t

Moreover, 0 is Zopk+i-regular.

Remark 2.8. As already remarked in the Introduction, in general, in Theorem 2.7, the
faces are closed walks, but if the array is simple with respect to the compatible orderings
w, and w, then the faces are cycles. Clearly, in this case the face-2-colourable embedding
is circular.

Now we recall the definition of the Archdeacon embedding, see [1]. Let A be an
Hy(m,n; h, k); we consider the permutation py on £E(A) = Zonke \ 25 Zo i,

where %Zgnkﬂ denotes the subgroup of Zs,, .+ of order ¢, so defined:

pola) = {—w,.(a) ifa € £(A); @1

we(—a)ifa € —E(A).

Note that the complete multipartite graph Kznri: ., is nothing but the Cayley graph on

Zonk++ with connection set =E(A), denoted by Cay|Zaonk+t : =E(A)]. Now, we define a
map p on the set of the oriented edges of this graph as follows:

p((z,z 4+ a)) = (z,2 + po(a)). (2.2)
Since py acts cyclically on +&(A), the map p is a rotation of Cay|Zaongrt : £E(A)].

Example 2.9. Let A be the Hg(11;9) given in Example 2.2. Consider the following order-
ing for the rows

wr = (10,55,101,—-90,13, —22, —78,67, —56)(—37, —9,45, 102, —91, 21, —20, —79, 68)
(58, —47,—8,54,103, —81, 19, —18, —80)(—70, 59, —38, — 7,44, 93, —82,17, —16)
(—71,60,—48,—6, 53,94, —83, 15, —14)(—33, —72, 61, —39, 11, 49,95, —84, 12)
(24, —25,—73,62, —43, 4, 40, 96, —85)(26, —27, —74,63, —52, 3,50, 97, —86)
(—87,28,—29,—75,64, —42,2,41,98)(99, —88, 30, —31, —76, 65, —51, —5, 57)
(36,100, —89, 32, —34, —77,66,—35, 1)

and the following ordering for the columns

we = (10,36,99, —87,24, —33, —70, 58, —37)(55, —9, —47,59, —71, —25, 26, —88, 100)
(101,45, —8, —38, 60, —72, —27, 28, —89)(—90, 102, 54, —7, —48, 61, —73, —29, 30)
(—91,103,44, —6, —39, 62, —74, —31, 32)(13, —81, 93,53, 11, —43, 63, —75, —34)
(—22,21, 82,94, 49, 4, —52, 64, —76)(—20, 19, —83,95, 40, 3, —42, 65, —77)
(—78,—18,17, —84,96,50,2, —51,66) (67, —79, —16, 15, —85,97, 41, —5, —35)
(—56,68, —80, —14, 12, —86, 98, 57, 1).

Hence,

weow, = (10,—9,—8,—7,—6,11,4,3,2,—5,1,99,100, 101, 102, 103, 93, 94, 95, 96, 97,
98,24, 26,28, 30,32, 13,21, 19, 17, 15,12, —70, —71, —72, =73, =74, — 75,
—76,—77, —178, —79, —80, —37, —47, —38, —48, —39, —43, —52, —42, —51,
—35, —56, 36, 55, 45, 54, 44, 53, 49, 40, 50, 41, 57, —87, —89, —91, —82, —84,
—86, —88, —90, —81, —83, —85, —33, —27, —31, —22, —18, —14, —25, —29,
—34,-20, —16, 58,59, 60,61, 62, 63, 64, 65, 66, 67, 68).
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So, since w, o w, is a cycle of order 99 = |£(A)| the orderings are compatible.

Looking for compatible orderings of a (globally simple) Heffter array leads us to con-
sider the following problem introduced in [7]. Given an m X n toroidal partially filled array
A, by r; we denote the orientation of the i-th row, precisely r; = 1 if it is from left to right

and r; = —1 if it is from right to left. Analogously, for the j-th column, if its orientation
¢; is from top to bottom then c¢; = 1 otherwise ¢c; = —1. Assume that an orientation
R = (r1,...,mm) and C = (c1,...,¢y) is fixed. Given an initial filled cell (i1, 71) con-
sider the sequence Lz c(i1,71) = ((i1,41), (42,92)s - - -, (ie, Ge), (Ge41,Jet1)s - -.) wWhere

Jet+1 is the column index of the filled cell (¢, je+1) of the row R;, next to (is, j¢) in the
orientation r;,, and where 7y is the row index of the filled cell of the column C}, , next
to (¢, je+1) in the orientation ¢;, .. Given an element (iy, jr) € Lg c(i1,71) we define
Sr.c(ik, jx) as the element (ig41, ju+1) € Lr c(i1,71). Itis easy to see that Sg ¢ is well
defined on the set of the filled cells of A.

The problem proposed in [7] is the following:

Crazy Knight’s Tour Problem. Given a toroidal partially filled array A, do there exist R
and C such that the list L ¢ covers all the filled cells of A?

The Crazy Knight’s Tour Problem for a given array A is denoted by P(A), known
results can be found in [7, 27]. Also, given a filled cell (3, j), if Lz ¢(%, j) covers all the
filled positions of A we will say that (R, C) is a solution of P(A). The relationship between
the Crazy Knight’s Tour Problem and (globally simple) relative Heffter arrays is explained
in the following result, see [11].

Corollary 2.10. Let A be a relative Heffter array Hy(m,n; h, k) such that P(A) admits a
solution (R,C). Then there exists a face-2-colourable embedding of K zui+¢ , ,, such that
every edge is on a face whose boundary has length h and on a face whose boundary has
length k, into an orientable surface.

Moreover if A is globally simple, then the face-2-colourable embedding is circular.

Example 2.11. Let A be the Hy(11;9) of Example 2.2. Let R = (1,1,...,1) and C =
(—1,1,1,...,1). Now we consider Sg ¢(1,1) and, in the following table, in each position
we write j if we reach that position after having applied Sk ¢ to (1, 1) exactly j times.

Ll L]
— | 0]56]13 |73 27 | 80 41 | 97 | 54
— 44| 1|57 |14 68 28 | 86 42 | 98
— | 88|45 | 2|58 |15 |74 29 | 81 43
— 1 33| 89 | 46 3159|1669 30 | 87
— 34190 47| 4160 |17 |75 31| 82
— | 77 35191 | 48 5161|1870 32
— | 22| 83 36192149 | 66219 ]| 76
— 23 | 78 3719350 7163120171
— | 66 24 | 84 38194 |51 8164 |21
— | 11| 72 25| 79 39195 | 52 9165
— | 55| 12 | 67 26 | 85 40 196 | 53 | 10

Note that Lz ¢(1,1) covers all filled cells of A, hence (R, C) is a solution of P(A).
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Remark 2.12. The orderings w, and w. of A described in Example 2.9, correspond to the
vectors R and C of Example 2.11, respectively. Hence, we also say that (R, C) induces the
cycle w. o w;..

Clearly, given an array A, a pair (R, C) is a solution of P(A) if and only if the induced
permutation w, o w, is a cycle of order |E(A)].

Now, to present the results of this section we need some other definitions and notations.
By skel(A) we denote the skeleton of A, that is the set of the filled positions of A. Given
an n X n partially filled array A, for i € [1,n] we define the i-th diagonal of A as follows:

D; ={(i,1),(i +1,2),...,(i — 1,n)}.

Here all the arithmetic on the row and column indices is performed modulo n, where
{1,2,...,n} is the set of reduced residues. The diagonals D;i1, D;y2,...,D;) are
called k consecutive diagonals. A set of t consecutive diagonals S = {D;11, D42, ..,
D;+} is said to be an empty strip of width t if D; 11, D;ya, ..., D;+ are empty diagonals,
while D; and D, are non-empty diagonals.

Definition 2.13. Let n, k be integers such thatn > k > 1. An n x n partially filled array
A is said to be:

* k-diagonal if the non-empty cells of A are exactly those of k diagonals;

e cyclically k-diagonal if the non-empty cells of A are exactly those of k£ consecutive

diagonals;
* k-diagonal with width t1,ts, ..., ts if it is k-diagonal and has s empty strips with
width ¢1, ¢, .. ., ts, respectively;

* k-diagonal with width t if it is k-diagonal and all its empty strips have width ¢.

Clearly a cyclically k-diagonal array of size n is nothing but a k-diagonal array with
width n — k. Note that the array of Example 2.2 is 9-diagonal with width 1.

Lemma 2.14. Let A be a partially filled array. If (R,C) is a solution of P(A), then also
(=R, —C) is a solution of P(A).

Proof. By Remark 2.12, if (R, C) is a solution of P(A), then the induced cycle w, ow, has
order |£(A)|. Clearly also (w.ow,)~! = w;tow ! isacycle of the same order. The same
holds if we consider the conjugate w;. o (w, L ow 1) ow !t =w tow, !, hence (-R,—C)
is a solution, too. O

Lemma 2.15. Let A be a cyclically k-diagonal array of sizen >kandlet R=(1,1,...,1).
If (R,C) is a solution of P(A), then also (C,R) is a solution of P(A).

Proof. We can assume, without loss of generality, that (1,1) is a filled cell of A. If (R, C)
is a solution of P(A), then the induced cycle w, o w, has order |E(A)|. Now, since if we
commute w,. and w, we still obtain a cycle of order |E(A)|, then (C,R) is a solution of
P(A?), where by A® we denote the transposed of A. Note that, in general, A and A? do
not have the same skeleton. Before concluding the proof, we present an example in order
to illustrate this fact. Here A is a cyclically 4-diagonal array of size 6 (we put a “e” in the
filled cells), R = (1,1,1,1,1,1), as in the hypothesis, and C = (1,-1,-1,1,—1,1).
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LIt 1 AR AR AR AR VIS
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Figure 1: Arrays A, At and B.

Note that, instead of A?, we can consider the array B on the right obtained from A? by
a translation on the rows of length £k — 1. We point out that B has the same skeleton of
A. We remark that applying (C,R) to A’ is equivalent to apply (C,R) to B, where if
R = (ri,72,...,mn),then R = (7, ...,7n,71,...,7_1). Since R = (1,1,...,1) then
also R = (1,1,...,1). Hence (C,R) is a solution of P(B), but skel(B) = skel(A), so
(C,R) is a solution of P(A) too. O

Proposition 2.16. Let A and B be two distinct (globally simple) Hy(m, n; h, k)s such that
E(A) = E(B). Assume that both A and B admit compatible orderings and denote them,
respectively, by (w2, w?) and by (wB,wB). Then (WA, w?) and (WB,wP) determine the
same (circular) k-gonal face-2-colourable embedding of K 2n+. ., if and only ifo.);.“ =wp
and w? = wB.
Proof. Suppose, by contradiction, that there exists a € £(A) = £(B) such that w?(a) #
wB(a) or wA(a) # wB(a). In the following we assume, without loss of generality, that
the previous condition holds for the rows. Hence, recalling Equations (2.1) and (2.2), from
wA(a) # wP(a), it follows that the maps p** and p? are different. Therefore (w?,w?') and
(wB,w?P) determine different k-gonal face-2-colourable embeddings of K ank-+t .
Conversely, if we have that w* = w? and w = wB the maps p' and pf coincide and
hence also p = pZ. In this case the compatible orderings of A and of B determine the

same k-gonal face-2-colourable embedding of K znk+t . O
t

Remark 2.17. Let A be an H;(m,n;h, k). It is not hard to see that distinct solutions of
P(A) induce distinct orderings w, and w,. of the rows and columns of A, respectively.
Also, distinct permutations determine distinct face-2-colourable embeddings of K LTSS
These facts, in general, do not hold for AH, (m,n;h, k) with A > 1. In the following ex-
ample we show how two distinct solutions of P(A), where A is a A-fold Heffter array with
A > 1, induce the same permutations w, and w.. Moreover, when A > 1, the definition
of the Archdeacon embedding is more complicated since the complete multipartite multi-
graph " K (22k 1) xt has repeated edges, see [10]. In this case, one could show that distinct

solutions of P(A) can induce the same face-2-colourable embedding.
Example 2.18. Let A be the 2H(2,5;5,2) of Example 2.4. Set R = (1,1), C; =
(1,1,1,1,1), Co = (1,—1,—1,1,—1). It is easy to see that (R,C;) and (R,Cs) are two
distinct solutions of P(A). Anyway they induce the same permutations:

Wr = (17 _25 37 47 5)(_1’ 27 _37 _45 _5)a

we = (1,-1)(—2,2)(3, —3) (4, —4)(5, —5).
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Corollary 2.19. Let A and B be two k-diagonal (globally simple) Hy(n; k)s such that:

(1) there exists a non-empty diagonal D; where A and B coincide;
(2) E(A) = &E(B) and skel(A) = skel(B);

(3) both P(A) and P(B) admit a solution denoted, respectively, by (R a,Ca) and by
(Rp,CB).

Then (Ra,Ca) and (Rp,Cp) determine the same (circular) k-gonal face-2-colourable
embeddings 0fK2nl§+t ¢ ifand only if A= B and (Ra,Ca) = (RB,Cp).

Proof. Clearly,if A = Band (R4,C4) = (Rp,Cg), we obtain the same face-2-colourable
embedding.

Now, assume that (R 4,C4) and (R 5, Cp) determine the same k-gonal face-2-colourable
embedding of K%Xr We have to prove that A = B and (R4,Ca) = (Rp,Cp). At

this purpose we will first suppose, by contradiction, that (R 4,C4) # (Rp,Cg), then we
will also consider the possibility that A # B. Our assumption means that either R4 # R p
or CA 7§ CB.

In the first case, there exists an index ¢ such that (r4); = —(rp)¢. Moreover, up to
translate on the torus the cells of the Heffter arrays A and B, we can assume, without loss
of generality that £ = 7 = 1.

Here we set by w/,w? the orderings induced by (R4,Ca) on the elements of £(A)
and by wZ, w2 the orderings induced by (Rp,Cp) on the elements of £(B). We also
denote the non-empty elements of the first row of A, following the natural ordering, by
(@1,1,01,ip,---,014,). Then, since (ra); = —(rp)1 and since, due to Proposition 2.16,
wA = wB, we have that the non-empty elements of the first row of B are, following the
natural ordering, (a1,1,a1,i,---,0a1,4,) Where aj ;, is in the io-th column and a, ;, is in
the ix-th column. Now we consider the element a;, ;, in position (iz,i2) of A. Since,
in the diagonal D;, the arrays A and B coincide, we have that a,, ;, is also the element
in position (i2,42) of B. Here we note that, in the array A the elements a;, ;, and a; 4,
belong both to the i9-th column. On the other hand, in the array B they belong to different
columns: a;, ;, is in the io-th and aq ;, is in the ¢,-th. But this implies that the orbits of
@i, i, under the action of w4 and w? are different and hence, due to Proposition 2.16, we
would obtain the contradiction that (R4,C4) and (Rp,Cp) determine different face-2-
colourable embeddings.

We obtain a similar contradiction also in the case C4 # Cp and hence we have proved
that (RA, CA) = (RB, CB).

It is left to prove that A = B. At this purpose we suppose, by contradiction, that there
is a position (¢1,¢3) where A and B are different and we consider the element a of D;
that belongs to the ¢;-th row. Due to Proposition 2.16 we have that w?(a) = w?(a) and,
inductively, that (w)7(a) = (wP)’(a) for any j € [1,k]. Since skel(A) = skel(B) and
Ra = Rp, it follows that the ¢;-th row of A and that of B are equal. But this would
imply that also the elements in position (¢1,¢2) of A and B coincide that contradicts our
hypothesis. It follows that A = B. O

3 On the maximum number of isomorphic embeddings

Given an embedding II, we will denote by Aut(II) the group of all automorphisms of II
and by Aut™(TI) the group of the orientation preserving automorphisms. Similarly, we
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will denote by Autg(II) the subgroup of Aut(Il) of the automorphisms that fix 0 and by
Autg (IT) the group of the orientation preserving automorphisms that fix 0. We remark that,
since an orientable surface admits exactly two orientations, Aut™ (IT) (resp. Autg (IT)) is a
normal subgroup of Aut(IT) (resp. Auto(IT)) whose index is either 1 or 2. In the following,
when we consider a Z,-regular embedding II of I", we identify the vertex set of I with Z,,
and we assume that the translation action is regular. We denote by 7, the translation by
g,ie. 74: V(I') = Z, — V(') = Z, is the map such that 7,(z) = = + g. Applying
this convention, we have that 7, € Aut(II) for any g € Z,. Moreover, in the case of the
Archdeacon embedding, recalling Equation (2.2), the translations also belong to Aut™ (IT).

Remark 3.1. Let IT and IT' be two isomorphic Z,-regular embeddings of K, where
v = mt. Given an embedding isomorphism o: IT — II’ and g € Z,,, we define

Gog =00 Tg_l oo o To(g)-
Moreover, if (0) = 0 then, since ¢, 4(0) = 0, we obtain that:
¢gvg S Aut()(H/).

Proposition 3.2. Let Iy, I1; and 115 be Z,-regular embeddings of K,,x+, where v = mt.
Let us suppose there exist two embedding isomorphisms o1 : 111 — 1lg and o9 1Is — Il
such that, considering o1 and oo as maps from Z,, to Z,, the following properties hold:

(1) 01(0) = 02(0) = 0;
(2) 01(1) = 09(1);
(3) 9511 = 90, .1-
Then the identity map from 11, to 11y is an isomorphism.
Proof. We note that, due to hypothesis (3), we have that:
Por,1 =010 7'1_1 ) 01_1 O Ty (1) = 02 071_1 o 02_1 O Tyy(1) = Poa,1-

Since, because of hypothesis (2), 01(1) = o2(1) the maps 7, (1) and 7,,(;) coincide.
Reducing these maps from the composition, we obtain that:

01071_1001_1:02071_1002_1, 3.1

Note that Equation (3.1) can be rewritten as:

1

(02_1001)07'1_1:7'1_ o(az_loal),

hence we have that:
710(051001)2(051001)071. (3.2)

Setting oy 5 := 0, " 0 01, by definition of 71, it results
T oo12(x) =o012(x) +1,

and
o1207(x) =01 2(x + 1).
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Therefore, Equation (3.2) can be written as:
0’1_’2(% + 1) = 0'1’2(1') + 1.

Since, for hypothesis (1), 01(0) = 02(0) = 0 we can prove, inductively, that o1 2(x) = z
that is o1 o = ¢d. It follows that the identity map from II; to Il is an isomorphism of
embeddings. [

Proposition 3.3. Let 11 be an embedding of K, «+ where m > 2. Then we have that:
| Auto(TT)| < 2| Autd (IT)] < 2|N(Kpxi, 0)| = 2(m — 1)t.

Proof. Since Aut (IT) is a normal subgroup of Autg (IT) whose index is at most two, it suf-
fices to prove that | Auty (TT)| < |N (K x¢,0)|. Because of the definition, o € Autg (IT)
implies that, for any & N (K, x¢,0):

cop(0,z) =poo(0,x).

Recalling that p(0,z) = (0, po(z)) for a suitable map pg: N(Kpxt,0) = N(Kinxt,0),
we have that:

ogop(0,z) = (0,00 po(x)) = (0,p9 0 0(x)) = poc(0,x). (3.3)

Since [N (Kmxt,0)| = (m—1)t, we can write pg as the cycle (21 =1, 22,23, ..., T(mm_1))-
Then, setting o(x1) = x;, Equation (3.3) implies that:

(Oa 0'(132)) = (O7p0 © 0'(171)) =po 0'(071'1) = (O7Ii+1)'
Therefore, we can prove, inductively, that:
o(zj) = Tjti-1

where the indices are considered modulo (m — 1)t. This means that |y (x,, .,.0) = Pp
and that o is fixed in N (K, x¢,0) when the image of one element is given. In particular
since po has order (m — 1)t, there are at most |N (K, «+,0)| possibilities for the map
O N (Kpr,0)-

Now we need to prove that, if two automorphisms o and o of Autg(II) coincide in
N (Kpmxt,0), they coincide everywhere. Set 01 2 = o5 Lo gy, this is equivalently to prove
that o o is the identity. Given x € N (K, x¢, 0) we have that oy 2(x) = « and hence o 2
belongs to the subgroup Aut’ (IT) of Aut™ (II) of the elements that fix z. Proceeding as
before we prove that o1 2| n(x,, ..« is fixed when the image of one element is given. But
now we note that 0 € N (K, x¢, x) and we have that o1 2(0) = 0. It follows that

012|N (K ,2) = id-
Since o7 and o5 coincide in N (K, «¢,0), we also have that

0-172|N(K7n><t70) = Zd'
Now the thesis follows because, for m > 2,

V(Kmxt) = N(Kmxt7 0) U N(Kmxhx)'
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Proposition 3.4. Ler F = {Il,, : o € A} be a family of Z,-regular distinct embeddings
of Koy xt where v = mit and m > 2. Then, if 11, is isomorphic to 1y for any a € A, we
have that:

[F| < 2| Auto(To)| - [N (Kmx, 0)| < 4[N (Kpmx, 0)[* = 4((m — 1)t)*.
Moreover, if for any o € A and any g € Z,, the translation T, belongs to Aut™(11,), then:
| F| < 2[ Autg (Io)| - [N (Kmxe, 0)] < 2IN(Kpxe, 0)° = 2((m — 1)t)%.

Proof. We can assume Il € F and let us denote by o, an isomorphism between II,
and Il that fixes 0. Note that this isomorphism exists since F is a family of Z,-regular
embeddings. Let us assume, by contradiction that

|.F‘ > 2|Aut0(1_[0)\ . |N(Km><t,0)|

We note that, for any o € A, ¢, 1 € Auto(Ily). Since o, is an isomorphism that fixes 0,
04 (1) belongs to N (K, x¢, 0) if and only if 1 belongs to N (K, «+,0). It follows that, we
have at most

max(|N(Kpxt,0)],v — 1 = |[N(Knxt,0)]) = max((m — 1)t,t —1) = (m — 1)t

possibilities for o,,(1). Therefore, due to the pigeonhole principle, we would have that
there exist Iy, II5 and II3 in F such that:

(1) 01(1) = 0'2(1) = 0'3(1);
(2) ¢0171 = ¢0271 = ¢0371-

Hence, due to Proposition 3.2, we would have that the identity is an isomorphism both from
II, = (thl) to Iy = (Fz,pg) and from II; = (Flapl) to II3 = (Fg,pg). It follows
from Definition 1.3 that 'y = 'y = I's and py, p3 € {p1, p; ' }. But this means that either
II; = II; or II; = IlI3 or Il = II3. In each of these cases we would obtain that the
elements of F are not all distinct that contradicts the hypotheses.

We remark that, in case the translations are all elements of Aut™ (II,) (for every
a € A), ¢,,.1 would be an element of Aut] (Tly) and hence we can substitute Aut(IIy)
with Aut{ (Ilp) in the previous argument. This leads us to obtain:

O

Remark 3.5. Clearly if ¢ = 1 the complete multipartite graph K, is nothing but the
complete graph of order m. Hence the results of Propositions 3.3 and 3.4 hold also for the
complete graph.

4 Embeddings from Cavenagh, Donovan and Yazici’s arrays

We consider now the family of embeddings of K, obtained by Cavenagh, Donovan, and
Yazici in [6]. In their constructions, all the face boundaries are cycles of length k.



598 Ars Math. Contemp. 24 (2024) #P4.02 / 585-608

Set the binary entropy function by H (p) := —plog, p— (1—p) log, (1 —p) and denoted
by H(m) the cardinality of the derangements on [0, m — 1], we will use the following, well
known, approximations:

m m
m! ~ V2mr (?) , (4.1)
(m > Nt omAW), 4.2)
pm 2mn(1 —p)p
H(m) ~ m!/e, (4.3)

where the symbol ~ means that the two quantities are asymptotic: their ratio tends to 1 as
m tends to infinity. We will also use the simbol 2 in case the lim inf of the ratio between
two quantities, as m tends to infinity, is greater than or equal to 1.

Theorem 4.1 (Cavenagh, Donovan and Yazici [6]). Let v = 2nk + 1, k = 4t + 3 and let
n =1 (mod 4) be either a prime or n. > (7k + 1)/3. Moreover, if n = 0 (mod 3), we
also assume that k = 7 (mod 12). Then, the number of distinct circular k-gonal face-2-
colourable embeddings of K, is, at least, of:

(n—2)[H(t —2)]* ~ (n — 2)[(t —2)!/e]?.

Also, for all such embeddings and all g € Z,, T4 is an orientation preserving automor-
phism.

Using Proposition 3.4 and Theorem 4.1, we can prove the following result.

Theorem 4.2. Letv = 2nk + 1, k = 4t + 3 and let n = 1 (mod 4) be either a prime
orn > (Tk + 1)/3. Moreover, if n = 0 (mod 3), we also assume that k = 7 (mod 12).
Then, the number of non-isomorphic circular k-gonal face-2-colourable embeddings of K,
is, at least, of:

(n—2)[H(t —2))? - Tt — 2)2t-5
2(2nk)? 64e2t—27,

o KE/20R) 1y,

Proof. Let us consider, for given k£ and v, the distinct circular k-gonal face-2-colourable
embeddings of K, provided in [6]. Let us partition these embeddings into families of iso-
morphic ones. The thesis easily follows because, due to Proposition 3.4, each of these
families has size at most 2(v — 1)? = 8(nk)2. Then the lower bound on the number
of non-isomorphic circular k-gonal face-2-colourable embeddings of K, can be approxi-
mated using the Stirling formula for the factorial, that is Equation (4.1), and the approxi-
mation (4.3). O

Now we will show that, studying carefully the Crazy Knight’s Tour Problem for the
Heffter arrays found by Cavenagh, Donovan and Yazici it is possible to get many other
circular k-gonal face-2-colourable embeddings of K,,.

We consider here a k-diagonal array A of size n > k and vectors R = (1,...,1) and
C € {—1,1}", whose —1 are in positions £ = (e1,...,e,) where e; < e3 < -+ < e,.
We state a characterization, obtained with the same proof of Lemma 4.19 of [7], of the
solutions of P(A) that have a trivial vector R, i.e. R = (1,...,1).
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Lemma 4.3. Let k > 3 be an odd integer and let A be a k-diagonal array of size n > k,
widths s1, 2, . .., s; and with non-empty diagonal Dy. Then the vectors R = (1,...,1)
and C € {—1,1}", where the positions of each —1 in C are described by E, are a solution
of P(A) if and only if:

(1) for any j € [1,n], the list E covers all the congruence classes modulo d;, where
d; = ged(n, s5);
(2) the list L ¢(1,1) covers all the positions of {(e, e)|e € E}.

Proposition 4.4. Let k be an odd integer, n > 8k be a prime, and let A be a k-diagonal
Heffter array H(n; k) whose filled diagonals are Dy, Ds, ..., Dyx_3, Dy_1, Di, Diy1.
Then, the number of distinct solutions of P(A) is at least of:

[n/2k] vk I H(1/4)+3
2 (k] % a2

Proof. Let us consider a subset E = (ey,...,e,) of [1,n] where e; < e5 < --+ < e, that
satisfies the following properties:

~

(1) the elements ey, ..., e, of E are integers equivalent to 1 modulo 2k;
(2) r = |E| is coprime with k — 2.

A set E/ with such properties can be constructed as follows. Let r be a prime in the range
(s> 17 that exists because of Bertrand’s postulate. Then we choose r elements ey, .. ., e,
among the [n/2k] integers equivalent to 1 modulo 2k contained in [1,n]. The number of

such choices is at least of 2] T /2k]
(") = (et

Note that, due to the approximation for the binomial coefficients, see Equation (4.2), this
number can be approximated to

(W%W) > VE pxnamee

(n/sk1) ™ V3rn
Hence, in order to obtain the thesis, it suffices to prove that, set R = (1,1,...,1) and
Cg € {—1,1}™ whose —1 are in positions £ = (ey,...,e.), (R,Cg) is a solution for

P(A). Indeed, according to Lemma 2.14, the number of distinct solutions of P(A) would

be, at least, of
2([”/2’“]) > vk odH(1/4)+3
[n/8k|) ~ /3mn

Since n is a prime, condition (1) of Lemma 4.3 is satisfied. We need to check that also con-
dition (2) of the same lemma holds. At this purpose, we consider an element
(e,e) € Dy with e € E, then there exists a minimum m > 1 such that S% -((e, €)) =
(¢',¢') for some ¢’ € E. We define the permutation we on E as we(e) = €’. We need to
prove that we is a cycle of order r. Given e € F, the second cell of the form (¢’, ¢’) with
e’ € E we meet in the list L ¢(e, e) is reached after the following moves:

(1) from (e, e) we move backward into the diagonal D, with steps of length & until we
reach a cell of the form (e; + k, e; + k) withe; € F;
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(2) from Sgc(e; +k,e; + k) = (e; + (k — 1), e;) we move forward into the diagonal
Dy with steps of length 1 until we reach the cell (e;41 — 1+ (kK — 1),e,41 — 1),
where the indices are considered modulo r (as for the rest of this proof);

(3) from Sgc(eir1 — 1+ (k—1),ei41 — 1) = (ei41 + (kK — 4), e;41) we move for-
ward into the diagonal Dj,_5 with steps of length 1 until we reach the cell (e;1.0—1+
(k—4), e;42—1); we reiterate this procedure into the diagonals Dy,_5, D7, ..., Dy;

(4) since k is odd, we arrive to the cell (e;4(x—3)/2+1, €4 (k—3)/2) € D2 from which we
move forward with steps of length 1 until we reach the cell (ei_,_(k_l) /25
Cit(k—1)/2 — 1);

(5) from SR,C <€i+(k71)/2a €it(k—1)/2 1) = (ei+(k,1)/2 + k7 ei+(k71)/2) we move for-
ward into the diagonal Djy; with steps of length 1 until we reach the cell
(ei+(k+1)/2 —1+keiphyry/2 — 1); we reiterate this procedure into the diagonals
Dy, 1 (here with steps of length 2),Dy,_y4, ..., Ds;

(6) since k is odd, we arrive to the cell (e (r—1), ei+(k71)> € D that is the second one
of the form (¢/, ¢’) € Dy with ¢’ € E we meet in the list Lz ¢(e, e).

We denote by + the cyclic permutation of the elements of E defined by (e, ...,e,.). We
note that since the distances between elements of E are multiples of k, in the first step of
the above procedure we apply the permutation 4~ . Then, from the previous discussion,
it follows that we = v*~1 o y~1 = 4*~2, Since r is coprime with k& — 2 and  is a cycle
of order 7, then we is also a cycle of order r and hence condition (2) of Lemma 4.3 is
satisfied. O

Remark 4.5. We note that, if n is sufficiently large, in the proof of Proposition 4.4, the
choice of 7 could also be done in the range [A%, 7;-] where X is smaller than 1/4. In fact,
if |ﬁ — )\%| > k — 2, we can find r coprime with £ — 2 also in this range. It follows that,
given \ < 1/4, we can replace the exponent g7 - H(1/4) of the previous proposition with
2% - H(2)). However, due to the complications in the notations, we believe it is better to

write the statement in the “clearest” case.

Theorem 4.6. Let v = 2nk + 1, k = 4t + 3 and let n = 1 (mod 4) be a prime greater
than 8k. Then the number of distinct circular k-gonal face-2-colourable embeddings of K,
is, at least, of:

ozt H(1/4)+3

2(n — 2)[H(t — 2)]2 ((”/2k1> > [(t —2)1)%\/ (4t + 3)n

(n/8k]) ~ 2\/31

Also, for all such embeddings and all g € Z,, T4 is an orientation preserving automor-
phism.

Proof. We note that, if n is a prime, each array of the family F,, j, := {4; : i € A, 1} of
globally simple H (n; k)s constructed in [6] satisfies (setting v = 2p + 2) the hypotheses
of Proposition 4.4. Therefore, for each array A; of F,, j, the number of solutions of P(A;)

is at least of:
2([”/%1) > vk 93k -H(1/4)+3
[n/8Kk]/) ~ /3mn
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We also recall that, due to Theorem 4.1, the number of such arrays is at least of:
(n—2)[H(t —2))> = (n—2)[(t — 2)!/e]%.

Now we note that, given n and k, these arrays have all the same entries and skeleton,
and coincide in at least 5 diagonals. Therefore, because of Corollary 2.19, however we take
A; € F; and a solution of P(A;), we determine a different embedding.

It follows that the number of distinct circular k-gonal face-2-colourable embeddings of
K, is, at least, of:

2(n — 2)[H(t — 2)) ngl]ﬂ) > Wﬁﬂu/m;

By Proposition 3.4 and Theorem 4.6, it follows that:

Theorem 4.7. Letv = 2nk+1, k = 4t+3 andletn = 1 (mod 4) be a prime greater than
8k. Then the number of non-isomorphic circular k-gonal face-2-colourable embeddings of
K, is, at least, of:

(n—2) fn/2k1) -~ [(E =20 ey HO/)

(2nk)? [H(t —2)]? (f”/glﬂ T2 3r(n(dt + 3))3

~ k§+o(k) .oV B(T;i;g) +o(v)

Proposition 4.8. Let k be an odd integer, s1 > 1, and let A be a k-diagonal Heffter array
H(n; k) whose filled diagonals are D1, Da, ..., D;, Dits,, Ditsi+2, Ditsi+3, -« s Dhtsy-
Assuming that ged(n,2) = ged(n, s1) = ged(n, k + s1 — 1) = 1, the number of distinct
solutions of P(A) is at least of 2(5).

Proof. Let us consider a subset E = (e1,e2) where e; < ey of [1,n]. Hence in order
to obtain the thesis, it suffices to prove that, set R = (1,1,...,1) and Cg € {-1,1}"
whose —1 are in positions E = (e1,es2), (R,Cg) is a solution for P(A). Indeed, due to
Lemma 2.14, the number of distinct solutions of P(A) would be, at least, of 2(7). Since
n is coprime with 2, s; and k£ + s; — 1, condition (1) of Lemma 4.3 is satisfied. We need
to check that also condition (2) holds. Defined w¢ and + as in the proof of Proposition 4.4,
we obtain that, also here, we = 7’“*2. Since ~y is a cycle of order 2 and k — 2 is odd, we is
also a cycle of order 2. Hence condition (2) of Lemma 4.3 is satisfied. O

Theorem 4.9. Let v = 2nk + 1, k = 4t + 3 and let n = 1 (mod 4) be such that
n > (Tk 4+ 1)/3. Moreover, if n = 0 (mod 3), we also assume that k = 7 (mod 12).
Then the number of distinct circular k-gonal face-2-colourable embeddings of K., is, at
least, of:
n n3[(t — 2)1)?
2(n —2 H(t —2))* ~ ———5.
=) (5 )te - 2 ~ S

Also, for all such embeddings and all g € Z,, T4 is an orientation preserving automor-
phism.

Proof. The thesis follows from Proposition 4.8 reasoning as in the proof of Theorem 4.6.
O
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From Proposition 3.4, it follows that:

Theorem 4.10. Let v = 2nk + 1, k = 4t + 3 and let n = 1 (mod 4) be such that
n > (7k 4+ 1)/3. Moreover, if n = 0 (mod 3), we also assume that k = 7 (mod 12).
Then the number of non-isomorphic circular k-gonal face-2-colourable embeddings of K.,
is, at least, of:

n—2 (n 2 _ n[(t—Z)!]2 N -

S Embeddings from cyclically k-diagonal Heffter arrays

We note that the bounds obtained in Theorems 4.7 and 4.10 grow more than exponentially
in k but they have some restrictions on the considered values of n. Furthermore, they grow
exponentially in n only when n is a prime. For this reason, in this section, we will provide
lower bounds that grow exponentially in n on the number of k-gonal face-2-colourable
embeddings not only of complete graphs but also of complete multipartite graphs.

First of all, we need to recall the following existence result reported in [31] (see Corol-
laries 3.4 and 3.6) on cyclically k-diagonal Heffter arrays.

Lemma 5.1. Given n > k > 3, then there exists a cyclically k-diagonal Heffter array
H(n; k) in each of the following cases:

(1) t € {1,2} and k = 0 (mod 4) [2, 30];

) te{1,2}, k=1 (mod 4) andn = 3 (mod 4) [8, 13];
(3) te{1,2}, k=3 (mod 4) andn = 0,1 (mod 4) [2];
4 t=k k=1 (mod 4) andn =3 (mod 4) [9];

(5) t =k k=3 (mod 4) andn = 0,3 (mod 4) [9];

(6) t € {n,2n}, k = 3andn is odd [11].

Moreover, in [8] and in [11], it is also proved the following existence result on globally
simple cyclically k-diagonal Heffter arrays.

Lemma 5.2. Given n > k > 3, then there exists a globally simple, cyclically k-diagonal
Heffter array Hy(n; k) in each of the following cases:

() te{1,2}, k€ {3,5,7,9} and nk = 3 (mod 4);
(2 t=k ke{3,5,7,9} andn =3 (mod 4);
(3) t € {n,2n}, k =3 and n is odd.

The goal will be now to find an exponential family of solutions of P(A) where A is one
of those arrays and then to proceed by using the following remark.

Remark 5.3. Let us assume we have M distinct solutions of P(A) where A is a given
(globally simple) cyclically k-diagonal Heffter array H;(n; k) and k is an odd integer.
In this case we may assume, without loss of generality, that the filled diagonals are Dy,
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Da,...,D@y1y2 and Dy, Dy 1, ..., Dy (3 /2. Then, if we consider A?, we have that
skel(A) = skel(A?) and hence any solution of P(A) is also a solution of P(A?). More-
over, A and A? coincide on D; and £(A) = E(A?). Therefore, due to Corollary 2.19, there
are at least 2M distinct Zg,,,+¢-regular (circular) k-gonal face-2-colourable embeddings
of K 2nkett Then, because of Proposition 3.4, the number of non-isomorphic (circular)

k-gonal face-2-colourable embeddings of K 2nk+t ¢ 1S, at least, of %

t

For a cyclically k-diagonal array A, we recall a characterization, provided in [7], of the
solutions of P(A) that have vector R = (1,...,1).

We consider here a cyclically k-diagonal array of size n > k and vectors R = (1,...,1)
andC € {—1,1}", whose —1 are in positions E = (ey,...,e,) wheree; < eg < -+- < e,.
We note that, given e € FE, there exists a minimum m > 1 such thate — m(k — 1) = ¢”
(mod n) for some €’ € E. We define the permutation wy ¢ on E as wy ¢(e) = ¢”. Finally
we define the permutation wp ¢ on £ = (e1,...,€,) as wa c(€;) = €4 (x—1) Where the
indices are considered modulo r. Then, in [7], it is proven that:

Lemma 5.4. Let k > 3 be an odd integer and let A be a cyclically k-diagonal array of size
n > k. Then the vectors R := (1,...,1) and C € {—1,1}", whose —1 are in positions
E = (e1,...,e.) wheree; < ey < --- < ey, are a solution of P(A) if and only if:

(1) the list E covers all the congruence classes modulo d, where d = ged(n, k — 1);
(2) the permutation wy ¢ o w1 ¢ on E is a cycle of order r = |E|.

Proposition 5.5. Let A be a cyclically 3-diagonal Heffter array Hi(n; 3) where n > 3 is
an odd integer. Then the number of distinct solutions of P(A) is, at least, of 237+2,

Proof. Let us consider a subset E = (ey,...,e,) of [1,n] where the elements ey, ..., e,
are odd integers such thate; < ey < :-- < e,.

We note that the set O of odd elements in [1, 7] has cardinality %3

2
of subsets of O is then at least of 22™. It follows that the number of possible choices
for F is, at least, of 257, Hence, in order to obtain the thesis, it suffices to prove that,
set R = (1,1,...,1) and Cg € {—1,1}" whose —1 are in positions E = (ey,...,e,),
(R,Cg) is a solution for P(A). Indeed, due to Lemmas 2.14 and 2.15, the number of
distinct solutions of P(A) would be, at least, of 23142,

Here we denote by + the cyclic permutation of the elements of E defined by (eq, ..., e;).
In this case, since k — 1 = 2 we have that wy ¢ = 72. Similarly, since the elements of E/
are all odd integers, w1 ¢ = v~ 1. It follows that wa ¢ 0 wy ¢ = . Since n is odd, we also
have that d = gcd(n, 2) = 1 and hence both the conditions of Lemma 5.4 are satisfied and
(R,Cg) is a solution of P(A). O

> %n The number

We can also provide a similar construction for arbitrary odd k. In this case, we still
obtain an exponential lower bound to the number of solutions of P(A) but, here, if we
consider k = 3, the exponent is worse than that of Proposition 5.5.

Proposition 5.6. Let A be a cyclically k-diagonal Heffter array Hy(n; k) where n > 4k—3
and k are odd integers such that gcd(n, k — 1) = 1. Then the number of distinct solutions
of P(A) is, at least, of

[n/(k—1)] 2(k —1) 2y H(1/4)43
4<[n/(4k—4)]> RN 3nr 2 :
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Proof. Let us consider a subset £ = (eq,...,e,) of [1,n], where e; < es < -+ < e, that
satisfies the following properties:

(1) the elements ey, ..., e, of E are integers equivalent to 1 modulo k£ — 1;
(2) r = |E| s an integer coprime with k — 2.

A set I/ with such properties can be constructed as follows. Let r be a prime in the range

[ﬁ, ﬁ] that exists because of Bertrand’s postulate. Then we choose r elements
e1,...,e. among the [n/(k—1)] integers equivalent to 1 modulo &k — 1 contained in [1, n].

The number of such choices is at least of

(") ()

Note that, due to the approximation for the binomial coefficients, see Equation (4.2), this
number can be so approximated

n/(k—1)] 8(k—1), = (/)
( IE ’ ‘

n/(4k —4)] 3nm
Hence, also here, in order to obtain the thesis, it suffices to prove that, set R = (1,1,...,1)
and Cy € {—1,1}"™ whose —1 are in positions E = (e, ..., e,), (R,Cg) is a solution for

P(A). Indeed, due to Lemmas 2.14 and 2.15, the number of distinct solutions of P(A)
would be, at least, of

[n/(k—1)] 2(k —1) S H(1/4)43
i )= ? |

n/(4k — 4)] 3nm
Now we proceed as in the proof of Proposition 5.5. We denote by ~y the cyclic permu-
tation of the elements of E defined by (e1, ..., e,). In this case we have that wa ¢ = v¥~ 1.

Similarly, since the elements of F are all integers equivalent to 1 modulo k—1, wy ¢ =y~ 1.
It follows that ws ¢ o w1 ¢ = v*¥~2 which is a cyclic permutation on E of order 7 because
r is coprime with & — 2. Since we have assumed that d = ged(n,k — 1) = 1, both the

conditions of Lemma 5.4 are satisfied and hence (R, Cg) is a solution of P(A). O

Remark 5.7. As already noted in Remark 4.5, also here, if n is sufficiently large and given
A < 1/2, we can replace the exponent ;"5 - H(1/4) of the previous proposition with
kﬁl - H(X). However, also in this case, we believe it is better to write the statement in the
“clearest” case.

Proposition 5.8. Let A be a cyclically 7-diagonal Heffter array Hy(n;7) where n > 120
is an odd integer. Then the number of distinct solutions of P(A) is, at least, of

( /6] ) U TSP vy
In/24] ) ~

Proof. We divide the proof in two cases. If ged(n, 6) = 1, the thesis follows from Propo-
sition 5.6. In fact, in this case, the number of distinct solutions of P(A) is, at least, of

! ( le//;jw) =4 (L%EJ)'

Otherwise, we have that ged(n,6) = 3. In this case we consider a subset £ =
(e1,...,e.) of [1,n], where e; < ea < --- < e, that satisfies the following properties:
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(1) e =1land ey = 2;
(2) the elements es, . .., e, of E are integers equivalent to 3 modulo 6;

(3) r = |E| is equivalent to 4 modulo 5.

We note that the number of integers equivalent to 3 modulo 6 in [1,n] is 23] > [%].
Now, we fix 7 = 4 (mod 5) in [5%, 75]. Then the number of possible choices for a set F

of cardinality » among the integers equivalent to 3 modulo 6 is, at least, of

(1) > () 2 g2 80

As usual, we denote by  the cyclic permutation of the elements of F defined by
(e1,...,e.). Here we have that we ¢ = +° and that, for z & {eq,e2,e3}, wic = 771
It follows that, if = Q/ {61,62,63}, Wac Oowic = ’)/5, that is wa,c © (,«.}17@(61‘) = €45
for i ¢ {1,2,3} and where the indices are considered modulo r. Due to the definition,
we also have that wy c(e1) = e1, wic(e2) = ez and wyc(ez) = e,. It means that
wacowrc(er) =7%(e1) = er, wacowrclea) =75(e2) = es and wa ¢ 0wy c(e3) = eg.

Since r = 4 (mod 5), we have that:

5 _
v = (61566766—&-5’ <oy €6r_3,€2,€7,...,6r_2,€3,€315,...,€6r_1,€E4,...,€p,

€5, .. .,er_4).

It follows that wy ¢ o wy ¢ is the cycle of order r given by:

(61767a <o+ 3y€r_2,€3,€6,€645,...,6r-3,€2,€8,...,€6r_1,€4,...,€Ep,€5,.. 'ae'r‘74)~

Moreover, since E covers all the congruence classes modulo 3 in [1, n], both the conditions
of Lemma 5.4 are satisfied and (R,Cg) is a solution of P(A). Finally, the thesis follows
because, due to Lemmas 2.14 and 2.15, from each such solution (R,Cg) we obtain four
different solutions of P(A). O

Theorem 5.9. Let n > 3 and t be such that eithert € {1,2} andn =1 (mod 4) ort =3

and n = 3 (mod 4) ort € {n,2n} and n is odd. Then, set v = 6n + t, the number of

non-isomorphic circular 3-gonal face-2-colourable embeddings of Ken+: ., is, at least, of:
t

21)/12+0(1;) lft c {17 2, 3}7
~ 21}/14+0(7j) lft =n;

2v/16+o('u) lff; — .

271,/2

In2

Proof. For these sets of parameters n and ¢, Lemma 5.2 assures the existence of a cyclically
k-diagonal H,(n; 3), say A. Then, due to Proposition 5.5, the problem P(A) admits at least
27/2+2 solutions. The thesis follows from Remark 5.3. O

Remark 5.10. If ¢ = 1, namely if we are considering the complete graph K, 1, the
lower bound of Theorem 5.9 is surely worse than the ones already obtained in the literature
(see [3, 15, 16, 18, 19]). On the other hand, we want to underline that our result is still
exponential in v and holds also for other values of £.
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Theorem 5.11. Let k € {5,7,9}, let n > 120 and t be such that either t € {1,2} and
nk = 3 (mod 4) ort = kand n = 3 (mod 4). Then, set v = 2nk + t, the number of
non-isomorphic circular k-gonal face-2-colourable embeddings of K 2nri+ , is, at least,

of:
ln/(k—1)] 2(k=1) 9| 527 - H(1/4)+1
(Ln/(4k74)J) s V 3nr 2tF o 9V AL L o(u k)
(nk)? ™~ (nk)? '
Proof. We proceed as in the proof of Theorem 5.9 by using Propositions 5.6 and 5.8 instead
of Proposition 5.5. U

Theorem 5.12. Let k > 9 be odd, let n > 4k — 3 and t be such that either t € {1,2} and
nk =3 (mod 4) ort = kandn = 3 (mod 4). Assume also that gcd(n,k — 1) = 1 and
set v = 2nk + t. Then the number of non-isomorphic, non necessarily circular, k-gonal
face-2-colourable embeddings of K 2nkit is, at least, of:

[n/(k=1)] [ 2(k=1) o35 H(1/4)+1
((n/(4k—4ﬂ) > Snm 25 %21).;;5;/741)#0@,&)

(nk)> ™~ (nk)?
Proof. We proceed as in the proof of Theorem 5.9 by using Lemma 5.1 instead of Le-
mma 5.2 and Proposition 5.6 instead of Proposition 5.5. O
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Abstract

A circulant nut graph is a non-trivial simple graph such that its adjacency matrix is
a circulant matrix whose null space is spanned by a single vector without zero elements.
Regarding these graphs, the order—degree existence problem can be thought of as the math-
ematical problem of determining all the possible pairs (n,d) for which there exists a d-
regular circulant nut graph of order n. This problem was initiated by BaSi¢ et al. and the
first major results were obtained by Damnjanovi¢ and Stevanovi¢, who proved that for each
odd ¢t > 3 such that t %0 1 and ¢t #;5 15, there exists a 4t¢-regular circulant nut graph
of order n for each even n > 4t 4 4. Afterwards, Damnjanovi¢ improved these results by
showing that there necessarily exists a 4t-regular circulant nut graph of order n whenever
t is odd, n is even, and n > 4t + 4 holds, or whenever t is even, n is such that n =4 2,
and n > 4t 4 6 holds. In this paper, we extend the aforementioned results by completely
resolving the circulant nut graph order—degree existence problem. In other words, we fully
determine all the possible pairs (n, d) for which there exists a d-regular circulant nut graph
of order n.

Keywords: Circulant graph, nut graph, graph spectrum, graph eigenvalue, cyclotomic polynomial.
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1 Introduction

In this paper we will consider all graphs to be undirected, finite, simple and non-null.
Thus, every graph will have at least one vertex and there shall be no loops or multiple

*The author is supported by Diffine LLC.
E-mail addresses: ivan.damnjanovic @elfak.ni.ac.rs (Ivan Damnjanovic¢)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/



610 Ars Math. Contemp. 24 (2024) #P4.03 / 609-641

edges. Also, for convenience, we will take that each graph of order n has the vertex set
{0,1,2,...,n—1}.
A graph G is considered to be a circulant graph if its adjacency matrix A has the form

ag ay az -+ Qp-—1

Gp—1 Qg ap -+ Gp-2

A — |Qn—2 QAn-—1 agp e An—3
ay a9 as ... ao

Here, we clearly have ag = 0, as well as a; = a,—; forall j = 1,n—1. A concise
way of describing a circulant graph is by taking into consideration the set of all the values
1 <j < 5 suchthat a; = a,—; = 1. We shall refer to this set as the generator set of a
circulant graph and we will use Circ(n, S) to denote the circulant graph of order n whose
generator set is S.

A nut graph is a non-trivial graph whose adjacency matrix has nullity one and is such
that its non-zero null space vectors have no zero elements, as first described by Sciriha in
[10]. Bearing this in mind, a circulant nut graph is simply a nut graph whose adjacency
matrix additionally represents a circulant matrix. The study of regular nut graphs was
initiated by Gauci et al. [7], who proved that there exists a cubic nut graph of order n if
and only if n = 12 or 2 | n, n > 18 and that there exists a quartic nut graph of order n if
and only if n € {8,10,12} or n > 14. These results were later extended by Fowler et al.
[6, Theorem 7], who determined all the orders that a d-regular nut graph can have for any
5 < d < 11. In the aforementioned paper, the following question was also asked regarding
the existence of vertex-transitive nut graphs.

Problem 1.1 (Fowler et al. [6, Question 9]). For what pairs (n, d) does a vertex-transitive
nut graph of order n and degree d exist?

The necessary conditions for the existence of a d-regular vertex-transitive nut graph of
order n were further derived in the form of the next theorem.

Theorem 1.2 (Fowler et al. [6, Theorem 10]). Let G be a vertex-transitive nut graph on n
vertices, of degree d. Then n and d satisfy the following conditions. Either d =, 0, and
n=0andn>d+4;ord=42 andn =4 0andn > d + 6.

Afterwards, BaSi¢ et al. [2] demonstrated that there exists a 12-regular nut graph of
order n if and only if » > 16. While doing so, the study of circulant nut graphs was ini-
tiated and several results concerning these graphs were disclosed, alongside the following
conjecture.

Conjecture 1.3 (Basi¢ et al. [2]). For every d, where d =4 0, and for every even n, n >
d + 4, there exists a circulant nut graph Circ(n, {s1, $2, 83, . . -, Sa }) of degree d.

Damnjanovi¢ and Stevanovi¢ [4, Lemma 18] quickly disproved Conjecture 1.3 by
showing that for each d such that 8 | d, a d-regular circulant nut graph cannot have an
order that is below d + 6. However, Conjecture 1.3 did indirectly bring up an interesting
question which represents a natural follow-up of Question 1.1 and of an earlier question
regarding the existence of regular nut graphs [7, Problem 13]:
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Problem 1.4. What are all the pairs (n, d) for which there exists a d-regular circulant nut
graph of order n?

Henceforth, we shall refer to Question 1.4 as the circulant nut graph order—degree ex-
istence problem, and we will use Ny to denote the set of all the orders that a d-regular
circulant nut graph can have, for each d € Ny. Regarding the aforementioned problem,
there are several basic facts that can quickly be noticed, as demonstrated by Damnjanovié
and Stevanovi¢ [4]. First of all, it is easy to show that every d-regular circulant nut graph
of order n must satisfy 4 | d and 2 | n. Moreover, for any odd ¢ € N, a 4¢-regular circulant
nut graph cannot have an order below 4t + 4, while for any even ¢ € N, such a graph cannot
have an order smaller than 4¢ + 6, as already discussed.

Furthermore, Damnjanovi¢ and Stevanovié¢ [4] have managed to construct a 4¢-regular
circulant nut graph of order n for each even n > 4t + 4, provided ¢ is odd, ¢t Z1o 1 and
t #15 15. This result is disclosed in the following theorem.

Theorem 1.5 (Damnjanovi¢ and Stevanovi¢ [4]). For each odd t > 3 such that t %19 1
and t #15 15, the circulant graph Circ(n,{1,2,3,...,2t + 1} \ {t}) is a nut graph for
each evenn > 4t + 4.

Thus, Theorem 1.5 fully determines Ay; for infinitely many odd values of ¢. On top of
that, Damnjanovi¢ and Stevanovi¢ [4, Proposition 19] have also found the set

N ={14}U{neN:2|nAn>18}. (1.1)

In this scenario, it is interesting to notice that a surprising “irregularity” exists due to the
absence of an 8-regular circulant nut graph of order 16.

Afterwards, Damnjanovié¢ [3] succeeded in improving the previously disclosed results
by finding the set Ny for each odd ¢t € N:

Ny ={neN:2|nAn>4t+4} (Vt €N, 211).
This result is an immediate corollary of the next two theorems.

Theorem 1.6 (Damnjanovié [3]). For each oddt € N and n > 4t + 4 such that 4 | n, the
circulant graph

n n n n n
ire (n,{1,2,...t—1 {f,f 1} {——t—l,‘..,——Q,—— })
Cu"c(n{ U YRR U 5 ( ) 5 5

must be a 4t-regular nut graph of order n.

Theorem 1.7 (Damnjanovi¢ [3]). For eacht € N and n > 4t + 6 such that n =4 2, the
circulant graph

. n+2 n+6 n n n
C1rc<n,{l,2,...,t—l}u{ — }U{2—(t— ),...,2_2,2_1})

must be a 4t-regular nut graph of order n.

In this paper, we fully resolve the circulant nut graph order—degree existence problem
by finding NV for each d € Ny. The main result is given in the following theorem.



612 Ars Math. Contemp. 24 (2024) #P4.03 / 609-641

Theorem 1.8 (Circulant nut graph order—degree existence theorem). For each
d € Ny, the set Ny can be determined via the following expression:

@, d=0Vv4{d,
N: 2 An>d+4 d=g 4
Ny — {n e |nAn>d+ 4}, s 4, (12)
{14} U{neN:2|nAn>18}, d=38,
{neN:2|nAn>d+ 6}, 8| dAd>16.

The result given in the case d = 0V 4 1 d of Equation (1.2) is straightforward to see,
while the expression corresponding to the case d = 8 follows directly from Equation (1.1).
Given the fact that the case d =g 4 represents an immediate corollary of Theorems 1.6
and 1.7, as we have already mentioned, the only remaining case left to be proved is when
8 | d Ad > 16. However, Theorem 1.7 tells us that for each such d, there does exist a
circulant nut graph of every order n such that n =4 2 and n > d + 6. Thus, taking every-
thing into consideration, in order to complete the proof of Theorem 1.8, it only remains to
be shown that for each even ¢ > 4, there must exist a 4¢-regular circulant nut graph of each
order n such that 4 | n and n > 4¢ + 8. This is precisely the task that the remainder of the
paper will solve.

The structure of the paper shall be organized in the following manner. After Section 1,
which is the introduction, Section 2 will serve to preview certain theoretical facts regarding
the circulant matrices, circulant nut graphs and cyclotomic polynomials which are required
to successfully finalize the proof of Theorem 1.8. Afterwards, we shall use three separate
constructions in order to show the existence of all the required circulant nut graphs. In
Section 3 we will construct a 4¢-regular circulant nut graph of order 4¢ + 8, for each even
t > 4, thereby showing that such a graph necessarily exists. After that, Section 4 will be
used to show that, for any even ¢ > 4, there exists a 4¢-regular circulant nut graph of order
n for each n > 4t + 16 such that 8 | n. Subsequently, Section 5 will demonstrate the
existence of a 4¢-regular circulant nut graph of order n for each n > 4¢ + 12 such that
n =g 4, where t > 4 is an arbitrarily chosen even integer. Finally, Section 6 shall provide
a brief conclusion regarding all the obtained results and give two additional problems to be
examined in the future.

2 Preliminaries

It is known from elementary linear algebra theory (see, for example, [8, Section 3.1]) that
the circulant matrix

ao ai Az - Qp-1

Gp—1 Qg [ Gp—2

A= |On-2 GQp-1 @ - Gp-3
ai a2 as ao

must have the eigenvalues
P(1), P(w), P(w?),..., P(w™ 1Y),

where w = €= is an n-th root of unity, and

P(m) =ag+a1r + a2$2 4+ anflxn_l.
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Starting from the aforementioned result, Damnjanovi¢ and Stevanovi¢ [4] have man-
aged to give the necessary and sufficient conditions for a circulant graph to be a nut graph
in the form of the following lemma.

Lemma 2.1 (Damnjanovi¢ and Stevanovié¢ [4]). Let G = Circ(n, S) where n > 2. The
graph G is a nut graph if and only if all of the following conditions hold:

* 2|n;
o S consists of t odd and t even integers from {1, 2,3,...,5 — 1},f0r somet > 1;
» P(w?) #0foreachj € {1,2,3,...,% —1}.

Suppose that we are given an arbitrary circulant graph of even order n whose generator
set is non-empty and contains equally many odd and even integers, all of which are positive
integers smaller than 7. Taking into consideration Lemma 2.1, it becomes apparent that in
order to show that such a graph is a nut graph, it is sufficient to prove that it satisfies the
third condition given in the lemma. In other words, it is enough to demonstrate that, for
this graph, the polynomial P(x) € Z[z] has no n-th roots of unity among its roots, except
potentially —1 or 1.

Furthermore, it is clear that ("7 = C% for each 7 = 1,n — 1 and each n-th root of
unity ¢ € C. Bearing this in mind, we quickly obtain that

50 i S1 i Sk—1 1
P(C) = (( + CSO) + << + CSI) +eot (C +<S“) 2.1)

for an arbitrary n-th root of unity ¢ and circulant graph G = Circ(n, S), where S =
{s0, 51, 2, - -, Sk—1}, provided all the generator set elements are lower than g Sections 3,
4 and 5 will all heavily rely on Equation (2.1), as well as Lemma 2.1, whilst proving that
the soon-to-be constructed circulant graphs are indeed nut graphs.

Last but not least, it is crucial to point out that the cyclotomic polynomials shall play a
key role in demonstrating whether or not certain polynomials of interest contain the given
roots of unity among their roots. The cyclotomic polynomial ®,(z) can be defined for each

b € Nvia
oy(x) = [[(z - 9),
3

where ¢ ranges over the primitive b-th roots of unity. It is known that these polynomials
have integer coefficients and that they are all irreducible in Q[x] (see, for example, [1]).
Hence, an arbitrary polynomial in Q[x] has a primitive b-th root of unity among its roots if
and only if it is divisible by ®(z).

While inspecting whether certain integer polynomials are divisible by cyclotomic poly-
nomials, we will strongly rely on the following theorem on the divisibility of lacunary
polynomials by cyclotomic polynomials.

Theorem 2.2 (Filaseta and Schinzel [5]). Let P(x) € Z[x] have N nonzero terms and let
by (x) | P(x). Suppose that p1,pa, . .., px are distinct primes such that

(pj—2)>N—2.

k
=1

J

Let e; be the largest exponent such that pjj | b. Then for at least one j, 1 < j < k, we
have that ®y () | P(z), where b’ = -
P

] .
fi
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3 Construction for n = 4t + 8

In this section, we will demonstrate that for each even ¢ > 4 there does exist a 4¢-regular
circulant nut graph of order 4¢ + 8. In order to achieve this, we shall provide a concrete
example of such a graph, for each even ¢ > 4, and then prove that the given graph is
indeed a circulant nut graph. While constructing these graphs, we will rely on two different
construction patterns.
will give us our desired result provided ¢ =4 2. In the rest of the section we present the two
according lemmas.

Lemma 3.1. For eacht > 4 such that 4 | t, the circulant graph
Circ(4t +8,{1,2,3,...,2t + 3} \ {t + L, t + 3,t + 4})
must be a 4t-regular circulant nut graph of order 4t + 8.

Proof. Letn = 4t+ 8. First of all, we know that ¢+ 1 and ¢ + 3 are odd, while ¢t 44 is even,
which directly tells us that the given circulant graph does have a non-empty generator set
that contains equally many odd and even integers, all of which are positive, but smaller than
5. Thus, by virtue of Lemma 2.1, in order to prove the given lemma, it is sufficient to show
that the polynomial P(x) has no n-th roots of unity among its roots, except potentially 1
or —1.

Let ¢ € C be an arbitrary n-th root of unity that is different from both 1 and —1. By
implementing Equation (2.1), we swiftly obtain

2t+3
PO =30 (€ +7) = (4T = (¢ ) = (),

j=1

However, since ¢ # 1, we know that

n—1
>0
j=0

4t4-7
= C—Qt—3 Z CJ =0
j=0
2t+4
— >, ¢=0
j=—2t—3
2t+3
= T 1+ ) (F+¢T) =0
j=1
2t+3
e Z (C] + C—J) = _1— <2t+4.

Jj=1



1. Damnjanovié: Complete resolution of the circulant nut graph order—degree existence ... 615

Thus, the condition P({) = 0 quickly becomes equivalent to

P)=0

—s B I B e B )

— _<t+4(_1 _ <2t+4 _ <t+1 _ C_t_l _ <t+3 _ C—t—?) _ Ct+4 _ C_t_4) =0

— CSt+8 + C2t+8 + C2t+7 + C2t+5 + Ct+4 + Cd + C + 1=0.
G.1)

We will finish the proof of the lemma by dividing the problem into two cases depending on
the value of 2.

Case (7 = —1. In this case, we have (¥4 = —1, hence ¢3'*8 = —(**%, which means
that Equation (3.1) leads us to

P(()=0
— <2t+8+<-2t+7+<2t+5+<3+§+1:0
= ==+ +C+1=0
RN 1—(420
= ¢t =1.

However, (* = 1 cannot possibly hold. Moreover, ( # 1, —1 by definition, while 7 and —i
do not satisfy the conditions i = —1 and (—i)% = —1 due to the fact that 4 | 2¢ + 4.
Thus, P(¢) = 0 does not hold for any n-th root of unity ¢ that is different from both 1 and
—1 and such that (2 = —1.

Case (2 = 1. In this scenario, we immediately see that (3¢+8 = ¢**4, which further helps
us obtain from Equation (3.1)

P(() =0
— C2t+8_’_<-2t+7+4—2t+5+2<—t+4+c3+<+1 =0
= CHEF AT EHCF1=0
— 20 Lt 23+ 2+ 1=0. (3.2)

We now divide the problem into two subcases depending on the value of ¢ 7.

Subcase ¢t = —1. Here, it is clear that (*** = —(2, which means that Equation (3.2)
directly transforms to

P =0 <= (*+28%-2C3+2(+1=0.

However, the polynomial * + 223 — 222 + 22 + 1 € Q[z] has no roots of unity among its
roots, as demonstrated in Appendix D. This means that P(¢) = 0 cannot possibly hold for
any ( that is an n-th root of unity, as desired.

Subcase (i = 1. In this subcase, we obtain (**% = (2. Thus, Equation (3.2) gives us

P()=0
= 4203 42024+204+1=0
— (CC+1)(¢+1)*=0

— G+1=0.
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Now, by taking into consideration that i1 = (—i)% = —1 due to the fact that 2 = t4+2 =4
2, we clearly see that for any n-th root of unity ¢ € C different from 1 and —1 and such
that (7 = 1, the equality ¢ + 1 = 0 truly cannot hold. Hence, we reach P(¢) # 0 once
again. [

Lemma 3.2. For eacht > 6 such that t =4 2, the circulant graph
Circ(4t +8,{1,2,3...,2t + 3} \ {t — 2,t + 1,t + 3})
must be a 4t-regular circulant nut graph of order 4t + 8.

Proof. Let n = 4t 4+ 8. It is clear that ¢ — 2 is even, while ¢ + 1 and ¢ 4 3 are odd,
which implies that the given circulant graph has a non-empty generator set that contains
equally many odd and even integers, all of which are positive and lower than 5. By relying
on Lemma 2.1, we know that in order to finalize the proof of the lemma, it is enough to
demonstrate that the polynomial P(z) has no n-th roots of unity among its roots, except
potentially 1 or —1.

We will use a very similar strategy to complete the proof as it was done in Lemma 3.1.
Let ¢ € C be an arbitrary n-th root of unity such that { # 1, —1. By using Equation (2.1),
we immediately get

2t+3
PQ) = (¢ = (¢ ¢ — (¢ ) = (¢ ).

j=1

Now, we can use the same equality Z2t+3 (¢F 4 ¢77) = =1 — ¢*"** that was proved in
Lemma 3.1 in order to conclude that

P =0

— —1— <2t+4 _ Ct—? _ C—t+2 _ <t+1 _ C_t_l _ Ct+3 _ <—t—3 =0

— 7<t+3(71 o C2t+4 o §t72 o <7t+2 o Ct+1 o Cftfl o <t+3 o C7t73) =0

— C3t+7 + C2t+6 + C2t+4 + C2t+1 + Ct+3 + C5 + <2 + 1=0.
(3.3)

We shall finish the proof by dividing the problem into two cases depending on the value of
¢z.

Case (3 = —1. Here, we see that (2'** = —1, hence ¢(3*7 = —('*3. On behalf of
Equation (3.3), P({) = 0 becomes further equivalent to

P(¢) =0
— C2t+6+<2t+4+<2t+1+C5+C2+1:O
= - -1- C3+§5+< +1=0
1
<~ <5—§_0
—



1. Damnjanovié¢: Complete resolution of the circulant nut graph order—degree existence ... 617

However, % = 2t + 4, where ¢t =4 2, which means that 8 | g This implies that whenever
some eighth root of unity is raised to the power of Z, it yields 1, not —1. Hence, the equality
¢8 = 1 cannot possibly hold for any n-th root of unity ¢ € C such that (2 = —1. Thus,
we obtain P({) # 0, as desired.

Case ¢z = 1. In this case, it is clear that (3*+7 = ¢**3, which allows us to implement
Equation (3.3) in order to reach

P(()=0
— <2t+6+C2t+4_’_C2t+1+2Ct+3+<5+c2+1:0
— <2+1+<—13+2§”3+§5+<2+1:0
= 43(2¢t+3+§5+2<2+2+23>=0
— 200 L B rac+2¢3+1=0. (3.4)

We now divide the problem into two subcases depending on the value of ¢ .
Subcase (i = —1. In this subcase, we know that (‘T6 = —(*, hence Equation (3.4)
quickly implies
P) =0
— 420> —20" +203+1=0
= (C+1D*-*+2-3+1=0.

n

Furthermore, we have i = (—i)% = 1 due to the fact that 2 = ¢ + 2 =4 0, which means

that ¢2 + 1 # 0. This leads us to
P)=0 <= (-t +20°-C+1=0.

However, the polynomial 2° — 2* + 22% — 22 + 1 € Q[z] has no roots of unity among its
roots, as shown in Appendix D. This implies that P(¢) # 0 for any n-th root of unity ¢
suchthat ¢ #1,—1and (% = —1.

Subcase (i = 1. Here, we get (16 = ¢*, which enables us to use Equation (3.4) to swiftly
obtain

P(()=0
— G20 +2¢ +2833+1=0
= (DA —20°+3¢ =200 +3C2 -2 +1)=0
— O =20 +3¢" -2 +3¢* -2 +1=0.

The polynomial 26 — 225 + 32* — 223 + 322 — 22+ 1 € Q[x] has no roots of unity among
its roots, as demonstrated in Appendix D. This clearly shows that P(¢) = 0 cannot hold,
as desired. O

4 Construction for 8 | n An > 4t + 16

In this section we will give a constructive proof of the existence of a 4¢-regular circulant
nut graph of any order n € N such that n > 4¢ + 16 and 8 | n, for any even ¢ > 4. In order
to achieve this, we will prove the following theorem.
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Theorem 4.1. For any event > 4 and any n > 4t + 16 such that 8 | n, the circulant graph
Circ(n, S} ,,) where
Szﬂl = {LQ,...,t—S}U{t—1¢}U{%;%—|—2}
n

n n n n
T OO P P Y
U{Q 2 ( )y 2 (t=3) 2 2
must be a 4t-regular circulant nut graph of order n.

For starters, it is clear that the set Sé_’n is well defined, given the fact that { < % and
% +2< % — ¢ for each even ¢ > 4 and each n > 4t + 16 such that 8 | n. Moreover, it
is not difficult to see that this set necessarily contains equally many odd and even integers,
all of which are positive and smaller than 5. By virtue of Lemma 2.1, in order to prove
Theorem 4.1, it is sufficient to show that P(x) has no n-th roots of unity among its roots,
except potentially 1 or —1.

The proof of Theorem 4.1 will be carried out in a fashion that is very similar to the
strategy used by Damnjanovic [3]. Thus, we will rely on a few auxiliary lemmas which will
be used in order to finalize the proof in a more concise manner. We start off by defining the
following two polynomials

Qi(z) =
Rt(x) =

2$2t+1 _ 2.’172t_1 + 2$2t—2 + $t+3 _ .’17t+2 4 Jlt_l _ :Et—Z _ 2.’173 4 2.’172 _ 2’
2$2t+1 _ 21,21571 + 21,21572 _ It+3 + xt+2 _ 4It+1
t t—1 t—2 3 2
+dx" — 2"+ = 2x° 4 227 — 2,

for each even t > 6. Now, since it is clear that 3 < ¢t — 2 and ¢ + 3 < 2t — 2 hold for any
even t > 6, we see that Q;(x) must have exactly 10 non-zero terms, while R, (z) surely
has exactly 12 non-zero terms. Let L} and L} be the sets containing the powers of these
terms, respectively, i.e.

Ly ={0,2,3,t—2,t — 1t +2,¢t+3,2t — 2,2t — 1,2t + 1},
Ly ={0,2,3,t —2,t — 1, t,t + 1,t + 2,6+ 3,2t — 2,2t — 1,2t + 1},

for each even ¢t > 6. In the next lemma we will show one valuable property regarding these
two sets.

Lemma 4.2. For each event > 6 and each 8 € N, § > 10, L} must contain an element
whose remainder modulo [ is unique within the set. Also, for each even t > 6 and each
B €N, B > Tsuchthat 8 {t, L} necessarily contains an element whose remainder modulo
B is unique within the set.

Proof. 1tis clear that, for any 8 > 7, the elements ¢t — 2,¢t — 1,¢,t + 1,¢ + 2,¢ 4+ 3 must all
have mutually distinct remainders modulo 3. If the element ¢ — 1 were to have a distinct
remainder modulo 3 from all the remainders of the elements 0, 2, 3,2t — 2,2t — 1,2t + 1,
then this value would represent an element of the set L}, as well as the set L}, which
has a unique remainder modulo 3 inside the said set. The lemma statement would swiftly
follow from here. Now, suppose otherwise, i.e. that the value ¢ — 1 does have the same
remainder modulo /3 as some number from the set {0, 2, 3,2t — 2,2t — 1, 2¢ + 1}. We will
finish the proof off by showing that the lemma statement holds in this scenario as well. For
convenience, we will divide the problem into six corresponding cases.
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t=g —2 t=g0 t=g1 t=53 tE@4

0=g 0 0 0 0 0
2=g 2 2 2 2 2
3=p 3 3 3 3 3
t—2=g —4 —2 -1 1 2
t—1=4 -3 —1 0 2 3
=3 —2 0 1 3 4
t+1=g —1 1 2 4 5
t+2=g 0 2 3 5 6
t+3=g 1 3 4 6 7
2t —2 =g —6 —2 0 4 6
2t —1=p -5 -1 1 5 7
2t+1=g -3 1 3 7 9

Table 1: The elements of the sets L} and L} modulo 3, for certain values of ¢ mod S.

Caset — 1 = 0. In this case we obtain ¢ =g 1. From Table 1 it is now clear that the
element ¢ — 2 must have a unique remainder modulo £ in both L} and L.

Caset — 1 =g 2. In this case we get t =g 3. Once again, Table 1 tells us that the element
t — 2 must have a unique remainder modulo /3 in both L} and L}

Caset — 1 =g 3. Here, we conclude that £ =g 4. According to Table 1, we see that the
element ¢ necessarily has a unique remainder modulo 3 in L}, whenever 3 > 7. On the
other hand, if # > 10, then the element O certainly has a unique remainder modulo 8 within
the set L.

Caset—1 =g 2t —2. In this scenario we get ¢ =g 1, hence this case is solved in absolutely
the same way as the previous case t — 1 =3 0.

Caset —1 =g 2t — 1. Here, we immediately get ¢ =g 0. By virtue of Table 1, we see
that the element 0 has a unique remainder modulo $ in the set L}. On the other hand, the
set L} contains no element with a unique remainder modulo 3. In fact, we can group the
elements of L into six equivalence pairs according to their remainders modulo 3. We will
rely on this fact later on.

Caset — 1 =g 2t + 1. In this case, we obtain t =g —2. It is easy to see from Table 1 that
whenever S > 10, the element ¢ — 2 must have a unique remainder modulo 5 within the
set L. Similarly, if 8 > 7, then the element ¢ + 1 surely has a unique remainder modulo
inside the set L} . O

Now, by implementing Lemma 4.2, we are able to prove the following lemma regarding
the divisibility of Q;(z) and R;(x) polynomials by certain polynomials that shall be of later
use to us.

Lemma 4.3. For any even t > 6 and each 8 > 10, the polynomial Q¢(x) cannot be
divisible by a polynomial V(x) € Q[z] with at least two non-zero terms such that all of
its terms have powers divisible by (3. Similarly, for any even t > 6 and each > 7, the
polynomial Ry(x) also cannot be divisible by any such V ().

Proof. Lett > 6 be an arbitrarily chosen even integer and let 5 > 10 be any positive
integer. Suppose that the polynomial Q;(x) is divisible by a V' (z) with at least two non-

zero terms such that all of its terms have powers divisible by 5. Now, we will use Qgﬁ 7) (x)
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to denote the polynomial composed of all the terms of (Q);(x) whose powers are congruent
to j modulo 3, for each j = 0, 8 — 1. If we write

Qi(x) = V(x) ()

and use the notation Vl(ﬁ ) (x) in a manner analogous to the previously stated Qgﬁ ) (x), it

becomes easy to notice that
(@) = Vi)V (a)

must hold for each j = 0, 5 — 1. Hence, we obtain that V' (z) | Qgﬁ"])(w) is true for each
j = 0,8 — 1. However, by virtue of Lemma 4.2, we know that there exists an element of
Lj that has a unique remainder modulo 8 within the set. This implies that there exists a j
such that QEB’]) (z) has the form ¢ z* for some ¢ € Z\ {0} and a € Ny. By taking this into
consideration, we get that V' (z) | cz®, which further implies that V' (z) cannot have more
than one non-zero term, thus yielding a contradiction.

Now, let t > 6 be any even integer and let 5 > 7 be some positive integer. Suppose that
Ry (z) is divisible by a V' (x) with at least two non-zero terms such that all of its terms have
powers divisible by (. If 5 1 ¢, then we can obtain a contradiction by applying Lemma 4.2
in a manner that is entirely analogous to the technique previously used while dealing with
the Q¢(z) polynomial. Thus, we choose to omit the proof details of this case and focus
solely on the remaining scenario when | ¢ holds.

By taking into consideration the remainders given in Table 1, we see that for 5 > 7 and
B | t, the divisibility V (x) | R¢(x) further implies

V(z) | 42" — 2,
V(z) | 272 + 222,

from which we swiftly obtain
V() | 2% (4o’ — 2) + (272 + 22?)
= V()| 52"2,

thus yielding a contradiction once more, as desired. O

We now turn our attention to the cyclotomic polynomials and investigate the divisibility
of Q¢(x) and R;(x) by these polynomials, for all possible even values ¢ > 6. By taking
into consideration that each cyclotomic polynomial ®,(z) must have at least two non-zero
terms, it becomes apparent that Lemma 4.3 will play a big role in our analysis to come. In
fact, its usage is immediately demonstrated within the next lemma.

Lemma 4.4. For each event > 6, the divisibility ®y(z) | Q¢(x) for some b € N implies

* p% 1 b for any prime number p > 11;
o T340, 531b, 34 1b, 224D,

Also, for each even t > 6, the divisibility ®p(z) | Ri(x) for some b € N implies

. p? t b for any prime number p > 7;
« 5340, 3% b 22 b
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Proof. Letb € N be such that p? | b for some prime number p. In this case, % is a positive

integer divisible by p, hence we get that &, (z) = @, (zP) (see, for example, [9, page 160]).

).
We will now implement this observation in order to complete the proof of the lemma by
dividing it into two separate cases for Q;(x) and R (z).

k—1

Similarly, if p* | b for some k& > 2, we inductively obtain that ®;(z) = ® b (aP

Case Q¢(z). Suppose that ®,(z) | Q;(z) for some even t > 6 and some b € N. If p? | b
for some prime number p > 11, we then get that &(z) = P b (zP), hence all the terms
of @ (x) must have powers divisible by p > 11. By virtue of Lpemma 4.3, the divisibility
D (x) | Q¢(x) cannot hold, hence we obtain a contradiction.

If we suppose that 72 | bor 53 | bor 3 | b, we get that all the terms of ®;(z) must have
powers divisible by 49 or 25 or 27, respectively. In each of these cases, Lemma 4.3 tells us
that the divisibility ®;(x) | Q:(z) does not hold, thus yielding a contradiction. In order to
prove the part of the lemma regarding the Q¢(x) polynomial, it becomes sufficient to show
that 4 | b cannot be true.

Now, suppose that 4 | b holds. In this case, we immediately get that ®,(x) contains
only terms whose powers are even. By taking into consideration that the numbers 0, 2,
t—2,t+ 2,2t — 2 are even, while 3,¢ — 1,¢ + 3,2t — 1, 2t 4+ 1 are odd, we conclude that

Oy (z) | 22272 — 22 — 2% 4 227 — 2,

Oy (z) | 222 — 222871 g3 gt 9g3,
If we denote

Az) = 22772 — 2112 2172 1 227 — 2,
92201 _ 921 4 43y pt=1 9,3
1 5 3

C(x) = a7 — g5 4 gt+3 i+l 4 519 + 227 — 32° 4 423 — 3%
3
27

1
D(z) = —z'™ — ot + img — 2t 4227 —

then it can be further obtained that

&y(x) | Ax) C(x) + B(z) D(x)

—  Oy(z) | 32° — 827 + 102° — 82 4 3z
= Oy(x) | z(z — 1)(z + 1)%(32* — 222 + 3)
= ®y(z) | 32* — 227 + 3.

However, the polynomial 3z — 222 + 3 € Q[x] has no roots of unity among its roots, as
demonstrated in Appendix D, thus yielding a contradiction. This means that 4 | b cannot
possibly be true, as desired.

Case R:(x). Suppose that ®y(x) | Ri(x) for some even ¢t > 6 and some b € N. It can
be shown that p? { b for any prime p > 7, as well as 52 { b and 33 { b, by implementing
Lemma 4.3 in a completely analogous manner as done in the proof of the previous case.
For this reason, we choose to leave out the according details. Thus, in order to finalize the
proof, it is enough to show that 4 { b.
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Suppose that 4 | b does hold. Similarly as in the previous case, we conclude that ()
contains only terms whose powers are even. Besides that, the numbers 0,2,¢ — 2,¢,¢ +
2,2t — 2 are even, while 3,¢t — 1,t 4+ 1,t + 3,2t — 1, 2t + 1 are odd. Bearing this in mind,
we get

d(b) | 220272 4 2" pdat 2% 4 227 — 2,

B(b) | 222 — 2271 — T3 gt gt 993,
Now, if we denote
A(z) = 22272 4 22 4 4t + 2172 4 227 — 2,
B(:U) 2 2t+1 21'2t_1 _ Cl't+3 _ 4.Tt+1 _ l't_l _ 2x3

1 3
C(z) = —a'T7 — 3215 4 3283 4 21 4 53:9 + 627 + 5a® + 823 — 2%

1 3
D(z) = ™ + 422 4 2t + 5o+ 42t + Tt + 62® — 3

it is clear that

Py(z) | A(x) C(z) + B(x) D(x)
—  By(x) | 327 — 1627 — 62° — 162> + 3z
= Oy(z) | z(2® — 2z — 1) (2 + 22 — 1)(3z* + 227 + 3)
—  By(x) | (2? — 2z — 1) (2 + 22 — 1)(3z* + 227 4 3).

However, neither of the polynomials z2 — 22 — 1,22 + 22 — 1,32* 4 222 + 3 contains
a root that represents a root of unity, which immediately leads us to a contradiction. Thus,
we reach 4 1 b. O

Lemma 4.4 indicates that the cyclotomic polynomials which divide Q;(z) and R;(z)
are very specific. Moreover, it can be shown that for any b > 3, the cyclotomic polynomial
®y(x) can divide neither Q¢ () nor R;(x). In fact, our next step shall be to prove this exact
statement. In order to do this, we will need the following two short auxiliary lemmas.

Lemma 4.5. For each even t > 6 and each prime number p > 11, Qi(x) cannot be
divisible by ®,,(x) or oy, (x). Similarly, for any even t > 6 and any prime number p > 13,
R (z) cannot be divisible by ®,(z) or ®ap(z).

Proof. The lemma statement about the @Q;(x) polynomial can be proved in a fairly anal-
ogous manner as the part regarding R;(z). In fact, the proof of ®,(x) { R:(z) and
$op(x) 1 Ri(x) is slightly more difficult to perform due to the existence of one addi-
tional edge case which does not exist when we are dealing with @Q;(z). For this reason,
we choose to leave out the proof details for @, (x) { Q.(z) and @5, () 1 Q.(x) and focus
solely on the R;(x) polynomial.

Now, let ¢ > 6 be an arbitrary even integer and let p > 11 be some prime number. By
noticing that

p—1
z) =Y a’, Dyp(z) = (—1)0a7,
j=0
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we immediately see that deg ®,, = deg ®», = p— 1. We will finalize the proof by splitting
the problem into two cases depending on whether we are dealing with ®,(z) or ®g, ().

Case ®,(x). Let R;™°??(z) be the following polynomial:

Rtmod p(x) _ 2$(2t+1) mod p __ 2$(2t_1) mod p + 2$(2t_2) mod p __ l'(t+3) mod p

+ .’E(t+2) modp 4([,'(t+1) mod p + 4zt mod p

_ Jf(t_l) mod p + l'(t_2) mod p __ 2.133 + 23)2 _9

It is clear that ®,(z) | R;(z) holds if and only if ®,(x) | R,"**?(z) does, too. If we
suppose that ®,,(z) | R¢(x) is true and take into consideration that

deg R™1P < p—1=deg®,,
we quickly obtain two possibilities:
« R/ (z) = 0;
« R™1P(2) = ¢ ®,(x) for some ¢ € Q \ {0}.

It is not difficult to see that R, ?(z) = 0 cannot hold. If p t ¢, then Lemma 4.2
dictates that there exists an element of L} that has a unique remainder modulo p within
that set. Hence, R,”°%?(z) must have at least one term corresponding to that element. On
the other hand, if p | ¢, then according to Table 1, in order for R, ?(z) = 0 to be true,
we would need 42! ™°4P — 2 = () to hold, which clearly does not. It is worth pointing out
that while performing the analogous proof for Q;(z), the edge case p | ¢ does not exist,
which can immediately be noticed in the formulation itself of Lemma 4.2.

Now, suppose that R, ?(z) = ¢ ®, () holds for some ¢ € Q \ {0}. The polynomial
®,,(x) has p non-zero terms, which means that R, ?(z) needs to have exactly p non-
zero terms as well. This is obviously not possible whenever p > 13, since R, ?(z) can
have at most 12 non-zero terms.

Case ®y,(z). Let R;™°" () be the following polynomial:

R mod p(m) _ 2(_1)L%Jx(2t+1) mod p __ 2(_1)\_21’;1Jx(2t71) mod p

t
2(-1)
(_1)L%jx(t+2) modp _ 4(_1)L%j x(tH) mod p

i L%;QJ,T(%_Q) mod p __ (_1)L%Jx(t+3) mod p
+

+ 4(f1)L%Jzt mod p __ (,DL%Jx(t—l) mod p

t—2

4 (LT g medp _9g3 4 92 o

We know that each primitive 2p-th root of unity gives —1 when raised to the power of
p. For this reason, it is not difficult to conclude that ®o,(x) | R(x) is equivalent to

By, () | R™1P(x). Now, if we suppose that ®y,,(z) | R;(x) holds and bear in mind that
deg f%tmodp <p-—1= deg @21)’

we reach the same two possibilities as in the previous case:
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The rest of the proof can be carried out in a manner analogous to the previous case. Thus,
we choose to omit it. O

Lemma 4.6. For each event > 6, Qi(z) cannot be divisible by a cyclotomic polynomial
Oy (x) where b > 3 is a positive integer such that

* it does not have any prime factors outside of the set {2,3,5,7};
* it does not contain all the prime factors from the set {3,5,7};
¢ 2240, 345,534, 31D,

Also, for any even t > 6, Ri(x) cannot be divisible by a cyclotomic polynomial ®y(x)
where b > 3 is a positive integer such that

* it does not have any prime factors outside of the set {2,3,5,7,11};
* it does not contain both prime factors from the set {7, 11} or from the set {5,11};
« 224b, 3345, 53b, 721b, 11210,

Proof. Let Q™°4°(x) and R4 ®(z) be the next two polynomials:

thod b(x) — 2x(2t+1) mod b __ 2x(2t71) mod b + 2‘1:(22572) mod b + x(t+3) mod b

_ x(t+2) mod b + x(t—l) mod b __ x(t—2) mod b

_ 23?3 mod b + 21,2 mod b __ 2,

Rtmod b(ﬂj) _ 2x(2t+1) mod b 21,(21571) mod b + 2x(2t72) mod b l,(t+3) mod b
+ ,’L‘(t+2) mod b __ 4.Z‘(t+1) mod b + 4t mod b __ x(t—l) mod b

+ I(t72) mod b 21‘3 mod b + 21,2 mod b 2.

Here, it is crucial to point out that ®(z) | Qi(z) <= ®p(z) | Q°%%(z) and
Oy(z) | Ri(z) <= ®y(z) | R™°4P(x). However, for a fixed value of b € N, it
is clear that there exist only finitely many polynomials Q,;"°¢®(x) and R4 %(z) as ¢
ranges over the even integers greater than or equal to 6. Thus, if we show that ®,(z) di-
vides none of these concrete Q,;™°¢ *(z) polynomials, this is sufficient to prove that ®;(z)
does not divide Q¢(z). The same can be said regarding R;(z).

In order to prove the lemma, it is enough to demonstrate that ®, () t Q,;°4 *(z) and
®y(2) 1 R™°4?(z) for all the required values of b and for all the possible remainders t mod
b. However, the lemma formulation specifies only a finite set of b values corresponding to
Q+(x) and to R:(x). For this reason, it is trivial to perform the proof of the lemma via
computer. The required computational results are disclosed in Appendices A and B. O

We now proceed to prove the aforementioned statement regarding the divisibility of
Q:(z) and R;(x) polynomials by cyclotomic polynomials. In order to do this, we shall
heavily rely on Theorem 2.2. The reason why this theorem is so convenient to use is clear
— itis due to the sheer fact that the Q;(x) and R;(x) polynomials have very few non-zero
terms.
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Lemma 4.7. For each even t > 6, Q.(x) is not divisible by any cyclotomic polynomial
Dy (x) where b > 3.

Proof. Suppose that ®,(x) | Q+(x) for some even ¢t > 6 and some b > 3. We now divide
the problem into two cases depending on whether b is divisible by some prime number
from the set {3, 5, 7}.

Case 3tbA5+bATtD. Inthis case, it is clear that b has at least one prime factor greater
than 7, since b ¢ {1,2} and 22 { b, according to Lemma 4.4. Now, since Q;(z) has exactly
10 non-zero terms, and p — 2 > 10 — 2 for any prime p > 11, we are able to repeatedly
apply Theorem 2.2 in order to cancel out any additional prime divisor of b greater than 7,
until exactly one is left. This leads us to

Py () | Qu(),

where b’ has a single prime divisor greater than 7, and is potentially divisible by two as
well. Taking into consideration Lemma 4.4, we conclude that b must either be equal to
some prime p > 11 or have the form 2p, where p > 11 is a prime number. Either way,
Lemma 4.5 tells us that such a @ (x) cannot possibly divide @;(x), hence we obtain a
contradiction.

Case 3 | bV 5| bV 7| b. In this scenario, we can apply Theorem 2.2 in a similar fashion
in order to cancel out any potential prime divisor of b greater than 7 until we reach

Dy (2) | Qu(),

where b’ > 3 is such that all of its prime factors belong to the set {2,3,5,7}, and 22 { ¥/,
3240, 531, 73 4 b, by virtue of Lemma 4.4. Furthermore, we know that (3 — 2) +
(5—2)+ (7 —2) > 10 — 2, hence we can suppose without loss of generality that b’ is
not divisible by at least one prime number from the set {3, 5, 7}, in accordance with Theo-
rem 2.2. However, Lemma 4.6 dictates that such a ®; () cannot divide Q;(x), yielding a
contradiction. O

Lemma 4.8. For each even t > 6, R.(x) is not divisible by any cyclotomic polynomial
Dy (x) where b > 3.

Proof. Suppose that ®,(x) | R:(x) for some even ¢t > 6 and some b > 3. We proceed
by dividing the problem into two cases depending on whether b is divisible by some prime
number from {3,5,7,11}.

Case 31 bA5tbATYbA114b. Due to the fact that b ¢ {1,2} and 22 ¢ b, by virtue of
Lemma 4.4, we deduce that b has at least one prime factor greater than 11. Since R;(x) has
exactly 12 non-zero terms and p — 2 > 12 — 2 for any prime p > 13, we can implement
Theorem 2.2 and Lemma 4.4 in an analogous fashion as in Lemma 4.7 in order to reach

Dy () | Ri(2),

for some b’ that is either equal to a prime p > 13 or has the form 2p, for some prime number
p > 13. Once again, Lemma 4.5 tells us that such a divisibility cannot hold, leading to a
contradiction.
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Case3 | bV 5| bV 7]bV1l|b. In this case, we apply Theorem 2.2 once more in order
to cancel out any potential prime divisor of b greater than 11 until we get

Dy () | Ri(),

where ' > 3 is such that all of its prime factors belong to the set {2,3,5,7,11}, and
22 40,334 b,5% 4 b, 724 b/, 112 1 b due to Lemma 4.4. Besides that, it is clear that
(7—2)+(11-2) > 12—2and (5—2) + (11 —2) > 12 — 2, which means that it is safe to
suppose that b’ is not divisible by both elements from {7,11} or from {5, 11}. Bearing this
in mind, it is easy to reach a contradiction by taking into consideration Lemma 4.6. O

Finally, we are able to put all the pieces of the puzzle together and complete the proof
of Theorem 4.1.

Proof of Theorem 4.1. From Equation (2.1) we immediately obtain

t 5—1
n 1 n 1
o= (e ) o0 ) £ (0 8)e B (e0d).

J=1, Jj=
JF#L—2 i#5 t+2

where ( is an arbitrarily chosen n-th root of unity different from 1 and —1. It is easy to
further conclude that

.1 N 1 ! 0 1
PO = (¢t ) (g ) X (00 ) 6

Jj=1,
JFAt—=2

We will finish the proof by showing that P(¢) # 0 must necessarily hold. For the purpose
of making the proof easier to follow, we shall divide it into two cases depending on whether
(% isequal to 1 or —1.

Case (Z = —1. It is straightforward to see that (z 7 = _C7 and = —(7, which
swiftly gives
1 1
J4 -j _
¢ +Cﬂ+<2 + 3 —=0
for any j = 1,¢. Thus, Equation (4.1) simplifies to
1

n n 1
P(¢)=(¢iT? 4+ (5 *ﬁ*@'

The condition P(¢) = 0 now becomes equivalent to
P) =0
242 (pnvz on 1 1 3\ _,
¢ Crio+¢r + T + ) T
C%+4+<%+2+<2+1:0
=G+ +1=0
¢t=1.

rre e
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However, due to the fact that 4 | g, it is evident that each fourth root of unity among ¢
cannot satisfy (2 = —1. Thus, provided (z = —1, (* # 1 cannot be true, from which we
immediately obtain P({) # 0, as desired.

Case (3 = 1. Here, we swiftly obtain (277 = C% and C%%J = (7. This immediately
implies
. 1 n_ 1 . 1
J = 5—J - J =
g g =2 (0 )
for any j = 1,¢. By applying Equation (4.1), it is now clear that P(¢) = 0 is equivalent to
P(¢) =0
= SRS NI +2Xt: Gy t)=o
¢i o (Cit? _ ¢
Jj=1,
J#t-2

t
n n 1 1 _ 2 )
= (<4+2+C4+<2+<2+2)—2—2<t2—<t2+2§ =0

j=—t

n n 1 1
t| ~242 n
<= S +C4+g+@*

2 Lo
272@*27@_2%24] =0

j=—t

2t
= PETE E E ooc — 2t -2 +2) =0
j=0

Given the fact that

2t
(O S O S S S D
3=0
_ <t+%+3 _ Ct+%+2 + Ct+%+1 _ <t+% + Ct—%ﬂ _ gtf% + th%fl _ <t7%72
_ 2<~t+1 + 2<t _ 24—2t—1 4 2<~2t—2 _ 2C3 + 24—2 _|_ 2<-2t+1 _9
_ Ct+§+3 . Ct+%+2 + 2Ct+%+1 . 2<t+% + Ct+%71 . <t+%72
+ 2<2t+1 _ 2<2t—1 + 2c2t—2 _ 2<t+1 + 2Ct _ 24—3 + 24—2 _ 27
it is straightforward to see that P(¢) = 0 is further equivalent to
<t+%+3 _ Ct+%+2 + 2<t+%+1 _ 2<t+% + Ct+%71 _ Ct+%72

4.2
+2C2t+1 _2C2t_1 +2<—2t—2 _2ct+1 +2§-t_2<3+2c2 —92=0. ( )

We now divide the problem into two separate subcases depending on whether 7 is equal
to1lor —1.

Subcase ¢t = 1. In this subcase, it can be easily noticed from Equation (4.2) that P(¢) = 0
is equivalent to

Ct+3 _ <t+2 4 2ct+l _ 2<—t + thl _ Ct72
+ 2c2t+1 _ 2c2t—1 + 2C2t_2 _ 2<t+1 + 2ct _ 2c3 + 2<2 —9 = O7
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that is
2<2t+1 _ 2<-2t71 + 24—21372 + Ct+3 _ <t+2 4 é-tfl _ Ct72 _ 24—3 + 24—2 —2=0. (4.3)

Suppose that P(¢) = 0 does hold for some n-th root of unity ¢ different from 1 and —1.
For t = 4, Equation (4.3) simplifies to

200 — T+ B+ ¢2-2=0
— ((—D(C+1D)225 —2054+3¢* —23+3¢C2—2¢+2)=0
— 200 —2¢° 43¢t —2C3 +3¢C2 -2 +2=0.

However, the polynomial 226 —22° 4+ 324 — 223+ 322 — 22 +2 € Q[x] has no roots of unity
among its roots, as shown in Appendix D. Thus, we reach a contradiction. On the other
hand, if ¢ > 6, then Equation (4.3) is equivalent to Q;({) = 0, which immediately implies
that the polynomial @Q;(x) must be divisible by a cyclotomic polynomial ®;(x) where
b > 3. However, by virtue of Lemma 4.7, this is not possible, yielding a contradiction once
more.

Subcase (i = —1. Here, implementing Equation (4.2) means that P(¢) = 0 is equivalent
to

_ <t+3 4 Ct+2 _ 24t+1 4 2<t _ thl 4 Ct72
+ 2c2t+1 _ 2<-2t—1 + 2<2t—2 _ 2Ct+1 + 24—15 _ 24—3 + 2<2 9= O,

that is

2<2t+1 _ 2c2t71 4 2<2t72 _ Ct+3 4 <t+2

44
—AC At - TP -2 F 2P -2 =0 o

Now, suppose that P({) = 0 is true for some n-th root of unity ¢ # 1, —1. If t = 4, then
Equation (4.4) transforms to

2% —3¢" +3¢0 —4C +4¢ -3 +3¢*-2=0
= (-1 +2"-¢"+2° -2¢t+23 - +2(+2)=0
— 208 +2¢" — (O 205 —2¢t 423 - P4+ 2¢+2=0.

However, the polynomial 22% + 227 — 2 + 225 — 224 + 223 — 22 + 22 + 2 € Q[z] has
no roots of unity among its roots, as demonstrated in Appendix D, hence P(¢) = 0 leads
to a contradiction, as desired. On the other hand, whenever ¢ > 6, Equation (4.4) becomes
equivalent to R;(¢) = 0, which further implies that R;(x) is divisible by some cyclotomic
polynomial ®;(x) where b > 3. However, Lemma 4.8 dictates that this is impossible,
hence we reach a contradiction yet again. O

S Construction for n =g 4 A n > 4t + 12

In this section we shall give a constructive proof of the existence of a 4t-regular circulant
nut graph of any order n € N such that n > 4¢ 4+ 12 and n =g 4, for any even ¢ > 4. The
proof will be given in the form of the next theorem.
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Theorem 5.1. For any event > 4 and any n > 4t + 12 such that n =g 4, the circulant
graph Circ(n, SY,,) where

fo={12, o t-1u{f -1 +3fu{s-¢-1,.... 2 -22 -1}
St;n, { y Sy ) }U 4 a4+3 U 9 ( )7 72 72
must be a 4t-regular circulant nut graph of order n.

We will show that Theorem 5.1 holds by using a similar strategy as with Theorem 4.1.
To begin with, it can be easily deduced that the set S{’ ,, 1s well defined, since t — 1 < % —
and & +3 < § — (t — 1) for each even ¢ > 4 and each n > 4t + 12 such that n =g 4.
Besides that, the set S,{’ », certainly contains equally many odd and even integers, all of
which are positive and smaller than 3. This means that, by implementing Lemma 2.1, we
can prove Theorem 5.1 if we simply show that P(z) has no n-th roots of unity among its
roots, except potentially 1 or —1.

To begin with, we shall define the following two polynomials

Ut(ZE)
Wi(z) =

92t g3ty ptkl gt | gut=l | gt=2 y pt=3  ptmd g
2
x

I B A e SR 2,

for each event > 4. Now, fort > 6 we have 2t — 1 > t + 3 and t — 4 > 0, while the
equalities 2t —1 = ¢ 4+ 3 and ¢t — 4 = 0 hold for ¢ = 4. This means that the polynomials
Ui(z) and Wy(x) have exactly 10 non-zero terms for any even ¢ > 6, and 8 non-zero terms
in case t = 4. We will use M, to denote the set containing the powers of these terms, i.e.

M,={0t—4,t—3,t—2t—1,t,t+1,t+2,t+3,2t—1},

for each even t > 4. We are now able to present the following lemma that demonstrates a
property of M, similar to the one displayed in Lemma 4.2 regarding the sets L} and L} .

Lemma 5.2. For each event > 4 and each § € N, B > 6, M; must contain an element
whose remainder modulo [ is unique within the set.

Proof. 1t is clear that the six consecutive integers t — 3,t — 2,¢t — 1,¢,t + 1, + 2 must
all have mutually distinct remainders modulo /5 for any 8 > 6. Regardless of whether
t =4 ort > 6, it is easy to establish that at least two of these integers must have a distinct
remainder modulo /5 from all the elements of the set {0,¢ — 4,¢ + 3,2¢ — 1}. Hence,
these integers must have a unique remainder modulo 3 within M; and the lemma statement
follows swiftly from here. O

By relying on Lemma 5.2, we can now prove another lemma regarding the divisibility
of U(x) and Wy (z) polynomials that is analogous to Lemma 4.3.

Lemma 5.3. For any event > 4 and each 8 > 6, neither U;(x) nor Wi(x) can be divisible
by a polynomial V (z) € Qlx] with at least two non-zero terms such that all of its terms
have powers divisible by [3.

Proof. This lemma can be proved in an absolutely analogous manner as Lemma 4.3. The
only difference is that Lemma 5.2 is implemented in place of Lemma 4.2. For this reason,
we choose to omit the proof details. O



630 Ars Math. Contemp. 24 (2024) #P4.03 / 609-641

In a similar manner as done so in Section 4, we now investigate the divisibility of U;(z)
and W;(z) polynomials by cyclotomic polynomials. By directly implementing Lemma 5.3,
we are able to prove the following result.

Lemma 5.4. For each event > 4, if ®y(x) | Up(x) or @p(x) | Wi(x) hold for some b > 3,
we then necessarily have

* p% 1 b for any prime number p > 7;

« 540,331,

e if22 | b, then b € {4,8}.

Proof. The proof of this lemma can be carried out in a manner that is almost entirely
analogous to the proof of Lemma 4.4. To be more precise, the results p? { b for any prime
p > 7,5% band 33 1 b can all be shown by simply implementing Lemma 5.3 together with
the same idea used in the aforementioned proof of Lemma 4.4. Thus, we decide to leave
out this part of the proof and focus solely on demonstrating4 | b = b € {4,8}. We will
do this separately for U;(x) and Wy (x) by splitting the remaining piece of the problem into
two corresponding cases.

Case Uy(x). For a given even t > 4, suppose that ®(x) | Uy(x) for some b € N such that
4 | b. Since the integers 2t — 1,t+3,t+1,t —1,¢{ — 3 are odd, while t +2,¢,t —2,t — 4,0
are even, it is easy to use the same logic displayed in the proof of Lemma 4.4 in order to
deduce that

®b(x) ‘ 21,21571 +It+3 +It+1 + 3:L,t71 +xt73,

Oy(x) | —2tt? =3zt — 2% — gt 2.
If we denote

Az) = 22271 4 23 4t 4 320t 4t

B(z) = —2'? = 32" — 2% —gt™* -2

we immediately obtain

®p(z) | (2° 4 32* + 22 + 1) A(x) + 22" B(2)
—  By(x) | 20+ 4aTT 4 75 8t TS 4 Tt 4t 4 g8
—  By(z) |23 (2% + )2+ 1)
—  By(z) | (@ + D2+ 1)

From here, it follows that any b-th primitive root of unity must also be a root of at least one
of the two polynomials 2% + 1, z* + 1 € Q[z]. Hence, b € {4,8}.

Case Wy(x). In this case, let ¢ > 4 be some even integer and let ®;(x) | Wi(x) be true
for some b € N such that 4 | b. In an absolutely analogous way as in the previous case, we
conclude that

‘I)b(l‘) | 2x2t71 _ xt+3 _ xt+1 _|_$t71 _ xt73

Oy(z) |22 — 2t 422 42t -2,



1. Damnjanovié¢: Complete resolution of the circulant nut graph order—degree existence ... 631

By denoting

we swiftly get

Oy(z) | (—ab + 2t — 22 — 1) A(x) + 22'73 B(x)
— ‘I’b(iﬁ) ‘ xt+9 _ xt+5 _ $t+1 + xt—S
—  By(z) |23 (2 — 1)z + 1)*(2? + 1) (2 + 1)
= Oy(x) | (2® + 1)*(2* +1).

Thus, once again we see that any b-th primitive root of unity must also be a root of at
least one of the two polynomials 22 + 1,z* + 1 € Q[x], from which we quickly obtain
b € {4, 8}, as desired. O

Lemma 5.4 tells us that only certain cyclotomic polynomials could divide the Uy () and
Wy (z) polynomials. In fact, except potentially the four polynomials @4 (z), (), P4(z),
®5(x), no other cyclotomic polynomial can divide U;(x) or Wy(x), for each even ¢ > 4.
We shall now prove this claim by strongly relying on the next two auxiliary lemmas that
greatly resemble the previously disclosed Lemmas 4.5 and 4.6.

Lemma 5.5. For each even t > 4 and each prime number p > 11, neither U(x) nor
Wi(z) can be divisible by ®,(x) or $op(x).

Proof. This lemma can be proved in an absolutely analogous manner as Lemma 4.5, the
only difference being that Lemma 5.2 is used in place of Lemma 4.2. For this reason, we
choose to omit the proof details. O

Lemma 5.6. For each event > 4, neither Uy(x) nor Wy(x) can be divisible by a cyclo-
tomic polynomial ®y,(x) where b > 3 is a positive integer such that

* it does not have any prime factors outside of the set {2,3,5,7};
* it does not contain all the prime factors from the set {3,5,7};
© 2240, 334b, 554, T2 1.

Proof. This lemma can be proved in an absolutely analogous manner as Lemma 4.6, hence
we choose the leave out the proof details. The corresponding computational results can be
found in Appendix C. O

We will now prove the previously mentioned statement regarding the divisibility of
Ui(x) and Wy(z) polynomials by cyclotomic polynomials. In order to accomplish this,
we shall strongly rely on Theorem 2.2 in a similar way as we have already done so while
proving Lemmas 4.7 and 4.8.

Lemma 5.7. For each event > 4 and each positive integer b € N such thatb ¢ {1,2,4, 8},
neither Uy(x) nor Wy(x) are divisible by ®p(x).
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Proof. Suppose that ®,(x) | Uy(x) or ®p(z) | Wi(x) for some even t > 4 and some
b ¢ {1,2,4,8}. We will now finalize the proof via contradiction by splitting the problem
into two separate cases depending on whether b is divisible by a prime number from the set
{3,5,7}.

Case 31 bA51bAT{¢D Byimplementing Lemma 5.4, it becomes evident that b has at
least one prime factor greater than 7, given the fact that b ¢ {1, 2, 4, 8}. Further on, we see
that both Uy () and W;(x) have at most 10 non-zero terms, which means that Theorem 2.2
can be applied to any prime p > 11 in an analogous manner as it was done in the proof of
Lemma 4.7. By cancelling out every single prime divisor of b greater than 7 until exactly
one is left, we conclude that

Oy (2) | Ur(x) v () | Wi(z)

where b has a single prime divisor greater than 7, and is potentially divisible by two as
well, but not by four. By virtue of Lemma 5.4, it is not difficult to deduce that &’ must
either represent a prime number p > 11 or have the form 2p for some prime p > 11. Either
way, Lemma 5.5 swiftly leads us to a contradiction.

Case 3| bV 5| bV T]b. Inthis case, Theorem 2.2 can be applied in an analogous manner
in order to cancel out any potential prime divisor of b greater than 7 until we obtain

Oy () [ U(z) Vv Pp(x) [ Wi(2)

for some b’ € N such that all of its prime factors belong to the set {2,3,5,7} and 3 | b’ V
5| b V7| b. Itis clear that ¥ > 3. By using Lemma 5.4, we now see that 72 { v/,
53 41/, 33 4 b/, as well as 22 1 /. By virtue of Theorem 2.2, we can suppose without loss
of generality that " is not divisible by all the elements from the set {3,5, 7}, due to the
fact that (3 — 2) + (5 — 2) + (7 — 2) > 10 — 2. Taking everything into consideration, we
conclude that b’ must satisfy the criteria given in Lemma 5.6, which immediately yields a
contradiction once more. O

We shall now implement Lemma 5.7 in order to finalize the proof of Theorem 5.1 in a
similar manner as we have done so with Theorem 4.1.

Proof of Theorem 5.1. Equation (2.1) directly gives us
2

t—1
Po= (s s ) (R S () S (0rs)
j=1

j=%—t+1

where ( is an arbitrarily chosen n-th root of unity different from 1 and —1. From here, we
immediately get

o n_1 1 %_;’_3 1 =1 ] 1 Q_j 1
PO = (7 )+ (0 ) r D (G g )
Jj=1
5.1

We now divide the problem into two cases depending on whether (Z is equal to 1 or —1.
We shall finalize the proof by showing that P({) # 0 is certainly true in both cases.
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Case (3 = —1. Itis obvious that (z 77 = —C—J and = = —(7, from which we get
=+ 7+ Lo
C (i

for any j = 1,¢ — 1. For this reason, Equation (5.1) simplifies to

P _ 7 +3 a4-1 1 1

() =¢"+(¢ +<%_1 +@-
The condition P(¢) = 0 now becomes equivalent to
P() =0
1 1
FRE S Sk e S _

3P4 324t 1=0
7<67<2+<4+1:0
~C-DE+DEH+) =0
¢t=-

Thus, P(¢) = 0 holds if and only if ¢ is a primitive eighth root of unity. However, 8 1 n,

hence no n-th root of unity can be a primitive eighth root of unity. Thus, P({) # 0, as
desired.

rriret

Case ¢z = 1. In this case, it is clear that (Z 7 = CJ and = (7, which immediately
leads us to
G+ tcriy ] <<ﬂ )
¢ ¢z ¢
for any j = 1,¢ — 1. Bearing this in mind, it is straightforward to see that
P(¢) =0
1 1 = 1
+3 *—1 J — ) =
= (¢t <?1+<2+3)+22<< +5) =0
1
— <C4+3+C—1 — + "+3> 242 Z CJ_O
¢ 1 j=—t+1
— S FS s R s e U SRR S Yo ¢ =0
SN |
Jg=—t+1
2t—2
= (At (a2 (I (T ¢ 42y (T =0
j=0

2t—2

= (D[ ErEr i gt it oo 12 Y @ | =0,
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which finally means that P(¢) = 0 must be equivalent to
CUHEHS _ (HE+2 | o1 ot 2 | et R L e o3 -t

52
+2¢ -2t v 2¢t —2=0. 62

We now split the problem into two separate subcases depending on whether ¢ 7 is equal to
1lor—1.

Subcase (i = 1. In this subcase, the implementation of Equation (5.2) directly gives that
P(¢) = 0is further equivalent to

Ct+3 _ Ct+2 _|_ Ct_l _ Ct_Q 4 Ct+1 _ Ct + Ct—3 _ Ct_4
+2¢% 7 —2¢t p2¢t —2 =0,

that is
Q=L | (3 2 gt get g get=l pt=2  t=8_ t—4 9 _

In other words, P(¢{) = 0 is equivalent to ¢ being a root of U;(x). Now, we know that
¢ # 1,—1 and that ¢ cannot be a primitive eighth root of unity, as discussed earlier. On
top of that, { # i, —i given the fact that & =4 2, hence i3 = (—i)2> = —1. Bearing this
in mind, it is clear that if were P(¢) = 0 were to hold, then U;(z) would be divisible by
some cyclotomic polynomial ®(z) where b ¢ {1,2,4,8}. However, this is not possible

according to Lemma 5.7. For this reason, P(¢) # 0 must hold.
Subcase (¥ = —1. In this scenario, Equation (5.2) can be quickly simplified to

I I G e s N e §t74
+ 2<—2t—1 _ Qct + 2<t—1 —_9 = O7

that is
QAT _tH3 L ctF2 ekl pty ptml g ot=2 =8y itmd 9 )

Thus, we get that P(¢) = 0 is equivalent to ¢ being a root of Wy (). By using the analogous
logic as in the previous subcase, it is easy to establish that P({) = 0 would imply that
Wy (z) is divisible by some cyclotomic polynomial ®;(x) where b ¢ {1,2, 4,8}, which is
again impossible due to Lemma 5.7. Hence, P({) = 0 cannot be true, which completes the
proof. O

6 Conclusion

Theorem 1.8 provides the full answer to Question 1.4 posed by the circulant nut graph
order—degree existence problem. It is evident that there exists a clear and rich pattern that
the orders and degrees of circulant nut graphs must follow, with the sole exception being
the case (n,d) = (16,8). Bearing this in mind, it now becomes possible to explore other
types of nut graphs more easily.

For example, it is clear that each circulant graph is necessarily a Cayley graph, which
is, in turn, surely a vertex-transitive graph. For this reason, if we are trying to investigate
the existence of Cayley nut graphs or vertex-transitive nut graphs, Theorem 1.8 provides a
solid starting point. Taking all the aforementioned facts into consideration, we are able to
disclose the following corollary.
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Corollary 6.1. Let d € N be such that 4 | d, and let n € N be such that 2 | n and

e n>d+4if8td;
e n>d+6if8]|d;
* (n,d) # (16,8).

There necessarily exists a d-regular Cayley nut graph of order n, as well as a d-regular
vertex-transitive nut graph of order n.

It becomes clear that Corollary 6.1 gives a partial answer to Question 1.1. One of the
possible ways of extending the research concerning the vertex-transitive nut graphs is by
providing a full answer to the aforementioned question. Another possibility is to consider
the order—degree existence problem regarding the Cayley nut graphs, whose conditions are
also less restrictive than those corresponding to the circulant nut graphs. Bearing this in
mind, we end the paper with the following open problem.

Problem 6.2. What are all the pairs (n, d) for which there exists a d-regular Cayley nut
graph of order n?
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Appendices

A Inspection for ®,(x) 1 Q:(x)

In this appendix section, we will disclose the computational results that demonstrate
Dy(x) 1 Qi(zx) for all the required values of b > 3, as stated in Lemma 4.6. First of
all, the set of all such values of b can be obtained in a plethora of ways. For example, the
following short Python script can be used.

import numpy as np

1

2

3

41| def main() :

5 part_1 = np.multiply.outer([1l, 2], [1, 3, 9, 27]).reshape(-1)
6 part_2 = np.multiply.outer([1, 5, 25], [1, 7, 49]).reshape(-1)
7

8 all_of_them = np.multiply.outer (part_1, part_2).reshape(-1)

9 all_of_them.sort ()

10 all_of_them = all_of_them.tolist ()

11

12 result = list (filter (lambda item: item % 105 != 0, all_of_them))
13 result = list(filter (lambda item: item >= 3, result))

14

15 print (len(result))

16 print (result)

17

18

19]|if __name_ == "_ _main_ ":
20 main ()

The said script quickly finds that there exist exactly 46 values of b that satisfy the given
criteria:
{3,5,6,7,9,10,14, 15,18,21, 25, 27, 30, 35, 42, 45, 49, 50, 54, 63,
70, 75,90, 98,126, 135,147,150, 175, 189, 225, 245, 270, 294,
350, 378, 441,450, 490, 675, 882, 1225, 1323, 1350, 2450, 2646} .

For each of these values, it can be determined that ®,(x) { Q,°%°(x) for any possible
remainder ¢ mod b. In order to achieve this, we can use, for example, the following Math-
ematica command.

I ||Min[Table][

2 Min[Table[

3 Length[CoefficientRules|

4 PolynomialRemainder [

5 2 x"Mod[2 t + 1, b] - 2 x"Mod[2 t - 1, b] +
2 x"Mod[2 t - 2, b] + x"Mod[t + 3, b] - x"Mod[t + 2, b] +
x"Mod[t - 1, b] - x"Mod[t - 2, b] - 2 x"3 + 2 x"2 - 2,

~N
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8 Cyclotomic[b, x], x]1], {(t, 0, b - 1}11, {b, {3, 5, 6, 7, 9,
9 10, 14, 15, 18, 21, 25, 27, 30, 35, 42, 45, 49, 50, 54, 63, 70,
10 75, 90, 98, 126, 135, 147, 150, 175, 189, 225, 245, 270, 294, 350,

11 378, 441, 450, 490, 675, 882, 1225, 1323, 1350, 2450, 2646}}1]

This command yields the minimum possible number of non-zero terms that the polynomial
Q4 b(2) mod ®,(x) can have, as b ranges through all the necessary values and £ mod b
varies through all the possible remainders. It can be promptly checked that this number is
equal to one, which immediately means that the remainder Q;"°% *(x) mod ®;(z) is never
equal to the zero polynomial. From here, we quickly obtain our desired result.

B Inspection for ®,(x) { R:(x)

Here, we elaborate the computational results showing that @, (x) 1 R;(z) for all the values
of b > 3 given in Lemma 4.6. For starters, the set of all such values of b can be computed,
for example, by using the following Python script.

import numpy as np

1
2
’;
4 || def main () :

5 part_1 = np.multiply.outer([1, 2], [1, 7, 11, 77]).reshape(-1)
6 part_2 = np.multiply.outer([1l, 3, 9], [1, 5, 25]).reshape(-1)
7

8

9

all_of_them = np.multiply.outer (part_1, part_2).reshape(-1)
all_of_them.sort ()

10 all_of_them = all_of_ them.tolist ()

11

12 result = list (filter (lambda item: item % 77 != 0, all_of_them))
3 result = list(filter (lambda item: item % 55 != 0, result))
14 result = list(filter (lambda item: item >= 3, result))

15

16 print (len(result))

17 print (result)

18

19

20||if __name_ == "_ main_ ":

21 main ()

The Python script easily concludes that there exist exactly 40 values of b that satisfy the
given criteria:

{3,5,6,7,9,10,11, 14, 15,18, 21, 22, 25, 30, 33, 35, 42,
45,50, 63, 66, 70, 75,90, 99, 105, 126, 150, 175, 198,
210, 225, 315, 350, 450, 525, 630, 1050, 1575, 3150}

For each of these values, it can be determined that @y () { R4 ®(z) regardless of what
the remainder ¢ mod b is. This can be done, for example, by using the next Mathematica
command.

Min[Table[
Min[Table [
Length[CoefficientRules]|

W DN =
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4 PolynomialRemainder [

5 2 x"Mod[2 t + 1, b] - 2 x"Mod[2 t - 1, b] +

6 2 x"Mod[2 t - 2, b] - x"Mod[t + 3, b] + x"Mod[t + 2, b] -

7 4 x"Mod[t + 1, b] + 4 x"Mod[t, b] - x"Mod[t - 1, b] +

8 x"Mod[t - 2, b] - 2 x"3 + 2 x"2 - 2, Cyclotomic[b, xI,

9 %111, {t, 0, b - 1}11, {b, {3, 5, 6, 7, 9, 10, 11, 14, 15, 18,

10 21, 22, 25, 30, 33, 35, 42, 45, 50, 63, 66, 70, 75, 90, 99, 105,
11 126, 150, 175, 198, 210, 225, 315, 350, 450, 525, 630, 1050, 1575,
12 3150}}1]

The said command computes the minimum possible number of non-zero terms that the
polynomial R,;®°%%(x) mod ®;(z) can have, as b ranges through all the required values
and ¢t mod b varies through all the possible remainders. The computation output is equal to
one, hence we obtain our desired result in the same way as in Appendix A.

C Inspection for ®,(x) t U;(x) and ®(x) 1t Wi(x)

We can use an analogous mechanism to disclose the computational results that demonstrate
Dy (x) 1 U(z), as well as Oy (x) + Wi(x), for all the values of b > 3 stated in Lemma 5.6.
The set of all the required values of b can be determined, for example, by using the follow-
ing Python script.

import numpy as np

def main() :
part_1 = np.multiply.outer([1l, 2], [1, 3, 9]).reshape(-1)
part_2 = np.multiply.outer([1l, 5, 25], [1l, 7]).reshape(-1)

[oLIEN e WU, I SN U I NS

all_of_them = np.multiply.outer (part_1, part_2).reshape(-1)
9 all_of_them.sort ()

10 all_of_them = all_of_them.tolist ()

1

12 result = list (filter (lambda item: item % 105 != 0, all_of_them))
13 result = list (filter (lambda item: item >= 3, result))

14

15 print (len(result))

16 print (result)

17

18

19||if __name_ == "_ _main_ ":

20 main ()

The given Python script finds that there exist exactly 26 values of b that satisfy the given
criteria:
{3,5,6,7,9,10,14, 15,18, 21, 25, 30, 35, 42, 45,
50, 63, 70,75, 90,126, 150, 175, 225, 350, 450}.
For each of these values, it can be promptly shown that ®,(z) { U,™°4°(z) and

®,(z) t W,m°d?(z) for any possible remainder ¢+ mod b. This can be accomplished, for
example, by using the following two Mathematica commands.

T 1
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| ||Min[Table[

2 Min[Table[

3 Length[CoefficientRules]|

4 PolynomialRemainder [

5 2 x"Mod[2 t - 1, b] + x"Mod[t + 3, b] - x"Mod[t + 2, b] +

6 x"Mod[t + 1, b] - 3 x"Mod[t, b] + 3 x"Mod[t - 1, b] -

7 x"Mod ([t - 2, b] + x"Mod[t - 3, b] - x"Mod[t - 4, b] - 2,

8 Cyclotomic[b, x], x111, {t, 0, b — 1}11, (b, (3, 5, 6, 7, 9,
9 10, 14, 15, 18, 21, 25, 30, 35, 42, 45, 50, 63, 70, 75, 90, 126,

10 150, 175, 225, 350, 450}}11

I ||Min[Table[

2 Min[Table[

3 Length[CoefficientRules|

4 PolynomialRemainder |

5 2 x"Mod[2 t - 1, b] - x"Mod[t + 3, b] + x"Mod[t + 2, b] -

6 x"Mod[t + 1, b] - x"Mod[t, b] + x"Mod[t - 1, b] +

7 x"Mod[t - 2, b] - x"Mod[t - 3, b] + x"Mod[t - 4, b] - 2,

8 Cyclotomic([b, x], x111, {t, 0, b - 1}11, {b, {3, 5, 6, 7, 9,

=}

10, 14, 15, 18, 21, 25, 30, 35, 42, 45, 50, 63, 70, 75, 90, 126,
10 150, 175, 225, 350, 450}}1]

The given two commands yield the minimum possible number of non-zero terms that the
polynomials U,™°% () and W,™°4 b(z) can have, respectively, as b ranges through all the
required values and ¢ mod b takes on any possible value. Both computation outputs are
equal to one, which means that none of the aforementioned remainders are equal to the
zero polynomial, as desired.

D Roots of certain polynomials

In this appendix section, we will demonstrate that none of the following polynomials

Zi(z) = 2t + 223 — 222 + 20 + 1,

Zo(x) = 2% — 2t 4+ 223 — 2% + 1,

Z3(x) = 2% — 225 + 32 — 22% + 32% — 22 + 1,

Zy(x) = 3z — 227 + 3,

Zs(x) = 2* — 2z — 1,

Zs(x) = 2® + 22 — 1,

Z7(z) = 3x* + 222 + 3,

Zg(x) = 22° — 22° + 32% — 22 4+ 322 — 20 + 2,

Zo(z) = 228 + 227 — 25 + 22° — 22" + 22% — 2 + 22 4+ 2,

contain a root of unity among its roots. This can be swiftly achieved by simply showing
that none of them are divisible by any cyclotomic polynomial ®;(x). In fact, it is clear
that, for each j = 1,9, the polynomial Z;(z) cannot be divisible by a ®;(x) such that
deg ®; > deg Z;. Thus, in order to prove the desired result, it is sufficient to show that
each given polynomial is not divisible by the corresponding cyclotomic polynomials whose
degrees do not exceed its own. This is trivial to accomplish via computer.
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For starters, it is not difficult to determine all 18 cyclotomic polynomials whose degree
is not above 8:

Oy (z)=a—1, Or(z) =2+ +at 428+ 41,
Do(z) =2 +1, g(z) = 25 + 2% + 1,

O3(z) =2+ +1, Py(z)=a8 —2® +at — a3+ 2% -~z +1,
Oy(x) =2 +1, Pig(x) = 2% —2® 4+ 1,

Bg(z) = 2% —x +1, Pis(z)=a® —2"+2° —at +2° —x +1,
Os(z) =2 +a23 +22+2+1, Pgx) =2 +1,

Pg(x) = +1, Boo(z) = 2® — 2% + 2 — 2% + 1,
Pro(z) =2t —2¥ + 22—z 41, Oyyx) =282t +1,

Pry(z) =2t — 22 +1, Pag(z) =ab+2" -2 -zt -2+ +1

The necessary computational results can be found on Tables 2, 3, 4 and 5. The disclosed
remainders clearly indicate that no given polynomial can be divisible by any cyclotomic
polynomial of interest, as desired.

b Zs(z) mod ®p(z) Zg(z) mod Pp(x)
1 -2 2

2 2 —2

3 —2 —3x -2+

4 —2 —2x -2+ 22

6 —2—=x —2 + 3x

Table 2: The required remainders of Z5(x) and Zg(x).

b Z1(z) mod ®p(x)  Zs(z) mod ®p(z) Z7(z) mod Pp(z)
1 4 4 8

2 —4 4 8

3 5+ 5z 5+ 5z 14z

4 4 8 4

6 11—z 5 — bz 11—z

5 x — 322 + 2 —3x — 5z? — 323 -3z — 2?2 — 323
8 2z —2z% 4243 —222 222

10 3z — 322 + 323 3z — 5x? + 323 3z — z? + 323

12 2z — 22 —+ 223 z2 572

Table 3: The required remainders of Z;(x), Z4(z) and Z7(x).



1. Damnjanovic¢: Complete resolution of the circulant nut graph order—degree existence ... 641
b Z>(z) mod @y (z) Z3(xz) mod Py (x) Zg(xz) mod @y (z)

1 2 2 4

2 —2 14 16

3 5 —1 1

4 —2x —2x —2x

6 1 —1 1

5 2 4+ 2z 4 323 —4 — 4z — 5z° -3 — 3z — 523

8 2 — 222 + 223 —2 4222 — 223 —1+ 2% — 223

10 2—2m+z3 23 1—r+13

12 1 — 222 + 223 —3 + 622 — 423 —3 + 622 — 423

7 —x — 222 —+ 23 22 — ¢z —3x + 222 — 323 —+ 22* — 3z° —4x + 22 — 42° + z* — 42°

9 —x? + 2% — z* —2x + 322 — 323 —+ 3z% — 22° —2x + 322 — 42° —+ 3z% — 22°
14 a:7212+3w3 2% + x 7w+2127w3+2x47w5 a:2+w4

18 —x? + 322 x —2x + 322 — 22 + 3z% — 2% —2x + 322 + 3z% — 22°

Table 4: The required remainders of Z5(z), Z3(z) and Zs(z).

b Zg(x) mod Py (z)

1 8

2 -8

3 —x

4 4

6 5z

5 6 + 3z + 322 + 62°

8 6

10 24z — 22— 22°

12 5—2z — 5z% 4 42°

7 545z + 3z — 2t +32°

9 3 — 322 4 32% — 42

14 1—a+4az% —a2* 425

18 3—312+r3+4z5

15 4z — 2? — 28 + 427

16 2x7m2+2x372z4+2m57m6+2m7
20 2m+z2+2z374x4+2z5+m6+2m7
24 2w7w2+2w3+2x57x6+2$7

30 —z? + 4z° + 4z° — 26

Table 5: The required remainders of Zg(z).
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Abstract

A Cayley graph Cay(G,S) has the CI (Cayley Isomorphism) property if for every
isomorphic graph Cay(G,T), there is a group automorphism « of G such that S = T.
The DCI (Directed Cayley Isomorphism) property is defined analogously on digraphs. A
group G is a Cl-group if every Cayley graph on G has the CI property, and is a DCI-group
if every Cayley digraph on G has the DCI property. Since a graph is a special type of
digraph, this means that every DCI-group is a CI-group, and if a group is not a CI-group
then it is not a DCI-group.

In 2009, Spiga showed that Z§ is not a DCI-group, by producing a digraph that does
not have the DCI property. He also showed that Z3 is a DCI-group (and therefore also a
CI-group). Until recently the question of whether there are elementary abelian 3-groups
that are not CI-groups remained open. In a recent preprint with Dave Witte Morris, we
showed that Z1° is not a Cl-group. In this paper we show that with slight modifications,
the underlying undirected graph of order 3% described by Spiga is does not have the CI
property, so Z§ is not a CI-group.

Keywords: Cayley graphs, elementary abelian groups, CI graphs, CI groups, isomorphism.
Math. Subj. Class. (2020): 05C25

1 Introduction

Let G be a group, and S C G. The Cayley digraph Cay(G, S) is the digraph whose ver-
tices are the elements of the group G, with an arc from g to h if and only if h — g € S
(we are using additive notation in this paper, but Cayley graphs can be defined similarly on
nonabelian groups). If S = —S then for any arc from g to h there is a paired arc from A to
g; we replace these two arcs with a single undirected edge and call the resulting structure

*Supported by the Natural Science and Engineering Research Council of Canada (grant RGPIN-2017-04905).
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the Cayley graph Cay(G, S). It is well-known that I" is isomorphic to a Cayley graph on G
if and only if Aut(I") has a regular subgroup isomorphic to G. Typically we abuse notation
by ignoring the isomorphism and simply saying that I" is a Cayley graph on G in this event.

The Cayley graph Cay(G, S) has the CI (Cayley Isomorphism) property if for every
isomorphic graph Cay(G,T), there is a group automorphism « of G such that S* = T.
Note that whenever « is an automorphism of G, it induces a graph isomorphism from
Cay(G, S) to Cay(G, S%). This means that essentially, a Cayley graph has the CI property
if all of its isomorphisms to other Cayley graphs on the same group have algebraic justifi-
cations: group automorphisms that induce not necessarily that particular isomorphism, but
an isomorphism to the same graph. The CI problem is the problem of determining which
graphs have the CI property. The DCI (Directed Cayley Isomorphism) property and the
DCI problem are defined analogously on digraphs.

Although work on the (D)CI problem dates back at least to 1967 [1], the standard
terminology was coined and fundamental results about the problem were proved by Babai
in [2]. A group G is a Cl-group if every Cayley graph on G has the CI property, and is a
DCI-group if every Cayley digraph on G has the DCI property. Since a graph is a special
type of digraph, this means that every DCI-group is a CI-group, and if a group is not a
CI-group then it is not a DCI-group, but there are well-known examples of groups that are
CI-groups but not DCI-groups. For example, Muzychuk [8, 9] characterised cyclic groups
according to which are DCI and which are CI: the cyclic group of order n is a DCI-group
if and only if n € {k, 2k, 4k} where k is odd and square-free. It is a CI-group if and only
if it is a DCI-group, or n € {8,9, 18}.

Once cyclic groups were completely understood with respect to the CI and DCI prob-
lems, elementary abelian groups became a natural class of groups to consider. This class of
groups has become even more fundamentally important in understanding the (D)CI prob-
lem over time, since the combined work of a number of researchers has shown that any
(D)CI group is a direct product of up to three factors, each of which is either small, abelian,
or the semidirect product of an abelian group with a small cyclic group. (See for example
[3, 4, 6], although Math Reviewers have noted some errors in the statements of the relevant
results.)

In a 2003 paper, Muzychuk [10] proved that an elementary abelian group of sufficiently
high rank is not a DCI-group. He did not consider the undirected problem in that paper, and
the rank he achieved for an elementary abelian p-group was 2p — 1 + (2”;1). Spiga [13]
improved this rank to 4p — 2. Both of these papers may have introduced some confusion
into the problem as they talk about the CI problem and property but use directed graphs
throughout, so in fact prove that an elementary abelian p-group of sufficiently high rank
is not a DCI-group although the statement of their results say that this is not a CI-group.
Somlai [12] addressed this issue, and improved the previous results by showing that an
elementary abelian p-group of rank at least 2p + 3 is not a CI-group when p > 5. He did
also prove a similar result when p = 3 but in this case was only able to show that the group
is not a DCI-group, and noted that the problem of the existence of a non-CI elementary
abelian 3-group remained open. For the p = 3 case, Spiga [14] had also previously shown
that Z§ is not a DCI-group, by producing a digraph that does not have the DCI property.

On the other side of things, the best known result [5] shows that Zg is a DCI-group. It
is known [11] that Z$ is not a CI-group, but there remains a gap in our knowledge for every
prime p > 2.

In a recent preprint with Dave Witte Morris [7], we show that Z1° is not a CI-group,
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and more generally demonstrate a method for using non-DCI digraphs to construct non-
CI graphs whose order is a fairly small multiple of the order of the original digraph, and
thereby find groups that are not CI-groups.

In this paper we show that a slightly modified version of the underlying undirected
graph of the non-CI digraph of order 3% described by Spiga in [14] does not have the CI
property, so Z§ is not a CI-group.

2 Two isomorphic Cayley graphs

Let {wy, wa, w3, v1, V2, V3, V4, v5 } be a generating set for G =2 Z§. We define the following
sets:

50,0,0 = {v1 — v5,v2 + v3 — v4 + U5, V3 — V4 + Vs, V4 + U5, U5}

S1,0,0 = {w1 + avi + bva + cvs 1 a, b, c € Z3}

So,1,0 = {w2 + avi + bvz + cvg + dvs : a,b,c,d € Z3}

S0,0,1 = {w3 + ava + bvz + cvg + dvs : a,b,c,d € Z3}

S1,1,0 = {w1 + w2 + avy + bva + cv3 + bug + dvs : a,b,c,d € Z3}

51,01 = {w1 + w3 + avy + bva + avs + cvg + dvs : a,b,c,d € Z3}

50,1,1 = {w2 + w3 + avy + bvg + cv3 + dvy — (a + b)vs : a,b,c,d € Z3}

S1,1,1 = {w1 + w2 + w3 + avy +bva +cv3 +dva + (—a—b+c+d)vs :a,b,c,d € Z3}
52,11 = {2w1 + w2 + w3 + avy +bvg + cv3 +dvg — (a+ b+ c+ d)vs : a,b,¢c,d € Z3}
S1,2,1 = {w1 + 2wz + w3 + avy +bva +cvs +dva + (a+b—c+d)vs : a,b,¢c,d € Z3}
S1,1,2 = {w1 + w2 + 2wz +avy +bva +cvz +dvg + (a+b+c—d)vs 1 a,b,¢,d € Z3}

S =05211US8121US1,1,2 U Sk
0<i,j k<1

For0 <14,57 <1let Ti7j,k: = Si,j,k except let Tl,l,l = 51)171 + v5. Also let
T2,1,1 = 52,1,1 - 715,T1,2,1 = 51,2,1 - 05;T1,1,2 = 51,1,2 — Us.

Similar to S, let
T=T511UT121UT11, U T j k-
0<i,j k<1

The graphs we will be studying throughout this paper are I'y = Cay(G,S U —S) and
Iy = Cay(G,T U —T'). We will often abuse notation and terminology by conflating a
group element with the corresponding vertex in one or both of these Cayley graphs. We
use additive notation throughout, and use a bold 0 to denote the identity element of Z3.

For convenience of notation, we also define a partition of the elements of G into subsets
of cardinality 3° by

B, jx = {tw1 + jws + kws + avy + bva + cvs + dva + fus 1 a,b, ¢, d, f € Z3}.

Although the proof in [14] uses Schur rings, it does explicitly provide a connection set
(the S on page 3398); if we use our S to define

T — Cay(G, (S \ So.0.0) U {v1, 05, 04, 05 })
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then the connection set of ﬁ is the one given in Spiga’s paper. He also explicitly (on
page 3397) defines a function f that is exactly the polynomial we will add to v in our
next proof when we define the map 1); if we apply 1) to Spiga’s connection set, we get the
connection set for
ﬁ = Cay(G, (T \ To,0,0) U {v1,v3,v4,05}).

Extracting these two connection sets from Spiga’s paper and understanding these are the
connection sets for Cayley digraphs that are isomorphic via the map 1 but not via a group
automorphism, is a matter of translating the Schur ring language he uses into Cayley di-
graph language.

As we have made clear by our definitions of I71 and ljz, the underlying graphs of these
digraphs differ from our I'; and I'; only in the elements of the connection set that lie in
Bo,0. If we try to apply our arguments (in Section 3 below) to the underlying graphs
of Spiga’s digraphs, too many of the values produced in the table of Lemma 3.3 coin-
cide. Consequently, the arguments we use based on counting mutual neighbours do not
suffice to prove that no group automorphism can act as a graph isomorphism between these
graphs. Discovering the graphs I'; and I'; was a matter of making careful and intelligent
adjustments to the elements of Sy ¢ ¢ so as to produce more distinct values in Lemma 3.3
and thereby significantly reduce the number of group automorphisms that needed to be
considered as possibly inducing a graph isomorphism, ultimately eliminating all of them.
Computational evidence (directed using some counting arguments) suggests that the under-
lying graphs of Spiga’s digraphs are probably not isomorphic via a group automorphism
either. However, I could find no structure in them understandable without a computer that
gave any significant intuition as to why this might be so. Since Spiga has privately commu-
nicated to me that his example was found by a random search, I believe there is more value
in producing a new (but related) example with clearer structural rationale for the lack of a
group automorphism that could act as a graph isomorphism, than in either largely appealing
to computation to determine that Spiga’s underlying graphs also work, or coming up with
a much longer and more technical proof to explain his graphs.

Proposition 2.1. There is a map from SU—S toT'U —T that acts as a graph isomorphism
from I'y to I's.

Proof. According to [14], the map ¢: G — G defined by
Y(v) =v+ azlxgvl + xlzcgvg + Z%I’g’(}g + $2I§’U4 + 21 2223V5

for each
3 5
V= inwi +Zijj eG
i=1 j=1

is a digraph isomorphism from IT’I to @

Our graphs I'; and I's are very close to being the underlying undirected graphs of these
digraphs I'} and I';,, which must be isomorphic via v since the digraphs are. Indeed, aside
from the edges and arcs that lie inside each B; j 1, they are the same. Since 1) fixes every
B; k., it must act as an isomophism from I'; to I'; with respect to every edge that is not
contained within some B; ; ;.. It remains to be shown that the edges that come from £S5 ¢ ¢
are preserved by .
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For any fixed (4, j, k), ¢ adds an:l €mUm to each vertex of B; ; ., for some constants
cy through c5 that depend only on 4, j, k. Thus the action of ¢ on B; ; . is a translation

by some element of (vq,...,vs). This means that for any choice of S N By 0, as long as
T N By, = SN Byo,o, 1 must preserve the edges that lie within B; ; j (the edges that
come from £S5 ,0). Thus, 1 is indeed an isomorphism from I'y to I'5. O

3 They are not isomorphic via a group automorphism

We begin with a number of assertions about the structure of mutual neighbours of vertices
in these graphs. These serve to limit how an arbitrary isomorphism between the graphs can
act, even more so in the case where the isomorphism must also be a group automorphism.

The bound provided in our first lemma will shortly allow us to show that any isomor-
phism between the graphs must have an action on the partition {B; ; }: that is, for any
isomorphism ¢, ij’k = By .k for some ¢’, 5/, k' that depends on ¢, 7, k.

Lemma 3.1. Suppose (i,j,k) # (0,0,0). Then for any element g € B, ; 1., the number of
mutual neighbours of 0 and g in either I'1 or I's is at most 587.

Proof. This can be verified by computer. To verify by hand, the following points may be
helpful:

o if {Z‘,y,Z} = {07172} or (Z‘,y,Z) = (07070) or (J?,y,Z) = j:(l?jak) then the
number of mutual neighbours of 0 and g in this set is bounded by the minimum of
the number of neighbours of each, for a total of 101 over all these sets;

* otherwise, any of the other 18 possible sets B, , . has at most 27 mutual neighbours
of g and O (this is tedious but straightforward to check using the definitions of the
sets).

This gives the bound of 101 + 18 - 27 = 587. O

In Lemma 3.3 (which is somewhat tedious and technical) we will specify how many
mutual neighbours various vertices of By 0 have with the identity vertex 0 in I'y and in
I'5. Since any group automorphism of G fixes 0, to be a graph isomorphism from I'; to I's
it must map a vertex that has k mutual neighbours with 0 in I'; to a vertex that has £ mutual
neighbours with 0 in Iy, so this lemma will be critical in limiting the possible actions of
our group automorphism. Before we get there, we first prove an easy lemma showing that
as long as g € By,,0, the number of mutual neighbours of g and 0 is the same in both
graphs, so we don’t have to calculate these values separately.

Lemma 3.2. Suppose g € By o,0. Then the number of mutual neighbours of 0 and g in T'y
is the same as the number of mutual neighbours of 0 and g in T's.

Proof. Forevery i, j, k, wehave T; ; p = S; j x +m; ; xvs Where m; ;. € {0,1,2}. Now,
h is a mutual neighbour of 0 and g in I'y iff b € S; ;1 N (S; kx + ¢). This is true if and
only if h + m; jxvs € T; 56 N (15 j,x + g), which is true if and only if A + m; ; rvs is a
mutual neighbour of 0 and g in I's. O

Lemma 3.3. The number of mutual neighbours that each vertex v in the table below has
with 0 in each of T'1 and T's, is as given in the corresponding column.
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v || vi—vs |vatvs—vatus |vs—vatus | vatus| vs |vatus | va |vs—vg

#] 865 | 163 \ 487 | 811 [703| 702 [650| 812
VH U1 ‘—Ul—v5‘vg+v4+v5‘—vg—v5‘vg—v3—v4+v5 —V9 + Vg4 — Vs
#3800 704 | 486 | 810 | 648 \ 486

Proof. By Lemma 3.2, the number of mutual neighbours of 0 with any vertex of By ¢ o is
the same in I'; as in I's, so we need only count one of these. We will count the mutual
neighbours in I';.

v1 — v5: Mutual neighbours with 0 are vs — v1; £51,0,0; £50,1,0, £51,1,0, £50,1,1,
£51,1,1, £52,1,1. The total number of these is 1 + 54 4 81 - 10 = 865.

v + v3 — V4 + v5: Mutual neighbours with 0 are —vy — v3 4+ v4 — v5; £S50p,0,1. The
total number of these is 1 4+ 81 - 6 = 163.

vs —v4+v5: Mutual neighbours with 0 are —v3 +v4 —vs; :l:SO,l,Oa :l:SO,O,l, :tSl’Q’l.
The total number of these is 1 + 81 - 6 = 487.

v4+v5: Mutual neighbours with 0 are —vy —vs; £S50.1,0, £50,0,1, £51,0,1, £51,1,1,
£S5 2,1. The total number of these is 1 + 81 - 10 = 811.

vs: Mutual neighbours with 0 are —vs; £51,0,0; £50,1,0, £50,0,1, £51,1,0, £51,0,1-
The total number of these is 1 + 54 + 81 - 8 = 703.

v2 + v5: Mutual neighbours with 0 are £5 9,05 £50,0,1, £51,0,1, £51,2,1, £51,1,2-
The total number of these is 54 + 81 - 8 = 702.

v4: Mutual neighbours with 0 are v4 + vs; —vs; :I:SO,LO, :|:So7071, :|:Sl70,1, ZES()’LL
The total number of these is 2 + 81 - 8 = 650.

vs — v4: Mutual neighbours with 0 are —v5; —vq4 — vs; iSoJ)o, iSO.,O,l’ iSLOJ,
£855,1,1, £51,1,2. The total number of these is 2 + 81 - 10 = 812.

v1: Mutual neighbours with 0 are vs; v1 — vs; £51,0,0; £50,1,0, £51,1,0- The total
number of these is 2 + 54 + 81 - 4 = 380.

—v1 — vs: Mutual neighbours with 0 are vs; vs — v1; £51,0,0; £50,1,0, £51,1,0,
£S57 2,1, £51 1,2. The total number of these is 2 + 54 4 81 - 8 = 704.

v3 + v4 + vs: Mutual neighbours with 0 are £S5 1,0, £50,0,1, £52,1,1. The total
number of these is 81 - 6 = 486.

—vV3— Vs Mutual neighbours with O are ZESQ,L(), :l:SO,O,L :|:Sl7170, :|:S1,171, :‘:517172.
The total number of these is 81 - 10 = 810.

Vg — V3 — U4 + v5: Mutual neighbours with O are :|:So7071, :I:SQ,Ll, i51,271, j’:SLLQ.
The total number of these is 81 - 8 = 648.

—v2 + v4 — vs: Mutual neighbours with 0 are £S5 9.1, £51,0,1, £51,1,1. The total

number of these is 81 - 6 = 486. .

With this result in hand, we can show that a group automorphism acting as a graph iso-
morphism must either fix some of the elements of £S5y ¢ o pointwise, and have very small
potential orbits on the other elements, or must have these properties after being combined
with another group automorphism that acts as a graph automorphism of I';.



J. Morris: 78 is not a CI-group 649

Lemma 3.4. [f there is a group automorphism o of G that maps S U —S to T U —T, then
there is one that fixes vs and —vs. Moreover, any such automorphism fixes each of the sets
{’Ul — Vs, Us —’Ul}, {Ug + V3 — U4+ V5, —V2 — V3 + U4 —1)5}, {Ug — U4+ V5, —V3+ Vg —’U5},
and {vq + v5, —v4 — V5 }.

Proof. Any group automorphism fixes 0. A group automorphism « that maps S U —S to
T U —T must map any vertex that has a certain number of mutual neighbours with 0 in I';,
to a vertex that has that number of mutual neighbours with 0 in I';.

By Lemma 3.3, the vertices v; — vs, v2 + v5, —V3 — U5, V4 + U5, and v5 each has more
than 587 mutual neighbours with 0, so by Lemma 3.1 each of these vertices must map to a
vertex in By 0, and must be the image of a vertex in By 9. Note that By g o is actually a
subgroup of (7, and is generated by these five elements. This implies that o must map this
generating set for By o0 to a generating set for By 0,0, $0 Bg g o = Bo,0,0-

For convenience in this paragraph, let Sy = Sp,0,0U—S0,0,0 and Ty = Tp,0,0U—T0,0,0-
Since

(SU=8)N By =50=Tp=(T"U-T)N By,

and Bg', o = Bo,o,0, we must have S§¢ = Ty = Sp. In particular, since the numbers of
mutual neighbours that each vertex in each inverse-closed pair in Sy has with 0 is distinct
from the number of mutual neighbours that each vertex of any other inverse-closed pair
in Sy has with 0 (see Lemma 3.3), each inverse-closed pair in .Sy must be mapped to the
same inverse-closed pair in Sy. This completes the proof unless v§' = —wv5 (in which case
(—v5)® = v5), which we now assume.

Let o be the automorphism of G that inverts every element of GG; note that o fixes
S U —S, and therefore oo maps S U —S to T'U —T'. Now vZ“ = vs, and o« also fixes
each of the other inverse-closed pairs separately since « did, completing the proof. O

In fact, we can now show that a group automorphism acting as a graph isomorphism
must fix every element of -5 ¢ ¢ pointwise (possibly after being combined in the preced-
ing lemma with another group automorphism that acts as a graph automorphism).

Lemma 3.5. If there is a group automorphism « of G that maps S U —S toT' U =T and
fixes vs and —vs, then it must also fix every other vertex of Sp.0,0 U —S0,0,0-

Proof. We first show that it fixes v4 + v5 and its inverse.

Any such « induces a graph automorphism from I'; to I's. Since I'; is a Cayley graph,
the number of mutual neighbours of vs with vy + v5 is the same as the number of mutual
neighbours of 0 with vy. Likewise, the number of mutual neighbours of v5 with —vy — vs
is the same as the number of mutual neighbours of 0 with v5 — v4. Since we see from
Lemma 3.3 that these numbers are not equal, o must fix both v4 4+ vs and —v4 — vs.

Next we show that v; — v5 and its inverse are fixed.

Since I'; is a Cayley graph, the number of mutual neighbours of —v5 with vy — vy is the
same as the number of mutual neighbours of 0 with v;. Likewise, the number of mutual
neighbours of —v5 with vs — v is the same as the number of mutual neighbours of 0 with
—v1 — vs. Since we see from Lemma 3.3 that these numbers are not equal, o must fix both
V1 — Us and Vs — V1.

Now we show that v3 — v4 4+ v and its inverse are fixed. At this point, notice that since
« fixes vs and vyq + vs, it also fixes vy4.

Since I'; is a Cayley graph, the number of mutual neighbours of v4 with v3 — v4 + v5
is the same as the number of mutual neighbours of 0 with v + v4 + v5. Likewise, the
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number of mutual neighbours of vy with —v3 + vy — vs is the same as the number of
mutual neighbours of 0 with —vs — v5. Since we see from Lemma 3.3 that these numbers
are not equal, o must fix both vs — v4 + v5 and —vs + v4 — vs.

Finally, we must show that v + v3 — v4 + v5 and its inverse are fixed. At this point,
notice that since « fixes vy, vs, and v3 — v4 + vs, it also fixes —v3.

Since I'; is a Cayley graph, the number of mutual neighbours of —vs with v +v3—v4+
vy is the same as the number of mutual neighbours of 0 with vy — v3 — v4 + v5. Likewise,
the number of mutual neighbours of —vs with —vy — w3 +v4 — v is the same as the number
of mutual neighbours of 0 with —vs + v4 — v5. Since we see from Lemma 3.3 that these
numbers are not equal, o must fix both vo 4+ v3 — v4 + v5 and —ve — v3 + v4 — v5. O

At this point we have enough information to show the invariant action on the partition
{Bi,j k. }, as mentioned earlier.

Lemma 3.6. Any group automorphism o of G that fixes every vertex of By o has an
invariant action on the collection {B; j, : 0 < 1,7,k < 2}.

Proof. Since « is an automorphism of GG, once we know its action on a generating set for
G, this completely determines its action. Since « fixes every vertex of By o, it fixes each
v; for 1 < 4 < 5. This means that if g € B; ;1 with ¢ = 4wy + jws + kws + h then
g% = w + jws + kw§ + hsince h € By g,0. So By, . has the form B;s j/ ./ for some

1,5,k
0<i,j' k<2 O

In fact, the invariant action on the partition can have only two possible forms.

Lemma 3.7. If there is a group automorphism « of G that maps S U —S toT' U —T and
fixes every vertex of By 0,0, then it must either leave every B; ;. invariant, or map every
Bi j i to B_i —j k-

Proof. By Lemma 3.6, a must have an invariant action on the collection {Bw-,k 0 <
i,j,k <2}

The sets By,0,0 and B_q o are the only sets that have exactly 27 neighbours of 0 in
both I'; and I's, so must be left invariant by a.

The sets By 1,0 and By 1,0 are the only sets for which all neighbours of 0 in both I'y
and I's are also neighbours of vy + jus + kvy + fvs for every 0 < 4, 5, k, ¢ < 2, so these
sets must be left invariant by a.

Similarly, the sets By o1 and By o, are the only sets for which all neighbours of 0 in
both I'; and I's are also neighbours of ivs + jvs + kv + fus for every 0 < 4,5, k, £ < 2,
so these sets must be left invariant by a.

Likewise, the sets By 1,1 and B_; _; _; are the only sets for which (in both I'; and I'y)
all neighbours of 0 are also neighbours of tv; + jvs + kvs +fvy forevery 0 < ¢, 5, k, ¢ < 2.
Notice this is true even though S7 11 # 71 ,1,1. So these sets must be left invariant by a.

Taken together, these force w{ € B41,0,0; WS € Bo +1,0; and wg € By +1. How-
ever, the previous paragraph also tells us that (w; +ws +w3)* € By1,1UB_1,_1,—1. This
forces the signs of each of the + in our first three conclusions to be the same, yielding the
desired conclusion. O

We can even show that after possibly combining with a group automorphism that acts
as a graph automorphism, the invariant action fixes every set in the partition.
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Lemma 3.8. If there is a group automorphism « of G that maps S U —S to T U =T and
fixes every vertex of By o0, then there is one that leaves every B; ; ;. invariant.

Proof. By Lemma 3.7, the only other possibility is that o maps every B; ; , to B_; _; _j.

Let oy be the automorphism of G determined by w;" = —wj; for every 1 < ¢ < 3,
and v = v; for every 1 < 7 < 5. Note that oy fixes .S, and therefore oy maps S to
T. Also ow fixes every vertex of By o and maps every B; ;. to B_; _; _. Therefore

ow a has all of the properties we claimed. O

In our final lemma, we show that a group automorphism that has all of the properties
we have been deducing, cannot exist.

Lemma 3.9. A group automorphism « of G that maps S U —S to T U =T, fixes ev-
ery vertex of Bo o0, and leaves every B; ;. invariant must map (S \ So,0,0) U Sp g0 t0
(T'\To,0,0) USh g, forany Si oo S Booo. Infact, there is no such group automorphism.

Proof. Notice that for every (i, j, k) # (0,0, 0) we have either B; ; xNS; jx = 0 or B; j 1N
—S;jk = 0 (or both), and T; ; , = ®1fand0nly1fSUk = 0. Since By, . = Bi j . this
means that S¢ ik = Tijk- Hence, since « fixes Bo,o,0 pointwise and S0,0,0 = 10,0,0, We
have S =T In fact, since « fixes By o o pointwise, for any SO 0.0 C By 0,0 we have

((S\ T0,0,0) USh00)* = (T\ To,00)YUSpo.0

as claimed.

Since the connection sets of ﬁ and @ have this form, such an a would act as a digraph
isomorphism between them, but since [14] proved these digraphs are not isomorphic via
any group automorphism, this is impossible. Hence no such « exists. O

We pull all of our results in this section together in our conclusion.
Corollary 3.10. There is no automorphism of G that maps S U —S toT U —T.

Proof. By Lemma 3.4, if there were such an automorphism, then there must be one that
fixes vs and —v5. Furthermore, by Lemma 3.5, any such automorphism fixes every vertex
of Sp,0,0 U —S0,0,0. Since it is a group automorphism and fixes every element of Sy ¢ o,
and this generates By oo, it must fix every vertex of By g o.

By Lemma 3.8, this would imply the existence of an automorphism that maps S U —S
to T'U T, fixes every vertex of By, and leaves every B, ;; invariant. Finally, by
Lemma 3.9, no such automorphism exists. O

Putting this result together with Proposition 2.1, and using the well-known fact that
every subgroup of a CI-group must be a CI-group, yields the main result of this paper.

Theorem 3.11. The group Z3§ is not a Cl-group. Neither is any group containing 7§ as a
subgroup. In particular, Z% is not a CI-group for n > 8.
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1 Introduction

Rydberg atom is a name given to an atom which has been excited into a high energy level
so that one of its electrons is able to travel much farther from the nucleus than usual (up
to 10° times more, see [22]). In physics community, Rydberg atoms have been intensely
studied and have become a testing ground for various quantum mechanical problems in
quantum information processing, quantum computation and quantum simulation [58]. See
[29] for a comprehensive description of the physics of Rydberg atoms and their remarkable
properties. Due to their large size, Rydberg atoms can exhibit very large electric dipole
moments which results in strong interactions between two close Rydberg atoms. This
causes a blockage effect that prohibits the excitation of an atom located close to an atom
that is already excited to a Rydberg state [3, 12, 34, 37, 54, 63]. The simplest setting for
studying Rydberg atoms and their blockage effect is on a finite one-dimensional lattice. In
this setting, each atom occupies one site and each two excited atoms are at least b > 1
sites apart. The positive integer b is referred to as the blockade range of the model. We
will be interested in maximal (or jammed) configurations where no further atoms can be
excited. Note that in such a configuration each two excited atoms are at most 20 sites apart.
In physics literature, jammed states in similar deposition models have the interpretation of
metastable states at low enough temperature and/or high enough density, and are referred
to as valleys, pure states, quasi-states, and inherent structures [4, 5, 17, 33, 38, 50, 62].

The main question related to maximal configurations concerns the expected density of
the atoms excited to a Rydberg state. There are two natural ways to interpret this question.
One way to look at this problem is to consider the set of all the possible maximal configu-
rations and to sample one such configuration at random (which implies that all the maximal
configurations are equiprobable). This is referred to as the static (or equilibrium) model.
The static model is usually described by the so-called complexity function (also known as
configurational entropy), and the expected density of particles in a jammed configuration
converges to the argument of the maximum of the complexity function. This is exactly
the approach we take in this paper and our main result is the derivation of the mentioned
complexity function. Static model can be compared with the random sequential adsorp-
tion (RSA) model (also refered to as the dynamic model) where initially all atoms are in
the ground state, and are excited sequentially, at random, until a jammed configuration is
reached. The expected density of excited atoms with this underlying probability space is
called jamming limit. Assumption that the two models result in the same distribution of
maximal configurations has come to be known as Edwards’s flatness hypothesis (see [2]
for a recent review). However, there seems to be no a priori reason for the two models to
have similar properties. It is interesting to note that there is a long history to the question
of how similar the two models are (see e.g. the discussion in [8, page 681], or, in a more
subtle continuum context, how a similar confusion of different probability models led to
some extended discussion over a false “proof™ [53]).

The dynamic version of the problem was already studied in literature. In [28, 42, 48] it
was found that the jamming limit is

piRyd — / exp [ —2 Z - dy.
0 = 7

The jamming limit was also computed for an equivalent model of deposition of linear



T. Doslié¢ et al.: Complexity function of jammed configurations of Rydberg atoms 655

polymers (k-mers) in [44, §7.1]

o L 1 =y
p};(—jmer _ k}/ exp | —u — 2 Z — | du= k/ exp —2 Z Y dy.
0 j=1 J 0 Jj=1

J

The equivalence of models is reflected in the fact that p&me" = k- pg'oRyd forb=F%k —1.

In the static model, it all comes down to counting the maximal configurations. It is
known that in similar models, the number of different maximal configurations with pre-
scribed density 0 < p < 1 tends to grow exponentially with the length L of configuration,
see [9, 10, 13, 14, 15, 16, 18, 23, 27, 35, 40, 45, 46, 49, 52, 55, 56, 59]. Denoting this
number by J,(p), it is common to describe it using the so-called complexity function (also
called configurational entropy) f(p) for which it holds that .J; (p) ~ e“/(?)_ It turns out
(see e.g. Figure 9) that the density plj'Ryd maximizing the complexity function is slightly
different than the expected density (jamming limit) of the dynamic model. This falsifies
the above mentioned Edward’s flatness hypothesis. Recall that pi'Ryd is the limit (as L
tends to infinity) of the most probable densities in the equilibrium models that assign equal
probabilities to all jammed configurations.

Our main goal is to compute the complexity f(p) of jammed configurations of Rydberg
atoms using direct combinatorial reasoning. The problem reduces to solving a constrained
optimization problem for the Shannon’s entropy function. We show that the complexity
function can be expressed explicitly in terms of the root of a certain polynomial of degree
b. This work has been carried out simultaneously with [43]. The authors there introduce a
novel method for determining the same complexity function. Their method is inspired by
the theory of renewal processes.

The described model of Rydberg atoms on a one-dimensional lattice is equivalent to
a number of other models already present in the literature. The case b = 1 is the famous
model introduced by Flory [26] describing the mechanism of vinyl polymerization. This is
in turn essentially equivalent to the Page-Rényi car parking problem [31, 51] (which is a
discrete version of the famous model introduced by Rényi in [57]) describing the jammed
configurations of cars of length 2. The equivalence is obtained by replacing each excited
atom with a car taking up both the atom’s and its right neighbor’s site. Clearly, this only
works for configurations not having an excited atom at the rightmost site. This means that
the total number of jammed configurations is actually different in these two models, but
only up to a constant factor, which does not affect the shape of the complexity function of
these models. In chemistry, this model appears in the context of the irreversible deposition
of dimers [26, 36], and in graph theory, the jammed configurations correspond to maximal
matchings in a path graph, see [21].

Similarly, the general case b > 1 corresponds to irreversible deposition of k-mers (k =
b + 1) in a linear polymer of length L. The equivalence (again, up to a constant factor)
is obtained by replacing each excited atom with a polymer taking up b + 1 consecutive
sites, starting from the atom’s position, see Figure 1. In this, and all the following figures,
bullets (o) represent Rydberg atoms (in the Rydberg model) or occupied sites (in the k-mer
deposition model), while empty bullets (o) represent neutral atoms (in the Rydberg model)
or vacant sites (in the k-mer deposition model). Notice that the gaps between adjacent
k-mers in jammed configurations of this deposition model are of size at most k — 1. This
equivalence allows us to easily transfer our results on Rydberg atoms to the setting of k-
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mer deposition model. The problem of irreversible deposition of k-mers was extensively
studied in the literature, see [1, 6, 24, 32, 42, 44, 61].

O00000@000000e000e000e000000Oe000e00000Oe000

0000000000000 00000000000000000O0CKOCKOCOCEOSNIOSNVOOO0OCCDS

Figure 1: A jammed configuration of Rydberg atom model with blockade range b and the
corresponding jammed configuration of the k-mer deposition model when b = 3, k = 4.

In graph theory, the k-mer deposition model is equivalent to Pj-packings of a path
graph Pr, and jammed configurations in the former correspond to maximal packings in the
latter. The maximal P-packings of P, were previously studied in [20].

Another equivalent formulation of the Rydberg atom model appeared recently in [19,
§3.2.1] where the authors of the present paper considered the settlement model consisting
of k-story buildings on a one-dimensional tract of land. The tract of land is oriented east-
west and each story of each building has to receive the sunlight from both east and west.

The rest of the paper is organized as follows. In Section 2 we calculate the asymp-
totics for the number of jammed configurations in the model of Rydberg atoms, which is
expressed in terms of the maximum of the Shannon’s entropy function over a certain finite
set determined by the constraints of the model. In Section 3 we use these results in order
to obtain the formula for the associated complexity function. We derive the expression
for the complexity f(p) which, for a chosen density p, depends explicitly on a positive
root of a certain polynomial whose degree coincides with the blockade range of the model.
Further on, in Section 4, we put our findings in relation with the model for the deposition
of k-mers on the linear polymer and draw conclusions from the obtained results. There,
we also provide some results on the qualitative properties of the maximizers of mentioned
complexity functions, for various blockade ranges b, and put them in comparison with their
counterparts in the theory of RSA. Finally, in Section 5 we recapitulate our findings and
indicate several possible directions of future research.

Notation

We write M, ~ Nj, if the two positive sequences (M), and (Np )z have the same
growth, as . — oo, up to a sub-exponential factor, i.e. if

. lnML—h’lNL
lim ——— =0.
L—oo L

2 Jammed configurations of Rydberg atoms

As already stated in the introduction, the main goal of this paper is to compute the complex-
ity function f(p) of jammed configurations of Rydberg atoms. Crucial step towards obtain-
ing a complexity function of such models in general is to inspect the set of all jammed con-
figurations of a model. Each configuration is a binary 0/1 sequence which we sometimes
interpret as a sequence of empty/occupied sites or, in Rydberg model, as neutral/excited
atoms. The total number of all configurations of length L in the model is denoted by Jr..
The total number of configurations of length L consisting of NV ones (occupied sites, excited
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atoms) is denoted by Jy 1. The density (saturation, coverage) of any such configuration
of length L with N ones is defined as N/L € [0, 1].

In order to determine the complexity function, it is not enough to work only with Jr.
We need to be more precise. We need to know the behavior of the number of different
jammed configurations of length L, where precisely N atoms are excited to the Rydberg
state. The main result of this section (see Lemma 2.4) provides asymptotics of the quantity
Jn,r for Rydberg atom model.

Let us first consider several concrete examples of jammed configurations of our model
to get a better feeling of their possible shapes. Figure 2 displays three different jammed
configurations in the chain of L = 16 atoms, where the blockade range b is equal to two,
i.e. each two excited atoms are at least two sites apart. Since Rydberg atoms in a jammed

[ _NoNoX NoNoX NeNoN NoRoN NONoX J
[oN NoNoX NeNoNoNoN NoNoN NoNoX ]

000000000000 eO0

Figure 2: Three jammed configurations in the chain of L = 16 atoms with blockade range
b = 2. The number of Rydberg atoms in these configurations is N = 6, 5, 4 (from top to
bottom).

configuration are separated by clusters of empty sites whose length is at least b (so that the
constraint imposed by the blockage effect is satisfied), and at most 2b (since we can excite
another atom in the middle of an empty range of size 2b + 1, hence such a configuration
would not be jammed), it is easy to see that it holds

L L
Lbﬂ] == LHJ’ D

where N is the number of excited atoms, L is the length of the configuration, and b is the
blockade range. In the particular case of L = 16 and b = 2, this implies that 4 < N < 6.
Hence, Figure 2 shows one jammed configuration for each possible value of V. Notice that

relation (2.1) implies that
1 1 N 1
—_ < =< _—
2b+1 L L ~b+1
and this in turn implies that in the limit, as L — oo, the density p = N/L, of Rydberg
atoms in jammed configurations, lies within the bounds

! <p< .
20+ 1 b+1
As a first result in the direction of better understanding the double sequence Jy 1, for

Rydberg atom model, we provide the bivariate generating function for this sequence in the
general case of blockade range b > 1.

2.2)

(2.3)

Lemma 2.1. The bivariate generating function of the sequence Jy 1 associated with
Jjammed configurations of Rydberg atoms, when the blockade range is equal to b, is given
by

(1 —y)? + 2y — oyttt — zyb+2 4 gy20+2
Fy(z,y) = In Nyt = .
ZL:ZN: ' (=) —y— oyt + 2y +2)
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Proof. As already mentioned, configurations of Rydberg atoms can be represented as 0/1
sequences. Due to the fact that we can determine whether the blockage effect has been
taken into account, and whether the configuration represented with such a sequence is
jammed, just by inspecting finite size patches of a given sequence, we can apply the so-
called transfer matrix method (see [60, §4.7] or [25, §V], and also [47, §2—4]). This is a
well known method for counting words of a regular language. Since Rydberg atoms in a
jammed configuration are separated with at least b, and at most 2b neutral atoms, every
jammed configuration will be composed of blocks that start with a Rydberg atom and then
have a cluster of neutral atoms of length between b and 2b. Such blocks are displayed in
Figure 3.

@O -+ 0 ® O -0 @O0 -0
N—— N——
b atoms b+1 atoms 2b atoms

Figure 3: Building blocks of jammed configurations of Rydberg atoms with blockade range
b.

These building blocks are encoded with the polynomial

1 2 2b+1
b+ b+ + b+.

po(z,y) =2y"" +ay Sty

Now we only need to take care of the beginning and the end of jammed configurations.
Notice that in front of the first block we can have some neutral atoms. More precisely,
the number of neutral atoms that can appear at the left end of the jammed configuration is
between 0 and b. These starting blocks are encoded with the polynomial

sp(z,y)=1+y+y*+-+9"

Similarly, after the last block from the set of blocks shown in Figure 3 (if there are any, i.e.
if we want to have more than just one atom in the Rydberg state), we need to have a block
that again starts with a Rydberg atom, and then has a cluster of neutral atoms of length
between 0 and b. These ending blocks are encoded with the polynomial

en(z,y) = zy + 2y’ + - +ay’tl

Notice that each of the blocks shown in Figure 3 can be glued to any other block listed
in this figure. This implies that we do not even need to work with powers of the transfer
matrix, but we can directly take powers of the polynomial py(x,y) in order to obtain the
desired bivariate generating function. A simple calculation gives

Fb(xa y) =1+ Z sb(x,y) : pb(l',y)n : eb(m,y)

n=0
-1+ Sb(x7y) ) eb(x,y)
1= py(z,y)

(1—y)? + 2y — oyl — zyb+2 4 y20+2
(1 —y) (L —y —aytt + ay?0+2)
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Remark 2.2. By using the same technique, we can easily compute the bivariate generating
function enumerating the number of jammed configurations of prescribed length, and with
some fixed number of occupied sites, in the k-mer deposition model. The building blocks
here are composed of a cluster of k£ consecutive sites occupied by a single k-mer, followed
by a cluster of empty sites of length between 0 and k£ — 1 (see Figure 4). These building

® - --- @ ®: ---@0 ® - ---@®@ 00 ® --- @0 -+ 0
—— —— ——

k sites k sites k sites k sites  k—1 sites
Figure 4: Building blocks of jammed configurations of k-mer deposition model.

blocks are encoded with a polynomial

k+1 4 k,2k—1

pr(z,y) = 2"yF + 2Fy L

where z is again a formal variable associated with the number of occupied sites, and y is
a formal variable associated with the length of a configuration. Similarly as in the case of
the Rydberg atom model, at the left end of a jammed configuration, we can have a cluster
of vacant sites of length between 0 and £ — 1. These starting blocks are encoded with the
polynomial

sp(zyy) =1+y+y> 4+ +yF

It is clear that we can end a jammed configuration with any of the building blocks shown
in Figure 4, so we can set eg(x,y) = 1. Using again the fact that each of the blocks from
Figure 4 can be glued to any other block listed in that figure, we can work directly with
powers of the polynomial pg(x, y) to obtain

00 1 of
Fley) = 3 axle,) - pu(a, ) = —2Y) y 2.4

=0 T 1oprley) 1y — akyk kR
Notice that we are not adding 1 to the bivariate generating function in (2.4). The reason
is that starting with a cluster of 0 vacant sites and setting n = 0 already counts the empty

configuration.

The sequence Jy,r, has already been studied in the literature, but in the context of
maximal Pg-packings of a path graph Pp (see [20]). The bivariate generating function
enumerating the total number of maximal k-packings in Pr, with exactly N copies of Py,
is given in [20, Corollary 2.4], and the only difference between that bivariate generating
function and the one we obtained in (2.4), is that x is not raised to power k. The reason is
that the author in [20] is interested in the number of copies of Py (i.e. the number of de-
posited k-mers) in jammed configurations, and we are interested in the total number of sites
occupied by those deposited k-mers. The bivariate generating function from (2.4) is also
obtained in [43, formula (5.3)], where authors use a novel approach inspired by the theory
of renewal processes. Using the same technique, they also obtain the bivariate generating
function which coincides with the one we obtained in Lemma 2.1, which enumerates the
total number of jammed configurations of length L of Rydberg atoms with blockade range
b, with precisely N excited atoms (see [43, formula (6.5)]).

It is easy to see from the bivariate generating function from Lemma 2.1 that, for b = 2,
Jig = 96 (i.e. there are 96 jammed configurations in the chain of L = 16 atoms, when
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the blockade range is b = 2). Out of those 96 jammed configurations, 45 of them have 4
Rydberg atoms (J4,16 = 45), 50 of them have 5 Rydberg atoms (J5,16 = 50), and only
one has 6 Rydberg atoms (Js,16 = 1). This particular one is exactly the first jammed
configuration shown in Figure 2.

We could now proceed like the authors in [43] and use the bivariate generating function
developed in Lemma 2.1 to obtain the complexity function of jammed configurations of
Rydberg atoms by means of the Legendre transform. However, we will use a direct combi-
natorial argument. To this end, we introduce a slightly different way of counting jammed
configurations in the Rydberg model with blockade range b, than the one introduced in
Lemma 2.1. Denote with B the block of b 4 1 adjacent atoms where only the first one is
excited to the Rydberg state (see Figure 5). Using again the fact that each two Rydberg

B=eo00.--0
~——

b atoms

Figure 5: Block consisting of b+ 1 adjacent atoms where only the first one is excited to the
Rydberg state.

atoms have at least b and at most 2b neutral atoms separating them, it is clear that every
jammed configuration consists of blocks B separated by clusters of neutral atoms of length
0 < a < b (see Figure 6). Denote by M, the number of gaps with a neutral atoms. The

o--+-oBo---0oBo-+-0oB---Bo---0B
—— = = N——

aj atoms ag atoms as atoms apn atoms

Figure 6: The shape of jammed configurations in Rydberg model with blockade range b and
exactly N Rydberg atoms, ending with a block B (displayed in Figure 5). Gaps between
blocks B, and in front of the first block B, consist of neutral atoms and are of length
0 S a; S b.

total number of jammed configurations of the shape shown in Figure 6, with L atoms in
total, out of which precisely /N atoms are excited to the Rydberg state, is given as

N N!
( ) - M 2.5)
M07M17"'7Mb HOSaSbMa!
with M, satisfying
b
S M, =N, 2.6)
a=0
b
> aM,=L—(b+1)N. 2.7
a=0

The constraint (2.6) expresses that the total number of gaps is N. Notice that we have
N blocks B (since we want to have precisely N Rydberg atoms), and that gaps of size
0 < a < b can be added in front of the first block B, and between each two blocks B.
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The constraint (2.7) implies that the total number of neutral atoms is L — N. Clearly
we need L — N neutral atoms in addition to N Rydberg atoms to have a configuration
of length L. Equation (2.5) accounts for the jammed configurations ending precisely on
B. There are also jammed configurations where the last block B is truncated, and there
are only 0 < ¢ < b neutral atoms after the last atom excited to the Rydberg state. The
contribution of such jammed configurations to the value of Jy 1, is comparable to (2.5),
but since complexity function ignores sub-exponential factors, it suffices to determine the
asymptotics of the sum

N
~ 2.
InL > <M0,M1,...,Mb>’ (2:8)
(Mo,Ml,.A.,Mb)ERNyL
where
Ry, = {(Mo, My, ..., M) e Ns™ - My + My +--- + M, = N and
My +2My+---+bM, =L — (b+1)N}. (2.9)

We write H for the Shannon’s entropy function given as

b
H(po,p1,---»pp) = — >_pilnpi, (2.10)
=0

where p; > 0,for0 <¢ <b,andpy +p1 +---+pp = 1.
Remark 2.3. In case p; = 0 for some ¢, we set 0 - In0 = 0.

The following lemma is the key result of this section, and it constitutes a crucial step in
computing the complexity function of our model as it provides the asymptotics of Jy , in
terms of the maximum of the entropy function.

Lemma 2.4.

N M, M, M,
J ~ L- — H|—,—,...,— L — .
ok exp( (Mo, My M) R, L (N NN )T

where the set Ry 1, is defined in (2.9), and the function H is defined in (2.10).
Proof. Note that

N N
mar My, M M) S > My, M M,
(Mo,Mjy,...,My)ERN,L 0, Tyevny b (JWO,JWL...,MIJ)ERN,L 0, Tyenns b

N
<|Rn.rL max .
| ’ |(M0,M1,...,Mb)eRN,L Mo, My, ..., M,

As the number |Ry 1| of terms in the sum is at most (N + 1)®+1 < (L + 1)°*!, which is
polynomial in L, the sum, asymptotically, grows as its largest term. It is, therefore, enough
to determine the asymptotics of

N

JN L~ max
’ (Mo, My,....Mp)eRy,, \ Mo, M1, ..

-,Mb>’ as L (and N) — oo.
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By following the proof of Lemma 2.2 in [11] we can conclude that

N+b\ " NN _ N - NN
b M0M0M1M1 . 'Mbjwb - ]\407]\417 . -aMb - MOMOMlMl .. .Mbe ’

Note that in case any M, is zero, the expression 0° is to be interpreted as 1. Since (N;' b)
is of polynomial growth, we get

N NN
M07M1,...,Mb MOIMUMIMl ...Mbl\/fb

NAMo M Mo (2.11)
() () Ga)
as N — oo. Note that
N\ Mo/ N \M N\ M My M, M,

() Gn) () ol (3 55))
Hence

JIn, L~ (IVIO,Ml,.r.r.l,a]\Z)eRN,L exp (N -H (A]{TO, %, e %)) , a8 L — oo,
and consequentially

JN,L ~ exp (L . (MO;A/]th-I-I%(b)ERN,L % -H <J\]{[O, %7 e ]\]\4;,)> ,as L — oo,

which is exactly what we wanted to prove. O

Remark 2.5. One could obtain the asymptotics in (2.11) from Stirling’s approximation
N!~ (N/e)N,as N — oo, where sub-exponential factors are ignored.

3 Complexity function of jammed configurations of Rydberg atoms

In this section we compute the complexity function, sometimes referred to as configura-
tional entropy, of jammed configurations of Rydberg atoms. We first recall the definition
of complexity function of a certain model.

Definition 3.1. For a fixed density p € [0,1], let J| 1), denote the number of configu-
rations of length L with density |pL| /L = p. The complexity function f: [0,1] — R is

then defined as
In J lpL],L

f(p) = lim —=PEE, 3.1

L—oo
for each p € [0, 1] for which this limit exists.
Remark 3.2. If the limit above does not exist for a certain p, one can still define (upper)

complexity at that point by replacing lim in the definition with lim sup. And if there are no
configurations with a certain density p, we still write f(p) = 0.

Remark 3.3. This definition implies that the number of configurations with the density
|pL] /L =~ p grows as e=f(¥) for large L.
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The guiding idea behind introducing the complexity function is to describe what portion
of the total number of configurations take up configurations with a particular density. The
problem is that, as L grows to infinity, the actual proportions tend to the delta distribution
concentrated on the ‘most probable’ density py.

As an example, the distribution of densities (the sum of digits divided by the length) of
binary sequences of length L is a symmetric binomial distribution re-scaled to the interval
[0,1]. The limiting distribution is then the delta distribution dy 5 which is, essentially, the
consequence of the law of large numbers.

This convergence to a delta distribution results from the fact that the number of config-
urations with a certain density grows exponentially with a rate that depends on the density.
For large L, the number of configurations with density having the largest rate overtakes, in
proportion, configurations having any other density. The complexity function then quan-
tifies the distribution of all configurations with respect to their densities in a more refined
way.

Another consequence of the fact that the number of configurations having density with
the largest rate dominates, in proportion, any other density is that the total number of all
configurations grows at the same exponential rate as the number of configurations having
this ‘most probable density’. To be precise, if p, denotes the density at which the com-
plexity function f attains its maximum and if J;, is the total number of all configurations
of length L, then J;, ~ e™/(P+) for large L.

Remark 3.4. In Lemma 2.1 we derived the generating function for the sequence Jy r,
within the Rydberg atom model. Plugging x = 1 into this generating function gives the
generating function for Jp, the total number of configurations of length L in Rydberg atom
model

ol y) = (1- y)2 Loy bl b2 g g 242
’ (1 =y)(1 -y —yoTt +y2+2)

l4y(Qty ey ) Aty 4y
L=yt 1 +y+- 4y '

From here, we can infer the asymptotics of J;, for large L by inspecting the roots of the
polynomial 1 — y®*1(1 4y + - -+ ") in the denominator. More precisely, if 3 is the root
with the smallest modulus, then the logarithm of w; = |y,| ! gives the exponential growth
rate of the sequence Jr,
JL ~ wlfl — eLln’wb.

The discussion in the previous paragraph now implies the relation f (,oZ'Ry d) = Inwy.

The following theorem is the main result of this paper and provides an elegant expres-
sion for the complexity function of jammed configurations of Rydberg atoms f(p) in terms
of a root of a certain polynomial.

Theorem 3.5. The complexity function of jammed configurations of Rydberg atoms with
blockade range b € N is given as

£o) = pl-misi - (A-0+0)me], ity <p<ih
0, otherwise,
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where z > 0 is a real root of the polynomial

b
p(z)zZ(i—i—b-ﬁ-l—;) 2 (3.2)

i=0
for which the expression f(p) is the largest.
Remark 3.6. When 3! < p < 5 the leading coefficient of the polynomial p(z) given

in (3.2) is positive, while the constant term is negative This guaranties the existence of
at least one positive real root z > 0. If p = then z = 0 is the root of p(z) and the

=0.

Eag
formula gives f( b_%l)

Remark 3.7. Since (3.2) is a polynomial of degree b, it is possible to find its roots explicitly
for b < 4 and numerically for b > 4. The explicit expression for the complexity in case
b=1is

FIRY(p) = plnp — (1 —2p) In(1 — 2p) — 3p— 1) In(3p — 1),

and for b = 2

i 44p% + 24p — 3 — 4p+1
2-Ryd — 1)1 \/ p? P —
) = (3p T0p —2

—350p° + (25p% — 10p + 1)\/—44p? + 24p — 3 + 215p? —dp+3
P2/ —44p% + 24p — 3 — 134p3 + 57p% — 6p

pln

In the case b = 1, the function f 1'Ryd(p) recovers the result from [44, formula (7.20)] and
[41, §VII]. The graphs of the complexity function of jammed configurations of Rydberg
atoms with blockade range 1 < b < 10 are given in Figure 7. In that figure we also see
that, for each b, the maximum of the complexity function matches In wy, the growth rate of
all jammed configurations. This was already discussed in Remark 3.4.

Proof of Theorem 3.5. Recall that in (2.2) we showed that
1 1 N 1
<

%+l LT b+l

and therefore there are no jammed configurations with densities p > nor w1th densities

b+1
p < ﬁ, for sufficiently large L. Thus, f(p) = 0 when p > b+1 or p < 2b+1 In case
p= 2b1+1 , it is not hard to see that the number of configurations J | s | 2 is
1, if(2b+1)] L,
I ks | = .
211> 0, otherwise.
This implies f(557) = 0 by the definition of complexity.
In the remainder, we fix 5~ +1 < p < 317- By Lemma 2.4, and by using the definition
of the complexity function (3.1), we have
. N MO M1 Mb
=1 - — ==, —— 33
f(p) fey (MO,IVII,I.?%\Z(I,)GRN,L L ( N’ NN J’ (3-3)
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Figure 7: The complexity function of jammed configurations of Rydberg atoms with block-
ade range 1 < b < 10.

where N = | pL]|, provided that this limit exists. By rewriting (M, M1,

...,Mb) S RN,L
as
My M, M,
—2>0-21>0,... 2>
N = 0, N = 0,..., N = 0
My n M, T My, 1
N N N
Ml M2 Mb L
— +2—=4+- - +b—==—-(b+1
N iyttt =y (b+1)
and denoting p; = % € ﬁz, the complexity (3.3) can be written as
f(p) = lim max PH (o, D1y -3 Db) s (3.4)
L= (po,p1,-pp) € T RpLy, L

where p = p(L) = & = %. We claim that this limit exists and is equal to the maximum
of the constrained optimization problem

max pH (p07p17 s 7pb) ) (35)
P0,P1;--,Pb 20
Po+p1+-+pp=1
P1+2p2-+--+bpp =12 —(b+1)

where p; € R are no longer required to be fractions.
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We argue as follows. Denote by (p§, pi,...,p;) the point at which the maximum in
(3.5) is attained. For each L € N, let (po(L),p1(L),...,pp(L)) be the point at which
maximum in (3.4) is attained. Clearly,

PH (po(L),pr(L), .., pp(L)) < pH(py, p1, - -5 4) < pH(Po, P15 - -5 %)

The first inequality follows by substituting p for p in (3.5) and the fact that one is now
optimizing over a larger set. The second inequality follows from p < p. Note that the right
hand side no longer depends on L, and thus

limsup pH (po(L),p1(L),...,ps(L)) < pH(p5, D1, -- -, Dp)-

L—oo

Next, for each L € N, we consider the point (to(L),t1(L), ..., (L)) € ﬁRLpLLL’
which is closest to the to the optimizer (pf,p3,...,p;). Note that, due to the density
argument, (to(L),t1(L),...,ts(L)) = (0§, P}, ..,pi) as L — oo. This, along with the
continuity of H and the fact that p — p implies the lower bound

PH(p3, 77, p5) = Jim pH(to(L),t1(L), .., (L)) <
—00

< liminf pH (po(L), pr(L), .- p(L)) -
Putting everything together completes the argument that the limit
fp) = lim pH (po(L),pr(L),- -, po(L))
exists and that the complexity function is

f(p) = pH(po, p1,- - 1) = max p-H(po,p1s---,pp)-
P0,P1,5--,Pb >0
Po+p1t--+pp=1

p1+2p2+--+bpp =15 —(b+1)
In order to obtain the expression for complexity f(p), it only remains to solve the con-
strained optimization problem (3.5). We define the Lagrangian function
L(pOa R 7pb;)‘7/~1’) =p- H(p07p17' .- apb) - )\(po +p1+-+ Py — 1)

1
—M(p1+2p2"'+bpb—;‘F(b‘*‘l))a

and find the stationary point by solving the system

—p(lnp; +1) = A — i =0, fori=0,1,...,b;

1
p1+2p2--~+bpb=;—(b+1)-

By multiplying i-th of the first (b + 1) equations by p; and adding them together we get

b b

b
=Y (pilnp; +pi) =AY pi—pYy ipi =0,
i=0

=0 =0
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and from here we obtain the expression for complexity in terms of the Lagrange multipliers
A and g which solve the system (3.6)

1
f(P)—PH(p07p17--~7Pb)—P+)\+u(p(b+1)>. (3.7
Subtracting successive equations in (3.6) we get

—p(Inp; —Inp;—1) —p=0,

or equivalently
P _ -u/p
Pi—1

Therefore p; = poe#*/?, fori = 1,...,b. From the very first equation in (3.6) we get

—A/p—1
bo=¢€ /e ’

and the whole system (3.6) now reduces to just two equations

b
e MPTEN Temmile = (3.8)
1=0
’ 1
—X/p—1 e P — Z _ (p
e ie = +1). (3.9)
; p (b+1)

Setting z = e~*/#, and eliminating e~*/?~! from equations (3.8) and (3.9), gives a single
polynomial equation of degree b

1
bl 4 (b—1)2" 4222 4 2 = [p—(b—i—l)} (42" 424 1), (B.10)

which can be written as p(z) = 0 where p(z) is given in (3.2).

Now, in order to obtain the complexity, all we need is, for a fixed ﬁ <p< b%l,
to find a real root z > 0 of the polynomial p(z) for which the expression (3.7) is the
largest. The case p = b-%l’ which gives z = 0, has to be treated separately. From relation
2z =e H/Pand equation (3.8) we have

n=—phz

1—2 3.11)

Plugging (3.11) into (3.7), gives the complexity expressed in terms of the root of p(z)
1-2 1
Lastly, in case p = ﬁ, already from the last two equations in (3.6) we can con-

clude p; = po = -+ = p, = 0 and py = 1. This immediately gives f(p) = 0 as
H(1,0,0,...,0) = 0, completing the proof. O
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Remark 3.8. Using the standard summation formulas, we can rewrite (3.10) as

b b+2 b 1 b+1 1 1— b+1
2 b+ 1)z 4 2 _ [ }z (3.12)

(1—2)2 ;_(b+1) 1—z 7

or equivalently
{(2b+1) - 1} 272 [(2b+2) - 1} PARRE [b— 1} z+ [(b+ 1) — 1] =0.
p P p P

As discussed in the introduction, the complexity function is associated to equilibrium
(or static) models of a certain phenomena and py, the point at which the complexity func-
tion attains its maximum, is interpreted as the expected and most probable density observed
in such a model. This value p, is sometimes called the equilibrium density of the model and
Theorem 3.9 below shows how to calculate it. A different (and perhaps more natural) way
to look at Rydberg atom model is dynamically, within the framework of random sequential
adsorption (RSA). Initially neutral atoms are sequentially and at random excited (obeying
the blockade range constraint) until the jammed configuration is reached. The expected
density of the reached jammed configuration (the jamming limit) in this dynamical version
of the model, denoted by pg'oRyd, was computed in [42, §1V]

b

1 4
1— 9

bRyd / exp | —2 g Y dy.

- 0 J

=1

It is interesting to compare pli'Ryd and pf,'oRyd for different blockade ranges b. Even though

0.45

pLRyd

plrRyd
0.35 {
0.30 l}
0.25
0.20
0.15

0.10

0.05 1

0.00

Figure 8: Comparison of p™*® and p22 for 1 < b < 99.

they are not the same, they seem to match quite nicely, see Figure 8. Additionally, as one

would expect, they both tend to zero for large b. One can see their differences more clearly

in Figure 9. This violation of Edwards flatness hypothesis is even more pronounced when

one inspects the asymptotics of the two sequences more closely. In Figure 10 we see the
.o b-Ryd b-Ryd

graph of quantities b- p, ~ and b - pso > .
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Figure 9: Complexity function of Rydberg atom model with blockade range b, for b €
{1,5,20,50}. Also plotted in each graph are the equilibrium density pi'Ry 4 and the jam-
ming density p’a>?.

0.80

0.75 1

0.70

b-Ryd
b-pl!
b it

—:— Rényi’s parking constant

0 20 40 60 80 100

Figure 10: Comparison of b - p?™* and b - p%&¥ for 1 < b < 99.

It can be shown that these two sequences approach different constants as b grows large

o Y1—e®
lim b - pPRY = / exp | —2 / ————dx| dy = 0.7475979202 . . .
b—oo 0 0 x (3.13)
lim b- 2R =1,

b—o0
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The constant appearing in the first limit is known as Rényi’s parking constant [57]. Both of
these two limits are easier to understand in the context of irreversible deposition of k-mers.
We deal with the k-mer deposition model in the following section where we revisit those
limits.

The calculation below, showing how to obtain the first limit in (3.13), and which we
provide for completeness, appears in [32]. First note

b

1 b

, 1—t
Eﬁ*ﬁ:/ dt

, 1—t

il—'yj i/ltjldt/l
J j=1"Y Yy

j=1 j=1
CJz=b1—t)] [P0 ==
T de=—bdt| "~ J, z -
and therefore
1 b g
b plRvd — b/ exp |—2 .y dy
0 =7
1 bl=y) 1 — (1 — z)b
=b [ exp —2/ — b dz| dy
0 0 L

The dominated convergence theorem now implies

S Y —x
hmbwﬁﬂ:/ mp[?/l_e m%@—ammm%m“.
b—oo 0 0 x

Before we calculate the second limit in (3.13), we give a characterization of the value
pZ'Ryd in terms of a root of a certain polynomial. Compare this with the same results
obtained by Dosli¢ [20, discussion after Theorem 2.10] and Krapivsky-Luck [43, (3.4),
(3.14) and (6.6)].

Theorem 3.9. The value pi'Ry . at which the complexity of the Rydberg atom model with
blockade range b, given in Theorem 3.5, attains its maximum, can be calculated as

it (- 50 - ) s
¥ 14 b— bz — 22bFL — 2hpbHL 4 pb 42 4 Oppbt2” ’

where z is the unique root of the polynomial
P BT

on the interval 0 < z < 1.

Proof. We seek to find the density ﬁ < pifd

foRd in Theorem 3.5 attains its maximum. Again, we employ the Lagrangian function

< 447 at which the complexity f =
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method by setting

b
1—=2 1 . 1\
L(p,z;\) =p —lnl_zbﬂ—(p—(b—kl))lnz}—A;(z—i—b—kl—p)z
1 — zb+1
= 17
PRI

b
—(l—p(b—l—l))lnz—)\z<i+b+1—;> 2.

i=0
The stationary points of this function solve the following system

1— 2+ A 1= zbtH
n——+b+1)lnz—— - —— =0
R +(b+1)Inz P 11—z

b

b+1)z° 1—pb+1 1\ .
po+ D22 p p(+))_AZi(i+b+l_>Zl_1:0
1-=2 z = p

S — bt

b 1 ‘
Z(¢+b+1—>z1:o.
p

=0

Using standard summation formulas, as in (3.12), it is possible to express p from the third
equation as
(1-2)(1— 2
14 b — bz — 220F1 — 2pab+1 4 2042 4 9ppb+27
Plugging this into the second equation gives

b
1 )
O:/\Zi(i+b+1—p> 21
=1

From here, we conclude A = 0. Finally, from the first equation we get

p:

s 1—2 2P (1 — 201

)\:pl—zbﬂn 1—=z2

and, combining this with A = 0, gives

Zb+1(1 _ Zb+1)

=0
1—2 ’

or
AT =y =1 — 2.

We know from Theorem 3.5 that z # 1, so we can rewrite this equation as
J L2 o TN & SR 2 I )

Clearly, there is a unique 0 < z < 1 solving this equation, and the corresponding

pbRyd — (1-2)(1-2""
* 14b— bz — 22011 — 2p2b+1 4 2b+2 4 9pb+2

is the density at which the complexity in the Rydberg atom model with blockade range b is
the largest. O



672 Ars Math. Contemp. 24 (2024) #P4.05 / 653-680

The previous theorem can be used to give a proof of the second limit in (3.13).

Corollary 3.10.

lim b- p2®d =1,
b— o0

Proof. Since 0 < z = z(b) < 1 solves the equation

Zb+1(1 _ Zb+1)

- S AR TR W LA N | (3.15)
—Z

it follows
b2t < 1 < pbt!

and therefore
lim 22tt! = .
b—o0

Multiplying by z and taking square root we also get

lim 2! = 0.

b—o0

Finally, letting b — oo in the identity z**1(1 — zb*1) = 1 — 2, gives

lim z = 1.
b— o0
Note that -
b pbRyd = b1 —z)(1 — 2"
* 14 b(1 — 2)[1 — 220F1] — 22b+1 4 2b+2
so in order to get limp_, o0 b - pi’Ryd = 1, it suffices to show limp_, o b(1 — 2z) = oo. To see

this, note that from (3.15) it follows

(b+1)Inz=1In(1—2) —In(1 — 2**1)

and hence
. BTN b+1y] — —
bl;rxgo(b+1)(1—z)fbli%o s In(1 —2) —In(1 —2""")] = =1-[-00 — 0] = +o0

which completes the argument. O

4 Complexity function of jammed configurations for irreversible de-
position of k-mers

It is easy to see that the Rydberg atom model with blockade range b is, up to scaling all

densities by a factor b 4 1, equivalent to the irreversible deposition of k-mers model where

k = b+1. As an immediate consequence of Theorem 3.5 we get the complexity of jammed
configurations for irreversible deposition of k-mers.

Corollary 4.1. For k € N, k > 1, the complexity function of jammed configurations for
irreversible deposition of k-mers is

f(p):{Z{_lnﬁ_(ﬁ_k)lnz}’ fopmg <p<1,

0, otherwise,
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where z > 0 is a real root of the polynomial
k—1

k )
3 < . ) g
i=0 P

Sor which the expression f(p) is the largest.

0.3
Inw; = Inws
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Inwy
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— k=2 —— k=4 — k=6 k=8 k=10
——- k=3 e k=5 =mmm k=7 e k=9 - k=11

Figure 11: The complexity function of jammed configurations for irreversible deposition
of k-mers, for 2 < k < 11.

Figure 11 shows the complexity function for all 2 < k£ < 11. Note that the support of
the complexity function is now contained in the interval [1/2, 1]. In Figure 12 we compare
the equilibrium density p*™" and the jamming density p%™, for 2 < k < 100. In this
model it is even more obvious that the Edwards hypothesis is violated. The limits of these
two sequences as k grows large are

o0 Yy 1 _ —xT
lim phmer = / exp {2/ ed:c} dy = 0.7475979202 . . .
k—o00 0 0 X

“4.1n
li k-mer __ 1.
Koo
Note that these limits are equivalent to those in (3.13). The convergence of jamming limits
of k-mer deposition models (as k grows to infinity) to the Rényi’s parking constant is
discussed in [44, §7.1] (see also [28, 32]).

Clearly, the second limit from (4.1) follows from Corollary 3.10 as pF™me" = f - pi'Ryd
for b = k — 1. Below, we provide a direct alternative proof of this fact.
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Theorem 4.2.
lim prmer =1.
k—o0
Proof. The quantity we are interested in, p*™, is equivalent to the quantity called the

efficiency (k) in the context of packing Py, into P,,. It was shown in [20] that the efficiency
is determined by the smallest singularity wy, of the generating function F(1,y), i.e., by
the smallest zero of its denominator. Hence we start by setting x = 1 into the rightmost
expression in (2.4),

1-y
1_yk 11—y
Fk(l’y):1*y*yk*y2k:1—yk1_yk

We rewrite its denominator as 1 — g (y), where qx(y) = ¢* 1;?’;, and denote the smallest
solution of equation g (y) = 1 by wy. This equation has only one positive solution, since
q,(0) = 0, gx(1) = k > 1 for large k and ¢j,(y) > 0 for all y > 0. Moreover, the same
reasoning provides a better lower bound for wy, since q(3) = 2=k (1 — 27F) < 1.
Hence 1/2 < wy, < 1.

Consider now the expression

k
(k) = Ij—mer _
(k) =p o (@)
derived in [20]. First we rewrite ¢ (wy) as
1—aF [2k k 1
/ _ .k v
Gh(w) =2 1-—x {aj x(l—xk)+1—a:]

After plugging in * = wy, the term outside the brackets becomes equal to one, and by
multiplying through by wj, we arrive at

1
wndh(wy) = (2 k) -

17wk 1—wk'

We are seeking upper bounds to the right-hand side. The first term is bounded from above
by k, since the expression in parentheses cannot exceed one. It remains to bound the second
term. As mentioned before, wy, is the only positive solution of the equation 1 — g (z) = 0.
We claim that, for a given (large) positive a, w, < 1 — ¢ for large enough k. So let us
suppose otherwise, that for a given a > 0, wy > 1 — £ is valid for all k. It means that the
function 1 — g () has a positive value for 2 = 1 — £. By evaluating both sides, we obtain

that b g

(-7 -(-3) <%
is valid for all k. This is a contradiction, since the left-hand side has a positive limit,
e~% — e~22 > (), while the right-hand side tends to zero as k tends to infinity. Hence,
wg < 1 — ¢ for large enough k. Now the second term can be bounded from above by ¢,
and the whole expression for wygj, (wy) is bounded from above by “T'Hk Since a can be
taken arbitrarily large, it means that the reciprocal value of wyq;, (wy), which is equal to

our p’j'mer, comes arbitrarily close to one, and our claim follows. O
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The convergence is quite slow, most likely logarithmic. We note another unusual thing
in Figure 12. The equilibrium density p*™ attains the minimum value for & = 9. The
interpretation being that the polymers of length 9 pack the least efficiently of all polymers

assuming the equilibrium model. This phenomenon was previously observed in [20].

0.88

—— plomer
oo
0.86 1 ple-mer
. *
——- Rényi’s parking constant

0.84 1

0.82

0.80 1

0.78 1

0.76

0.74

Figure 12: Comparison of p¥™ and p*™er for 2 < k < 100.

[ee]

5 Conclusions

In this paper we have computed the complexity function (or configurational entropy) of
jammed configurations of Rydberg atoms with a given blockade range on a one-dimensional
lattice. We employed a purely combinatorial method which allowed us to compute the com-
plexity function by solving a constrained optimization problem. Along the way we have
explored and elucidated numerous connections between the considered problem and other
models, such as, e.g., the random sequential adsorption and packings of blocks of a given
length into one-dimensional lattices. In most cases, we have not followed those links very
far. We believe that many interesting results could be obtained by deeper investigations
of those connections. As an example, we mention here that explicit expressions for the
number of maximal packings of given size from reference [20] could be directly translated
into expressions for the number of jammed configurations of Rydberg atoms. By the same
reasoning one can show that the total number of all jammed configurations of N Rydberg
atoms with blockade range b on all one-dimensional lattices is given by (b + 1)V +1,

The methods employed here could be easily adapted for other one-dimensional struc-
tures with low connectivity such as, e.g., cactus chains. Another class of promising struc-
tures could be various simple graphs decorated by addition of certain number of vertices of
degree one to each of their vertices.

Similar problems were considered under various guises also for finite portions of rect-
angular lattices, mostly for narrow strips of varying length. Among the best known prob-
lems of this type are the so-called unfriendly seating arrangements. See [7, 30] for their
history and some recent developments. To the same class belong the problems concerned
with privacy, such as the ones considered in [39]. All cited references were concerned with
one-dimensional lattices and/or narrow strips in the square grid, mostly with ladders. It
would be interesting to consider those problems in finite portions of the regular hexagonal
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lattice.

Another interesting thing to do would be to study the behavior (and the difference) of
Poo and p, for different lattices/substrates. In other words, to investigate the difference
between the jamming limit of dynamical models and the most probable densities in the
equilibrium models. A drastic example is presented by the expected density of independent
sets in stars: there are exactly two maximal independent sets in \S,, = K7 ,,—1, one of them
with size 1 and the other with size n — 1. If both of them are equally probable, the expected
size is n/2. Under dynamical model, however, the smaller one is much less probable than
the bigger one, and the expected size is % + ”T_l(n -H)=n-2+ % It would be
interesting to know more about such differences and to know for which classes of graphs
they are extremal.

Our final remark is that the jammed configurations of Rydberg atoms with a given
blockade range b are known as maximal b-independent sets in the language of graph theory.
It might be worth investigating to what extent can similar problems be formulated also in
terms of b-dominance in graphs.

ORCID iDs

Tomislav Dosli¢ @ https://orcid.org/0000-0002-8326-513X
Mate Puljiz [0} https://orcid.org/0000-0003-0912-8345
Stjepan Sebek [0} https://orcid.org/0000-0002-1802-1542
Josip Zubrini¢ {i0) https://orcid.org/0009-0002-6522-9554

References

[1] M. C. Bartelt, J. W. Evans and M. L. Glasser, The car-parking limit of random sequential
adsorption: Expansions in one dimension, J. Chem. Phys. 99 (1993), 1438-1439, doi:10.1063/
1.465338, https://doi.org/10.1063/1.465338.

[2] A. Baule, F. Morone, H. J. Herrmann and H. A. Makse, Edwards statistical mechanics
for jammed granular matter, Rev. Modern Phys. 90 (2018), 015006, 58 pp., doi:10.1103/
RevModPhys.90.015006, https://doi.org/10.1103/RevModPhys.90.015006.

[3] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran, H. Pichler, S. Choi, A. S. Zibrov,
M. Endres, M. Greiner, V. Vuleti¢ and M. D. Lukin, Probing many-body dynamics on a 51-
atom quantum simulator, Nature 551 (2017), 579-584, doi:10.1038/nature24622, https://
doi.org/10.1038/nature24622.

[4] L. Berthier and G. Biroli, Theoretical perspective on the glass transition and amorphous ma-
terials, Rev. Mod. Phys. 83 (2011), 587, doi:10.1103/RevModPhys.83.587, https://doi.
org/10.1103/RevModPhys.83.587.

[5] G. Biroli and R. Monasson, From inherent structures to pure states: Some simple remarks
and examples, Europhys. Lett. 50 (2000), 155-161, doi:10.1209/epl/i2000-00248-2, https:
//doi.org/10.1209/epl/12000-00248-2.

[6] B. Bonnier, D. Boyer and P. Viot, Pair correlation function in random sequential adsorp-
tion processes, J. Phys. A: Math. Gen. 27 (1994), 3671, doi:10.1088/0305-4470/27/11/017,
https://doi.org/10.1088/0305-4470/27/11/017.

[7] H.-H. Chern, H.-K. Hwang and T.-H. Tsai, Random unfriendly seating arrangement in a dining
table, Adv. in Appl. Math. 65 (2015), 38-64, doi:10.1016/j.aam.2015.01.002, https://doi.
org/10.1016/j.aam.2015.01.002.



(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

(22]

(23]

T. Doslic¢ et al.: Complexity function of jammed configurations of Rydberg atoms 677

E. R. Cohen and H. Reiss, Kinetics of reactant isolation. I. One-dimensional problems, J.
Chem. Phys. 38 (1963), 680-691, doi:10.1063/1.1733723, https://doi.org/10.1063/
1.1733723.

S. J. Cornell, K. Kaski and R. B. Stinchcombe, Domain scaling and glassy dynamics in a one-
dimensional Kawasaki Ising model, Phys. Rev. B 44 (1991), 12263, doi:10.1103/PhysRevB.44.
12263, https://doi.org/10.1103/PhysRevB.44.12263.

A. Crisanti, F. Ritort, A. Rocco and M. Sellitto, Inherent structures and nonequilibrium
dynamics of one-dimensional constrained kinetic models: a comparison study, J. Chem.
Phys. 113 (2000), 10615-10634, doi:10.1063/1.1324994, https://doi.org/10.1063/
1.1324994.

I. Csiszar and P. C. Shields, Information theory and statistics: a tutorial, Found. Trends Com-
mun. Inf. Theory 1 (2004), 417-528, doi:10.1561/0100000004, https://doi.org/10.
1561/0100000004.

T. Cubel Liebisch, A. Reinhard, P. R. Berman and G. Raithel, Atom counting statistics in
ensembles of interacting Rydberg atoms, Phys. Rev. Lett. 95 (2005), 253002, doi:10.1103/
PhysRevLett.95.253002, https://doi.org/10.1103/PhysRevLett.95.253002.

G. De Smedt, C. Godreche and J. Luck, Metastable states of the Ising chain with Kawasaki
dynamics, Eur. Phys. J. B 32 (2003), 215-225, doi:10.1140/epjb/e2003-00091-9, https:
//doi.org/10.1140/epjb/e2003-00091-9.

G. De Smedt, C. Godreche and J.-M. Luck, Jamming, freezing and metastability in
one-dimensional spin systems, Eur Phys. J. B 27 (2002), 363-380, doi:10.1140/epjb/
€2002-00167-0, https://doi.org/10.1140/epjb/e2002-00167-0.

D. S. Dean and A. Lefevre, Steady state behavior of mechanically perturbed spin glasses and
ferromagnets, Phys. Rev. E 64 (2001), 046110, doi:10.1103/PhysRevE.64.046110, https:
//doi.org/10.1103/PhysRevE.64.046110.

D. S. Dean and A. Lefevre, Tapping spin glasses and ferromagnets on random graphs, Phys.
Rev. Lett. 86 (2001), 5639, doi:10.1103/PhysRevLett.86.5639, https://doi.org/10.
1103/PhysRevLett.86.5639.

P. G. Debenedetti and F. H. Stillinger, Supercooled liquids and the glass transition, Nature 410
(2001), 259-267, doi:10.1038/35065704, https://doi.org/10.1038/35065704.

B. Derrida and E. Gardner, Metastable states of a spin glass chain at 0 temperature, J. Phys.
France 47 (1986), 959-965, doi:10.1051/jphys:01986004706095900, https://doi.org/
10.1051/Jjphys:01986004706095900.

T. Dosli¢, M. Puljiz, S. Sebek and J. Zubrinié, On a variant of Flory model, Discrete Appl. Math.
356 (2024), 269-292, doi:10.1016/j.dam.2024.06.011, https://doi.org/10.1016/7.
dam.2024.06.011.

T. Dosli¢, Block allocation of a sequential resource, Ars Math. Contemp. 17 (2019), 79—
88, doi:10.26493/1855-3974.1508.f8c, https://doi.org/10.26493/1855-3974.
1508.f8c.

T. Dosli¢ and 1. Zubac, Counting maximal matchings in linear polymers, Ars Math. Contemp.
11 (2016), 255-276, doi:10.26493/1855-3974.851.167, https://doi.org/10.26493/
1855-3974.851.167.

F. B. Dunning and T. C. Killian, Rydberg atoms: Giants of the atomic world, Scientia (2021),
doi:10.33548/scientia679, https://doi.org/10.33548/SCIENTIA679.

Y. Elskens and H. L. Frisch, Aggregation kinetics for a one-dimensional zero-degree
Kelvin model of spinodal decomposition, J. Stat. Phys. 48 (1987), 1243-1248, doi:10.1007/
BF01009543, https://doi.org/10.1007/BF01009543.



678

[24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

Ars Math. Contemp. 24 (2024) #P4.05 / 653-680

J. W. Evans, Random and cooperative sequential adsorption, Rev. Mod. Phys. 65 (1993), 1281,
doi:10.1103/RevModPhys.65.1281, https://doi.org/10.1103/RevModPhys.65.
1281.

P. Flajolet and R. Sedgewick, Analytic Combinatorics, Cambridge University Press,
Cambridge, 2009, doi:10.1017/CB0O9780511801655, https://doi.org/10.1017/
CB09780511801655.

P. J. Flory, Intramolecular reaction between neighboring substituents of vinyl polymers, J.
Am. Chem. Soc. 61 (1939), 1518-1521, doi:10.1021/ja01875a053, https://doi.org/
10.1021/3a01875a053.

G. H. Fredrickson and H. C. Andersen, Kinetic Ising model of the glass transition, Phys. Rev.
Lett. 53 (1984), 1244, doi:10.1103/PhysRevLett.53.1244, https://doi.org/10.1103/
PhysRevLett.53.1244.

H. D. Friedman, D. Rothman and J. K. MacKenzie, Problem 62-3, SIAM Review 6 (1964),
180-182, http://www. jstor.org/stable/2028090.

T. F. Gallagher, Rydberg Atoms, Cambridge Monographs on Atomic, Molecular and Chemi-
cal Physics, Cambridge University Press, Cambridge, 1994, doi:10.1017/CB0O9780511524530,
https://doi.org/10.1017/CB0O9780511524530.

K. Georgiou, E. Kranakis and D. Krizanc, Random maximal independent sets and the un-
friendly theater seating arrangement problem, Discrete Math. 309 (2009), 5120-5129, doi:
10.1016/j.disc.2009.03.049, https://doi.org/10.1016/3j.disc.2009.03.049.

L. Gerin, The Page-Rényi parking process, Electron. J. Combin. 22 (2015), Paper 4.4, 13 pp.,
doi:10.37236/5150, https://doi.org/10.37236/5150.

J.J. Gonzilez, P. C. Hemmer and J. S. Hgye, Cooperative effects in random sequential polymer
reactions, Chem. Phys. 3 (1974), 228-238, doi:10.1016/0301-0104(74)80063-7, https://
doi.org/10.1016/0301-0104(74)80063-7.

W. Gotze and L. Sjogren, Relaxation processes in supercooled liquids, Rep. Prog. Phys.
55 (1992), 241-376, doi:10.1088/0034-4885/55/3/001, https://doi.org/10.1088/
0034-4885/55/3/001.

C. S. Hofmann, G. Giinter, H. Schempp, M. Robert-de Saint-Vincent, M. Girttner, J. Ev-
ers, S. Whitlock and M. Weidemiiller, Sub-poissonian statistics of Rydberg-interacting dark-
state polaritons, Phys. Rev. Lett. 110 (2013), 203601, doi:10.1103/PhysRevLett.110.203601,
https://doi.org/10.1103/PhysRevLett.110.203601.

J. Jackle and S. Eisinger, A hierarchically constrained kinetic Ising model, Z. Physik B - Con-
densed Matter 84 (1991), 115-124, doi:10.1007/BF01453764, https://doi.org/10.
1007/BF01453764.

J. L. Jackson and E. W. Montroll, Free radical statistics, J. Chem. Phys. 28 (1958), 1101-1109,
doi:10.1063/1.1744351, https://doi.org/10.1063/1.1744351.

D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. C6té and M. D. Lukin, Fast quantum gates for
neutral atoms, Phys. Rev. Lett. 85 (2000), 2208, doi:10.1103/PhysRevLett.85.2208, https:
//doi.org/10.1103/PhysRevLett.85.2208.

S. Kirkpatrick and D. Sherrington, Infinite-ranged models of spin-glasses, Phys. Rev.
B 17 (1978), 4384, doi:10.1103/PhysRevB.17.4384, https://doi.org/10.1103/
PhysRevB.17.4384.

E. Kranakis and D. Krizanc, Maintaining privacy on a line, Theory Comput. Syst.
50 (2012), 147-157, doi:10.1007/s00224-011-9338-3, https://doi.org/10.1007/
s00224-011-9338-3.



[40]

[41]

[42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

(501

[51]

(52]

(53]

[54]

[55]

T. Doslié¢ et al.: Complexity function of jammed configurations of Rydberg atoms 679

P. L. Krapivsky, Kinetic models of a binary alloy at zero temperature, J. Stat. Phys. 74 (1994),
1211-1225, doi:10.1007/BF02188224, https://doi.org/10.1007/BF02188224.

P. L. Krapivsky, Dynamics of repulsion processes, J. Stat. Mech. Theory Exp. (2013),
P06012, 27 pp., doi:10.1088/1742-5468/2013/06/p06012, https://doi.org/10.1088/
1742-5468/2013/06/p06012.

P. L. Krapivsky, Large deviations in one-dimensional random sequential adsorption, Phys. Rev.
E 102 (2020), 062108, 10 pp., doi:10.1103/physreve.102.062108, https://doi.org/10.
1103/physreve.102.062108.

P. L. Krapivsky and J. M. Luck, A renewal approach to configurational entropy in one di-
mension, J. Phys. A 56 (2023), Paper No. 255001, 29 pp., doi:10.1088/1751-8121/acd5bd,
https://doi.org/10.1088/1751-8121/acd5bd

P. L. Krapivsky, S. Redner and E. Ben-Naim, A Kinetic View of Statistical Physics, Cam-
bridge University Press, Cambridge, 2010, doi:10.1017/CB09780511780516, https://
doi.org/10.1017/CB09780511780516.

A. Lefevre and D. S. Dean, Tapping thermodynamics of the one-dimensional Ising model,
J. Phys. A 34 (2001), L213, doi:10.1088/0305-4470/34/14/101, https://doi.org/10.
1088/0305-4470/34/14/101.

J.-C. Lin and P. L. Taylor, Exact solution of a phase-separation model with conserved-order-
parameter dynamics and arbitrary initial concentration, Phys. Rev. E 48 (1993), 4305, doi:
10.1103/PhysRevE.48.4305, https://doi.org/10.1103/PhysRevE.48.4305.

D. Lind and B. Marcus, An Introduction to Symbolic Dynamics and Coding, Cambridge
Mathematical Library, Cambridge University Press, Cambridge, 2nd edition, 2021, doi:
10.1017/9781108899727, https://doi.org/10.1017/9781108899727.

J. K. Mackenzie, Sequential filling of a line by intervals placed at random and its application
to linear adsorption, J. Chem. Phys. 37 (1962), 723-728, doi:10.1063/1.1733154, https:
//doi.org/10.1063/1.1733154.

S. Masui, B. W. Southern and A. E. Jacobs, Metastable states of Ising spin glasses and ran-
dom ferromagnets, Phys. Rev. B 39 (1989), 6925, doi:10.1103/PhysRevB.39.6925, https:
//doi.org/10.1103/PhysRevB.39.6925.

M. Mézard, G. Parisi and M. A. Virasoro, Spin Glass Theory and Beyond, volume 9 of World
Sci. Lect. Notes Phys., World Scientific, Singapore, 1987, doi:10.1142/0271, https://do1i.
org/10.1142/0271.

E. S. Page, The distribution of vacancies on a line, J. Roy. Statist. Soc. Ser. B 21 (1959), 364—
374, https://www.jstor.org/stable/2983806.

R. G. Palmer and H. L. Frisch, Low-and high-dimension limits of a phase separation model,
J. Stat. Phys. 38 (1985), 867-872, doi:10.1007/BF01010420, https://doi.org/10.
1007/BF01010420.

D. K. Pickard and E. M. Tory, A critique of Weiner’s work on Palésti’s conjecture, J.
Appl. Probab. 17 (1980), 880-884, doi:10.2307/3212986, https://doi.org/10.2307/
3212986.

T. Pohl, E. Demler and M. D. Lukin, Dynamical crystallization in the dipole blockade of
ultracold atoms, Phys. Rev. Lett. 104 (2010), 043002, doi:10.1103/PhysRevLett.104.043002,
https://doi.org/10.1103/PhysRevLett.104.043002.

A. Prados and J. J. Brey, Analytical solution of a one-dimensional Ising model with
zero-temperature dynamics, J. Phys. A 34 (2001), L453, doi:10.1088/0305-4470/34/33/103,
https://doi.org/10.1088/0305-4470/34/33/103.



680

[56]

(571

(58]

[59]

(60]

[61]

(62]

[63]

Ars Math. Contemp. 24 (2024) #P4.05 / 653-680

V. Privman, Exact solution of a phase separation model with conserved order parameter dy-
namics, Phys. Rev. Lett. 69 (1992), 3686, doi:10.1103/PhysRevLett.69.3686, https://doi.
org/10.1103/PhysRevLett.69.3686.

A. Rényi, On a one-dimensional problem concerning random space filling, Publ. Math. Inst.
Hungar. Acad. Sci. 3 (1958), 109-127.

M. Saffman, T. G. Walker and K. Mglmer, Quantum information with Rydberg atoms, Rev.
Mod. Phys. 82 (2010), 2313, doi:10.1103/RevModPhys.82.2313, https://doi.org/10.
1103/RevModPhys.82.2313.

P. Sollich and M. R. Evans, Glassy time-scale divergence and anomalous coarsening in a kinet-
ically constrained spin chain, Phys. Rev. Lett. 83 (1999), 3238, doi:10.1103/PhysRevLett.83.
3238, https://doi.org/10.1103/PhysRevLett.83.3238.

R. P. Stanley, Enumerative Combinatorics. Volume 1, volume 49 of Cambridge Studies in
Advanced Mathematics, Cambridge University Press, Cambridge, 2nd edition, 2012, doi:
10.1017/CB0O9781139058520, https://doi.org/10.1017/CB09781139058520.

J. Talbot, G. Tarjus, P. R. Van Tassel and P. Viot, From car parking to pro-
tein adsorption: an overview of sequential adsorption processes, Colloids Surf. A 165
(2000), 287-324, doi:10.1016/S0927-7757(99)00409-4, https://doi.org/10.1016/
50927-7757(99)00409-4.

D. J. Thouless, P. W. Anderson and R. G. Palmer, Solution of ‘Solvable model of a spin glass’,
Philos. Mag. 35 (1977), 593-601, doi:10.1080/14786437708235992, https://doi.org/
10.1080/14786437708235992.

M. Viteau, P. Huillery, M. G. Bason, N. Malossi, D. Ciampini, O. Morsch, E. Arimondo,
D. Comparat and P. Pillet, Cooperative excitation and many-body interactions in a cold Ryd-
berg gas, Phys. Rev. Lett. 109 (2012), 053002, doi:10.1103/PhysRevLett.109.053002, ht tps:
//doi.org/10.1103/PhysRevLett.109.053002.



creative ARS MATHEMATICA
@commons CONTEMPORANEA

ISSN 1855-3966 (printed edn.), ISSN 1855-3974 (electronic edn.)

ARS MATHEMATICA CONTEMPORANEA 24 (2024) #P4.06 / 681-698
https://doi.org/10.26493/1855-3974.3233.185
(Also available at http://amc-journal.eu)

Distinguishing colorings, proper colorings, and
covering properties without AC*

Amitayu Banerjee ' @
Alfréd Rényi Institute of Mathematics, Redltanoda utca 13-15, 1053, Budapest, Hungary

Zaldn Molnér # @, Alexa Gopaulsingh ®
Eotvds Lordnd University, Department of Logic, Miizeum krt. 4, 1088, Budapest, Hungary

Received 24 September 2023, accepted 20 March 2024, published online 26 September 2024

Abstract

We work with simple graphs in ZF (i.e., the Zermelo—Fraenkel set theory without the
Axiom of Choice (AC)) and assume that the sets of colors can be either well-orderable
or non-well-orderable, to prove that the following statements are equivalent to Kénig’s
Lemma:

(a) Any infinite locally finite connected graph G such that the minimum degree of G is
greater than k, has a chromatic number for any fixed integer k greater than or equal
to 2.

(b) Any infinite locally finite connected graph has a chromatic index.
(c) Any infinite locally finite connected graph has a distinguishing number.
(d) Any infinite locally finite connected graph has a distinguishing index.

The above results strengthen some recent results of Stawiski since he assumed that the sets
of colors can be well-ordered. We formulate new conditions for the existence of irreducible
proper coloring, minimal edge cover, maximal matching, and minimal dominating set in
connected bipartite graphs and locally finite connected graphs, which are either equivalent
to AC or Kénig’s Lemma. Moreover, we show that if the Axiom of Choice for families of
2-element sets holds, then the Shelah-Soifer graph has a minimal dominating set.
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1 Introduction

In 1991, Galvin—Komjéth proved that the statements “Any graph has a chromatic num-
ber” and “Any graph has an irreducible proper coloring” are equivalent to AC in ZF using
Hartogs’s theorem (cf. [7]). In 1977, Babai [1] introduced distinguishing vertex colorings
under the name asymmetric colorings, and distinguishing edge colorings were introduced
by Kalinowski—Pil$niak [14] in 2015. Recently, Stawiski [20] proved that the statements
(b)-(d) mentioned in the abstract above and the statement “Any infinite locally finite con-
nected graph has a chromatic number” are equivalent to K&nig’s Lemma (a weak form
of AC) by assuming that the sets of colors can be well-ordered (cf. [20, Lemma 3.3 and
Section 2]).

1.1 Proper and distinguishing colorings

An infinite cardinal in ZF can either be an ordinal or a set that is not well-orderable.
Herrlich-Tachtsis [10, Proposition 23] proved that no Russell graph has a chromatic num-
ber in ZF. We refer the reader to [10] for the details concerning Russell graph and Russell
sequence. In Theorem 4.2, the first and the second authors study new combinatorial proofs
(mainly inspired by the arguments of [10, Proposition 23]) to show that the statements (a)—
(d) mentioned in the abstract above are equivalent to Kénig’s Lemma (without assuming
that the sets of colors can be well-ordered).’

1.2 New equivalents of Konig’s lemma and AC

The role of AC and Kénig’s Lemma in the existence of graph-theoretic properties like ir-
reducible proper coloring, chromatic numbers, maximal independent sets, spanning trees,
and distinguishing colorings were studied by several authors in the past (cf. [2, 3, 5, 6, 7,
11, 19, 20]). We list a few known results apart from the above-mentioned results due to
Galvin—Komjath [7] and Stawiski [20]. In particular, Friedman [6, Theorem 6.3.2, Theo-
rem 2.4] proved that AC is equivalent to the statement “Any graph has a maximal indepen-
dent set”. Hoft—-Howard [11] proved that the statement “Any connected graph contains a
partial subgraph which is a tree” is equivalent to AC. Fix any even integer m > 4 and any
integer n > 2. Delhommé-Morillon [5] studied the role of AC in the existence of span-
ning subgraphs and observed that AC is equivalent to “Any connected bipartite graph has a
spanning subgraph without a complete bipartite subgraph K, ,,” as well as “Any connected
graph admits a spanning m-bush” (cf. [5, Corollary 1, Remark 1]). They also proved that
the statement “Any locally finite connected graph has a spanning tree” is equivalent to
Kénig’s lemma in [5, Theorem 2]. Banerjee [2, 3] observed that the statements “Any infi-

E-mail addresses: banerjee.amitayu@gmail.com (Amitayu Banerjee), mozaag @gmail.com (Zaldn Molndr),
alexa279e @gmail.com (Alexa Gopaulsingh)
'We note that statement (a) mentioned in the abstract is a new equivalent of Kénig’s Lemma. Stawiski’s graph
from [20, Theorem 3.6] shows that K&nig’s Lemma is equivalent to “Every infinite locally finite connected graph
G such that §(G) (the minimum degree of G) is 2 has a chromatic number”.
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nite locally finite connected graph has a maximal independent set” and “Any infinite locally
finite connected graph has a spanning m-bush” are equivalent to Kénig’s lemma. However,
the existence of maximal matching, minimal edge cover, and minimal dominating set in ZF
were not previously investigated. The following table summarizes the new results (cf. The-
orem 5.1, Theorem 6.4).2

New equivalents of Kénig’s lemma | New equivalents of AC
‘Pitc(irreducible proper coloring)

Pit.c(minimal dominating set) ‘P.(minimal dominating set)
‘Pit.c(maximal matching) ‘P p(maximal matching)
Pir(minimal edge cover) ‘P.p(minimal edge cover)

In the table, P (property X) denotes “Any infinite locally finite connected graph has
property X, P.p(property X) denotes “Any connected bipartite graph has property X
and P.(property X) denotes “Any connected graph has property X .

2 Basics

Definition 2.1. Suppose X and Y are two sets. We write:
1. X =Y, if there is an injection f: X — Y.
2. X andY are equipotentif X <Y andY =< X, i.e, if thereis abijection f: X — Y.

3. X <Y,if X XY and X is not equipotent with Y.

Definition 2.2. Without AC, a set m is called a cardinal if it is the cardinality |z| of some
set x, where |z| = {y : y ~ x and y is of least rank} where y ~ 2 means the existence of a
bijection f: y — x (see [15, Definition 2.2, page 83] and [13, Section 11.2]).

Definition 2.3. A graph G = (V, E¢) consists of a set Vi of vertices and a set Eg C
[V]? of edges.®> Two vertices =,y € Vi are adjacent vertices if {x,y} € Eg, and two
edges e, f € E¢g are adjacent edges if they share a common vertex. The degree of a vertex
v € Vg, denoted by deg(v), is the number of edges emerging from v. We denote by §(G)
the minimum degree of G. Given a non-negative integer n, a path of length n in G is a one-
to-one finite sequence {x; }o<;<n Of vertices such that for each i < n, {z;, 2,11} € Eg;
such a path joins xg to x,,.

(1) G is locally finite if every vertex of G has a finite degree.
(2) G is connected if any two vertices are joined by a path of finite length.

(3) A dominating set of G is a set D of vertices of GG, such that any vertex of G is either
in D, or has a neighbor in D.

(4) An independent set of GG is a set of vertices of GG, no two of which are adjacent
vertices. A dependent set of G is a set of vertices of GG that is not an independent set.

2We note that Theorem 5.1 is a combined effort of the first and the second authors. Moreover, all remarks in
Section 6 including Theorem 6.4 are due to all the authors.
3i.e., Eg is a subset of the set of all two-element subsets of V.
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A vertex cover of G is a set of vertices of G that includes at least one endpoint of
every edge of the graph G.

A matching M in G is a set of pairwise non-adjacent edges.

An edge cover of G is a set C of edges such that each vertex in G is incident with at
least one edge in C.

A minimal dominating set (minimal vertex cover, minimal edge cover) is a dominat-
ing set (a vertex cover, an edge cover) that is not a superset of any other dominating
set (vertex cover, edge cover). A maximal independent set (maximal matching) is
an independent set (a matching) that is not a subset of any other independent set
(matching).

A proper vertex coloring of G with a color set C' is a mapping f: Vo — C such
that for every {x,y} € Eq, f(x) # f(y). A proper edge coloring of G with a color
set C'is a mapping f: Eg — C such that for any two adjacent edges e; and eq,

fler) # flez).

Let |C| = k. We say G is k-proper vertex colorable or C-proper vertex colorable if
there is a proper vertex coloring f: Vo — C and G is k-proper edge colorable or
C-proper edge colorable if there is a proper edge coloring f: Eg — C. The least
cardinal x for which G is x-proper vertex colorable (if it exists) is the chromatic
number of G and the least cardinal s for which G is k-proper edge colorable (if it
exists) is the chromatic index of G.

A proper vertex coloring f: Vg — C'is a C-irreducible proper coloring if f~1(c1)U
f~(c2) is a dependent set whenever ¢y, co € C and ¢; # o (cf. [7]).

An automorphism of G is a bijection ¢: Vo — Vi such that {u, v} € F¢ if and only
if {¢p(u), p(v)} € Eg. Let f be an assignment of colors to either vertices or edges of
G. We say that an automorphism ¢ of G preserves f if each vertex of G is mapped to
a vertex of the same color or each edge of GG is mapped to an edge of the same color.
We say that f is a distinguishing coloring if the only automorphism that preserves
f is the identity. Let |C| = k. We say G is k-distinguishing vertex colorable or C-
distinguishing vertex colorable if there is a distinguishing vertex coloring f: Vg —
C and G is k-distinguishing edge colorable or C-distinguishing edge colorable if
there is a distinguishing edge coloring f: EFg — C. The least cardinal « for which
G is k-distinguishing vertex colorable (if it exists) is the distinguishing number of G
and the least cardinal x for which G is k-distinguishing edge colorable (if it exists)
is the distinguishing index of G.

The automorphism group of G, denoted by Aut(G), is the group consisting of auto-
morphisms of G with composition as the operation. Let 7 be a group acting on a set
S andlet a € S. The orbit of a, denoted by Orb.(a), is the set {¢(a) : ¢ € 7}.

G is complete if each pair of vertices is connected by an edge. We denote by K, the
complete graph on n vertices for any natural number n > 1.

Kénig’s Lemma states that every infinite locally finite connected graph has a ray.
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Let w be the set of natural numbers, Z be the set of integers, Q be the set of rational
numbers, R be the set of real numbers, and Q+a = {a+r : r € Q} forany a € R. Shelah—
Soifer [17] constructed a graph whose chromatic number is 2 in ZFC and uncountable in
some model of ZF (e.g. in Solovay’s model from [18, Theorem 1]).

Definition 2.4 (cf. [17]). The Shelah-Soifer Graph G = (R, p) is defined by zpy <
(z—y) € @+ V2)U(Q+(-V2)).

Definition 2.5. A set X is Dedekind-finite if it satisfies the following equivalent conditions
(cf. [10, Definition 1]):

cwAX A
* A < X for every proper subset A of X.

Definition 2.6. For every family B = {B; : i € I'} of non-empty sets, B is said to have a
partial choice function if B has an infinite subfamily C with a choice function.

Definition 2.7 (A list of choice forms).

(1) AC,: Every family of 2-element sets has a choice function.
(2) ACy,: Every family of non-empty finite sets has a choice function.

(3) AC{,: Every countably infinite family of non-empty finite sets has a choice function.
We recall that ACY, is equivalent to K6nig’s Lemma as well as the statement “The
union of a countable family of finite sets is countable”.

4) ACY, g, for k € w\{0,1}: Every countably infinite family A = {A4; : i € w} of
non-empty finite sets, where k divides | 4;|, has a choice function.

(5) PACY 4, for k € w\{0,1}: Every countably infinite family A = {A; : i € w} of
non-empty finite sets, where k divides | 4;| has a partial choice function.

Definition 2.8. From the point of view of model theory, the language of graphs L consists
of a single binary relational symbol E depicting edges, i.e., L = {E} and a graph is an
L-structure G = (V, E') consisting of a non-empty set ' of vertices and the edge relation
EonV. Let G = (V, E) be an L-structure, ¢(x1, ..., Z,,) be a first-order £-formula, and
let ay,...,a, € V for some n € w\{0}. We write G |= ¢(ay,...,ay), if the property
expressed by ¢ is true in G for ay, ..., an. Let Gy = (Vg,, Eg,) and G2 = (Vg,, Eg,)
be two L-structures. We recall that if j: Vg, — Vi, is an isomorphism, ¢(z1, ..., 2, ) is a
first-order £-formula on r variables for some r € w\{0}, and a; € V5, foreach 1 < i <,
then by induction on the complexity of formulae, one can see that G | ¢(ay, ..., a,) if
and only if G2 = ¢(j(a1), ..., j(ar)) (cf. [16, Theorem 1.1.10]).

3 Known and basic results

3.1 Known results

Fact 3.1 (ZF). The following hold:

4

i.e., there is no injection f: w — X.
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(1) (Galvin—Komjath; cf. [7, Lemma 3 and the proof of Lemma 2]). Any graph based
on a well-ordered set of vertices has an irreducible proper coloring and a chromatic
number.

(2) (Delhommé-Morillon; cf. [5, Lemma 1]). Given a set X and a set A which is the
range of no mapping with domain X, consider a mapping f: A — P(X)\{0} (with
values non-empty subsets of X). Then there are distinct a and b in A such that

fla)n f(b) # 0.

(3) (Herrlich-Rhineghost; cf. [9, Theorem]). For any measurable subset X of R with a
positive measure there exist t € X andy € X withy —z € Q + /2.

(4) (Stawiski; cf. [20, proof of Theorem 3.8]). Any graph based on a well-ordered set of
vertices has a chromatic index, a distinguishing number, and a distinguishing index.

3.2 Basic results

Proposition 3.2 (ZF). The Shelah-Soifer Graph G = (R, p) has the following properties:
(1) If ACy holds, then G has a minimal dominating set.
(2) Any independent set of G is either non-measurable or of measure zero.

Proof. First, we note that each component of G is infinite, since x,y € R are connected if
and only if z — y = ¢ 4+ /22 for some ¢ € Q and z € Z, and G has no odd cycles.

(1). Under AC,, G has a 2-proper vertex coloring f: Vo — 2 (see [9]). This is
because, since G has no odd cycles, each component of G has precisely two 2-proper
vertex colorings. Using AC, one can select a 2-proper vertex coloring for each component,
in order to obtain a 2-proper vertex coloring of GG. We claim that f~!(i) (which is an
independent set of &) is a maximal independent set (and hence a minimal dominating set) of
G forany i € {0,1}. Fix i € {0, 1} and assume that f~!(i) is not a maximal independent
set. Then f~1(i) U {v} is an independent set for some v € R\ f~1(i) = f~1(1—1i) and so
{v,z} & pforany z € f~1(i). Since f~1(1 — i) is an independent set, {v, z} & p for any
x € f~1(1 — ). This contradicts the fact that G has no isolated vertices.

(2). Let M be an independent set of G. Pick any x,y € M such that  # y. Then,

~(ypr) = (y—2) ¢ (Q+vV2IU(Q+(—v2)) = {r+v2:r € QU{r—v2:7 € Q}.

Thus, there are no z,y € M where = # y such that y — x € Q + /2. By Fact 3.1(3),
M is not a measurable set of R with a positive measure. O

Proposition 3.3 (ZF). The following hold:
(1) Any graph based on a well-ordered set of vertices has a minimal vertex cover.
(2) Any graph based on a well-ordered set of vertices has a minimal dominating set.
(3) Any graph based on a well-ordered set of vertices has a maximal matching.

(4) Any graph based on a well-ordered set of vertices with no isolated vertex, has a
minimal edge cover.
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Proof. (1). Let G = (V, E¢) be a graph based on a well-ordered set of vertices and let
< be a well-ordering of Vz. We use transfinite recursion, without invoking any form of
choice, to construct a minimal vertex cover. Let My = V. Clearly, M) is a vertex cover.
Assume that M is not a minimal vertex cover. Now, assume that for some ordinal number
a we have constructed a sequence (Mpg) g« of vertex covers such that Mg is not a minimal
vertex cover for any 8 < a. If @« = v + 1 is a successor ordinal for some ordinal v, then
let Mo, = M1 = M, \{v,} where v, is the <-minimal element of the well-ordered set
{v € M, : M,\{v} is a vertex cover}. If « is a limit ordinal, we use M, = (¢, Mp-
For any ordinal «, if M, is a minimal vertex cover, then we are done. Since the class of
all ordinal numbers is a proper class, it follows that the recursion must terminate at some
ordinal stage, say A. Then, M) is the minimal vertex cover.

(2). This follows from (1) and the fact that if I is a minimal vertex cover of GG, then
Ve \I is a maximal independent set (and hence a minimal dominating set) of G.

(3). If Vg is well-orderable, then Eg C [Vg]2 is well-orderable as well. Thus, similar
to the arguments of (1) we can obtain a maximal matching by using transfinite recursion in
ZF and modifying the greedy algorithm to construct a maximal matching.

(4). Let G = (Vg, E) be a graph on a well-ordered set of vertices without isolated
vertices. Let <’ be a well-ordering of E¢. By (3), we can obtain a maximal matching M in
G. Let IV be the set of vertices not covered by M. For each vertex w € W, the set E,, =
{e € E¢ : e s incident with w} is well-orderable being a subset of the well-orderable set
(Eg,<’). Let f,, be the (<'[ E,,)-minimal element of E,,. Let F' = {f,, : w € W} and
let My = {e € M : at least one endpoint of e is not covered by F'}. Then F' U M; is a
minimal edge cover of G. O

Remark 3.4. We remark that the direct proofs of items (1)—(3) of Proposition 3.3 do not
adapt immediately to give a proof of item (4); the issue is in the limit steps, where a vertex
of infinite degree might not be covered anymore by the intersection of edge covers.

4 Proper and distinguishing colorings

Definition 4.1. Let A = {A, : n € w} be a disjoint countably infinite family of non-
empty finite sets and 7' = {t,, : n € w} be a countably infinite sequence disjoint from A =
Unecw An- Let G1(A,T) = (Va,(a1) Ea,(a,1)) be the infinite locally finite connected
graph such that

VGl(A,T) = (U An) U Ta

necw
Eg,ar) = {{tn,th} in € w} U {{tn,m} ‘nmEw, T € An}
U{{z,y}:inecwz,ye A, z#y}.
We denote by C the statement “For any disjoint countably infinite family of non-empty
finite sets A, and any countably infinite sequence T = {t,, : n € w} disjoint from A =

Uncw An. the graph G (A, T') has a chromatic number” and we denote by Cy. the statement
“Any infinite locally finite connected graph G such that §(G)) > k has a chromatic number”.

Theorem 4.2 (ZF). Fix a natural number k > 3. The following statements are equivalent:

(1) Konig’s Lemma.
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2) C.

(3) Ck.

(4) Any infinite locally finite connected graph has a chromatic number.

(5) Any infinite locally finite connected graph has a chromatic index.

(6) Any infinite locally finite connected graph has a distinguishing number.
(7) Any infinite locally finite connected graph has a distinguishing index.

Proof. (1)=(2)—(7) Let G = (V, E¢) be an infinite locally finite connected graph. Pick
some r € Vg. Let Vy(r) = {r}. For each integer n > 1, define V,,(r) = {v € Vg :
dg(r,v) = n} where “dg(r,v) = n” means there are n edges in the shortest path joining
r and v. Each V;,(r) is finite by the local finiteness of G, and Vg = |J,,¢,, Va(r) since G
is connected. By AC{,, V(; is countably infinite (and hence, well-orderable). The rest fol-
lows from Fact 3.1(1), (4) and the fact that G (A, T') is an infinite locally finite connected
graph for any given disjoint countably infinite family .4 of non-empty ﬁnite sets and any
countably infinite sequence 7" = {t,, : n € w} disjoint from A =], . A

(2)=(1) Since ACY;, is equivalent to its partial version PACE, (Every countably infinite
family of non-empty finite sets has an infinite subfamily with a choice function) (cf. [12],
[4, the proof of Theorem 4.1(i)] or footnote 5), it suffices to show that C implies PAC{. . In
order to achieve this, we modify the arguments of Herrlich-Tachtsis [10, Proposition 23]
suitably. Let A = {4,, : n € w} be a countably infinite set of non-empty finite sets without
a partial choice function. Without loss of generality, we assume that A is disjoint. Pick a
countably infinite sequence T' = {t,, : n € w} disjoint from A = |J,_,, A; and consider
the graph G1(A,T) = (Vi (4,1), Ec,(4,1)) as in Figure 1.

1EW

Figure 1: Graph G1 (A, T'), an infinite locally finite connected graph.

Let f: Vg, (a,my — C be a C-proper vertex coloring of G1(A,T), i.e., a map such
that if {x,y} € Eq,(a,r) then f(x) # f(y). Then for each ¢ € C, the set M. = {v €
f7(c) : v € A; for some i € w} must be finite, otherwise M, will generate a partial
choice function for A.

Claim 4.3. f[U, ., Ax] is infinite.

new

Proof. Otherwise, |J,,c,, An
sets is finite in ZF and we obtain a contradiction. O

= UCEf[UnEw A M. is finite since the finite union of finite

Claim 4.4. f|J, .. Ay is Dedekind-finite.

new
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Proof. First, we note that Un cw A, is Dedekind-finite since .4 has no partial choice func-
tion. For the sake of contradiction, assume that C' = {¢; : i € w} is a countably infinite
subset of f[lJ,,c., An]. Fix a well-ordering < of A (since A is countable, and hence well-
orderable). Define d; to be the unique element of M., N A,, where n is the <-least element
of {m € w: M., NAy, # 0}. Such an n exists since ¢; € f[UJ, ., An] and M., N A, hasa
single element since f is a proper vertex coloring. Then {d; : ¢ € w} is a countably infinite
subset of  J,, .., A, which contradicts the fact that | J,, ., A, is Dedekind-finite. O

new
The following claim states that C fails.

Claim 4.5. There is a Cy-proper vertex coloring f: Vg, (ar)y — C1 of G1(A,T) such
that Cy < C. Thus, G1(A,T) has no chromatic number.

Proof. Fix some c¢o € f[U, ., An]- Then Index(M,,) = {n € w: M., N A, # 0} is

new N
finite. By Claim 4.3, there exists some by € (f[U,,c., An]\ Upnemdex(nr, ) f[Am]) since
<0
the finite union of finite sets is finite. Define a proper vertex coloring g: |J,,c,, An —

(flUnew Anl\co) as follows:

o(&) = {f(w) if f(2) # eo,
bo otherwise.

Similarly, define a proper vertex coloring h: J, ¢, An = (f[U,co, Anl\co,c1,¢2})
for some co,c1,¢c2 € flUnew Anl- Let h(tan) = co and h(tany1) = ¢ foralln € w.
Thus, h: Vo, = (flUnew Anl\Mc2}) is a f[U, ., An]\{c2}-proper vertex coloring of
G1. We define C; = f[UnEw An]\{CQ} By Claim4.4, C; < f[UnEw An] =<C. O

Similarly, we can see (4)=>(1).

3)=(1) Let A = {A,, : n € w} be a disjoint countably infinite set of non-empty
finite sets without a partial choice function, such that & divides |A,,| for each n € w and
k € w\{0,1}. Assume T and G; (A, T) as in the proof of (2)=-(1). Then §(G1(A,T)) >
k. By the arguments of (2)=-(1), C implies PACY{, . . Following the arguments of [4,
Theorem 4.1], we can see that PACY ;. implies ACY .3

(5)=() Let A = {A,, : n € w} be a disjoint countably infinite set of non-empty finite
sets without a partial choice function and T' = {t,, : n € w} be a sequence disjoint from
A = U, c,, An- Let H; be the graph obtained from the graph G'1 (A, T') of (2)=-(1) after
deleting the edge set {{z,y} : n € w,z,y € A,,,x # y}. Clearly, H; is an infinite locally
finite connected graph.

Claim 4.6. H, has no chromatic index.

SFor the reader’s convenience, we write down the proof. First, we can see that F’AC‘);’><fin implies AC;>< fin®
Fix a family A = {A; : ¢ € w} of disjoint nonempty finite sets such that k divides | A;| for each ¢ € w. Then
the family

B={B;:i€w}where B; =]];.,; A;

is a disjoint family such that k divides | B;| and any partial choice function on B yields a choice function for A.

Finally, fix a family C = {C; : i € w} of disjoint nonempty finite sets. Then D = {D; : ¢ € w} where
D; = C; x k is a pairwise disjoint family of finite sets where k divides | D;| for each i € w. Thus ACY, ..
implies that D has a choice function f which determines a choice function for C.
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Proof. Assume that the graph H; has a chromatic index. Let f: Er, — C be a proper
edge coloring with |C| = k, where & is the chromatic index of Hy. Let B = {{t,,, 2} : n €
w,x € Ap,}. Similar to Claims 4.3, 4.4, and 4.5, f[B] is an infinite, Dedekind-finite set
and there is a proper edge coloring h: B — f[B]\ {co, 1, c2} for some cg, 1,2 € f[B].
Finally, define h({ton,ton+1}) = co and h({tan+1, tant2}) = ¢ forall n € w. Thus, we
obtain a f[B] \ {cz2}-proper edge coloring h: Er, — f[B]\ {c2}, with f[B] \ {c2} <
f[B] = C as f[B] is Dedekind-finite, contradicting the fact that & is the chromatic index
of H1 . O]

(6)=(1) Assume A and T as in the proof of (5)=-(1). Let H 11 be the graph obtained
from H; of (5)=-(1) by adding two new vertices ¢’ and t"” and the edges {¢”, '} and {¢/,to}
(see Figure 2).

t” t/ to th
Figure 2: Graph H{, an infinite locally finite connected graph.

It suffices to show that H{ has no distinguishing number. We recall that whenever
J: Vgr — Vp1 is an automorphism, ©(21, ..., zy) is a first-order L-formula on r variables
(where £ is the language of graphs) for some r € w\{0} and a; € Vj1 foreach 1 <i <r,

then Hi = ¢(ay, ..., a,) if and only if H{ = ¢(j(a1), ..., j(a,)) (cf. Definition 2.8).
Claim 4.7. t',t", and t,, are fixed by any automorphism for each non-negative integer m.

Proof. Fix non-negative integers n, m, r. The first-order £-formula

n—1
Deg,, (x) := Jxg. . .Hxn,l( /\ i F# A /\ T # xi A /\ Exz; \Vy(Exy— \/ y:xl))
i#£] <n i<n i<n

expresses the property that a vertex = has degree n, where Eab denotes the existence of an
edge between vertices a and b. We define the following first-order £-formula:

¢(x) := Degy () A Jy(Ezy A Degy(y)).

It is easy to see the following:

(i) t" is the unique vertex such that H{ = o(t”). This means ¢ is the unique vertex
such that deg(¢””) = 1 and " has a neighbor of degree 2.

(ii) ¢’ is the unique vertex such that H{ = Deg,(t'). So t' is the unique vertex with
deg(t') = 2.

Fix any automorphism 7. Since every automorphism preserves the properties mentioned in
(i)=(ii), t’ and " are fixed by 7. The vertices t,, are fixed by 7 by induction as follows:
Since ¢; is the unique vertex of path length 7 + 1 from ¢/ such that the degree of ¢; is greater
than 1, where 7 € {0, 1}, we have that ¢y and ¢; are fixed by 7. Assume that 7(¢;) = ¢t; for
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all [ < m — 1. We show that 7(t,,) = t,,. Now, 7(t,,) is a neighbour of 7(¢t,,—1) = t;n—1
which is of degree at least 2, so 7(¢,,) must be either ¢,,,_o Or t,,, but t,,,_o = 7(t;m—_2) is
already taken. So, 7(t,,) = tm,. O

Claim 4.8. Fixm € wandx € Ay,. Then Orb sy 1y () = {g(x):g € Aut(H{)} = A

Proof. This follows from the fact that each y €  J,,,, An has path length 1 from #,,, if and
only ify € A,,. O

Claim 4.9. H; has no distinguishing number.

Proof. Assume that the graph H{ has a distinguishing number. Let f: Vg — Cbea

distinguishing vertex coloring with |C| = k, where  is the distinguishing number of H1.
Similar to Claims 4.3 and 4.4, f[lJ,, .., Ax] is infinite and Dedekind-finite. Consider a col-

oring h: U, e, An = flUpew Anl\{co, 1, c2} forsome co, c1,c2 € f[U, ., Anl, justas
in Claim4.5. Let h(t) = co forallt € {¢",#'}UT". Then, h: Vi — (f[U,c, Anl\{c1,c2})

isa fU,eco An) \ {1, c2}-distinguishing vertex coloring of H{. Finally, f[U,c,, An] \
{e1,¢2} < flUnew An] = C contradicts the fact that « is the distinguishing number of
Hi. O

(7)=-(1) Assume A, T, and Hl1 as in the proof of (6)=-(1). By Claim 4.7, every auto-
morphism fixes the edges {t/, '}, {t',to} and {t,,t,.1} for each n € w. Moreover, if H}
has a distinguishing edge coloring f, then for each n € w and z,y € A,, such that x # y,

Claim 4.10. H{ has no distinguishing index.

Proof. This follows modifying the arguments of Claims 4.6 and 4.9. 0

S Irreducible proper coloring and covering properties

Theorem 5.1 (ZF). The following statements are equivalent:
(1) Konig’s Lemma.
(2) Every infinite locally finite connected graph has an irreducible proper coloring.
(3) Every infinite locally finite connected graph has a minimal dominating set.
(4) Every infinite locally finite connected graph has a minimal edge cover.
(5) Every infinite locally finite connected graph has a maximal matching.

Proof. Implications (1)=>(2)—(5) follow from Proposition 3.3, and the fact that AC{, im-
plies every infinite locally finite connected graph is countably infinite.

(2)=-(1) In view of the proof of Theorem 4.2((2)=>(1)), it suffices to show that the given
statement implies PACy . Let A = {4,, : n € w\{0}} be a disjoint countably infinite set
of non-empty finite sets without a partial choice function. Pick ¢ & [J;c,n oy 4i- Let
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Aoy = {t}. Consider the following infinite locally finite connected graph G2 = (Viz,, Ec,)
(see Figure 3):

Va, = U Ay,

new

Eq, = {{t,:v} tx € Al} U {{x,y} :n€ew\{0},x,y € An,x;éy}

U {{x,y} :new\{0},z € A,,y € Anﬂ}.

VA AR

Figure 3: The graph G2 when |A;| = |A3| = |A4] = 3, and | 43| = 2.

Claim 5.2. G5 has no irreducible proper coloring.

Proof. Let f: Vg, — C be a C-irreducible proper coloring of G, i.e., a map such that
f(x) # f(y) if {x,y} € Eg, and (Vc1,c2 € C)f~Y(c1) U f~1(ca) is dependent. Similar
to the proof of Theorem 4.2((2)=-(1)), f~*(c) is finite for all ¢ € C, and f[Unew\{o} Ay
is infinite. Fix co € f[U, e, (o) Anl- Then Index(f~"(co)) = {n € w\{0} : f"(co) N
A,, # 0} is finite. So there exists some

€ f[UnEw\{O} A"]\ UmEIndeX(f_l(CO))(f[Am] U f[Am—l] U f[Am—f—l])

a8 U, ctdex( 71 (co)) (F [Am] U f[Am—1]U f[Ap11]) is finite. Clearly, f~"(co) U f~*(c1)
is independent, and we obtain a contradiction. O

(3)=(1) Assume A as in the proof of (2)=-(1). Let G% be the infinite locally finite
connected graph obtained from G5 of (2)=-(1) after deleting ¢ and {{¢t,z} : € A;}.
Consider a minimal dominating set D of G3. The following conditions must be satisfied:

(i) Since D is a dominating set, for each n € w \ {0, 1}, there is an a € D such that
a € Ap—1 UA, UA,+1 (otherwise, no vertices from A,, belongs to D or have a
neighbor in D).

(ii) By the minimality of D, we have |A,, N D| < 1 foreachn € w \ {0}.

Clearly, (i) and (ii) determine a partial choice function over .4, contradicting the assumption
that .4 has no partial choice function.

4=(1) Let A = {A4,, : n € w} be a disjoint countably infinite set of non-empty
finite sets and let A = J, ., An. Consider a countably infinite family (B;, <;)ic., of
well-ordered sets such that the following hold (cf. the proof of [5, Theorem 1, Remark 6]):
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(i) |Bi| = |A;i|+k for some fixed 1 < k € w and thus, there is no mapping with domain
A; and range B;.

(ii) for each i € w, B; is disjoint from A and the other B;’s.

Let B = | J,,, Bi. Pick a countably infinite sequence 7" = {t; : i € w} disjoint from A
and B and consider the following infinite locally finite connected graph G3 = (V,, Ec,)
(see Figure 4):

Vo, =AUBUT,
EG3 = {{ti7ti+1} NS OJ} @] {{t“x} 1 EwW,x € Az}

U{{x,y}:iéw,xeAi,yEBi}.

Figure 4: Graph Gs.

By assumption, G'3 has a minimal edge cover, say G5. For each ¢ € w, let f;: B; —
P(A;)\{0} map each vertex of B; to its neighborhood in GY.

filer) N filea)| < 1.

Proof. This follows from the fact that G4 does not contain a complete bipartite subgraph
K5 5. In particular, each component of G% has at most one vertex of degree greater than 1.
If any edge e € G4 has both of its endpoints incident on edges of G5\ {e}, then G5\{e} is
also an edge cover of G3, contradicting the minimality of G5. O

Claim 5.3. Fix ¢ € w. For any two distinct €1 and €5 in B;,

By Fact 3.1(2) and (i), there are tuples (¢}, €5) € B; x B; such that f;(€}) N f;(€5) # 0.
Consider the first such tuple (€, € ) with respect to the lexicographical ordering of B; x B;.
Then {f;(e]) N fi(ey) : i € w} is a choice function of A by Claim 5.3.

(5)=(1) Assume A, and A as in the proof of (4)=(1). Let R = {r,, : n € w} and
T = {t,, : n € w} be two disjoint countably infinite sequences disjoint from A. We define

the following locally finite connected graph G4 = (Vig,, E, ) (see Figure 5):
Vo, = (|J 4n) URUT,

new

Eg, = {{tn,th} in € w} U {{tn,x} ‘nEw,TE An}
U {{rn,z} ‘nEw,xE An}.



694 Ars Math. Contemp. 24 (2024) #P4.06 / 681-698

Figure 5: Graph G 4.

Let M be a maximal matching of G4. For all i € w, there is at most one x € A;
such that {r;,z} € M since M is a matching and there is at least one z € A; such that
{ri,x} € M since M is maximal. These unique z € A; determine a choice function for

A.

This concludes the proof of the Theorem. O

6 Remarks on new equivalents of AC

Remark 6.1. We remark that the statement “Any connected graph has a minimal dominat-
ing set” implies AC.® Consider a family A = {A; : i € I} of pairwise disjoint non-empty
sets. Foreach i € I,let BY = A; x {0} and Bj = A; x {1}. Pickt & J;c; BY UU,;¢; B!
and consider the following connected graph G5 = (Vi,, E¢, ) in Figure 6:

Vo, = {tyuJ B/ uJBl.

el iel

Eg. == {{x,t}:ie],mEB?}U{{x,y}:iel,xeBg,yeB}}

U{{m,y}:ie],x7yeBg,x7ﬁy}U{{x,y}:ie[,x,yeBﬁx#y}.

(=)
=o
NO

t

Figure 6: Graph G5, a connected graph. If each A, is finite, then G5 is rayless.

The authors are very thankful to one of the referees for pointing out to us an error that appeared in this remark
in a former version of the paper and especially for guiding us to eliminate the error.
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Let D be a minimal dominating set of G5. Define M; = (BY U B}) N D for every
i € I. We claim that for every i € I, |M;| = 1.

Case (i): If there exists an ¢ € I such that M; = (), then any member of Bi1 is neither in
D nor it has a neighbour in D. This contradicts the fact that D is a dominating set of G's.

Case (ii): If there exists an 7 € I such that |M;| > 2, then pick z,y € M;.

e Case (ii(a)): If z,y € BY, or x,y € B}, then D\{z} is a dominating set, which
contradicts the minimality of D.

* Case (ii(b)): If z € BY, and y € B}, then D\{y} is a dominating set, which contra-
dicts the minimality of D. Similarly, we can obtain a contradiction if y € BY, and
z € B}.

Let M; = {a;} for every i € I. Define,

(i) = pi(a;) ifa; € B} N D,
= pY(a;) ifa; € BN D,

where for m € {0,1}, pI*: B" — A, is the projection map to the first coordinate for
each i € I. Then, g is a choice function for A.

Remark 6.2. The statement “Any connected bipartite graph has a minimal edge cover”
implies AC. Assume A = {A; : i € I} as in the proof of Remark 6.1. Consider a
family {(B;, <;) : ¢ € I} of well-ordered sets with fixed well-orderings such that for each
i € I, By is disjoint from A = |J;.; A; and the other B;’s, and there is no mapping with
domain A; and range B; (see the proofs of [5, Theorem 1] and Theorem 5.1((4)=-(1))).
Let B = |J,c; Bi. Then given some ¢ ¢ B U (|J,; As). consider the following connected
bipartite graph G = (Vig,, F,) in Figure 7:

icl

Vo, = {t} UBU (| 4),

i€l

Eg, = {{x,t}:ie],xeAl}U{{x,y}:ie],xeAi,yeBi}.

Figure 7: Graph G, a connected bipartite graph. If each A; is finite, then Gy is rayless.

The rest follows from the arguments of the implication (4)=-(1) in Theorem 5.1.
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Remark 6.3. The statement “Any connected bipartite graph has a maximal matching”
implies AC. Assume A as in the proof of Remark 6.1. Pick a sequence T' = {t,, : n € I}
disjoint from | J;.; As, at & |J;c; Ai U T and consider the following connected bipartite
graph G7 = (Viz,, Eg, ) in Figure 8:

Vo, = JAiuTU{t}, Eg, = {{ti,x} ‘x € Ai} U {{t,ti} i€ 1}.

iel

Figure 8: Graph GG7, a connected rayless bipartite graph.

Let M be a maximal matching of G7. Clearly, S = {i € I : {t;,t} € M} has at
most one element and for each j € I'\S, there is exactly one z € A; (say z;) such that
{z,t;} € M. Let f(A;j) = x; foreach j € I\S. If S # 0, pickany r € A; ifi € S,
since selecting an element from a set does not involve any form of choice. Let f(A;) = 7.
Clearly, f is a choice function for .A.

Theorem 6.4 (ZF). The following statements are equivalent:
(1) AC
(2) Any connected graph has a minimal dominating set.
(3) Any connected bipartite graph has a maximal matching.
(4) Any connected bipartite graph has a minimal edge cover.

Proof. Implications (1)=-(2)—(4) are straightforward (cf. Proposition 3.3). The other di-
rections follow from Remarks 6.1, 6.2, and 6.3. ]

Remark 6.5. The locally finite connected graphs forbid those graphs that contain vertices
of infinite degrees but may contain rays. There is another class of connected graphs that
forbid rays but may contain vertices of infinite degrees. For a study of some properties of
the class of rayless connected graphs, the reader is referred to Halin [8].

(1). We can see that the statement “Every connected rayless graph has a minimal dom-
inating set” implies ACg,. Consider a non-empty family A = {A; : ¢ € I} of pairwise
disjoint finite sets and the graph G5 from Remark 6.1. Clearly, G5 is connected and rayless.
The rest follows by the arguments of Remark 6.1.

(2). By applying Remark 6.3 and Proposition 3.3, we can see that the statement “Every
connected rayless graph has a maximal matching” is equivalent to AC.

(3). The statement “Every connected rayless graph has a minimal edge cover” implies
ACin. Let A = {A; : i € I'} be as in (1) and Gg be the graph from Remark 6.2. Then Gg
is connected and rayless. By the arguments of Remark 6.2, the rest follows.
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7 Questions

Question 7.1. Do the following statements imply AC (without assuming that the sets of
colors can be well-ordered)?

(1) Any graph has a chromatic index.
(2) Any graph has a distinguishing number.
(3) Any graph without a component isomorphic to K; or K5 has a distinguishing index.

Stawiski [20, Theorem 3.8] proved that the statements (1)—(3) mentioned above are equiv-
alent to AC by assuming that the sets of colors can be well-ordered.
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1 Introduction

The Wiener index, W (G), is a topological index of a connected graph, defined as the sum
of the lengths of the shortest paths between all unordered pairs of vertices in the graph. In
other words, for a connected graph

W@ =Y duv),
{u,v}eV(QG)

where d(u,v) denotes the distance between vertices v and v in G. This graph invariant has
been investigated by numerous authors (see e.g. [24, 26, 27, 52, 56, 81]) under a variety of
other names like transmission, total status, sum of all distances, path number and Wiener
number of a graph. Due to its basic character and applicability, it has arisen in diverse
contexts, including efficiency of information, sociometry, mass transport, cryptography,
theory of communication, molecular structure, complex network topology and many more.

The index was originally introduced in 1947 by Harold Wiener for the purpose of de-
termining the approximation formula of the boiling point of paraffin [80]. The defini-
tion of Wiener index in terms of distances between vertices of a graph was first given by
Hosoya [40].

The transmission (also called the distance) of u € V(G) istg(u)= -, cv () da(u,v).
Thus the Wiener index can be expressed as

W(G):% S tal).

veV(G)

Another view on the Wiener index was presented in [3] as follows. Suppose that
{tc(u)|u € V(G} = {d1,da,...,dr}. Assume in addition that G contains t; vertices
whose transmission is d;, 1 < i < k. Then the Wiener index of G can be expressed as

k
W(G) = %Ztidi.
i=1

We therefore say that the Wiener dimension dimyy (G) of G is k. That is, the Wiener
dimension of a graph is the number of different transmissions of its vertices.

Fundamental properties regarding extremal values of Wiener index are already a part
of the folklore. In [30] and later in many subsequent papers (e.g. [36, 37]) it was shown
that for trees on n vertices, the maximum Wiener index is obtained for the path P,,, and the
minimum for the star .S,,. Thus, for every tree T" on n vertices, it holds

(n—1)% = W(S,) < W(T) < W(P,) = (” ;F 1).
Since the distance between any two distinct vertices is at least one, we have that among all
graphs on n vertices K, has the smallest Wiener index. In general, removing (resp. adding)
of an edge from a connected graph results in increased (resp. decreased) Wiener index,
which leads to the observation that Wiener index of a connected graph is less than or equal
to the Wiener index of its spanning tree. Therefore, for any connected graph G on n
vertices, it holds

(") — W(K,) <W(G) < W(P,) = (”;L 1).
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Despite extensive literature on the Wiener index, many interesting and basic questions
remain open. In our previous survey [56] we have exposed some of them that mainly
pertain to extremal values of Wiener index in different settings. In this paper we continue
with summarizing knowledge accumulated since then, and integrate some new conjectures,
problems and ideas for possible future work.

2 Minimum Wiener index for chemical graphs

The degree deg(v) of a vertex v € V(@) in a graph G is | N (v)|, where N¢ (v) denotes
the neighborhood of v in G. The maximum degree of a graph G, max,cy () degg(v), is
denoted by A(G), and the minimum degree, min, cy () degg(v), is denoted by 6(G).

Since every atom has a certain valency, chemists are often interested in graphs with
restricted degrees, which correspond to valencies. Particularly interesting is the class of
chemical graphs, i.e. graphs for which the degrees of its vertices do not exceed 4. In [60] the
authors addressed an “overlooked” problem of determining the minimum value of Wiener
index and corresponding extremal graphs among chemical graphs with prescribed number
of vertices. Note that the upper bound for this class of graphs is attained by paths.

Problem 2.1. Find all the chemical graphs G on n vertices with the minimum value of
Wiener index.

Inserting of an edge in a graph decreases the Wiener index, thus one would expect
that its minimum in the class of chemical graphs is attained by 4-regular graphs. Using a
computer it was verified that for n € {1,2,...,5} minimum is attained for K,,. Extremal
graphs in cases n = 6,7 are presented in Figure 1. Observe that the first two graphs in
this figure are circulant graphs Cs(1,2) and C7(1,2), respectively, and they are vertex-
transitive. There are 1929 simple connected graphs on 8 vertices and the minimum Wiener
index value is 40, which is attained by only 6 graphs depicted in Figure 2. Note that the
first three graphs, which are the circulant graph Cg(1,2), the Cartesian product K,0P;
and the complete bipartite graph K, 4 = Cs(1, 3), respectively, are vertex-transitive. The
above cases support the following conjecture.

Conjecture 2.2. Every chemical graph G on n > b vertices with the minimum value of
Wiener index is 4-regular.

Figure 1: Extremal graphs forn = 6andn = 7.

Although computer results indicate the above conjecture to be true, the problem seems
to be far from tractable. In [60] it is shown that a chemical graph with the minimum value
of Wiener index has at most 3 vertices of degree smaller than 4. In fact, a more general
statement holds.
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D IK
80 &

Figure 2: Extremal graphs for n = 8.

Observation 2.3. If G is a graph on n vertices with maximum degree A, n > A + 1, and
with the minimum possible value of Wiener index, then GG contains at most A — 1 vertices
whose degree is strictly smaller than A, and these vertices induce a clique.

3 Prescribed degrees

As mentioned earlier, among n-vertex graphs with minimum degree at least 1, the maxi-
mum Wiener index is attained by P,. But when restricting to minimum degree at least 2,
the extremal graph is different. Observe that with the reasonable assumptions A > 2 and
0 < n — 1, the following holds:

 W(P,) = max{W(G); G has maximum degree at most A and n vertices},
* W(K,,) = min{W(G); G has minimum degree at least § and n vertices}.
Analogous reasons motivate the following two problems from [56].

Problem 3.1. What is the maximum Wiener index among n-vertex graphs with minimum
degree at least 0?

Problem 3.2. What is the minimum Wiener index among n-vertex graphs with maximum
degree at most A?

Both problems are still on the list of unsolved problems, but several results were ob-
tained under additional requirements. Fischermann et al. [33], and independently Jelen
and Trisch [44, 45] solved Problem 3.2 for trees. In addition, they determined the trees
which maximize the Wiener index among all trees of given order whose vertices are either
end-vertices or of maximum degree A.
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Stevanovi¢ [73] solved Problem 3.1 for trees (where § = 1) under the assumption that
the maximum degree is precisely A. Let T}, a be the tree on n vertices obtained by taking
a path on n — A + 1 vertices and joining new A — 1 vertices to one end-vertex of the path,
see Figure 3.

Theorem 3.3. For every n-vertex graph G with maximum degree A > 2 it holds that
W(G) < W(T,,a) with equality if and only if G is T), a.

Figure 3: Graph Ty 4.

Dong and Zhou [29] determined the maximum Wiener index of unicyclic graphs with
fixed maximum degree and they characterized the unique extremal graph.

Lin [62] characterized trees with the maximal Wiener index in the class of trees of or-
der n with exactly k vertices of maximum degree, and proposed analogous problem for the
minimum. The solution of this problem was recently presented by BoZovi¢ et al. in [13].
The same authors considered a similar problem with a predetermined value of the max-
imum degree, i.e. they obtained the maximal value of Wiener index in the class of trees
of order n with exactly k vertices of a given maximum degree and showed that the corre-
sponding maximal trees are caterpillars with certain properties.

Recently Alochukwu and Dankelmann [4] obtained the following asymptotically sharp
upper bound in terms of given minimum and maximum degree.

Theorem 3.4. Let G be a graph of order n, minimum degree 0 and maximum degree A.
Then W (G) < ("_§+5) ”;flA +2n(n—1), and this bound is sharp apart from an additive
constant.

Another interesting class of graphs with restrictions on degrees is the class of regular
graphs, i.e. graphs for which A(G) = 6(G). In general, introducing edges in a graph
decreases the Wiener index, but in the class of r-regular graphs on n vertices the number
of edges is fixed, therefore the following conjecture from [54] seems to be reasonable. The
diameter, diam(QG), of a graph G is the maximum distance between all pairs of vertices,
i.e. diam(G) = max{d(u,v)| u,v € V(G)}.

Conjecture 3.5. Among all r-regular graphs on n vertices, the maximum Wiener index is
attained by a graph with the maximum possible diameter.

The above conjecture can be supported by the fact that in the case of trees, where the
number of edges is fixed as well, the maximum Wiener index is attained by P,, which has
the largest diameter. In fact, Chen et al. [18] recently proved that the conjecture is valid for
r = 3. More precisely, they proved a conjecture from [54], that cubic graphs of the form
L, presented in Figure 4, have maximum Wiener index among all cubic graphs of order n.

The minimum Wiener index in the class of trees is attained by S,,, which has the small-
est diameter. A similar claim may hold for regular graphs [54].
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Figure 4: Graphs L2 (above) and Lyy+4 (below).

Conjecture 3.6. Among all r-regular graphs on n vertices, the minimum Wiener index is
attained by a graph with the minimum possible diameter.

Finally, the following problem from [60] is of a special interest.

Problem 3.7. Find all k-regular graphs on n vertices with the smallest value of Wiener
index.

As observed in [60], Problem 3.7 is surprisingly related to the cages and the following
famous degree-diameter problem (see [66] for details).

Problem 3.8 (The degree-diameter problem). Given positive integers d and k, find the
largest possible number n(d, k) of vertices in a graph of maximum degree d and diameter
k.

Computer results in [60] (see also [65]) showed that among graphs with the minimum
Wiener index there are graphs achieving n(k, d) for pairs (k, d) from {(3, 2), (3, 3), (4,2)}.
There might appear graphs achieving n(k, d) also for higher values of diameter d, but for
those we could not search the space of k-regular graphs of order n exhaustively. Anyway,
for higher diameters the graphs achieving n(k, d) do not need to be those with the small-
est Wiener index. Among extremal graphs found by a computer, n(3,2) and n(3,3) are
realized by the well-known Petersen graph and the Flower snark J5. Interestingly, there
appears also the Heawood graph, which is the Cage(3, 6), i.e., the smallest graph of degree
3 and girth 6, see [31].

The following conjectures were proposed in [60] (probably, it suffices to choose nj =
k + 1 therein).

Conjecture 3.9 (The even case conjecture). Let k > 3, and let n be large enough with
respect to k, say n > ny. Suppose that G is a graph on n vertices with the maximum
degree k, and with the smallest possible value of Wiener index. If kn is even, then G is
k-regular.

Conjecture 3.10 (The odd case conjecture). Let k > 3, and let n be large enough with
respect to k, say n > ny. Suppose that G is a graph on n vertices with the maximum
degree k, and with the smallest possible value of Wiener index. If kn is odd, then G has a
unique vertex of degree smaller than k and in that case this smaller degree is k — 1.

4 Wiener index of digraphs

A directed graph (a digraph) D is given by a set of vertices V(D) and a set of ordered
pairs of vertices A(D) called directed edges or arcs. If uv is an arc in D, we say that
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u dominates v. The out-degree d*(u) of a vertex u € V(D) is the number of its out-
neighbors, i.e. the vertices, dominated by u. A (directed) path in D is a sequence of
vertices vg, U1, . . ., U such that v;_qv; is an arc of D for each i € {1,2,...,k}, and by
adding the arc vivy we obtain a directed cycle. An orientation of a graph G is said to be
acyclic if it has no directed cycles. The distance d(u, v) between vertices u,v € V(D) is
the length of a shortest path from w to v. Notice that d(u, v) is usually distinct from d(v, u).

Early studies of Wiener index of digraphs were limited to strongly connected digraphs,
i.e. digraphs in which a directed path between every pair of vertices exists. However, in
the studies of real directed networks it is possible that there is no directed path connecting
some pairs of vertices, thus the convention d(u,v) = 0 is used if there is no directed path
from w to v [11, 12]. Under this assumption, in analogy to graphs, the Wiener index W (D)
of a digraph D is defined as the sum of all distances, where each ordered pair of vertices is
taken into account. Hence,

W (D) = > d(u,v).

(u,w)EV(D)xV (D)

Let Winax(G) and Wiyin(G) be the maximum possible and the minimum possible,
respectively, Wiener index among all digraphs obtained by orienting the edges of a graph
G. If an orientation of G achieves the minimum Wiener index Wi, (G), we call this
orientation a minimum Wiener index orientation of G.

Problem 4.1. For a given graph G find Wy,.x(G) and Wiin (G).

In [58] there was posed a question if it is NP-hard to find an orientation of a given graph
which maximizes the Wiener index. Dankelmann [19] answered it affirmatively. Plesnik
[69] proved that finding a strongly connected orientation of a given graph G that minimizes
the Wiener index is NP-hard too, but the case for non-necessarily strongly connected di-
graphs is unsolved [58] in general. However, it can be decided in polynomial time if a given
graph with m edges has an orientation for which the Wiener index is precisely m (note that
it cannot be less).

Problem 4.2. What is the complexity of finding Wi, (G) for an input graph G?

The following conjecture from [58] remains unsolved as well, but it is known to hold
for bipartite graphs, unicyclic graphs, the Petersen graph and prisms.

Conjecture 4.3. For every graph G, the value Wi, (G) is achieved by some acyclic ori-
entation of G.

In [67, 69] Plesnik and Moon found strongly connected tournaments (orientations of
K,,) with the maximum and the second maximum Wiener index. In [57] it was shown that
the same tournaments solve the problem if we drop out the requirement that the digraph
should be strongly connected. In the same paper oriented ©-graphs are studied. By © 4 .
we denote a graph obtained when two distinct vertices u; and uy are connected by three
internally vertex-disjoint paths of lengths a + 1, b + 1 and ¢ + 1, respectively, where
a >b > cand b > 1 (see Figure 5 where a non-strongly connected orientation of ©3 5 1
is depicted). Although intuitively one may expect that Wi, is attained for some strongly
connected orientation, this is not the case. Namely, in [57] it is shown that the orientation
of ©4.p,. which achieves the maximum Wiener index is not strongly connected if ¢ > 1.
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For strongly connected orientations of O, ., it was shown that the maximum Wiener
index is achieved by the one in which the union of the u;, us-paths of lengths a + 1 and
b + 1 forms a directed cycle. Li and Wu [61] confirmed the conjecture from [57], that the
same holds if we drop the assumption that orientations are strongly connected.

Theorem 4.4. Let a > b > ¢. Then Winax(©q.p,c) is attained by an orientation of ©gp ¢
in which the union of the paths of lengths a + 1 and b + 1 forms a directed cycle.

Uy U2

Figure 5: An orientation of ©3 2 ;.

However, the following conjecture remains open.

Conjecture 4.5. Let G be a 2-connected chordal graph. Then Wy, (G) is attained by an
orientation which is strongly connected.

Among digraphs on n vertices, the directed cycle 871 (in which all edges are directed
in the same way, say clockwise) achieves the maximum Wiener index. In [55] digraphs
with the second maximum Wiener index were investigated. In [58] the Wiener theorem
was generalized to directed graphs, as well as a relation between the Wiener index and
betweenness centrality.

An orientation of a graph G is called k-coloring-induced, if it is obtained from a proper
k-coloring of G such that each edge is oriented from the end-vertex with the bigger color
to the end-vertex with the smaller color. In [58] it was proved that graphs with at most
one cycle and prisms attain the minimum Wiener index for k-coloring-induced orienta-
tion with k being the chromatic number x(G). The same holds for bipartite graphs,
complete graphs, Petersen graph and others. These observations lead to the conjecture
that Wy,in (G) of an arbitrary graph is achieved for a x(G)-coloring-induced orientation,
which Fang and Gao [32] showed to be false. They expressed the Wiener index of a di-
graph D as W(D) = }_, cy(p) w(u) where w(u) = 3, cy(p) d(u,v), and defined the
notion of Wiener increment. For v € V(D) the Wiener increment of u is defined as
Aw(u) = w(u) — d*(u). The Wiener increment of D, AW (D), is the sum of Wiener
increments of all vertices of D. Fang and Gao observed that the comparison of Wiener
indices of two different orientations of a graph is equal to the comparison of their Wiener
increments. Using this observation they found that for the graph G in Figure 6, Wiy,in (G)
cannot be achieved for any x(G)-coloring-induced orientation of G, and this is not the
only counterexample. Moreover, their investigations lead them to pose the following two
conjectures.

Conjecture 4.6. For any given constant k > 3, there exists a 3-colorable graph G such
that any minimum Wiener index orientation of G has a directed path of length k.
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AN

Figure 6: A graph G, for which Wi,,;,,(G) is not achieved for any x (G)-coloring-induced
orientation of G.

Conjecture 4.7. For any given constant k > 3, there exists a 3-colorable graph G such
that Winin (G) cannot be achieved by any k-coloring-induced orientation.

—0 000000 060 )—0—<—0—<—0—<0——0

Figure 7: A no-zig-zag path (left) and a zig-zag path (right) on six vertices.

In [58] orientations of trees with the maximum Wiener index were considered. An ori-
entation of a tree is called zig-zag if there is a subpath in which edges change the orientation
twice. If an orientation is not zig-zag, it is no-zig-zag, see Figure 7. A different view on
no-zig-zag trees can be described as follows. A vertex v in a directed tree 7' is core, if for
every vertex u of T there exists either a directed path from u to v or a directed path from
v to u, see Figure 8. Notice that then in each component C' of 7' — v all edges point in the
direction towards v or all edges point in the direction from v.

LX

Figure 8: The graph on the left-hand side has two core vertices, while the right-hand side
one has no core vertex.

In [58] the following conjecture was proposed.

Conjecture 4.8. Let T be a tree. Then every orientation of T achieving the maximum
Wiener index is no-zig-zag (i.e. has a core vertex).

It was supported by showing that it holds for trees on at most 10 vertices, subdivision of
stars, and trees constructed from two stars whose central vertices are connected by a path.
Furthermore, since it is reasonable to expect that an orientation of a tree maximizing the
Wiener index also maximizes the number of pairs of vertices (u,v) between which there
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exists a path, Conjecture 4.8 is supported also by a result of Henning and Oellermann [39].
They proved that if T"is a tree and D is an orientation of 7" that maximizes the number of or-
dered pairs (u, v) of vertices of D for which there exists a (u, v)-path in D, then D contains
a core vertex. However, Li and Wu [61] constructed a tree of order 85 contradicting Con-
jecture 4.8. Independently, Dankelmann [19] found an infinite family of counter-examples.
For k € N, where £ is a multiple of 3, let T} be the tree obtained from a path of order k
with vertices w1, ws, . . ., Wy, by connecting vertices w1, us, . . ., Ug2 /9 t0 w1, connecting
x1 from the path zzox32425 to we, and a single vertex y; to ws. Now let Dy be the
orientation of T}, such the edges of the path wyws ... wy are oriented towards wy, each
edge u;w; is oriented towards w1, the edges of the path x1x2x31 425 are oriented towards
x5, and the edge y;,ws is oriented towards ws, see Figure 9 for an example. Observe that
the edges of the (x5, y1 )-path change their direction twice as the path is traversed, thus Dy,
is a zig-zag orientation. Dankelmann proved that if £ is sufficiently large, then Dy, and its
converse (i.e., a digraph obtained by reversing the direction of every arc in Dj,) are the only
orientations of 7}, that maximize the Wiener index, which contradicts Conjecture 4.8.

Ts

T4
€3
X2
3%
€
U2
usz We

Uq

Figure 9: A no-zig-zag tree T5.

The Cartesian product P,,,0 P, of paths on m and n vertices, respectively, is called the
grid and is denoted by G, . If m = 2, itis a called the ladder graph L,,. Kraner gumenjak
et al. [75] proved a conjecture from [59] by showing that the maximum Wiener index of
a digraph whose underlying graph is L,, is (8% + 3n? — 5n + 6)/3, and is obtained
for the orientation presented in Figure 10. In addition, they proved a lower bound for
Wnax(GOH) for general graphs G and H, and posed a question regarding its sharpness.
Let 7(G) = X, ev(q) o(x), where o(x) denotes the number of vertices 2’ € V/(G) for
which there is a path from x to 2’ in G.

Theorem 4.9. For any graphs G and H,
Winax(GOH) = Wiax(G)7(H) + WmaX(H)|V(G)|2~
Problem 4.10. Is the bound given in Theorem 4.9 sharp? Find a sharp lower bound.

Another problem from [75] concerns a comparison of the maximum Wiener index of
an orientation of G with the Wiener index of the undirected graph G.

Problem 4.11. Find functions f and g so that f(WW(G)) < Wnax(G) < g(W(G)) for all
graphs G. In particular, can f and g be linear functions?
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Figure 10: An orientation of the ladder Ps0 P, with the maximum Wiener index.

Note that the orientation of L,, in Figure 10 is obtained when all layers isomorphic
to one factor are directed paths directed in the same way, except one which is a directed
path directed in the opposite way. Kraner Sumenjak et al. considered the following natural
generalization of this orientation to general grids. Let D,, ,, be the orientation of G, ;,
with all P,,-layers oriented up except the last P,,-layer which is oriented down, and all
P, -layers oriented to the left except the first P, -layer which is oriented to the right, see the
left graph in Figure 11.

(1,1) (1,2) (1,6) (1,1) (1,2) (1,6)
> > > > > 1 I > > > > > 1
Y 4 Y ( 4 Y ( 4 Y
Y 4 Y 4 Y 4 Y

(4,1) (4,2) (4,6) (4,1) ‘(4, 2) ) ‘(4,6)

Figure 11: Two orientations, Dy ¢ (left) and C4 ¢ (right), of P,OFs.

The authors of [75] conjectured that for every m,n > 2, it holds Wyax (Gm.n) =
W (D, ). However, it turns out that a comb-like orientation has significantly bigger
Wiener index. Let C,, , be an orientation of G, ,, in which the top P, -layer is directed
to the right and this layer is completed to a directed Hamiltonian cycle C' in a zig-zag way
as shown by blue arrows on the right graph in Figure 11. Moreover, the other edges are
directed in such a way that they do not shorten directed blue path starting at the vertex
(1,1). Of course, C,n exists only if n is even. In [53] it was shown that if n > 4 is even,
and m > 3, then W(C), ,,) > W (Dy, ), and further observations led the authors to the
following problem.

Problem 4.12. Find the biggest possible constant ¢, such that Wiax (Gn) > c(mn)? +
o((mn)?).
To sum up, the following is still open.

Problem 4.13. Find an orientation of G, ;, with the maximum Wiener index.

The authors think the above problem might be difficult as the extremal graphs in the
cases m = 3 and n € {4,5,6} do not have any obvious simple property, but they are
strongly connected. Thus they ask the following.

Question 4.14. Let M, ,, be an orientation of G, , with the maximum Wiener index. Is
M, ., strongly connected?
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5 Maximum Winer index of graphs with prescribed diameter

Recall that the eccentricity of a vertex in a connected graph G is the maximum distance
between this vertex and any other vertex of GG, and the maximum eccentricity is the graph
diameter. Similarly, the radius of G, denoted by rad(G), is the minimum graph eccen-
tricity. In 1984 Plesnik identified graphs as well as digraphs with a given diameter that
minimize the Wiener index (see also [14] for a recent alternative proof), and posed the
opposite problem regarding the maximum [69].

Problem 5.1. What is the maximum Wiener index among graphs of order n and diame-
ter d?

In general this question remains unsolved, but there has been progress and important re-
sults were obtained. First, Wang and Guo [79] determined the trees with maximum Wiener
index among trees of order n and diameter d for some special values of d, 2 < d < 4 or
n—3 <d < n— 1. Mukwembi and Vetrik [68] independently considered trees with the
diameter up to 6 and gave asymptotically sharp upper bounds.

DeLaVina and Waller [22] posed a conjecture with additional restrictions in Prob-
lem5.1.

Conjecture 5.2. Let G be a graph with diameter d > 2 and order 2d + 1. Then W (G) <
W (Ca4+1), where Caq11 denotes the cycle of length 2d + 1.

Sun et al. [76] considered general small-diameter and large-diameter graphs. They
observed that if GG is a graph on n vertices with diameter equal to 2, then the maximum
Wiener index is attained by the star S,,. For diameter 3 they proposed a conjecture, that the
extremal graph is isomorphic to K¢, which is a graph of order n that consists of a complete
graph on c vertices and has the rest of the vertices attached to these c vertices as uniformly
as possible (meaning that each of the ¢ vertices of the complete graph has either | (n—c)/c]
or [(n — ¢)/c] pendant vertices attached, see Figure 12 where K }° is depicted.

Figure 12: The graph K}°.

Conjecture 5.3. Let G be a graph on n vertices with diameter equal to 3. Then W (G) <

W(KS) where ¢ = {,/%Jorc: [,/#il)—‘.

To explain the results pertaining to trees and a conjecure on general graphs with diam-
eter 4, we need the following definition. Let k = |/n —1]. For k? + k > n — 1 we
denote by T, the rooted tree on n vertices in which the root has degree k, n — k? — 1 of its
neighbours are of degree k + 1 and the rest of them of degree k. When k? +k < n — 1 let
T, denote the rooted tree on n vertices in which the root has degree k +1,n — k* —k — 1
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of its neighbours are of degree k + 1 and the rest of them of degree k. Wang and Guo [79]
gave a complete description of trees with diameter 4 that maximize the Wiener index.

Theorem 5.4. Let T be a tree on n vertices with diameter 4 and let k = |\/n — 1]. Then
the following holds:

s ifk2+k>n—1,then W(T) < W(

s ifk?+k<n—1,then W(T) < W(

o ifk*+k=n—1,then W(T) < W(T,) = W(T},), with equality holding only when
T=T,orT=T).

T,), with equality holding only when T = T,,;
T/

n

), with equality holding only when T = T ;

The authors of [76] suspect that the extremal graphs from the theorem above are ex-
tremal also for general graphs.

Conjecture 5.5. The trees T,, and T,, remain the unique optima in the class of graphs of
diameter 4 on n vertices as it is described in Theorem 5.4 with the only exception of n = 9,
in which case Cy is also an optimal graph.

An interested reader is referred to [76] for computer results supporting Conjectures 5.2,
5.3 and 5.5. The role of extremal graphs in the case of large-diameter graphs play the so
called double brooms D(n,a,b), i.e. graphs consisting of a path on n — a — b vertices
together with a leaves adjacent to one of its end-vertices and b leaves adjacent to the other
end-vertex (see Figure 13 for an example).

Figure 13: Double broom D(12, 4, 3).

Theorem 5.6. Let G be a graph of order n and diameter n — ¢, where ¢ > 1 is a constant
and n is large enough relative to c. Then W(G) < W(D(n, |(c+ 1)/2],[(c+ 1)/2]))
with equality if and only if G = D(n, [(c + 1)/2], [(c+ 1)/2]).

Further details on diameters n — 3 and n — 4 can be found in [76]. A different ap-
proach to Problem 5.1 was recently used by Cambie [14] who gave asymptotically sharp
upper bounds for Wiener index. As the main first step towards the proof of his result he
constructed an almost extremal graph, in which there are many pairs of vertices which are
of distance d from each other. This is achieved by having many subtrees with many leaves,
and, when the diameter is even, combining them into one tree. When the diameter is odd,
a central clique is used so that the distance between leaves of different subtrees are of dis-
tance d. Now if we take two vertices at random, the probability that both vertices are leaves
is large since the number of leaves is large. Similarly, since we have many subtrees, the
probability that both leaves are in different subtrees is large. Hence the probability that two
vertices are at maximal distance is large, implying that the average distance is close to d.
The above is a foundation of the following asymptotic solution to the problem of Plesnik.
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Theorem 5.7. There exist positive constants cy and co such that for any d > 3 the following
holds. The maximum Wiener index among all graphs of diameter d and order n is between

— and d — 82\/> i.e. it is of the form d — ®<d3/2)

In addition, Cambie [14] gives slightly stronger upper bound for trees, by which he
extends a result of Mukwembi and Vetrik [68]. Moreover, the results he obtained lead him
to the following question.

Question 5.8. For even d and large n, are the graphs of order n and diameter d with the
largest Wiener index all trees?

Digraphs were considered in [14] as well, where the problem of Plesnik is solved ex-
actly if the order is large comparing to the diameter. For the sake of completeness we
also mention that trees of order n and diameter d with the minimum Wiener index were
presented in [63].

Having in mind the close relationship between the diameter and the radius of a con-
nected graph, rad(G) < diam(G) < 2rad(G), itis natural to consider the above problems
with radius instead of diameter. Chen et al. [17] posed the following question.

Problem 5.9. What is the maximum Wiener index among graphs of order n and radius r?

They succeeded to characterize graphs with the maximum Wiener index among all
graphs of order n with radius 2. Das and Nadjafi-Arani [21] gave an upper bound on
Wiener index of trees and graphs in terms of number of vertices n and radius r. In ad-
dition, they presented an upper bound on the Wiener index in terms of order, radius and
maximum degree of trees and of graphs. The authors concluded that these results are not
enough to solve Problem 5.9. Stevanovi¢ et al. [74] provide examples obtained by com-
puter experiments, which suggest that a simple characterization of the structure of trees
with maximum Wiener index among trees with a given number of vertices and radius will
probably be out of our reach in some foreseeable future.

Analogous problem for the minimum Wiener index was posed by You and Liu [84].

Problem 5.10. What is the minimum Wiener index among all graphs of order n and ra-
dius r?

If » € {1,2}, the extremal graphs attaining the minimum total distance among all
graphs of order n are easily characterized: they are complete graphs when r» = 1, complete
graphs minus a maximum matching when = 2 and n is even, and complete graphs minus
a maximum matching and an additional edge adjacent to the vertex not in the maximum
matching, when r = 2 and n is odd.

A conjecture for n > 3 was posed by Chen et al. [17]. The notation G, ;. s, where n, r
and s are positive integers such that n > 2r,r > 3,andn — 2r + 1 > s > 1, stands for the
graph obtained in the following way: let v1, vo, v3 and vy be four consecutive vertices on a
2r-cycle. Replace v, with a clique of order s, replace v3 with a clique of order n—2r+2—s,
join each vertex of one clique to all vertices of the other clique, join v; to all vertices of
K, and join vy to all vertices of K,, 5,2 5. Notice that the resulting graph has n vertices
and radius 7, and W(G,, . s) = W(Gp s ) forany s, s’ € {1,...,r — 1}.

Conjecture 5.11. Let n and r be two positive integers with n > 2r and r > 3. For any
graph G of order n with radius r, W(G) > W (G, ,.1). Equality is attained if and only if
G=Gp,rsforse{l,...,r—1}
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Cambie showed that the hypercube Q)3 is a counterexample to the above conjecture, so
it does not hold when n is small, but he demonstrated that the conjecture is true asymptoti-
cally, i.e. if the order is sufficiently large compared to the radius [15].

Theorem 5.12. For any r > 3, there exists a value n(r) such that for all n > ny(r) it
holds that any graph G of order n with radius r satisfies W (G) > W (G r.1). Equality
holds if and only if G = Gy, s fors € {1,...,r — 1}.

We refer to [15] for an analog of this result for directed graphs, and to [69] for a char-
acterization of digraphs of given order and diameter with the minimum Wiener index.

6 Soltés problem and its relaxed variations

An interesting question regarding the Wiener index is to study how Wiener index is affected
by small changes in a graph. Clearly, by removing an edge Wiener index is increased. On
the other hand, the effect of deleting a vertex is far from obvious, and it was first studied
by Soltés. In his paper from 1991, Soltés posed the following problem [71].

Problem 6.1. Find all graphs G in which the equality W (G) = W (G — v) holds for all
v e V(Q).

Therefore, if for a vertex v in a graph G it holds that W(G) = W (G — v), we say that
v satisfies the Soltés property in G, and a graph in which every vertex satisfies the Soltés
property is referred to as a Soltés graph. The only known Soltés graph so far is the cycle on
11 vertices. The above problem appears to be difficult, thus in subsequent studies relaxed
variations were considered. The authors of [50] showed that the class of graphs for which
the Wiener index does not change when a particular vertex is removed is rich, even when
restricted to unicyclic graphs with fixed length of the cycle. More precisely:

* there is a unicyclic graph G on n vertices containing a vertex v with W(G) = W(G—
v) if and only if n > 9;

« there is a unicyclic graph G with a cycle of length ¢ and a vertex satisfying the Soltés
property if and only if ¢ > 5;

* for every graph G there are infinitely many graphs H such that G is an induced
subgraph of H and W (H) = W(H — v) for some v € V(H) \ V(G).

If a vertex v has degree 1 in G, then clearly W (G) > W (G —v). In the construction of the
above mentioned infinite class of graphs G with a vertex v satisfying the Soltés property the
vertex v is of degree 2. In [49] the authors extended their research to graphs in which v is of
arbitrary degree. They showed that for a fixed positive integer & > 2 there exist infinitely
many graphs G with a vertex v such that deg(v) = k and W(G) = W (G —v). Moreover,
if n > 7, there exists an n-vertex graph G with a vertex v so that deg(v) = n — 2 or
degn(v) = n—1, and W(G) = W(G — v). By proving the next theorem they showed
that dense graphs cannot be a solution of Problem 6.1.

Theorem 6.2. If G is an n-vertex graph for which 6(G) > n/2, then W (G) # W (G — v)
foreveryv € V(QG).

In the results above, removal of one vertex only was considered. So the authors pro-
posed the study of graphs G in which a given number of vertices satisfying the Soltés
property exist [49, 51].
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Problem 6.3. For a given k, find (infinitely many) graphs G for which W(G) = W(G —
v1) =W(G —vg) = --- = W(G — vy) for some distinct vertices vq, . .., vy in G.

This problem was considered by Bok et al. [9, 10] who showed the existence of:

* infinitely many cactus graphs (i.e. graphs in which every edge belongs to at most
one cycle) with exactly k cycles of length at least 7 that contain exactly 2k vertices
satisfying the Soltés property; and

* infinitely many cactus graphs with exactly & cycles of length ¢ € {5, 6} that contain
exactly k vertices satisfying the Soltés property.

In addition, they proved that G contains no vertex with the Soltés property if the length of
the longest cycle in GG is at most 4. Another infinite family of graphs satisfying the condition
from Problem 6.3 was constructed by Hu et al. [43]. Furthermore, Hu et al. settled another
problem from [49, 51] by proving that for any & > 2, there exist infinitely many graphs G
such that W(G) = W(G — {v1,v2,...,v;}) for some distinct vertices v1,va, ..., v, €
V(G).

Akhmejanova et. al [1] considered a relaxation of the original Soltés problem from
another point of view. They asked for graphs with a large proportion of vertices satisfying
the Soltés property. More precisely, they defined the function A, (G) = W(G)-W (G—v).

Then
[{v € V(G); Ay(G) = 0}
V(G)|

is the proportion of vertices satisfying the Soltés property. So Akhmejanova et. al asked
the following.

Problem 6.4. For a fixed o € (0, 1] construct an infinite series S of graphs such that for
all G = (V(G), E(G)) from S the following holds:

{v e V(G); Ay (G) = 0}
V(G

Note that a solution to this problem for &« = 1 would give an infinite series of solutions to
Problem 6.1. The authors noted that a slight modification of a construction from [9] yields
an infinite series of graphs with the proportion of vertices satisfying the Soltés property
tending to % and improved this constant by finding another two constructions. The first
construction contains many 11-cycles as induced subgraphs: given & € N,k > 1, they
defined a graph B(k) on 5k -+ 6 vertices by taking two vertices and connecting them with k
distinct paths of length 6 and one path of length 5. It turns out that for B(k) the proportion
of vertices satisfying the Soltés property equals = k +6 , thus this proportion tends to zask
tends to infinity. Another construction of so called lily-shaped graphs involves graphs that
are not 2-connected and whose proportion tends to %, see [1] for details. Furthermore, the
authors found a graph with the proportion % and expect that there exist an infinite series of
graphs with a proportion o > %, or perhaps even « tending to 1. Furthermore, they propose
the following problems.

> .

Problem 6.5. For a fixed z € Z, find all graphs G, for which the equality W (G) — W (G —
v) = z holds for all vertices v.



M. Knor et al.: Selected topics on Wiener index 715

Problem 6.6. For a fixed z € Z and « € (0, 1], construct an infinite series S of graphs
such that for all G = (V(G), E(G)) from S the following inequality takes place:

HoeVGRA©) =2} .
Gl -

In [49, 51] the problem of finding k-regular connected graphs G other than C7; for
which the equality W(G) = W (G — v) holds for at least one vertex v € V(G) was posed.
The answer is affirmative, see Figure 14 for 3-regular and 4-regular graphs with 4 and 2,
respectively, (blue) vertices satisfying the Soltés property. Using computer software and
counting cubic graphs of orders n < 26, Basic et al. [5] found that cubic graphs of order 12
or less do not contain Soltés vertices. Cubic graphs with two Soltés vertices first appear at
the order 14 (there are three such graphs), and examples with three and four Soltés vertices
appear at the order 16. Moreover, they proved the following.

Theorem 6.7. There exist infinitely many cubic 2-connected graphs which contain two
Soltés vertices.

Figure 14: Regular graphs with blue vertices satisfying the Soltés property.

In the same paper, graphs where the ratio between the number of Soltés vertices and the
order of the graph is at least « are called a-Soltés graphs. So Problem 6.1 asks to find all
1-Soltés graphs. The authors believe the solution to this problem should be graphs having
all vertices of the same degree.

Conjecture 6.8. If G is a Soltés graph, then it is regular.

For a general regular graph G, the values W (G — u) and W (G — v) might be signif-
icantly different for two different vertices v and v from G. It may happen that removal
of one vertex increases the Wiener index, while removal of the other vertex descreases it.
However, W (G —u) and W (G — v) are equal if vertices u and v belong to the same vertex
orbit. This led the authors to believe the following.

Conjecture 6.9. If G is a Soltés graph, then G is vertex-transitive.

Further, the authors report that a computer search on publicly available collections of
vertex-transitive graphs did not reveal any 1-Soltés graphs. All examples of %-Soltés graphs
are obtained by truncating certain cubic vertex-transitive graphs, and there are no Soltés
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graphs among vertex-transitive graphs with less than 48 vertices. Recall that if v is a vertex
of degree 3 adjacent to u;, us and ug, then by truncation of v we mean the replacement of
v by a triangle v1vovs, Where v; is adjacent to u;, and by truncation of a cubic graph we
mean the truncation of all its vertices. Therefore it is reasonable to consider the following
conjectures and a problem.

Conjecture 6.10. If G is a Soltés graph, then G is a Cayley graph.

Problem 6.11. Find an infinite family of cubic vertex-transitive graphs {G;}32,, such that
the truncation of G; is a %-Soltés graph for all 7 > 1.

Conjecture 6.12. The cycle on eleven vertices is the only Soltés graph.

7 Wiener index of signed graphs

A signed graph is a pair (G, o) where G is a graph and ¢ is a function from E(G) to
{—1,1}, called a signature function (also called signing in the literature). A path P is a
uv-path if its end-vertices are v and v. If P is a path in G and o is a signature function
of G then the notation o'(P) stands for the sum ) __, o(e). For u,v € V(G) the signed
distance dg »(u,v) equals minp |o(P)| where the minimum ranges over all uv-paths P.
Spiro [72] recently introduced the Wiener index W, (G) of the signed graph (G, o) as

We(G) = Z dG,a(u7U)'

{uv}CV(G)

If o is a constant function, then d¢ (u, v) = d(u,v), and therefore W, (G) = W(G). In
particular, if W(G) = W(G — v) for all v € V(G), then there exists a (constant) signature
function o of G such that W,(G) = W,(G — v). In this sense the problem of finding
signed graphs (G, o) with W,(G) = W, (G — v) can be viewed as a relaxation of Soltés
problem. Note that in the signed setting, it is possible to have W, (G) = 0. Spiro used this
fact to provide many examples of signed graphs satisfying W, (G) = W, (G — v) for all
v € V(G), and even with W, (G) = W, (G — S) for any set S of size less than some value
k. To present his results, a signature function ¢ of a graph G is called k-canceling if for
any set S C V(G) of size less than k, we have W, (G — S) = 0. A graph G is k-canceling
if there exists a k-canceling signature function o of G, and graphs with W, (G) = 0 are
simply referred to as canceling graphs. For instance, a complete graph K, is k-canceling
if n > 2k + 4. Furthermore, he proved the following.

Proposition 7.1. Ler G’ be a bipartite graph with partite sets U and V, where |U|,|V| >
k + 2, and minimum degree at least k + 1. Let G be the graph obtained from G’ by adding
every edge between two vertices of U and every edge between two vertices of V. Then G is
k-canceling.

Another family of examples is obtained from the blowups of odd cycles: if G is a graph
on {vy,..., v}, then the {ny, ..., n; }-blowup of G is defined to be the ¢-partite graph on
sets V1, ...V, with |V;| = n; and with u € V; and w € V; adjacent if and only if v;, v; are
adjacent in G.

Proposition 7.2. Let G be the (ny,...,na+1)-blowup of a cycle Capqq witht > 1. If
n; > 2k for all i, then G is k-canceling.
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Furthermore, the following holds.

Theorem 7.3. If n is sufficiently large and G is an n-vertex graph with minimum degree at
least 2, then there exists a signature function o of G such that Wo(G) = W, (G —v) =0
forallv € V(G).

For necessary conditions for a graph to be canceling and several interesting open ques-
tions we refer to [72]. One of the conjectures pertains to the well known fact that in the
class of n-vertex trees the star S,, and the path P, are extremal graphs for the Wiener in-
dex. Let (T, o) be a signed n-vertex tree and let + be the constant signature function that
assigns +1 to every edge of P,. Then the fact that W, (T') < W (P,) follows from the
result for the classical Wiener index since W, (P,) = W(F,). It remains to prove the
lower bound.

Conjecture 7.4. If (T, 0) is a signed n-vertex tree, then
Wa(Pp) < Wo(T),

where « is the alternating signature function which assigns the first edge of the path +1,
the second —1, the third +1, and so on.

Another possible direction for future study according to Spiro is the minimum signed
Wiener index W, (G) = min, (G), where the minimum ranges over all signature functions
o of G. Note that this concept is analogous to the minimum digraph Wiener index of
all orientations of a graph G presented in Section 4. Spiro proposed a conjecture in which
double stars appear as extremal graphs; a double star is atree T' in which there exist vertices
x,y € V(T) such that every edge of T has at least one of the vertices x, y as an end-vertex.
Note that by this definition a star is also a double star.

Conjecture 7.5. If T is an n-vertex tree, then

< <
W (Pp) < W(T) < max W (D),

where D is the set of all n-vertex double stars.

The conjecture was verified for n < 9, and noted that it is false if one considers stars
instead of double stars. We refer to [72] for more interesting questions related to the pre-
sented topic.

8 Variable Wiener index vs. variable Szeged index

For an edge wv in a graph, let n,,(u) denote the number of vertices strictly closer to u than
v, and analogously, let n,,(v) be the number of vertices strictly closer to v than «. In his
original paper [80] Wiener observed that the Wiener index of a tree can be computed as
the sum of products n,(u) - n,(v) over all edges wv in the tree, but this is not the case in
general graphs, owing to the fact that shortest paths are typically not unique. By relaxing
the condition that the graph is a tree, the Szeged index of a graph G was defined in [34, 46]

Sz(G) = Z Ny (W) - My (V).

weE(G)

Klavzar et al. [47] proved that Sz(G) > W(G) for every graph G, and in [25] all graphs
for which the equality holds were classified.
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Theorem 8.1. For every graph G we have Sz(G) > W(G), and equality holds if and only
if every block of G is a complete graph.

The variable Wiener index (also known as the generalized Wiener index) of a graph G

is defined as
W G) = Z d(u,v)?,
{u,v}CV(G)

and the variable Szeged index of a graph G is

(@) = 3 (nulw) na(v)".

weEE(G)

Note that in [38] the quantity ., cp(r) (no(u) 1y (v))" was named as the variable
Wiener index for trees, but referring to it as the variable Szeged index seems to be more
natural. By Theorem 8.1, for trees it holds W (T') = Sz(T). Using Karamata’s inequality
Hrindkova et al. [42] proved the following statement.

Theorem 8.2. Let T' be a tree on n vertices. Then
() WH(T) <Sz*(T) ifa > 1,
Q) WT) >Sz(T)if 0 <a< 1.
Moreover, equalities hold if and only if n = 2.
In the case when v > 1, they extended this result to the class of bipartite graphs.

Theorem 8.3. Let G be a bipartite graph on n vertices and o > 1. Then W*(G) <
Sz*(G) with equality if and only if n = 2.

If G is a complete graph, we have Sz%(G) = (‘V(QG”) = W*(G) for every a. Note
that « is non-negative in the above results. If o < 0 then for non-complete graphs we have
the following strict inequality [42].

Proposition 8.4. Let G be a non-complete graph. Then for every o < 0 we have Sz*(G) <
We(G).

Based on Theorem 8.2 and examples provided in [42], Hrildkova et al. proposed the
following conjecture.

Conjecture 8.5. For every non-complete graph G there is a constant ai; € (0, 1] such that
Sz%(G) > W(Q), ifa > ag,
Sz%(G) = W*(G), if a = ag,
Sz%(G) < WH(G), if 0 < a < ag.

N

In other words, the conjecture states that for any non-complete graph there is a critical
exponent in (0, 1], below which the variable Wiener index is larger and above which the
variable Szeged index is larger. As seen above, this holds for trees. However, Cambie and
Haslegrave [16] found infinitely many counterexamples by constructing a family of graphs
G;¢ as follows: take a complete graph K, remove a k-cycle from it, and connect all its
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vertices with one end-vertex of a path of length /, see Figure 15 where Gj 3 is depicted.
By fixing a connected non-complete graph G, h(a) = Sz*(G) — W*(G) is a continuous
function with 2(0) < 0 and h(1) > 0, which by intermediate value theorem implies that
there is at least one value of « for which h(«) = 0, and at least one such value lies in
(0,1]. Therefore Conjecture 8.5 is equivalent to « being unique, which is not the case
for many graphs of the form G}, ». It turns out that if % is reasonably large, then there exist
some corresponding values of ¢ having three values of a for which Sz (G, ¢) — W (Gi.e)
equals 0.

Figure 15: The graph Gy, o for k = 8 and ¢ = 3.

On the other hand, the authors found further families of graphs for which the statement
in Conjecture 8.5 does hold. In fact, they showed its validity for almost all graphs.

Theorem 8.6. Conjecture 8.5 holds for
* block graphs,
* edge-transitive graphs,
* bipartite graphs,
e graphs with diameter 2,
 graphs with diameter 3, n vertices and at most % (g) edges,
e graphs with n vertices and m edges whenever m < %(n‘l/?’ - n1/3).

They also proved that Conjecture 8.5 holds for almost all random graphs in 2 models
of random graphs, see [16] for more detailed explanation. Anyway, it is an open problem
if there exist graphs G, other than complete ones, for which |{«a; Sz*(G) — W*(G) = 0}|
is larger than 3. So we have the following problem.

Problem 8.7. Let G be the class of graphs which contain at least one block which is not
complete. Is [{a; Sz%(G)—W<(G) = 0}| bounded for G € G? If so, what is its maximum
value?

By showing that for every graph G, the sequence (7., () - 124, (v) ) wve B(G) Majorizes the
sequence (d(u,v))y,vcv (). Cambie and Haslegrave proved that a weaker version of Con-
jecture 8.5 holds. Using a different approach the same result was independently obtained
by Kovijani¢ Vukicevi¢ and Bulatovié [78].
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Theorem 8.8. For every non-complete graph G and « > 1, we have Sz (G) > W<(G).
We conclude this section with the following question.

Question 8.9. Does Conjecture 8.5 hold for triangle-free graphs?

9 Wiener index of apex graphs

An apex graph is a graph that becomes planar by removal of a single vertex. Along these
lines a graph G is called an apex tree if it contains a vertex = such that G — z is a tree.
Furthemore, a graph G is called an ¢-apex tree if there exists a vertex subset A C V(G) of
cardinality ¢ such that G — A is a tree and there is no other subset of smaller cardinality
with this property [82, 83].

In [82] extremal values of (additively and multiplicatively) weighted Harary indices
of apex and ¢-apex trees were studied. Extremal values of some other topological indices
of l-apex trees were recently explored in [2] and [48]. In the later authors studied the
generalized Wiener index and derived the following result in which K, 4+ T' denotes the
join of a complete graph K, and a tree 7" on n — £ vertices.

Theorem 9.1. Let G be an (-apex tree on n vertices, where { > 1 and n > £ + 2, and let
a # 0. Then, the following two claims hold:

o If &« > 0 then W*(G) has the minimum value if and only if G = Ky + T, where T
is any tree on n — { vertices;

o If a < 0 then W*(QG) has the maximum value if and only if G = K, + T, where T
is any tree on n — { vertices.

Moreover, in the extremal case
We(G) = (n? —2nl —3n+ % +30+2)2°7 + (20l +2n — 2 — 30 —2) 271

Observe that for a = 1 the invariant W is the Wiener index, and by Theorem 9.1 the
extremal value is

W(G) = (2n? —2nl —4An + (> + 30+ 2) 271,

Recall that a dumbbell graph is a graph comprised of two disjoint cliques connected
by a path. More precisely, a dumbbell graph D.(a,b) is a graph obtained from a path
P, = vyvs - - - v, and disjoint complete graphs K, and Kj; by connecting v; to a vertex
of K, and connecting v, to a vertex of K, see Figure 16 for D5(3,4). The order of so
constructed graph is a + b 4 c. Note that without loss of generality, we can always assume
that a, b # 2.

Theorem 9.2. Let G be an apex tree on n. > 3 vertices, and let o # 0.
* Ifa > 0 then W*(Q) has the maximum value if and only if G = D,,_4(3,1);
o If « < 0 then W*(QG) has the minimum value if and only if G = D,,_4(3, 1).

Moreover, in the extremal case

WeG) =1+ im — )i,
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Figure 16: The graph D5(3,4).

In [48] the following conjecture was proposed.

Conjecture 9.3. Let G be an (-apex tree on n vertices, where { > 3 and n > { + 1,
such that G has maximum Wiener index. Then G is the balanced dumbbell graph, i.e.
G = D.(a,b), where a = [£/2],b = |{/2], and c = n — L.

10 Wiener index of line graphs

The line graph L(G) of a graph G is defined as a graph whose vertex set coincides with the
set of edges of G and two vertices of L(G) are adjacent if and only if the corresponding
edges are incident in G. Higher iterations of the line graph are defined recursively.

ko ) G fork =0,
LAG) —{ L(L*Y(G)) fork > 0.

Van Rooij and Wilf [77] showed that for the sequence
G, L(G), L(L(G)), L(L(L(G))), . -

only four options are possible. If G is a cycle graph, then L(G) and each subsequent graph
in this sequence is isomorphic to G itself. If G is a claw K 3, then L(G) = C5 and
consequently the same holds for all subsequent graphs in the sequence. For a path we have
L(P,) =P, 1, L*P,) =P, o,..., L""}(P,) = P and L*(P,) is an empty graph if
k > n. In all the remaining cases the order of the graphs in the sequence increases without
bound.

The following problem was proposed by Gutman [35].

Problem 10.1. Find an n-vertex graph G whose line graph L(G) has maximum Wiener
index.

Supported by a result from [20], we pose the following conjecture (see also [56]).

Conjecture 10.2. Among all graphs G on n vertices, W (L(G)) attains maximum for some
dumbbell graph on n vertices.

Similar conjecture was proposed for bipartite graphs [56]. Let us call a graph a barbell
graph if it is comprised of two disjoint complete bipartite graphs connected by a path.

Conjecture 10.3. Let n be large. Among all bipartite graphs G on n vertices, W (L(G))
attains maximum for some barbell graph on n vertices.

A related question we pose is the following.
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Problem 10.4. For given n and k, find graphs G on n vertices with the extremal value of
W(LMG)).

Dobrynin and Mel’nikov [27] proposed to estimate the extremal values for the ratio

%C(g)), for a graph G on n vertices and explicitly stated the case k¥ = 1 as a problem.

The minimum value was given in [54].

Theorem 10.5. Among all connected graphs on n vertices, the fraction % is mini-
mum for the star S, in which case WV(VL((C?;)) = 2(7:;_21).

The problem was recently solved also for the maximal value [70] .

W(L(G))

Theorem 10.6. For a graph G on n vertices it holds that WG = (";1) with equality

ifand only if G = K,,.
For k£ > 1 the problem remains open.

Problem 10.7. Find n-vertex graphs G with extremal values of % for k > 2.

Note that the line graph of K, has the greatest number of vertices, and restricting to
bipartite graphs, the (almost) balanced complete bipartite graphs have line graphs with most
vertices, 80 K|, /2),[n /2] could be the graph attaining maximal value in this class of graphs.
It is expected that the minimum value should be attained by P,,, since this is the only graph
whose line graph decreases in size, see a conjecture from [56].

Conjecture 10.8. Let k > 2 and let n be large. Among all graphs G on n vertices,
W(L*(G))

W) attains the maximum for K,,, and it attains the minimum for P,,.

The above conjecture is supported by a result from [41], where it was proved that among
all trees on n vertices the path P,, has the smallest value of this ratio for £ > 3, and it was
conjectured that the same holds also in the case £k = 2. Another related problem is the
following.

W(L*(G))

Problem 10.9. For various ¢ and k find the extremal graphs for the ratio W(IHG)) -

11 Graphs with prescribed number of blocks

A graph is non-separable if it is connected and has no cut-vertices, i.e. either it is 2-
connected or it is K. A block of G is a maximal non-separable subgraph of G. As known,
the n-path P,,, which has n — 1 blocks, has the maximum Wiener index in the class of
graphs on n vertices, and among graphs on n vertices that have just one block, the n-cycle
has the largest Wiener index. The ordering of trees with respect to decreasing Wiener index
is known up to the 17th maximum Wiener index [23, 64], and the increasing ordering up to
the 15th maximum Wiener index [28].

Bessy et al. [8] studied the ordering of n-vertex graphs with just one block (i.e. 2-vertex
connected graphs) with respect to decreasing Wiener index. Let 1 <p < q¢<n—p—q+1
and ¢ > 1. The notation H,, , , stands for the graph on n vertices comprised of three
internally disjoint paths with the same end-vertices, where the first path has length p, the
second one has length ¢, and the last one has length n — p — ¢ + 1. Obviously H,, 12 1s a
graph obtained from C), by introducing a new edge connecting two vertices at distance two
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on the cycle, and H,, » o is a graph that is obtained from a 4-cycle by connecting opposite
vertices by a path of length n — 3, see Figure 17.

In [8] it was shown that among graphs on n vertices that have just one block, H, 1 2
has the second largest Wiener index if n # 6. If n > 11, the third extremal graph is H,, 2 o.
The authors also give conjectures on the graphs with 4th and 5th greatest Wiener index in
the class of 2-connected graphs. Let Hn+ 2,2 be the graph obtained from H,, 5 2 by inserting
an edge between two vertices that are at distance 1 from the vertices of degree 3, see the
third graph in Figure 17. Then H, ;f o o has Wiener index exactly 1 less than H,, 5 o, so it is
the fourth 2-connected graph by decreasing Wiener index for n. = 9 and n > 11, but it may
not be unique. However, the following can be true.

Conjecture 11.1. For n large enough, H ,T 9,9 IS the graph with the 4th largest Wiener index
among blocks on n vertices.

Conjecture 11.2. Forn large enough, H,, 1 3 is the graph with the 5th largest Wiener index
among blocks on n vertices.

Figure 17: Graphs H,, 1,2, Hy 2,2 and an272.

Bessy et al. [7] studied a general problem of finding the maximum possible value of
Wiener index among graphs on n vertices with fixed number of blocks. They showed that
among all graphs on n vertices which have p > 2 blocks, the maximum Wiener index is
attained by a graph comprised of two cycles joined by a path, where one or both cycles can
be replaced by a single edge. To be more specific, we need the following notation.

If G is a connected graph and v is a cut-vertex that partitions GG into subgraphs G; and
Go, ie., G = G1 UGy and G; N Gy = {v}, then we write G = G; o, Go. For simplicity
reasons, by Cs we mean the complete graph K.

Theorem 11.3. Let n and p be numbers such that n > p > 1. Among all graphs on n
vertices with p blocks, the maximum Wiener index is attained by the graph C, 0, P,_10,Cy
for some integers a > 2 and b > 2, where a +b = n — p + 3, and u and v are distinct
end-vertices of P,,_1.

Note that C,, or Cj, can also be edges, and then we obtain C},_,41 0, Py, which is a
graph composed of one cycle with an attached path, or P, if both C, and C}, are edges.

In [6] the authors provide further details by determining the sizes of a and b in the
extremal graphs for each n and p. Roughly speaking, if n is bigger than 5p — 7, then the
extremal graph is obtained for a = 2, i.e. the graph is a path glued to a cycle. For values
n = bp — 8 and 5p — 7, there is more than one extremal graph. And when n < 5p — 8, the
extremal graph is again unique with a and b being equal or almost equal depending on the
congruence of n — p modulo 4.
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1 Introduction

A signed graph (or briefly sigraph) I" is an ordered pair (G, o), where G = (V(G), E(G))
is a graph (called the underlying graph), and o: E(G) — {—1,1} is a sign function
defined on the edge set of G. A signed graph is all-positive (resp. all-negative) if all of its
edges are positive (resp. negative) and is denoted by I' = (G, +) (resp. I' = (G, —)). The
sign of a cycle in a signed graph is the product of the signs of its edges. A signed cycle is
said to be positive (resp. negative) if its sign is positive (resp. negative). A signed graph is
said to be balanced if none of its cycles is negative, otherwise unbalanced.

Let A(G) = (a;;) be the adjacency matrix of G. The adjacency matrix of a signed
graph I' = (G, o) is a square matrix A(T") = A(G,0) = (afj), where af; = o (v;v;) aij.
For a matrix Z, the characteristic polynomial |z/ — Z| will be denoted by ¢(Z, x). If T
is a signed graph, we use ¢(I', z) instead of ¢(A(T"), z). The eigenvalues of A(T") are the
eigenvalues of the signed graph I'. The set of all distinct eigenvalues of I" along with their
multiplicities is called the spectrum of I'. If the distinct eigenvalues of I are p11 > --- > ug,

and their multiplicities are m (u1) , ..., m (u), then we write
g1
Spec(I') = .
pec(l) ( m () . om(ug) >
The nullity of a signed graph I' is the multiplicity of the eigenvalue 0 in its spectrum. It is
denoted by n(I").

Two signed graphs I'y = (G, 01) and T's = (G2, 02) are isomorphic if there is a graph
isomorphism f: G; — G that preserves signs of the edges. If §: V(G) — {+1,—1}is
the switching function, then switching of the signed graph I' = (G, o) by 6 means changing
o to 0¥ defined by

of (uv) = B(u)o (uv)d(v).

For more information about switching and recent work on signed graphs, we refer to
[1,3,4,5,6,8,11, 12,13, 14, 15, 16, 17].

We note that the sign function for the signed subgraph is the restriction of the original
function. For I' = (G, o) and X C V(G), I'[X] denotes the signed subgraph induced by
X, whileT' — X = I'[V(G)\X]. Sometimes, we also write I' — I'[X] instead of I' — X.
Let (G, K™) (resp. (G, K™)) be the signed graph whose negative edges (resp. positive
edges) induce a subgraph K. As usual, K,, denotes the complete graph of order n. The
complete bipartite graph with two parts U, = {u1,us,...,u,} and Vy = {v1, v2,...,v4}
as a partition of its vertex set is denoted by K, ,. Also, P, denotes the path on n vertices.
Jrxs denotes an all-one matrix of size » x s and O, «s denotes an all-zero matrix of size
r X S.

In the recent years, several researchers have shown interest in signed graphs, including
complete bipartite signed graphs and complete signed graphs, which have a variety of ap-
plications, see [1, 2] and the references therein.

The remainder of the paper is organized as follows. In Section 2, we give some pre-
liminary results which will be used in the sequel. In Section 3, we show that the nullity of
(Kp,q,0) is at least p + ¢ — 2k — 2, where k = min(r, s) and (K, 4,0)[U, U V], r <p
and s < ¢, is an induced signed subgraph on minimum vertices r + s, which contain all
negative edges of the signed graph (K, 4,0). In Section 4, we determine the spectrum of
a complete bipartite signed graph whose negative edges (positive edges) induce (i) disjoint
complete bipartite subgraphs and (ii) a path. In Section 5, we determine the spectrum of
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a complete bipartite signed graph whose negative edges (positive edges) induce an regular
subgraph H. Also, we obtain a relation between the eigenvalues of this complete bipar-
tite signed graph and the non-negative eigenvalues of H. For definitions and notations of
graphs, we refer to [10].

2 Preliminaries

Consider fi1, pt2, . - . , fiy, as the eigenvalues of the signed graph I'. If for each ¢ there exists
some j such that ; +u; = 0, then we say that the spectrum is symmetric with respect to 0.
It is well known that an unsigned graph which contains at least one edge is bipartite if and
only if its spectrum considered as a set of points on the real axis is symmetric with respect
to the origin. There exist nonbipartite signed graphs with this property as can be seen in
[14]. The following result can be seen in [7].

Lemma 2.1 ([7, Theorem 2.1]). Let I" be a signed graph of order n. Then the following
statements are equivalent.

(1) Spectrum of I is symmetric about the origin,

(i) ¢(T,z) =™ + ZLEJ (—1)Fcopa™ 2, where co, are non negative integers for all
k=1,2,...,|%]

(iii) I and —I" are cospectral, where —1' is the signed graph obtained by negating sign
of each edge of T'.

Consider the matrix M having the block form as follows.

A B -~ B B
5T B ... C C

M=\ : = . @1
5T c -.- B C
g Cc .. C B

where A € Rt 3 € R™* and B,C € R***, such that n = t + cs, with c being the
number of copies of B. The spectrum of this matrix can be obtained as the union of the
spectrum of smaller matrices using the following technique given in [9]. In the statement of

the following result, Spec(k) (Z) denotes the multi-set formed by k copies of the spectrum
of Z, denoted by Spec(Z).

Lemma 2.2. Let M be a matrix of the form given in (2.1) with ¢ > 1 copies of the block
B. Then

(i) Spec(B — C) C Spec(M) with multiplicity ¢ — 1,

(ii) Spec(M)\ Spec'®™V(B — C) = Spec (M’) is the set of the remaining t + s eigen-
values of M, where

w=( e mee e )

The next two results are concerned with the spectrum of special 2 x 2 block matrices.
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OI)XI) APXQ
AT

gXxp Oqu

Lemma 2.3. Ler X = (
q > p. Then

) be a real symmetric matrix of order p + q,

(i) m(0) > ¢ —p.

(i) £./; € Spec(X), where yu is an eigenvalue of a positive semidefinite square matrix
A,,XquTX >
Proof. By the Schur complement formula, the determinant of a 2 x 2 block matrix is given
by
’ A B

c D ’ =|D||A-BD™'C|,

where A and D are square blocks and D is nonsingular. So, we have

¢(X, @) = ’ _fif% _f}”q = 29 |(21y) = Apxq (1) Agyy
axp q
= a9 % (221, — ApxqAjxp)
=z7P¢ (AquA;rXp’ ).
This completes the proof. O

OPXP APXP

pxp  Upxp
+4 € Spec(X), where 1 is an eigenvalue of the square matrix Apyp.

Corollary 24. Let X = < ) be a real symmetric matrix of order 2p. Then

We conclude this section with the following remark.

Remark 2.5. Let (K, ,, o) be a complete bipartite signed graph with bipartition (U, V),
where U, = {u1,us,...,u,} and V; = {v1,v2, ..., v, }. Then with a suitable labelling of
the vertices of (K, 4, 0), its adjacency matrix is given by

o B
( p,q ) ( B(;I'Xp quq
In view of Lemma 2.3, we observe that the spectrum of (K, 4, 0) is related with the
spectrum of the matrix B« qB;r «p- Thus from here onwards, we focus on the matrix By,
and we call it as the spectral block of the adjacency matrix of the signed graph (K, 4, o).

3 Nullity of the signed graph (K, ,, o)

In this section, we obtain a lower bound for the nullity of I' = (K, 4, 0) for any sign
function o, subject to the given condition.

Theorem 3.1. Let (K, 4,0), p < ¢, be a complete bipartite signed graph and let
(Kp,q,0)[Ur UV, 7 < pand s < g, be its induced signed subgraph on minimum
vertices v + s, which contains all negative edges of the signed graph (K 4,0). Then
N((Kpq,0)) > p+q— 2k — 2, where k = min(r, s).
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Proof. Note that the order of (K, 4,0)[U, U V;] is r + s. With a suitable labelling of the
vertices of (K, 4, 0), the adjacency matrix is given by

O B
Aty = (27 e ).

where B, is the spectral block of the adjacency matrix of the signed graph (K, 4, 0). By
Lemma 2.3, we get

P(A(Kp g,0),2) = 2777 (ByxgByxp %) - 3.1)

Without loss of generality, we may assume that r < pand s < g. As (K, 4,0)[U, UVj]
is an induced signed subgraph on minimum vertices r + s, which contain all negative edges
of the signed graph (K, ,, o), we have

_ ers erq—s
Bp><q N < prrxs prrxqfs ’

where X, x5 is the spectral block of the adjacency matrix of the signed graph
(Kp,q,0)[Ur U V). The transpose of a 2 x 2 block matrix is given by

A B\ (AT C7
c p) ~\ BT DT )

Together with the fact that J,,, xp Jpxm = Ndmxm, this yields

X Jrscg— XTI Jsxp—
T rXxs rxXq—s SXT SXp—r
Bququp ( Jp rXs Jp rXq—s ) : ( Jq—sxr Jq—sxp—r )

_ ( ersszr (q_s) rX7r XrXstprr"f'(q_S)erpfr )
Tp—rxsXgxr + (@ = 8)Tp—rxr  STp—rxp—r + (@ = 8)Jp—rxp—r

_ ( ersszr (q—S) rX7r XrXstprr"" (q_S)erpfr )
Jp—rxsX sxr +(q—8)J, p—rxr qJp—rxp—r .

Now, it is easy to see that X, xsJsx1 + (¢ — 8)Jrx1 = Y + (¢ — 8)Jr-x1, where Y is
the column vector of the row sums of the matrix X, xs. Let Z = [Y + (¢ — s)J,x1 Y +

(g—8)Trx1 -+ Y+ (q¢—58)Jrx1] € R"*P~" be a matrix of order r x p — r. Then, we
have
Xyws X&o + (g —8)J Z
T XS5 gxr rXT
BPXquXp ( ZT qu—TXp—’(‘ - (32)

The matrix BquBqXp has a special kind of symmetry. Taking 4 = X,y X/, +
(¢ —8)Jrxr, B=Y + (¢ — 8)Jrx1, B =[¢] and C = [g] in (2.1), from Lemma 2.2, we
get Spec? "1 (B —C) = Spec? " 1([0]) C Spec(B,x,B Again by Equation (3.1),

Equation (3.2) and Lemma 2.2, we obtain

P(A(Kpg,0),x) = 2%¢ (Z1,2%) (3.3)

where « = ¢+ p — 2r — 2 and

7, = ( XoxsXgsr +(@=8)Joxr VD=7V +(q—5)Jrx1) )
VP=T(Y +(g=5) )" q(p—) '

fIXP)
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Also, we have

T _ X Xoss + (0= 1) Joxs X dixg—s + (P —1)Joxg-s
BoaoBrxa =\ 7 x4 p—1)J J :
q—sXr<irxs p T) q—sXxs PJg—sxq—s

Now, X . Jrx1+ (p—7)Jsx1 = Y' + (p—1)Jsx1, where Y is the column vector of the

column sums of the matrix X, ;. Let Z' = [Y'+(p—7)Jsx1 Y+ (p—7)Jsx1 -+ Y+
(p —1)Jsx1] € R®*97° be a matrix of order s X ¢ — s. Then,

X o Xrss + (p—1)J, A
T — SXr“rTrXs sXs
BypBpxq = < ) 7T Dleovas ) (3.4)

Taking A = X\, X, x5+ (p—7)Jsxs, 8 = Y'+(p—7)Jsx1, B = [p] and C = [p] in (2.1),
from Lemma 2.2, we get Spec? *~ (B — C) = Spec?*([0]) C Spec(B,,,Bpxq)-
Note that the eigenvalues of BJX »Bpxq are given by the eigenvalues of BquBJXp, to-
gether with the eigenvalue O of multiplicity ¢ — p. Therefore, by Equation (3.1), Equa-

tion (3.4) and Lemma 2.2, we obtain
H(A(Kpg,0),2) =20 (Z2,27) (3.5)
where ( = q¢+p—2s—2and

7 :( XsT><rX7“><s+(p_7")JS><s Vi—=sY"+ (p—1)Jsx1) )
2T\ VE—s(Y + (0 1)Jexa)T plg — s) '

Hence the result follows by Equation (3.3) and Equation (3.5). O]

As (K, 4,0) is a bipartite signed graph, therefore its spectrum is symmetric about the
origin. Thus, the following is an immediate consequence of Theorem 3.1 and Lemma 2.1.

Figure 1: The signed graph (K46, 0).

Corollary 3.2. Let (K, ,,0), p < ¢, be a complete bipartite signed graph and let
(Kp,q,0)[Ur UVs], r < pand s < g, be its induced subgraph on minimum vertices r + s,
which contains all positive edges of the signed graph (K, 4,0). Then n((Kpq,0)) >
p+ q— 2k — 2, where k = min(r, s).

We end this section with an example which shows that the lower bound for the nullity,
given in Theorem 3.1, of (K, 4, o) is best possible.
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Example 3.3. Consider the complete bipartite signed graph (K4 ¢,0) as shown in Fig-
ure 1. Plain lines denote the positive edges and dashed lines denote the negative edges.
It contains an induced signed subgraph (K4 ¢, 0)[Us, V4] on 6 vertices which contains all
negative edges of (K4,6,o). Here, we have p = 4, ¢ = 6 and k = 2. Therefore, by
Theorem 3.1, n((K4,6,0)) > 4. The spectral block of the adjacency matrix of the induced
signed subgraph (K4 6, 0)[Us, V4] is given as

-1 -1 -1 1
X2X4:<—1 1 -1 —1>'

Therefore, by Equation (3.3), we get

6 2 0
H(A(Kyg,0),z) =z 2 6 0 |,2?
0 0 12
Thus, it is easy to see that
(2v3 2v2 2 0 -2 —2V2 -2V3
Spec((K‘*vﬁ"’))( 11 14 1 1 1)

4 Spectrum of (K, ,, o) when negative edges induce either a disjoint
complete bipartite subgraphs or a path

We begin this section with the computation of the spectrum of the complete bipartite signed

graph (Kp o K, ) whose negative edges induce a subgraph K, ;.

Theorem 4.1. Let (Kp,q, K;S), p <gq r <pands < q, be a complete bipartite signed
graph whose negative edges induce a subgraph K, ; of order r 4 s. Then the spectrum of
(Km7 K, ) is given as

B e 0 —p2  —H
Spec((Kpa Kr)) = (1 1 ptg-4 1 1 )

where

B \/pq +/p?¢®> —16rs(p —r)(q — s)
M1, B2 = 2 .

Proof. By Equation (3.3), we have

_ ereX;rx7+(q75)Jr><r \/pfrﬂ
¢((Kp7qu ) T)=1x ¢(< \/jﬁ"r alp—r) )ax2>7 4.1)

wherea =q+p—2r—2,8=Y 4+ (¢ — $)J-x1, and Y is the column vector of the row
sums of spectral block X, ; of the adjacency matrix of an induced signed subgraph K, g,
whose all edges are negative. Clearly, X,«s X/ . + (¢ — 8)Jrxr = —Jrxs X —Joxr +
(¢ — 8)Jrxr = ¢Jrxr and Y + (¢ — s8)Jrx1 = (¢ — 25)J-x1. Therefore, Equation (4.1)
takes the form

_ o Jrxr - —25)Jrx
¢ (Kpg Kps) 2) = d)(( W?Q—Zs)hxr \/piggg—r)@ 1 )’(EQ
(4.2)
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For p # r, it can be easily seen that the real symmetric matrix

Zl _ ( quXr VD — T(q - 23)Jr><1 )
VP =7(q = 28)Jixr a(p =)

has rank 2. Now, let 21 and x5 be the non zero eigenvalues of Z;. We have
x1+ a2 =1tr(Z1) =rq+qlp—r)=pgq. 4.3)

Also,
ac? + m% = tr(le) =p?¢® — 16rs(p —r)(q — s). 4.4)
Equations (4.3) and (4.4), imply that

pg £ /P22 — 167s(p —)(q — 5)

T, Tp = B) (45)
Thus, Equation (4.2) yields that
¢ ((Epg K ) ) = aP P04 (@t — (21 + 22)2” + 212),
where z; and x5 are given in Equation (4.5). This proves the result. O

As a consequence, we compute the spectrum of a complete bipartite signed graph whose
positive edges induce a complete bipartite subgraph.

Corollary 4.2. Let (Kp 0 KT ) p<gq,r<pands < q, beacomplete bipartite signed
graph whose positive edges induce a subgraph K, s of order v + s. Then the spectrum of
(Kp o KF ) is given as

M1 M2 0 —H2 —
Spec((Kp.q K7L,)) = (1 1 p+q—4 1 1 )

where

B \/pqi VP2 — 16rs(p —1)(q — s)
M1, h2 = 9 .

Now, we obtain the characteristic polynomial of the complete bipartite signed graph
(Kp,q, o) whose negative edges form the disjoint subgraphs K, , of different orders.

Theorem 4.3. Let (K, 4,0), p < q, be a complete bipartite signed graph whose negative
edges induce disjoint complete bipartite subgraphs of orders r1 + s1, ro + So, ..., Tk, + Sk
such that Zlf (TP =T, Zle s; = s, v < pand s < q. Then the characteristic polynomial
of (Kp,q,0) is given as

¢ ((KPJP U) ? Z‘) = J“p+q_2k_2¢ (Zla $2) )

where
ric11 T2C12 e TEClk c(q —2s1)
r1C21 T9C22 - TKC2k c(q — 2s2)
A
T1Ck1 T2Ck2 .. TkChk c(q — 2sy)
ric(q —2s1) roc(q—2s2) -+ rre(q—2sg)  q(p—71)

is a matrix of order k+1, c = \/p —r, ¢;; = qif i = j and ¢;; = q — 25; — 25; otherwise.
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Proof. Consider the matrix given in Equation (3.3)

Zl _ < XTXSX,;l—Xr—i_(q_S)JTXT_r vP_T(Y‘f'(q_S)erl) > (46)
VP =Y +(q—5)Jrx1) q(p =) ’
where Y is the column vector of the row sums of the spectral block X, s of the adjacency

matrix of an induced signed subgraph of (K, 4,c) which contains all its negative edges.
Hence, with a suitable relabelling of vertices of the induced signed subgraph, we have

_J’I‘l X S1 J’I‘1><82 e JTlXSk

J7'2><81 _‘]7'2><82 e J7'2><Sk
Xr><s - . . . . 5

Jrkxsl Jrk><32 _Jrszk

where J, x5, 1s the spectral block of the adjacency matrix of the complete bipartite sub-
graph K. 5., 1 =1,2,... K, Zle r; = rand Zle s; = s. Now, it is easy to obtain

bllJTl X7r1 b12J’I‘1 XTro e blkJTl X7k

T b21JT2><T1 b22Jr2><T2 e kaJrzxrk
KrxsKowr = : : . : )

bk:lt]rk X711 bk2Jrk XTo e bk:k:Jrk X Tk

where, b;; = Zle s; = sif ¢ = jand b;; = s — 2s; — 25, otherwise. As 'Y is the column
vector of the row sums of the spectral block X, s, therefore the matrix Z; given in (4.6)
takes the form

c11dry xry c12Jr xry s Cikdry X7 C(q - 281)‘]7“1 x1
C21Jr2><r1 C22Jr2><r2 CQkJTQXTk C(q_ 252)Jr2><1
Zl = . . . . J
Cr1dry xrm Cr2Jry xro e Crke Iy xry, c(q — 2sk)Jry x1
c(g—2s1)Jixr,  c(q—282)J1xr, 0 c(@—286)J1xr,  q(P—T)J1x1

where ¢ = \/p —r, ¢;; = qif i = j and ¢;; = q — 2s; — 2s; otherwise. Clearly, the matrix
71 has equitable quotient matrix Z’, where

T1C11 T2C12 te TkCik c(q - 251)
T1C21 T2C22 e TEC2k c(q - 282)
7 =
T1Ck1 T2Ck2 e Tk Chk c(q — 2sy)
ric(q —2s1) roc(q—2s2) -+ rre(qg—2sg)  q(p—7)
Now by [18, Theorem 3.1], Spec(Z1) = Spec(Z’) U ( ., E I ), where Z' is equitable
quotient matrix of Z; and is given as
rici r2C12 e TEClk c(q —2s1)
r1C21 T2C2 X TkC2k c(q — 2s2)
7' =
T1Ck1 T2Ck2 e TkChk c(q — 2sp)

rie(qg —2s1) rec(q—2s2) -+ rre(qg—2sk)  qlp—71)
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Figure 2: Signed graph whose negative edges induce two disjoint complete bipartite sub-
graphs.

where ¢ = \/p — 7, ¢;; = qifi = jand ¢;; = ¢ — 2s; — 2s; otherwise. As Spec(Z;) =
Spec(Z') U ( . E 2 ), therefore the result follows by Equation (3.3) and Equation (4.6).
O

An application of Theorem 4.3 can be seen in the following example.

Example 4.4. Consider the complete bipartite signed graph (K5 7, o) as shown in Figure 2.
Here, wehave p = 5, ¢ =7,711 = 2,51 = 2,79 = 2,85 =3, 7 =11 + 19 = 4 and
s = 81 + s3 = 5. Therefore, by Theorem 4.3, we get

14 -6 3
P(A(Ks57,0),2) = 25¢ -6 14 1 |,2?
6 2 7
Thus, it is easy to see that
450 337 182 0 —-1.82 -3.37 —-4.50
Spec((K{’v?"’))_( 11 1 6 1 1 1 )

The next corollary follows from Lemma 2.1 and Theorem 4.3 which gives the spectrum
of a complete bipartite signed graph whose positive edges induce the disjoint complete
bipartite subgraphs of different orders.

Corollary 4.5. Let (K, 4,0), p < q, be a complete bipartite signed graph whose positive
edges induce disjoint complete bipartite subgraphs of orders r1 + s1, ro + So, ..., Tk + Sk
such that Zle r, =T, Zle si =8, 7 < pands < q. Then the characteristic polynomial
of (Kp.q,0) is given as

¢ ((KPJP U) ,.’L‘) = $P+q—2k—2¢ (Z/7 xQ) 9

where
ricC11 T2C12 e TEClk c(qg —2s1)
r1C21 T2C22 . TKC2k c(q — 2s2)
7' =
T1Ck1 T2Ck2 . TkChk c(q — 2sy)
ric(q —2s1) roc(q—2s2) -+ rre(g—2sg)  q(p—71)

is a matrix of order k+1, c = \/p —r, ¢;; = qifi = j and ¢;; = q — 25; — 25; otherwise.
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We conclude this section with the following result whose proof can be obtained in a
similar way as in Theorem 4.3.

Theorem 4.6. (i) Let (prq, PQ_T), p < qandr > 1, be a complete bipartite signed graph
whose negative edges induce a path on 2r vertices. Then the characteristic polynomial of
(Kp,q. Ps,) is given as

d) ((Kl)vq’ PQ_T) ,l’) = mp+q72ri2¢ (Z/a 132) )

where
q gq—2 qg—6 ¢q—6 q—6 c(qg—2)
q—2 q ¢g—4 q-38 q-38 c(qg—4)
qg—=6 q—4 q q—4 : ;
7 = :
= q—6 g—8 ¢q—4 q g q-38 c(q—4)
. . . q—4 c(qg—4)
q—6 q—38 q—8 q—4 q c(g—4)
c(g—2) clg—4) ... clg—4) clg—4) clg—4) qp—r-1)

is a positive semidefinite matrix of order r + 1 and c = \/p —r — 1.

(i) Let (Kp7q,P2;+1), p < qand r > 1, be a complete bipartite signed graph whose
negative edges induce a path on 2r + 1 vertices with both pendent vertices of the path
Py, in Up. Then the characteristic polynomial of (prq, P, +1) is given as

d) ((Kl)vq’ P2_T+1) "1:) = mP+Q*2T*4¢ (Z/a $2) 9

where
q q—2 q¢—6 g—6 q—6 g—4  clg—2)
q—2 q g—4 q-38 q—8 q—6 clg—4)
q—6 q—4 q q—4 ; :
7 = q—6 q—8 q—4 q q-—38 q—6 c(qg—4)
: : . . . qg—4 qg—6 c(g—4)
q—06 q—38 q—38 q—4 q g—2 c(qg—4)
q—4 q—6 q—6 q—6 q—2 q c(qg—2)
c(g—2) clg—4) ... clg—4) clg—4) clg—4) clg—2) qp-7)

is a positive semidefinite matrix of order r + 2 and ¢ = \/p — .

(iii) Let (Kp,q, P2;+1), p < qand r > 1, be a complete bipartite signed graph whose
negative edges induce a path on 2r + 1 vertices with both pendent vertices of the path
Py, 11 in V. Then the characteristic polynomial of (vaq, P2_r+1) is given as

¢ ((Kp,m 2;+1) ,x) = mp+q_2r_2¢ (Z/a 332) )
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where

q g—4 ¢—-8 q¢q-—8 qg—8 c(g—4)
q—4 q g—4 q-38 qg—8 clg—4)

q—38 q—4 q q—4

7' = :

= q—38 qg—8 gq—4 q - qg—8 clg—4)
: : . . g—4 clg—4)
q—38 q—38 q—38 q—4 q c(q—4)
clg—4) clg—4) ... clg—4) clg—4) clg—4) qp—r)

is a positive semidefnite matrix of order r + 1 and ¢ = \/p —r.

The next example gives the spectrum of a complete bipartite signed graph whose nega-
tive edges induce a path on 5 vertices.

Example 4.7. Let (K poar Ps ) ,p < g, be a complete bipartite signed graph whose negative
edges induce a path on 5 vertices with both pendent vertices of the path P5 in V. By
Theorem 4.6 (Part (iii)), the characteristic polynomial of (K P> P5_) is given by

ey ([T Y
¢ ((prq’ Py ) ,T)=1x ¢ q—4 q clqg—4) ,TT ),
clg—4) clg—4) qp—2)

where ¢ = \/p — 2. To determine the spectrum of (K, 4, P; ), it is enough to consider the

matrix . . A c(q B 4)
Z' = q—4 q c(q—4)
clg—4) clg—4) qlp—2)

Clearly, 4 is an eigenvalue of the matriz Z’ corresponding to an eigenvector (1, —1,0)".
To compute the other two eigenvalues of Z’, we use the fact that the sum and product of
the eigenvalues of Z’ are equal to the trace and determinant, respectively. Then, we obtain
the eigenvalues as

pq — 4+ /p*q% — 56pq + 128p + 96 — 240
5 .

Thus, the spectrum of (K, 4, P;") is given as

_ P ope 2 0 -2 —p2 —m
SpeC((Kp7q,P5 )):( 1 1 1 p4+qgq—6 1 1 1 )7

where

pg — 4 £ /p2q% — 56pq + 128p + 96¢ — 240
M1, 2 = B) .

5 Eigenvalues of (K, 4, H, )

p,q>° N

The complete bipartite signed graph I" whose negative edges induce a 1-regular graph of
different orders has been studied in [2]. In this section, we consider the complete bipartite
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signed graph (Kp’q, H n) p < ¢, whose negative edges induce an r-regular subgraph
H (not necessarily connected) of order n. We find a relation between the eigenvalues of
this complete bipartite signed graph and the non-negative eigenvalues of H. The other
eigenvalues of (K q, H, - ») are also determined. We start with the following lemma.

Lemma 5.1. Let (K bk, H 2 k,) be a complete bipartite signed graph whose negative edges
induce an r-regular subgraph H of order 2k. If the eigenvalues of H are iy = r > pg >

- > o = —, then —2u; is an eigenvalue of (Kk)k,Hng) foriv = 2,...,2k — 1.
Moreover, the other two eigenvalues of (Kk’k, H;Qk) are k — 2r and —k + 2r.

Proof. Let A(H,—) = —A(H) be the adjacency matrix of (H,—). Therefore, with a
suitable labelling of the vertices of (K Kok H, %), we observe that

A(Kk,kaHEQk) _ < Okxk  Akxk

Apxk Okx ) = A(Ky) = 24(H), (5.1)

where the (k — 2r)-regular symmetric matrix Ay is the spectral block of the adjacency
matrix of the signed graph (K, H;Qk). As the matrices A(K} 1) and A(H) commute,
therefore they are simultaneously diagonalizable. Let {x1, 23, ..., z2,} be an orthogonal
basis of R?* consisting of the eigenvectors of A(H) and A(Ky i) with 21 = Jogx1 =
(1,...,1)T € R?*, Then, we have

(A(Kp,k) — 2A(H))z1 = (k = 2r)a:.

Thus, (k — 2r) is an eigenvalue of A(K}y ) — 2A(H). To find the other eigenvalues of
A(Ky ) — 2A(H), we use the facts that Spec(A(Ky ) — 2A(H)) C Spec(A(Kkk)) +
Spec(—2A(H)) and the spectrum of (Kj, x, H, Y o%) is symmetric with respect to origin.
Thus,

(A(Kk,k) - 2A(H))1‘L = —2#1‘33,', 1= 2, 3, ey 2k —1

and
(A(Kk’k) — 2A(H))$2k = (—k + 27")1‘2k.

This proves the result. 0

The eigenvalues of a complete bipartite signed graph whose negative edges induce a
regular graph H is completely determined by the non-negative eigenvalues of H and can
be seen in the following result.

Theorem 5.2. Let (KpmH; 2k), p < q, be a complete bipartite signed graph whose
negative edges induce an r-regular subgraph H of order 2k. Then the following statements
hold:

() n((Kpq Hy o)) =p+q—2k—2.

(i) If the first k largest non-negative eigenvalues of H are p11 =1 > pio > -+ > p, >
0, then

(a) =£2pu; is an eigenvalue of (prq, H;Qk),fori =2,...,kwhenp+q > 2k +2.

(b) £ 2u; is an eigenvalue of (prlI’H;Qk)’ forv=2,...)k—1whenp+q <
2k + 2.
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Moreover, the other four eigenvalues of (Kp,q, H;%) are

i\/pq+(k—2r)2—k2ie
2 )

where

0= \/(pa + (k=202 = £2)2 = 4((k = 2r)? + k(g — k) — M) (q(p - k).

q

Proof. Consider the matrix which is given in Equation (3.3)

_ ersXs—l—xr+(q_S)err W(Y+(Q_S)JTX1)
AR < Vo —1(Y 4+ (q—58)Jrx1) " a(p—7) ) : (5.2)

where Y is the column vector of the row sums of the spectral block X, s of the adjacency

matrix of the induced signed subgraph (K R k) of (K o H 5 k) which contains all

the negative edges. By Equation (5.1), it is easy to see that 7 = s = k, X, s X/, = Aixk
and Y = (k — 2r)Jix1. Now, the matrix Z; takes the form

7, = ( AL+ (@ = k) e VP —E(g—2r)Jexa )
VP — k(g —2r)J,, q(p — k) '

The matrix A7, is (k — 2r)?-regular and hence commutes with (¢ — k).Ji . Thus, it is
easy to see that (k—2r)? —k(q— k) is an eigenvalue of A7 , + (q—k)Jxx corresponding
to an eigenvector Ji 1. Also, by Equation (5.1), Corollary 2.4 and Lemma 5.1, we have

(A2 + (0 — B) T )as = dplaiyi = 2, k,

where {1, xa, ..., Z} is an orthogonal basis of RF with 21 = Ji«1 and 145 1S non-negative
eigenvalue of H. Define y; = [z; 0]T € R¥*1 i =2 ... k. Then

Ziys = didys, i =2, k.

Therefore, 4uf, t = 2,...,k is an eigenvalue of Z;. Let a; and as be the other two
eigenvalues of Z;. We have

k
a4+ Y A =tr(Z1) = k(g —2r) +q(p— k)
=2
and
k
(k—2r)” + > 4p? =tr(A7 ) = k(k — 2r).
=2
This yields that
a1+ ag =pg+ (k— 27“)2 — k2 (5.3)

By the Schur complement formula, the determinant of a 2 x 2 block matrix Z; is given by

A%Xk+(q_k)Jka Vp_k(q_2T)JkX1 :lq(p_k)HMl
VP = k(g —2r)J/, q(p — k) ’
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where M = A7, + (¢ — k) Jkxk — @kak. Now, clearly the eigenvalues of the
matrix A7, + (¢ — k) Jixk — @kak are (k —2r)2 +k(qg—k) — M and 4p2,
i =2,...,k, where p; is the non-negative eigenvalue of H. Thus, we have

k(q —2r)?

aran = ((k—2r)2 + k(g — k) — .

)a(p — k). (5.4)

Equations (5.3) and (5.4) imply that

pg+ (k—2r)?? —k*+6
2 )

ay, Qg =

where 0 = \/(pq + (k= 2r)2 = k)2 — 4((k — 2r)2 + k(g — k) — M2 (g(p — K)).
Hence, by Equation (3.3), we have 17((Kp,q7 H;Qk)) > p+ q — 2k — 2 and with the fact

that £« is an eigenvalue of (K, 4, H, ,,) whenever a? is an eigenvalue of Zi, the proof

follows. [

The eigenvalues of a complete bipartite signed graph whose positive edges induce a
regular graph H is completely determined by the non-negative eigenvalues of H as can be
seen in the following corollary.

Corollary 5.3. Let (an, Hj 2k), p < q, be a complete bipartite signed graph whose
positive edges induce an r-regular subgraph H of order 2k. Then the following statements
hold:

() n((Kp.g HYop)) 2 p+q—2k—2.

(i) If the first k largest non-negative eigenvalues of H are i1 =1 > po > -+ > p, >
0, then

(a) =& 2p; is an eigenvalue of (K, g, H',, ), fori =2,..., k whenp+q > 2k+2.

(b) £ 2u; is an eigenvalue of (prq,H:'%), fori=2,...)k—1whenp+q <
2k 4+ 2.

Moreover, the other four eigenvalues of (K4, H:’%) are

i\/pq-l—(k—Z?“)Q—in@
2 )

where
0=\ (pa + (k= 202 = £2)2 = 4((k = 2r)? + k(g — k) — M52 (q(p - k).

Finally, the necessary and sufficient condition for a complete bipartite signed graph
whose negative edges induce a regular graph to be nonsingular is given below.

Corollary 5.4. Let (KWPH;%) (Tesp.(Kp,q,H:%)) be a complete bipartite signed
graph whose negative edges (resp. positive edges) induce an r-regular subgraph H of
order 2k. Then the signed graph (Kp’q, H7-,2k) is nonsingular if and only if the graph H is
nonsingularandp=q=k #2rorp=q=k+ 1.
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Conclusion and future research work

In this paper, we obtained a lower bound for the nullity of a complete bipartite signed graph
and proved that

N((Kpg,0)) >p+q—2k—2, (5.5)

where & = min(r, s) and (K, 4,0)[U, UV, r < pand s < g, is an induced signed
subgraph on minimum r + s vertices, which contains all the negative edges of the signed
graph (K, 4,0). We showed that this lower bound is best possible for a complete bipartite
signed graph as shown in Figure 1. Therefore, the following becomes interesting.

Problem 1. To characterize all complete bipartite signed graphs for which the equality
holds in inequality (5.5).

Furthermore, we determine, (1) the spectrum of a complete bipartite signed graph whose
negative edges induce either disjoint complete bipartite subgraphs or a path, (2) the spec-
trum of a complete bipartite signed graph whose negative edges (positive edges) induce a
regular subgraph, along with a relation between the eigenvalues of this complete bipartite
signed graph and the non-negative eigenvalues of the regular subgraph. Thus, the following
becomes interesting.

Problem 2. To determine the spectrum of a complete bipartite signed graph whose negative
edges induce either co-regular graph, threshold graph, tree or k-cyclic graph.
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Abstract

We characterize all permutations which occur as the z-monodromies of faces in con-
nected simple finite graphs embedded in surfaces whose duals are also simple.

Keywords: Central circuit, chess coloring, embedded graph, zigzag, z-monodromy.
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1 Introduction

Zigzags are closed walks in embedded graphs which generalize the concept of Petrie poly-
gons in regular polyhedra [2]. They were used in computer graphics [6] and in enumerating
all combinatorial possibilities for fullerenes in mathematical chemistry [1, 4]. Zigzags are
also closely related to Gauss code problem: if an embedded graph contains a single zigzag,
then this zigzag is a geometrical realization of a certain Gauss code (see [5, Section 17.7]
for the planar case and [3, 9] for the case when a graph is embedded in an arbitrary surface).
More results on zigzags can be found in [8, 10, 13, 15].

We will consider zigzags in connected simple finite graphs embedded in surfaces whose
duals are also simple. The latter condition guarantees that for any two consecutive edges
on a face there is a unique zigzag containing them. This property is the crucial tool in the
concept of z-monodromy. For a face F', the z-monodromy M is a permutation on the set
of all oriented edges obtained by orienting each edge of ' in the two possible ways. If eg, e
is a pair of consecutive edges in F', then Mp(e) is the first oriented edge of F' that occurs
in the zigzag containing e, e after e.

Such z-monodromies were introduced in [12] and exploited to prove that any triangu-
lation of an arbitrary (not necessarily oriented) closed surface can be shredded to a triangu-
lation with a single zigzag. There are precisely 7 types of z-monodromies for triangle faces
and each of them is realized. The properties and some applications of z-monodromies of

E-mail address: adam.tyc@matman.uwm.edu.pl (Adam Tyc)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/
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triangle faces can be found in [11, 16]. See also [14] for a generalization of z-monodromies
on pairs of edges.

Faces of embedded graph under consideration contains at least three edges. We char-
acterize permutations that occur as z-monodromies of k-gonal faces for any k£ > 3. More
precisely, a permutation ¢ on the set

ke ={1,... .k, —k,...,—1}
occurs as the z-monodromy if and only if it satisfies the following conditions:

o if o(i) = j, theno(—j) = —3;
o o(i) # —i.

In the plane case, our construction is based on the chess coloring of 4-regular plane graphs.
For every permutation o satisfying the above conditions there is a plane graph with a face
F whose z-monodromy is o; furthermore, this graph contains a unbounded triangle face T
such that every zigzag passing through F' does not pass through 7. To extend the construc-
tion on the general case, we take any graph embedded in a surface with a triangle face and
replace this face by the above plane graph.

We consider the case when an embedded graph and its dual both are simple. In the
general case, zigzags cannot be reconstructed from pairs of consecutive edges. This shows
that the concept of z-monodromy cannot be generalized in a direct way.

2 Zigzags in embedded graphs

Let S be a connected closed 2-dimensional (not necessarily orientable) surface. Let I' be
a 2-cell embedding of a connected finite graph in S, in other words, a map [7, Defini-
tion 1.3.6]. The difference S\ T is a disjoint union of open disks and the closures of these
disks are the faces. We say that a face is k-gonal if it contains precisely k edges. We will
always assume that the following condition is satisfied:

(SS) T and the dual map I'* (see [7, p.52]) both are embeddings of simple graphs.

The fact that one of the graphs is simple does not implies that the same holds for the other
graph. For example, I'* is not simple if I" contains a vertex of degree 2 or two distinct faces
with intersection containing more than one edge. The condition (SS) implies that each face
in our graphs is k-gonal with k& > 3.

A zigzag in T' is a sequence of edges {e; };cn satisfying the following conditions for
every ¢ € N:

e ¢; and e;; are distinct, they have a common vertex and belong to the same face,

e the faces containing e;, e;41 and e; 41, ;o are distinct and the edges e; and e; o are
non-intersecting.

Since T is finite, there is a natural number n > 1 such that e;;,, = e; for every natural
1. Thus, every zigzag will be represented as a cyclic sequence e, ..., e,, where n is the
smallest number satisfying this condition.

Any zigzag is completely determined by every pair of consecutive edges contained in
this zigzag. Conversely, for every pair of distinct edges e, ¢’ which have a common vertex
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and belong to the same face there is a unique zigzag containing the sequence ¢, e’. This
property will be used in the next section.

If Z = {e1,...,e,} is a zigzag, then the reversed sequence Z 1 = {e,,...,e1} also
is a zigzag. A zigzag cannot contain a sequence e, €', . .., €', e which implies that Z # Z~!
for any zigzag Z. In other words, a zigzag cannot be self-reversed (see [12] for the proof
for triangulations; in our case the proof is similar).

Example 2.1. Consider the cube (3 whose vertices are 1, . . ., 8, see Fig. 1.
8 7
5 6
4 3
1 2

Figure 1: The cube Q3
It contains precisely 4 zigzags up to reversing:
12,23,37,78,85,51; 12,26,67,78,84,41; 14,43,37,76,65,51; 23,34,48,85,56,62.

Let BP, be the n-gonal bipyramid, where 1, ..., n are the consecutive vertices of the base
and the remaining two vertices are a, b.

Figure 2: The bipyramid B Ps
If n = 3 (see Fig. 2), then it contains a single zigzag (up to reversing):
al,12,2b,03,31, la,a2,23,3b,b1,12, 2a, a3, 31, 1b, b2, 23, 3a.

The same holds for BP,, if n is odd. If n is even, then B P,, contains 2 or 4 zigzags up to
reversing.

Every zigzag in I induces in a natural way a zigzag in I'* and vice versa.

Remark 2.2. Zigzags can be defined in maps of non-simple graphs [8]. In this case,
there are simple examples showing that a zigzag cannot be determined by any pair of its
consecutive edges.
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3 Main result

Let I" be as in the previous section and let F' be a k-gonal face of I'. Denote by vy, . .., vg—1
the consecutive vertices of F' in a fixed orientation on the boundary of this face (it is possi-
ble that v; = v; if | — j| > 3). Consider the set of all oriented edges of F’

Q(F)={e1,...,€k, —Cky...,—€1},

where e; = v;_1v; and —e; = w;v;—1 are mutually reversed oriented edges of F' (the
indices are taken modulo k); it is clear that Q(F') consists of 2k mutually distinct elements.
Let Dr be the following permutation on Q(F')

Dp = (e1,ea,...,ex)(—€k,...,—e€2,—€1).

In other words, Df transfers every oriented edge of F' to the next oriented edge in the
corresponding orientation on the boundary.

The z-monodromy of F is the mapping Mg : Q(F) — Q(F) defined as follows. For
any e € Q(F') we take eg € §2(F') such that Dp(eg) = e. There is a unique zigzag, where
eo, e are consecutive edges. The first element of Q(F') contained in this zigzag after e, e
is denoted by Mp(e).

Remark 3.1. The z-monodromy is defined when (SS) is satisfied. This concept cannot be
carried out on the general case immediately.

Lemma 3.2. The following assertions are fulfilled:

(1) If Mp(e) = € for some e, e’ € Q(F), then Mp(—e') = —e.

(2) Mp is bijective.

(3) Mp(e) # —e forevery e € Q(F).
Proof. (1). Lete € Q(F). Consider eg € Q(F) satisfying Dr(eg) = e. If Z is the zigzag
containing the pair eg, e, then

¢ = Mrp(e) and e, = DpMp(e)

are the next two elements of Q(F) in Z. Observe that Dp(—e() = —e’. The reversed
zigzag Z ! contains the sequence —e(), —¢’ and —e is the first element of Q(F) contained
in Z~1 after this pair. This means that Mp(—¢’) = —e.

(2). Tt is sufficient to show that M is injective. Suppose that Mp(e) = Mp(e') = €”.
By (1), we have —e = Mp(—e”) = —e’ which implies that e = ¢€’.

(3). Let e and ¢q be as in the proof of (1). If Mg(e) = —e, then there is a zigzag Z
containing the sequences eg, e and —e, Dy (—e). Since Dp(—e) = —eq, Z passes through
both pairs ey, ¢ and —e, —eq. This implies that Z = Z~! which is impossible. O]

The set Q(F) is naturally identified with
[k]+ = [k]+ U [K]-

where
k]« ={1,...,k}, and [k]- = {—k,...,—1}

(e; and —e; correspond to i and —i, respectively). Then, by Lemma 3.2, the z-monodromy
MTF is a permutation o of [k]1 satisfying the following conditions:
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M1) if o(i) = j, then o(—j) = —i;
M2) o(i) # —i.
Our main result is the following.

Theorem 3.3. Let S be a connected closed 2-dimensional (not necessarily orientable)
surface and let k > 3. Let also o be a permutation of [k]+ satisfying (M1) and (M2).
There is a connected finite graph I' embedded in S and satisfying (SS) which contains a
k-gonal face F whose z-monodromy is o.

In Section 4, we prove Theorem 3.3 for plane graphs (graphs embedded in a sphere).
Graphs on surfaces different from a sphere will be considered in Section 5.

4 The plane case
4.1 Preliminary

Let GG be a 4-regular plane graph. The dual graph G* is bipartite and there exists a chess
coloring of faces of G in two colors b and w. For ¢ € {b,w} we take a vertex inside
every face of G assigned with the color ¢ and join two such vertices by an edge if the
corresponding faces have a common vertex at theirs boundaries. The obtained plane graph
will be denoted by R.(G). The graphs Ry(G) and R, (G) are dual (see Fig. 3).

Figure 3: The chess coloring and the related graphs

Consider a plane graph I'. The medial graph of T is the graph M (T") whose vertex set
is the edge set of I' and two vertices of M(T") are joined by an edge if they have a common
vertex and belong to the same face in I'. The graph M(T) is also plane. This graph is
4-regular and its face set is the union of the vertex set and the face set of I". Thus, M(T') is
chess colored. Let b be the color used to coloring the faces of M(I") corresponding to the
vertices of I". The remaining faces of M(T") (corresponding to the faces of I") are colored
in w. Then

Ry(MT))=T and R,M())=T".

For example, the graph marked in black in Fig. 3 is the medial graph of the graphs marked
in red and blue.

A central circuit is a circuit in the medial graph which is obtained by starting with an
edge and continuing at each vertex by the edge opposite to the entering one [4, p.5]. We will
consider central circuits as cyclic sequences of vertices and distinguish each central circuit
from the reversed. If I' and I'* both are simple, then there is a one-to-one correspondence
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between zigzags in I" and central circuits in M(T'): a sequence formed by edges of I is a
zigzag if and only if this sequence is a central circuit in M(T"). In Fig. 4. the part of the
zigzag is marked by the bold red line and the corresponding part of the central circuit is
marked by the bold black line.

Figure 4: A zigzag and the corresponding central circuit

4.2 Main construction

Let o be a permutation on [k]4 satisfying (M1) and (M2). We construct a 4-regular plane
graph G which is the medial graph of a plane graph, where o occurs as the z-monodromy
of a face F (this plane graph contains a k-gonal face F' such that o is Mp).

Consider a circle C' embedded in the plane. We take mutually distinct points p1, . . ., Pk
from C such that these points occur along C' in the clockwise order; these points will be the
edges of the mentioned above face F'. Next, denote by C” a circle inside the part of the plane
bounded by C' and take mutually distinct points a12, @23, . . ., G(k—1)k, @1 occurring on C”
in the clockwise order. Similarly, let C”’ be a circle inside the part of the plane bounded
by C’ and let 71, I, 72,11, ..., 7k, [x_1 be mutually distinct points that occur along C” in
the clockwise order. For every a;; we take two segments that intersect precisely in a;; and
join p; with I; and p; with 7}, respectively. Note that all such segments intersect each of
C,C’,C" in precisely one point and the interiors of any two of these segments are disjoint
if they contain distinct points a;;. Denote by S; the union of the segment joining r; with
p;, the arc of C between p; and p;41 and the segment joining p; 1 with [;41 if i < k; for
1 = k we replace every index ¢ + 1 by 1. See Fig. 5 for the case k = 6.

Figure 5: The beginning of construction for k = 6
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We will work with the relation ~ on the set
k
o = |J{u,r}
i=1

such that for any ¢,j € [k]y satisfying o(i) = j one of the following possibilities is
realized:

D) l; ~ryifi, j e [k,

Q) r_i~1_jifi,j € [k]_.

@)l ~l_jifie[klyandj € [k]_,
@) r_; ~rjifie[k]-andj € [k]+.

The relation ~ is irreflexive and symmetric. Indeed, if I; ~ I; (the case (3)) or r; ~ 7;
(the case (4)), then we get o(i) = —i which contradicts (M2). Thus, ~ is irreflexive.
Now, we show that if [; ~ [;, then [; ~ [; (the remaining three cases are similar). If
l; ~ 1 with 4,5 € [k]+ (the case (3)), then o(i) = —j and, by (M1), o(j) = —i and
J € [k]l4,—i € [k]_;ie. l; ~ ;. Note that for each € O there is a unique =’ € O such
that z ~ 2’

If a pair of points from O is in the relation ~, then we join them by a curve homeo-
morphic to the segment [0, 1] inside the part of the plane bounded by C”. The following
conditions must be satisfied:

o the curves have no more than finitely many intersections and self-intersections,

o for every such intersection point either there are precisely two distinct curves passing
once through this point or there is a single curve passing twice through it,

e all intersections are transversal.

Let Lq,..., Ly be the curves described above (we take an arbitrary numeration that does
not depend on the endpoints from O).

Note that each of l;,71, ..., 7y iS a common point of a unique .S; and a unique L;.

Thus, we obtain a family C of closed curves

Si,UL;; US;,, UL;,, U...
such that every .S; and L; is contained in precisely one of these curves. Let V' be the set of
all intersection and self-intersection points of curves from C. In particular, all p; and all a;;
belong to V.
Example 4.1. Let £ = 6 and
0= (17 _6a _47 2)(3v _5)(57 _3)(_27 47 67 _1)
The relation ~ on the set O = {ly....,lg,71,...,76} is as follows
li~lg, 16 ~1lay, Ta~re, lo~r1, I3 ~ls5, 15 ~ T3

One of suitable connections between points from O is presented in Fig. 6.
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Figure 6: A suitable connection between points of O

In this case, C consists of precisely 3 closed curves with 17 intersection points, i.e. |V| =
17.

Let G = G(C) be the graph whose vertex set is V' and two vertices are joined by an
edge if they are two consecutive points on one of curves from C. In fact, we consider G as
a graph whose vertices are points on the plane and edges are parts of curves from C joining
these points. It is easy to see that G is a 4-regular and the curves from C correspond to pairs
of mutually reversed central circuits from G. We make the chess coloring of GG and split
the set of its faces into the two sets corresponding to the colors. Let b be the color of faces
whose boundaries are cycles with vertices p;, p;, a;;; as above, w is the other color.

As in Subsection 4.1, we obtain the dual graphs R;(G) and R, (G). These graphs are
not necessarily simple; they may contain the following fragments:

(A) loops,
(B) multiple edges,

(C) edges that belong to the boundary of one face only (in particular, edges with vertices
of degree 1),

(D) pairs of faces whose intersection of boundaries contains more than one edge.

If one of the cases (A) or (B) occurs in one of the graphs R, (G), R, (G), then the case (C)
or (D), respectively, occurs in the dual graph.

Example 4.2. Let C be as in Example 4.1. The graphs R;(G) and R,,(G) are presented
in Fig. 7a and Fig. 7b, respectively.
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(a) (b)

Figure 7: The dual graphs R;(G) and R, (G)

The graph R;(G) contains a pair of faces with two common edges (the case (D)) which
corresponds to a double edge in R,,(G) (the case (B)).

Now, we show how modify the graph G such that the connections between the points
from O induced by the relation ~ do not change and the graphs R;(G), R, (G) become
simple.

Suppose that e is an edge joining the vertices v’ and v” in Ry(G) or R, (G) (both the
cases are similar). We consider separately the cases v/ # v” and v/ = v” (see Fig. 8a
and 8b, respectively). If v’ # v”, then we consider the following edges in the same graph
(Ry(G) or Ry (G)):

e ¢/, and e’ which occur directly after e in the clockwise and the anticlockwise order
on edges incident to v, respectively;

e ¢/ and e” which occur directly after e in the clockwise and the anticlockwise order
on edges incident to v”, respectively.

If v/ = v”, then we exclude the case when the loop e is the boundary of a face (this case
will be considered separately). The edge e splits the plane into two parts and we consider
the following edges:

e ¢/, and ¢’ are the edges contained in one of these parts which occur directly after e
in the clockwise and the anticlockwise order on edges incident to v’, respectively;

e ¢/ and e” are the edges contained in the other part of the plane which occur directly
after e in the clockwise and the anticlockwise order on edges incident to v”, respectively.

There are precisely two parts of central circuits in G (up to reversing) that pass through e
(since e, e}, e are vertices of G, where 6 € {+, —}):

/ 1
B ST N T and coe e el L.

which are marked in blue and red in Fig. 8.
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Figure 8: Parts of central circuits

For each of these cases we replace e by the graphs presented in Fig. 9a and Fig. 9b,
respectively.

Figure 9: Two types of expansion

This operation will be called the expansion of e. It replaces the edge e by an intersecting
trail Es, § € {4+, —}, joining 6/5 and eg’ . So, the mentioned above parts of central circuits
will be replaced by

/ 1 / "
e, Boel and N Y Y -

respectively (they are marked in blue and red in Fig. 9). Thus, central circuits do not
change in a significant way.

Remark 4.3. We can obtain the same result using other pairs of graphs instead of the
graphs from Fig. 9. This pair is the first which we found.

Now, we explain how transform R;(G), R, (G) to simple graphs if at least one of the
possibilities (A)—(D) occurs. Without loss of generality we can consider Ry (G). Further-
more, we restrict ourselves to the cases (A) and (B) (since (C) and (D) correspond to (A)
and (B), respectively, in the dual graph). The case (A) will be decomposed in two subcases.

(A1). Suppose that R;,(G) contains a face whose boundary is a loop. The correspond-
ing parts of mutually reversed central circuits from G are also loops. The loops can be
removed from these graphs without changing the central circuits in a significant way (see
Fig. 10).
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— 7

Figure 10: Removing a loop

(A2). If e is a loop in R,(G) which is not a boundary of a face, then we use the
expansion to e.

(B). If two distinct vertices are connected by m > 2 edges, then we expand any m — 1
of them.

Example 4.4. Since R, (G) from Example 4.2 contains two edges connecting the same
pair of vertices (the case (C)), we expand one of these edges, see Fig. 11.

®%

Figure 11: The expansion of an edge in R,,(G)

This simultaneously modify R;(G) and we obtain a graph without the possibility (A), see

——

Figure 12: The corresponding modification of Ry (G)

So, we can simultaneously transform R;,(G) and R, (G) to simple graphs such that
the relation ~ on elements of O is not changed. In particular, we come to a new (4-
regular plane) graph G and assert that R, (G) contains a face for which o occurs as the
z-monodromy of one of faces.
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Recall that C'is a cycle in G with the vertices p1, ..., p and it is the boundary of the
outer face of G. This face has a common edge only with faces whose boundaries contain
the vertices p;, p;, a;;. By the definition of R4 (&), we have the following:

e every face with the boundary containing p;, p;, a;; in G is a vertex in R, (G) which
we denote by v;;;

o the face bounded by C in G is a face in R;,(G) which will be denoted by F;

e every p; corresponds to an edge of F'.

Consider the oriented edges e; = v;;v; and —e; = vjv;; in Ry(G), where i, 7,1 are

three consecutive elements in the cyclic sequence 1, ..., k. The pair of mutually reversed
oriented edges e;, —e; corresponds to the vertex p; in G. Thus,
QF)={e1,..., ek, —€ky...,—€1}.

Let g, e € Q(F) be such that Dp(eg) = e. There is a unique zigzag Z in R;(G) contain-
ing the pair eg, e. The element e’ which occurs in Z directly after this pair does not belong
to Q(F). The edges ey, e, e’ are three consecutive vertices in the central circuit in G corre-
sponding to Z such that ey, e are two consecutive vertices from the cycle C and €’ is one
of elements a;;. Let x be the first element from O such that the central circuit containing
€q, €, €’ passes through z (as a curve on the plane) directly after this triple (x is a point on
the plane, but not a vertex of the graph). There is a unique 2’ € O such that z ~ 2’ and
the central circuit passes through 2. Since there is no elements of (F') between z and '
in the central circuit, the first element of Q(F') that occurs after 2’ corresponds to Mp(e).
Therefore, o occurs as Mg.

Example 4.5. Let F' be the outer face of Ry,(G) from Example 4.4 and let e; be the oriented
edge of F' corresponding to p; whose direction is defined by the clockwise orientation on
the boundary of F' (see Fig. 13).

(& €1

€5 €2

€4 €3

Figure 13: The new graph R, (G)
A direct verification shows that
Mp = (e1,—es, —€4, €2)(e3, —e5)(e5, —e3)(—e2, ea, €6, —€1),
i.e. the permutation
o= (1,-6,—4,2)(3,-5)(5,—3)(—2,4,6,—1)

from Example 4.1 occurs as M in Ry (G).
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S The non-plane case

In this section, we consider an arbitrary connected closed 2-dimensional (not necessarily
orientable) surface S different from a sphere. We show that any permutation o on [k]4
satisfying (M1) and (M2) occurs as the z-monodromy of k-gonal face in a graph embedded
in S. Let I' be a graph embedded in a sphere (a plane graph) such that ¢ occurs as the
z-monodromy of a face F' of I'. We assume that I' = R;(G), where G is the 4-regular
graph from Section 4.

Let e be an edge in G. It is contained in the boundaries of precisely two faces F, F»
in G. We assume that F} and F5 correspond to a face distinct from F' and a vertex of T,
respectively. Let us take three circles By, B2, Bs that intersect like the Borromean rings.
Consider the graph G’ obtained from G by adding By, Bs, B3 as in Fig. 14.

By

Iy

Iy
B By

Figure 14: Constructing of G’

It must be pointed out that the circles By, B2, B do not intersect the remaining edges of G.
The graph G’ is 4-regular and R;,(G”) is obtained from I' = R;,(G) by adding the graph G
marked in red in Fig. 15 to the vertex v corresponding to the face F5.

Figure 15: The graph G

It is clear that R;(G’) and R.,(G’) are simple. Denote by T the face of G which is con-
tained in F5 and does not contain v. Note that By, By, B3 induce central circuits of G’.
Each zigzag of R;,(G') passing through T' corresponds to one of B;. Observe that F is the
face of Ry,(G’) and the zigzags corresponding to By, By, B3 do not contain edges of this
face. This means that the z-monodromy of F'in R;,(G") is also o.

Consider any graph IV embedded in S that contains a triangle face 7”. We take the
connected sum of the sphere containing R;(G’) and S by removing the interiors of faces
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T and T" and identifying theirs boundaries by a homeomorphism that sends vertices to
vertices. We come to a new graph embedded in S containing F' as a face. Since every
zigzag of Ry(G’) containing an edge of F' does not pass through any edge of T, the z-
monodromy of F' in the new graph is the same as in R;,(G’) and, consequently, as in
Ro(G).
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Abstract

Let G be a simple graph with associated diagonal matrix of vertex degrees D(G), ad-
jacency matrix A(G), Laplacian matrix L(G) and signless Laplacian matrix Q(G). Re-
cently, Nikiforov proposed the family of matrices A, (G) defined for any real o € [0, 1]
as Ao (G) := a D(G) + (1 — a) A(G), and also mentioned that the matrices A, (G) can
underpin a unified theory of A(G) and Q(G). Inspired from the above definition, we in-
troduce the B, -matrix of G, B,(G) := aA(G) + (1 — a)L(G) for a € [0,1]. Note
that L(G) = Bo(G), D(G) = ZB%(G),Q(G) = 3B§(G),A(G) = Bi(G). In this arti-
cle, we study several spectral properties of B,-matrices to unify the theories of adjacency,
Laplacian, and signless Laplacian matrices of graphs. In particular, we prove that each
eigenvalue of B, (G) is continuous on «. Using this, we characterize positive semidef-
inite B,-matrices in terms of a. As a consequence, we provide an upper bound of the
independence number of G. Besides, we establish some bounds for the largest and the
smallest eigenvalues of B, (G). As a result, we obtain a bound for the chromatic number
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of G and deduce several known results. In addition, we present a Sachs-type result for the
characteristic polynomial of a B, -matrix.

Keywords: Adjacency matrix, Laplacian matrix, signless Laplacian matrix, convex combination, B -
matrix, Aq-matrix, chromatic number, independence number.

Math. Subj. Class. (2020): Primary: 05C50, 05C22; Secondary: 05C35.

1 Introduction

Throughout this article, we consider G to be a simple undirected graph with vertex set
V(G) = {v1,va,...,v,} and edge set E(G). The adjacency matrix of G is a symmetric
n x n matrix A(G) whose (i, j)-th entry is 1 if v; and v; are adjacent, 0 otherwise. The
degree matrix of G is a diagonal matrix D(G) whose i*" diagonal entry is the degree
of the vertex v;. The Laplacian and the signless Laplacian matrix of G are the matrices,
L(G) :== D(G)—A(G) and Q(G) := D(G)+ A(G), respectively. If graph G is clear from
the context, we simply write A, L, and D instead of A(G), L(G), and D(G), respectively.
Adjacency, Laplacian, and signless Laplacian matrices are some of the matrices associated
with a graph which are widely studied in the literature [8, 14, 28, 18, 13,27,7, 9, 10]. It can
be seen that many of the spectral properties of such matrices are quite different from each
other. We will thus analyze the spectral properties of the convex combinations of A(G)
and L(G) in order to understand how uniformly the spectral behavior transforms from one
matrix to another.

Definition 1.1. For a € [0,1] the B,-matrix of G is the convex linear combination
B,(G) := aA(G)+ (1 — a)L(G) (or simply B, = aA+ (1 —«)L, if G is clear from the
context).

Remark 1.2. Note that L(G) = By(G), D(G) = 2B
B1(G).

Nl=

It is clear that the spectral properties of B;,5(G) and By /3(G) are equivalent to the
spectral properties of D(G) and Q(G), respectively. In fact, A(G), L(G), Q(G), and D(G)
can be considered as the B,-matrix of G up to proportionality. Therefore, on the one hand,
the spectral properties of B, (G) may reveal the common connection among the spectral
properties of all such well-known matrices. On the other hand, B, (G) may analyze the
structural and combinatorial properties of the graph G in a better way.

Recently, Nikiforov [23] introduced a family of matrices, known as A,-matrix, which is
a convex combination of A(G) and D(G). The theory of A,-matrices merges the theories
of the adjacency matrix and signless Laplacian matrix of graphs. Later on, much work has
been done on these matrices. We have results on the spectral radius ([1, 5, 15, 20]), the sec-
ond largest eigenvalue [4], the k-th largest eigenvalue [20], the least eigenvalue ([21, 11]),
the multiplicity of the eigenvalues ([3, 25]), positive semidefiniteness [24], the characteris-
tic polynomial [22], spectral determination of graphs [19], etc. Motivated by Nikiforov’s
work, we consider B,-matrices and study their spectral properties. However, unlike A,,-
matrices, B,-matrices are not always non-negative, but they obey Perron-Frobenius type

E-mail addresses: aniruddha.sam @ gmail.com (Aniruddha Samanta), dpmmehra@ gmail.com (Deepshikha),
kinkardas2003 @ gmail.com (Kinkar Chandra Das)
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results. In this article, we develop the theory of B, -matrices to unify the theory of adja-
cency matrix, Laplacian matrix, and signless Laplacian matrix.

The paper is organized as follows. In Section 2, we list some previously known results.
Section 3 discusses the positive semidefiniteness of B, -matrices. As a consequence, we
obtain an upper bound for the independence number. Then we present some bounds of
eigenvalues of B, (@) in terms of maximum degree and minimum degree, chromatic num-
ber, etc., in Section 4. Besides, we obtain a lower bound for chromatic number and derive
several known results as consequences. Finally, we study the determinant and a Sachs-type
result for the characteristic polynomial of B, (G) in Section 5.

2 Preliminaries

Let G be a simple graph with vertex set V(G) = {v1,ve,...,v,} and edge set E(G). If
two vertices v; and v; are adjacent, we write v; ~ v;, and v;v; denotes the edge between
them. The degree of a vertex v; is the number of edges adjacent to v; and is denoted by
de(v;) or simply d(v;) or d;. The minimum degree and the maximum degree of graph G
are denoted by 0(G) (or simply §) and A(G) (or simply A), respectively. The complement
of a graph G is the graph G with vertex set V(G and two vertices in G are adjacent if and
only if they are non-adjacent in G. The 0 — 1 incidence matrix of a graph G with n vertices
{v1,v2,...,v,} and m edges {e1, e, ..., en}is an n x m matrix M whose (¢, j)-th entry
is 1 if the vertex v; is incident on the edge e; and 0 otherwise.

The line graph of a graph G is the graph G, with vertex set F(G) and two vertices e;
and e; in G are adjacent if the edges e; and e; have a common vertex in the graph G. The
identity matrix of order n is denoted by I,, (or simply I). An a X b matrix whose entries
are all ones is denoted by J, ; (or simply J when the order is clearly understood). The
transpose of a matrix M is denoted by M?.

Lemma 2.1 ([2, Lemma 6.16]). Let G be a graph with line graph Gy. If M is the 0 — 1
incidence matrix of G, then MM = A(Gy) + 2I. Moreover, if G is k-regular, then
MM = A(G) + kI

Since the eigenvalues of any n x n symmetric matrix .S are real, we denote and ordered
the eigenvalues of S as follows:

Amaz(S) = A1(8) > X2(S) > -+ > Ap(S) = Amin(S). 2.1)

For a graph G, sometimes we denote and arrange the eigenvalues of A(G), L(G) and
Q(G) as p1(G) = p2(G) = -+ > pn(G), 1 (G) = p2(G) > -+ > pn(G) and 1 (G) >
q2(G) > -+ > g, (Q), respectively. Next, we present the well known Weyl Theorem.

Theorem 2.2 ([17, Theorem 4.3.1]). If S1 and So are two Hermitian matrices of order n
and their eigenvalues are ordered as in (2.1). Then

/\n+1—i(51 + 52) < )\n+1—i—j(51) + )\j+1 (Sg), 1=1,2,...,n; j=0,1,...,n—1.

Corollary 2.3. If Sy and Sy are two Hermitian matrices of order n and their eigenvalues
are ordered as in (2.1). Then

/\n(Sl) + )\1(52) <A (S1+852) < )\1(51) + )\1(52).
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Let us recall the following upper bound of the largest eigenvalue of a Laplacian matrix.

Theorem 2.4 ([6]). Let G be a graph with the largest Laplacian eigenvalue 111 (G). Then

wi1(G) < max (d; +d;).

ViU GE(G)

Si1 Si2
Let S =
( So1 Saz
matrices. If Sq; is nonsingular, then the Schur complement of S17 in .S is defined to be the
following matrix

) be a 2 x 2 block matrix, where S7; and Sy, are square

Saa — S2181; S1z. (2.2)

Similarly, if Sso is nonsingular, then the Schur complement of Soo in S is S17 —
S 1252_21 So1. Let us recall the Schur complement formula for the determinant.

S11 Si2
So1 S22
are square matrices and S11 is nonsingular. Then

Theorem 2.5 ([2]). Let S = ( > be a 2 x 2 block matrix, where S11 and Sas

detS = (det SH) det(SQQ — Szlsﬁlslg).

A matrix is irreducible if it is not similar via a permutation to a block upper triangular
matrix (that has more than one block of positive size). Note that the adjacency matrix of
a connected graph is always irreducible. Let S = (8;;)nxm be a matrix, then we denote

|S| = (lsij|)n><m~

Theorem 2.6 ([17, Theorem 6.2.24]). A square matrix S of order n is irreducible if and
only if (I +|S|)"~1 > 0, entry-wise.

Theorem 2.7 ([17, Corollary 6.2.27]). Let S be an irreducibly diagonally dominant matrix
of order n. If S is Hermitian and every main diagonal entry is positive, then S is positive
definite.

3 Positive semidefiniteness of B, (G)

Let G be a graph with By-matrix B,(G) = aA(G) + (1 — a)L(G). In this section
we determine the values of « for which the matrix B, (G) is positive semidefinite. As a
consequence, we give an upper bound of the independence number. Results obtained in
this section will be useful in the later sections.

For simplicity, we use the notation B,, A, L, and D instead of B, (G), A(G), L(G),
and D(G), respectively, when G is clear from the context. Some equivalent forms of B,,
in terms of A, L, and D are as follows:

B,=adA+(1—-a)L
=R2a—-1)A+(1—-a)D
=(1-2a)L + aD.

Given two real matrices S = (S;j)mxn and M = (M;;j)mxn, We use the notation
S > M if and only if s;; > m;; for all 4, j. For any connected graph G with n vertices and
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o (# %) €0,1], we have

(I+|Ba)™ ' = (I+](2a—1)A+ (1 —a)D|)"!
= +2a—1A+ (1 —a)D)" !
>T+20— 1A+ + 20— 1" 1AL (3.1)

Since G is connected, any two vertices v; and v; are joined by a path with length k < n—1.
Therefore (i, j)-th entry of A, which counts the number of walks of length & connecting
v; and v;, is positive. Hence, from (3.1), (I + |Bo|)"™ ' > I+ 20 — 1|A+ -+ + [2a —
1|"=1A"=1 > 0. Thus, by Theorem 2.6, B, is irreducible for o (# 1) € [0,1].

We begin the section with the following basic property of B, (G).

Proposition 3.1. For any a € [0, 1], eigenvalues of B, (G) are real numbers.

Proof. Since A(G) and L(G) are symmetric matrices, so B, (G) = aA(G)+(1—a)L(G)
is also a symmetric matrix. Hence, all the eigenvalues of B, are real numbers for any
a € 0,1]. O

For a graph G, let A\1(B,) > -+ > A\, (B,) be the eigenvalues of B, (G). In the
following theorem, we prove that A (B,,) is uniformly continuous for @ € [0, 1].

Theorem 3.2. Let B, be the B,-matrix of a graph G with n vertices. Then, for k €
{1,2,...,n}, the mapping fc : [0,1] — R defined as fc(a) = Ap(Ba) is a uniformly
continuous function.

Proof. Let L and D be the Laplacian and the degree matrix of G, respectively. Then,
for any o, 5 € [0,1], we have B, — Bg = 2(8 — o)L + (o — 8)D. Then, for any
i€{1,2,...,n}and j € {0,1,...,n — i}, using Theorem 2.2, we obtain

Ant1-i(Ba) = Ag1-i(Ba + Bg — Bg)
< Mit1-i—j(Ba + Bg) + Aj41(—Bpg)
= )\n+17i7j(Ba + Bﬁ) — )\n,](Bg)

Thus, forany i € {1,2,...,n}andj € {0,1,...,n — i},
>\n+1—i(Ba) + )\n—j (Bﬁ) S )\n+1—i—j(Ba + BB) for all a, 6 S [0, 1] (32)
Assume that o < /3. By using (3.2) and Corollary 2.3, we compute

)‘k(Ba) - )‘k(Bﬁ) = )‘n+1—k(_Bﬁ) + /\n*(n*k)(Ba)
< Ang1—k—(n—k)(—Bs + Ba)
= A\i(Ba — Bg)
<M2(8—a)L) + Mi((a— B)D)
=2(8 — a)Ai(L) + (o= B)An(D)
< la = BI(2A1(L) + A (D).



770 Ars Math. Contemp. 24 (2024) #P4.10 / 765-791

Also, by using (3.2) and Corollary 2.3, we obtain

/\k(BB> - Ak(Ba) < /\1(35 - Ba)
<M(2(a—B)L) + M ((B—a)D)
=2(a = B)An(L) + (B — ) A1 (D)
<la—=Bl2A(L) + A (D)).

Thus, |Ax(Bg)—Aix(Ba)| < |a—p|(2A1(L)+A1(D)). Hence, the mapping f¢ is uniformly
continuous. O

Note that for a graph G (with at least an edge) on n vertices, )\n(B%) = %/\n(D) >0
and A\, (B1) = A\, (4) < 0. By Theorem 3.2, A\, (B,) is continuous, so there exists a
B € (0,1) such that A,,(Bg) = 0. Therefore, for a graph G (with at least an edge) on n
vertices, we define 8,(G) := max{f € (0,1) : A\, (Bg) = 0}. It is simply denoted by 3,
if the graph G is understood from the context.

Theorem 3.3. If G is a connected graph with n (> 1) vertices, then B,, is positive definite
fora € (0, 2).

Proof. First we assume that 0 < < 1. Since G is connected and A, (B, ) = —A1(—Ba),
by Corollary 2.3, we obtain

An(Ba) = M ((1 —20)L + aD)
> (1—2a)An(L) + aAn(D)
= a,(D) > 0.
Thus, B, is positive definite for o € (0, %]
Next we assume that § < a < 2. Then 0 < 20— 1 <1 — . Now B = (2a — 1)A +
(1 —a)D. Let (B,);; be the (¢, j)-th entry of B,. Then, fori € {1,2,...,n}, we have

n

(Ba)il = (1 —a)di| = (1 =) di > 2a = 1) di = 2a = 1|d; = Y |(Ba)il.
=1, j#i

Thus, B,, is strictly diagonally dominant with positive diagonal entries. Also, B,, is itre-
ducible. Therefore, by Theorem 2.7, B, is positive definite for o € (3, 2). O
Corollary 3.4. If G is a graph with no isolated vertices, then B, is positive definite for
a € (0,2).

Next corollary gives a lower bound of §,(G). For simplicity, we use (3, instead of
Bo(G).

Corollary 3.5. If G is a graph with no isolated vertices, then 3, > %

Proof. By Theorem 3.2, fg(a) := A, (By) is continuous. By Corollary 3.4, \,,(B,) > 0
for « € (0, %) Also, A, (B1) < 0. Therefore, 5, > % O

Theorem 3.6. Let G be a graph with no isolated vertices. Then By, is positive semidefinite
if and only if o € [0, B,).
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Proof. Let G be a graph with n vertices {v1,va,...,v,}. Set B, := B,(G). Suppose
a € [0,5,]. For o € (0,2), by Corollary 3.4, B, is positive definite. Assume that
2 < a < B, Then —a > —f,, thatis, a (28, — 1) > B, (2a — 1) which implies

5o = %f%l Note that for any x = (71,72, ...,7,)" € R™, we obtain

x'Byx = x'aDx+x"' (1 —2a)Lx
n
=« Z di v? + (1 — 2a) Z (z; — x)% (3.3)
=1 vjv; €E(G)
Then, for any x = (21,22, ...,2,)" € R"™ and using (3.3), we obtain
0 < XtB[;(OX = /Bo Z dz £E12 + (1 - 260) Z (1‘1 - $j)2
i=1 v;v; EE(G)

which implies

I e DI e DI

UV EE(G)
Thus,

x'B,x = O‘Z diz? + (1 — 2a) Z (z; —x;)? >0 forany x € R™.
i=1 UjUiEE(G)
Hence,
A (Bo) = min{x'B,x : x € R", ||x|| = 1} > 0.

Therefore, B,, is positive semidefinite for all « € [0, 3,].

To prove the converse, it is enough to prove that if & € (3,, 1], then B, is not positive
semidefinite. Suppose there exists an o € (f3,, 1] such that A, (B,) > 0. By Theorem 3.2,
the function fg(«) := A, (B,) is continuous and A, (B1) < 0, so there exista 5 € [«, 1)
such that A\,,(Bg) = 0. This contradicts that 3, is the largest number in (0, 1) for which
An(Bg,) = 0. Hence, A\, (B,) < 0 forall o € (8,,1]. O

A symmetric matrix M is called indefinite if there exist two nonzero vectors x and y
such that y" My > 0 > 27 Mz, where 27 denotes the transpose of x.

Corollary 3.7. For a graph G with no isolated vertices, B, is indefinite if and only if
a € (Bo, 1].
Proof. First we assume that B, is indefinite. Set 8, := (,(G). Then \;(B,) > 0 and
An(Ba) < 0. Thus, a € (B, 1].
Conversely, suppose o € (5,,1]. Then A, (B,) < 0. Also, & > 3, > 3. Hence, by
Corollary 2.3, we have
A(Ba) = (20— )A+ (1 - a)D)

> M (20 — 1)A) + Aa((1 — ) D)

= 2a—1DAM(A)+ (1 — a)\ (D)

> 0.
Hence, B,, is indefinite. O
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In the next theorem, we find (3, for regular graphs.

Theorem 3.8. If G is an r-regular graph with smallest adjacency eigenvalue p,,(G). Then

r— pn(G)

Bo(G) = = 2pn(G)

Proof. Set 3, := B,(G). Then
0= )‘H(Bﬁo) = An<(260 - 1)A + (1 - BO)D)
= (28 = DA+ (1= B,)rT)

= (zﬁo - 1))‘11(‘4) + (1 - BO)T'

r— An(A4)

r—2X\,(A4) =

This gives 8, =

Let us recall the following Hoffman bound of independence number «(G) of an r-
regular graph G with n vertices in terms of p,, (G).

. pn(G) n
@) < 7= pn(G)

In light of the above result, we obtain a close relation between the independence number
a(@G) of aregular graph G and 5,(G).

Proposition 3.9. Let G be an r-regular graph of n vertices with independence number

a(G) and By := Bo(G). Then
a(G) <n (1 _5"> .

Bo

4 On eigenvalues

The spectral radius of a matrix is the maximum value among the absolute values of all
eigenvalues of that matrix. For any B,-matrix, we first show a partial Perron-Frobenius
type result (that is, A1 (B,,) is the spectral radius of B,,). Then we compute the eigenvalues
of B, (G) for complete graph and complete bipartite graph. Thereafter, we obtain some
lower and upper bounds on the largest eigenvalue of B, (G) of graph G in terms of A and
0. As a consequence, we deduce some known results. In addition, we establish an upper
bound on the smallest eigenvalue of B, (G) in terms of the chromatic number. Finally, we
derive a bound on the chromatic number in terms of 5, (G).

It is to be observed that B,-matrices are not always non-negative. Therefore, Perron-
Frobenius Theorem is not directly applicable. However, we can still conclude that the
spectral radius of a B, -matrix is the same as its largest eigenvalue.

Theorem 4.1. For any o € [0,1], the spectral radius of B, of a connected graph G is
A1(Ba).

Proof. For a € [0, 1], B, is positive semidefinite by Theorem 3.3. Hence, A1 (B, ) is the
spectral radius of By. Let o € (3, 1]. Then 20— 1 > 0 and hence B, = (2a—1)A+ (1 —
a)D is a non-negative matrix. Also, B, is irreducible. Therefore, by Perron-Frobenius
Theorem, A1 (B,,) is the spectral radius of B, O
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4.1 The spectrum of B, -matrix for complete and complete bipartite graphs

In this subsection, we determine the eigenvalues of B, -matrices of the complete graph and
the complete bipartite graph.

Proposition 4.2. If G is a complete graph with n vertices, then eigenvalues of B, (G) are
(1 — a)n — a with multiplicity n — 1 and (n — 1)« with multiplicity 1.

A complete bipartite graph with vertex partition size a and b is denoted by K, ;. Since
the eigenvalues of the adjacency matrix of a complete bipartite graph are known, so we
compute the eigenvalues of B, (K, ;) for @ € [0, 1).

Proposition 4.3. For a € [0, 1), the eigenvalues of B, (K, 1) are (1—«)a with multiplicity
b—1, (1 — a)b with multiplicity a — 1, and
(1—a)(a+b) £ /(1 —a)(a—0b)2+4(2a —1)2ab

5 )

Proof. Let J, ; and J, , be the square matrices of order a x b and b X a, respectively, of
all ones. Then

Ba(Kap) = Ba = (20— 1)A+ (1 — a)D

0 Jap bl, 0
=(2a-1) +(1-a)
Jb,a 0 0 Cl,]b

( (1—a)l, (20 —1)Juy )
Ca—-1)Jpe (1—a)aly .

Fori € {2,3,...,a}, let the vector x = (2%, z},... 2% ) of order a + b be defined as
1 forj =1,
x; =4q4—-1 forj=sq,
0 otherwise.
Then {x(® x(®) ... x(®} is a linearly independent set of eigenvectors corresponding to
the eigenvalue (1 — «)b. Thus, B, has eigenvalue (1 — a)b with multiplicity a — 1.
Fori € {a+2,a+3,...,a+ b}, let the vector x) = (2%, },...,2,,)" of order
a + b be defined as

1 forj=a+1,

:13; =4q—-1 forj=sz,
0 otherwise.
Then {x(@+2) x(@+3) x(@+b)} is a linearly independent set of eigenvectors corre-

sponding to the eigenvalue (1 — «)a. Thus, B, has eigenvalue (1 — «)a with multiplicity
b—1.
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Let o € [0, 1). Then, by using Theorem 2.5, we compute

1-a)bl, (Q2a—1)Jdup
det(By) =

2a—1)dpe (Q—a)aly
— det ((1 —a) bIa) det <(1 —a)aly — (20— 1) Jb,a((1 —a) bIa)_l(Qa ~1) Ja_,,>

1
—(1—a)*b® 1— —2a -1y
(1—a)*b*det (( a)aly — 20— 1)*Jp = a)bIaJa’b)

a(2cc — 1)2
=(1—a)*b*det <(1 —a)aly — g—a)lzjb’b>
(- a) (1 — )t (1 - a)a— G20V
e (“ ) u—a>>'

Let = and y be the remaining eigenvalues of B, (K, ;). Then

xy ((1 —a) a)b_l ((1 —q) b)a_l =

Thus we obtain

1o (1= g @221
oy =b(1 - a) (1= aya - M5
= (1 - a)%ab — (2a — 1)ab. 4.1

Since the sum of the eigenvalues is equal to the trace of the matrix, we obtain
z+y+(b-1)1-a)at+(a—1)(1—-a)b=(1-a)ab+ (1 — a)ad,
thatis, z = (1 — «)(a + b) — y. Substitute the value of x in (4.1), we obtain
> — (1 —a)(a+by+ (1 —a)ab— (2o —1)%ab = 0.

This gives

(1 —a)(a+b) £ /(1 —a)2(a—b)? +4(2a — 1)2ab
5 :

y:

Hence the eigenvalues of B, (K, ;) are (1 — a)a with multiplicity b — 1, (1 — )b with
(1—a)(a+0b) £ /(1 —a)2(a—b)2 +4(2a — 1)2ab
5 .

O

multiplicity @ — 1 and
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4.2 Bounds on the largest eigenvalue

For a connected graph G with vertex set V(G) = {v1,vs,...,v,}, the distance between
two vertices v; and v; is denoted by d(v;,v;) and is defined to be the length of the short-
est path between them. We now establish some lower and upper bounds on the largest
eigenvalue of B, (G) of graph G.

Theorem 4.4. Let G be a connected graph with the minimum degree 6. Then, for any
a€0,1]
)\1(Ba) Z «ad.

Proof. First we assume that o € [0, 1], that is, 2 — 1 < 0. Let x = (21, 22,...,3,)" €
R™ be an eigenvector of B,, corresponding to A; (B,) such that zj, = 1r<nj§ x; < 0. Then
<i<n

M(By)zk = (2a—1) Z zj+ (1 — a)dizy < 2o — 1) dgzg + (1 — a)dg
vjwpv; EE(G)

= Ozdkxk.

Therefore, \1 (By) > ady > .

Next we assume that @ € ( %, 1], that is, 2« — 1 > 0. Then B, is irreducible and

non-negative. Therefore, by Perron-Frobenius Theorem, B,, has a Perron eigenvector x =

(x1,%2,...,7,)" > 0 corresponding to the eigenvalue \;(B,). Let 7, = 1r<n‘i£1 x; > 0.
<i<n

Then we have

M(Bo)zkp = 20— 1) Z zj + (1 — a)dyrr > 2a — 1)dgzy + (1 — o)dpxy
v;:0;v, €EE(G)

= adixy,.
Thus, A1 (Ba) > ady, > af, for a € (3, 1]. Hence, A1(Bo) > ad foralla € [0,1]. O

Let N¢(v1) denote the set of vertices of G which are adjacent to vi. Let Ng[v1] :=
Ng(vl) U {Ul}.

Theorem 4.5. Let G be a graph with at least one edge and maximum degree A. Then, for
any o (# 3) € [0,1],

Y
A1 (Boz) Z Ev
where Y and Z are given by
Y = |a? (3a —1)% (A +1)? (2am2 +(1—«a) mg) +(1—a)(2a—1)2
% (2A + 5o — 302)?2 A} P2 1420 - 1)2(A+1) [(QQ “1)A(2A + 5o — 3a2)

+a(3a—1)(A+ 1)m3} PQ+4(2a - 1)* (A +1)? [2am1 +(1-a) (A+m3)} Q%
4.2)
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7 = [(m —1)2(2A +5a - 3022 +a? (Ba—1)2 (A +1)2 (n— A —1)| P?
+4A (A +1)? (2 — 1)? Q? 4.3)
with

P=(2a—1) ((a 1) (Ba—2)A+ 2) and Q = 1602 — 6a° — 100 +2, (4.4)
andmy = |E(Ng(v1))|, is the number of edges in the set N (v1), ma = |E(V(G)\Ng[v1])),
is the number of edges in the set V(G)\Ng[v1], mg is the number of edges between N (v1)
and V(G)\N¢g|v1), and the vertex vy has degree A.

Proof. Let vy be the maximum degree vertex of degree A in G. Alsolet S = {va,v3,...,va41}
be the set of vertices adjacent to vy in G. Letx = (21,2, ..., T,)! be any non-zero vector.
Using Rayleigh quotient, we obtain

20 Y wmmjt+(l-a) X (z-5)°
vivjEE(G) ’U,;’UjEE(G)

x'Box < A\ (B,)x'x, thatis, \;(B,) >

e 2
T
i=1

4.5)
We consider the following two cases:

Casel. (a—1) (3ae—2) A+2 # 0. In this case P = (2a—1) ((a—l) (3a—2) A+2) #0
as a # 3. Setting

2 — 5a + 3a? ‘
- fori =1,
2(A+1)
1602 — 603 — 10a + 2
T = 6a” = Ga Oa + fori =2,3,...,A+1, (4.6)
(2a — 1) ((af 1)(3a—2)A+2)
a(3a—1) .
m Otherwise.

Since m; = |E(Ng(v1))|, ma = |E(V(G)\Ng[v1])|, and mg is the number of edges
between N¢(v1) and V(G)\ Ng[v1], we obtain

(2A + 5a — 3a?) (16a% — 60 — 10a + 2)
Z Tilj = A
vsvrB(G) 2A+1)(20-1) ((a=1) (3a—2) A +2)
N (1602 — 60> — 10 + 2)? a? (3a —1)?
T T e —1)2 "™

(20 - 12 (@~ 1) Ba -2 A+2)

a(3a —1) (1602 — 6a3 — 10a + 2) -
2(2a — 1)? ((a 1) (3a—2)A+ 2)
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2

9 (2A + 5a — 3a?) 16a% — 6a® — 10ar + 2
D, (wmi—ay)’= 2A+1) A
v eB(G) (A+1) (20 — 1) ((a 1) (3a—2)A+ 2)
2
16a% — 603 — 10ar + 2 a(3a—1)
+ - ms,
(2a — 1) ((a 1) (3a—2)A+ 2) 20200 = 1)
and
Z (2A + 5 — 3a?)? (1602 — 603 — 10ar + 2)? A
2
= A +1) (204*1)2((04*1)(304*2)A+2)
a?(3a —1)?
T2a—1)z PTATD:

Using the above results in (4.5), we obtain

Y
/\1(Ba) Z Z
as
2« Z ziz; + (1 —«) Z (z; —x;)? = Y
4(2a—1)2(A+1)2P?
viv; EE(G) v;v; €EE(G)
and

LT 4Q2a—1)2(A+1)2 P2

i=1
where Y, Z and P are given by (4.2), (4.3) and (4.4), respectively. Moreover, the equality
holds if and only if x = (21,2, . .., z, )" is an eigenvector corresponding to the eigenvalue
A1(B,) of By, where x; is given in (4.6).

Case 2. (a—1) (3a—2) A+2 = 0. In this case P = (2a—1) ((a—l) (3a—2) A+2) =0.
Thus we obtain
Y =4 (2a—1)? (A+1)? [204 mi+(1—a) (A—i—mg)} Q% and Z = 4A (A+1)? (2a—1)% Q*.

Setting
0 for:=1,

r;=4¢ 1 fori=23,...,A+1,
0 Otherwise.

Since my = |E(Ng(v1))|, me = |E(V(G)\Ng[v1])|, and mg is the number of edges
between Ng(v1) and V(G)\Ng[v1], we obtain

Z Tilj =M1, Z (z; —x;)® = A +my and ixsz,

’L)inGE(G) ’L),;’L)J'EE(G) =1
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Using the above results in (4.5), we obtain

2ami+(1—a)(A+m3) Y
A (Bg) > =—.
Moreover, the equality holds if and only if x = (0,1,..., 1,0,..., 0)! is an eigenvector
A —A-1
corresponding to the eigenvalue A\ (B,) of B,. O

Corollary 4.6. Let G be a graph of order n with m edges and maximum degree A. Then

2m
> -
p1(G) > -

with equality if and only if G is a regular graph.

Proof. For adjacency matrix, & = 1, that is, By = B1(G) = A(G). For a = 1, from
Theorem 4.5, we obtain

P=2=Q,Y =32(A+1)? (A+mi+ma+ms) = 32(A+1)*m and Z = 16 (A+1)*n

and hence

Y 2m

=M(B) > == —

p(G)=M(B1) 2 — = —
Moreover, the equality holds if and only if x = (1,1,..., 1)t is an eigenvector corre-
sponding to the eigenvalue A1 (B1) (= p1(G)) of By, that is, if and only if G is a regular
graph. O

Corollary 4.7. Let G be a graph of order n with m edges and maximum degree A. Then
pi(G) > A+ 1.
If G is connected, then the above equality holds if and only if A = n — 1.

Proof. For Laplacian matrix, « = 0, that is, By = By(G) = L(G). For a = 0, from
Theorem 4.5, we obtain

P=-2(A+1),Q=2Y = 16 A(A+1)? ((A+1)2+%) and Z =16 A (A+1)>%.

and hence

=A+1+— 2 _>A+1

asmg > 0.
Suppose that G is connected. Then the equality holds if and only if
t

A 1 1
ATl AFL U ALT 0,...,0 | 1is an eigenvector corresponding to the

X =

A
eigenvalue A1 (By) (= p1(G)) of By and m3 = 0. Since G is connected, then A =n — 1.
If A = n — 1, then one can easily see that 41 (G) = n = A + 1. This completes the proof
of the result. 0
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Corollary 4.8. Let G be a graph of order n with m edges and maximum degree . Then

4m
> -
7 (G) > -

with equality if and only if G is a regular graph.

Proof. For signless Laplacian matrix, v = 2, that is, Boj3 = Ba/3(G) = 3 Q(G). For
o = 2, from Theorem 4.5, we obtain

64
P=2=Q,Y = — (A+1)? (A+mi+my+ms) = Y] (A+1)2m, Z = 3l (A+1)2n

and hence
4m

1 Y 4m

-q(G)=XM\(B > — = —, thatis, ¢;(G) > —.

3(11( ) 1( 2/3)*2 3, thatis n(G) > -
Moreover, the equality holds if and only if x = (1,1, ..., l)t is an eigenvector correspond-
ing to the eigenvalue A (Bs/3) (= % q1(G)) of By, that is, if and only if G is a regular
graph. O

The lower bounds found in Corollaries 4.6-4.8 are classical. One can find all of them
in [26].

Remark 4.9. In the following Table, we give a comparison between the exact value of
A1(By) (Proposition 4.3) and the lower bound on A1 (By,) obtained in Theorem 4.5 for the
graph G = K 2a.

o Exact value of \1(B,,) %

25 25
0.1 22.317 22.317
03 19.658 19.654
0.3 17.035 16.997
0a 14.469 13.675
0.6 9.703 1.978
0.7 7.718 0.936
0.8 6.232 0.250
0.9 5.334 0.361

1 1.899 1.92

Table 1. Comparison of the largest eigenvalue A1 (B,,) and %
Next, we observe that the following upper bound is continuous on c.

Theorem 4.10. Let G be a connected graph with maximum degree A. Then, for any
a € [0,1],

(2-3a)A ifael0,1],
)\1 (Ba) S
aA ifa € (3,1].
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Proof. First we assume that « € [0, %] Then, by using @ > 0, (1 —2«) > 0, Corollary 2.3,
and Theorem 2.4, we have

M (Ba) = A (aD (- za)L) < M(aD)+ A\ ((1 - 2a)L) < al + (1 - 20)(24).
That is, A (B,) < (2 — 3a)A forall o € [0, 1].

Next we assume that « € (3,1]. Thatis, 2o — 1 > 0. Let x = (21, %2,...,2,)" be an
eigenvector of B,, corresponding to the eigenvalue A1 (B,,) such that z;, = 1rga<x z; > 0.
<i<n

Then we obtain

M(By)zr = (2a—1) Z zj+ (1 —a)dpxy
vjw;vE€EE(G)

< 2a—1)dpap+ (1 —a)dyay
= ady g
< alAuzxy.
Therefore, A1 (By) < aA forall a € (%, 1]. O
For a € [0, 1] and non-negative integers a and b, define

Fala,b) = (I—a)(a+b)+/(1- a2)2 (o b7 + 420 —1Pab

Theorem 4.11. Let G = (U, W, E) be a connected bipartite graph, where |U| = a,
|[W|=hb. Fora € [0,1],

A (Ba) < fala,b) (CN))
with equality if and only if G = K.
Proof. Without loss of generality, assume that a > b. Now, from Proposition 4.3, we have
fala,b) = A (Ba(K4p)). Since, by definition, By = By(G) = L(G) and G C K, 3, by
(edge) interlacing and Proposition 4.3,

AM(Bo) = m1(G) <a+b= fo(a,b).
=B1(G) = L D(G), we have

Since B =3

1

2
1

A(Kqp) = 3 a= f%(a,b).

As By = B1(G) = A(QG), by (vertex) interlacing and Proposition 4.3, we have

A1(B1) = p1(G) < p1(Kap) = fi(a,b).

So we have to prove the result in (4.7) for 0 < a < % and % < a <1 Letx =

(x1,22,...,2,)T be an eigenvector corresponding to the largest eigenvalue \;(B,) of
B,,. Then B,x = A1(B,)x. We consider two cases:

1 1

Casel. % <a<l Letx; = Iéll?é( zr. Without loss of generality, we can assume that
1 n

v € U. Letx; = ma%(/ x. For v; € U, we obtain
Vi€

M(By)zi = (1 —a)diz; + (2a—1) Z zp < (1—a)diz; + 2a —1)d;z;,
vV, EE(G)
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that is,
[Al(Ba) —(1—a) dl} v < (20— 1) dyz;. 4.8)

Similarly, for v; € W, we obtain
{)\1(3&) —(1-a) dj} 2 < (20— 1) djas. 4.9)
From the above two results, we obtain
M(Ba)=(1 = a)b] [M(Bo) - (1-a)a] <

<PaBa) = (1= ) di| [M(Ba) = (1 - ) dj]

<(2a—1)%d;d; < (2a —1)* ab. (4.10)
Thus we obtain

M(Ba)? = (1—a)(@a+b)Ai(Ba) + (1 —a)?ab— (2a — 1)%ab < 0,

that is,

(1—a)(@a+b)++/(1—a)2(a—0b)2+4(2a—1)2ab

)\1(Ba) S 2

= fa(a,b).
The first part of the proof is done.

Suppose that equality holds. Then all inequalities in the above argument must be equal-
ities. From equalities in (4.8) and (4.9), we obtain z;, = z; for all v, € Ng(v;) € U and
xp = x; for all vy € Ng(v;) C W. From equality in (4.10), we obtain d; = band d; = a.
Since G is a connected bipartite graph, one can easily prove that x, = z; for all v, € U
and x; = x; for all v, € W. For v;, v, € U, we have

MBa)zi=(1-a)diwi+(2a-1) Y a@=b [(1 —a)zi+ (20— 1)
vV EE(G)

and

M (Bo) zi = dy [(1 —a)a + (2a—1) x]} .
Thus we have

b [(1 —a)x; + (2a— 1)%1} =d {(1 —a)z; + (2a — l)xj],
that is,
(b - dk) {(1 —a)z; + (2a—1) Jc]} = 0.

Since all the elements in B, are non-negative, by Perron-Frobenius theorem in matrix
theory, we obtain that all the eigencomponents corresponding to the spectral radius A1 (By)
are non-negative. Since G is connected, x; > x; > 0. From the above with % <a<l,we
must have dj, = b for any v, € U. Similarly, dy = a for any v, € W. Hence G = K ;.

Case2.0< a< % Let x; = maxi<g<n xr. Without loss of generality, we can assume
that v; € U. Let x; = min,, .y, eE(G) Tk For v; € U, we obtain

M(Bay)z;=(1—a)diz; + (2a —1) Z zp < (1—a)diz; + (2o — 1) d;z;,
vV, v EE(G)
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that is,
[Al(Ba) —(1—a) dl} v < (20 — 1) dyz;.
Similarly, for v; € W, we obtain
[)\1(3&) —(1-a) dj} zj > (2a —1)djz;.
Since a < %, from the above two results, we obtain
M(Ba) = (1= a)d] [M(Ba) = (1= ) dj] s
<(2a—1)d; [/\1(Ba) —(1-a) d]} z;
<(2a —1)*d; d; v,
that is,
[Al(Ba) —(1—a) d} [Al(Ba) —(1—a) dj} < (20 —1)%d; d;,
that is,
[Al(Ba) —(1—a) b} [Al(Ba) —(1-a) a} < (20 —1)%ab.
Thus we obtain
M (Ba)? = (1 —a)(a+b)M(Ba)+ (1 —a)*ab— (2a — 1)?ab < 0,

that is,

(1—a)(a+b)++/(1—a)?(a—b)2+42a—1)2ab

)\I(Ba) S 2

= fa(a,b).

Suppose that equality holds. Similarly as Case 1, one can easily prove that G =2 K, ;.

Conversely, let G = K, ;. By Proposition 4.3, we obtain

(1—a)(a+b)++/(1—a)(a—0b)2+4(2a —1)2ab
2
This completes the proof of the theorem. O

M(Ba) =

= fa(a,b).

4.3 Bounds on the smallest eigenvalue

We establish an upper bound on the smallest eigenvalue of a B,-matrix in terms of the
chromatic number. Then, we characterize the extremal graphs for some cases. Finally,
some known results are derived as a consequence.

Theorem 4.12. Let G be a graph of n vertices, m (> 0) edges and chromatic number x.
Then, for any « € [0, 1],

An (Ba) < 2m (X(l_a)_O‘). 4.11)
n x—1
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Proof. Set B, := B, (G). Partition the vertex set V' (G) as x number of subsets V1, V2,
., V., where each subset contains the vertices having the same colour. For each j €

{1,2,...,x}, define a vector x := (z1, 72, ...,7,)" as follows:
x—1 forv; €V
xXr; =
-1 otherwise.
Then
|\X||2=Z Vil + (n—1V;) = x (x = 2) [Vj| + n.

Forj € {1,2,...,x},definem; = > d(v). Now,
veV

(Box, x) = ((2a — 1) Ax, x) + {((1 — a) Dx, x).
Note that

(Ax, x) =2 Z zix; =2(1—x)m; +2(m—m;)
viv; €E(G)

and

(Dx, x) Zdlﬁ = —1)2mj+(2m—mj):X(X_Q)mj+2m'
v, EV

Thus we obtain

(Bax, X) = (2a — 1) (4Ax, x) + (1 — a) (Dx, x)
=22a—-1)(1-x)mj+2Q2a—-1)(m—m;)+(1—a)x(x—2)m
+2(1—a)m

=2ma + (x— a(x+2)) Xm;.
Using Rayleigh quotient, we obtain
Ao (Ba) [IxI[? < (Bax, ).

Therefore, by the above inequalities, we have

An(Ba) (x(x—Q)le\ +n) < 2ma + (x—a(x+2)) XM,

that is,
X X
Z/\”(Ba)< X —2) \V|+n) Z(Zma+<x—a(x+2))xmj),
j=1 j=1
that is,
An(Ba) ((X2 —2x)n+nx) <2¥’m—-2ax’*m—2mya.
Therefore,

A (Ba) < 2m (X(l_a)_a)

n x—1
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In the next couple of results, we partially characterize the graphs attaining the equality
in (4.11) of Theorem 4.12. The proofs technique is similar to the one used in [21].

Theorem 4.13. Let G be a bipartite graph of n vertices with m edges. Then, for any
a€0,1],

2m

An(Ba) < 25 (2 = 3a). (4.12)

n
Equality occurs if and only if either o = % or G is regular with o > %

Proof. Set A\, := A\, (B,,). Forany x = (z1, x2,...,z,)" € R", by Rayleigh quotient, we
obtain

n n
A x'x < x' B, x thatis, /\nzl‘? Saz di 22 +(1—20) Z (z;—z4)%
i=1 i=1 v0;€B(G), i<j

Let V(G) = V4 U V4 be the vertex partition of G such that no two vertices of V; (resp V2)

are adjacent. Take x = (x1,®s2,...,T,)", where the component z; = 1 if v; € V4, and
x; = —1 otherwise. Then
2
An(Bo) < =2 (2 = 3a).
n

The first part of the proof is done.

If the equality holds in (4.12), then B, x = A\, X. Suppose v; € V; and v; € V5. From
the ¢-th and j-th equation of B,x = A, x, we obtain

An = dz(2 - 30&) and \, = d](Q — 301), that is, (dz - dj )(2 — 301) =0.

Therefore, for the arbitrariness of v; and v;, either o = % or G is regular. If G is r-regular
and o < 1, then

An(Ba) :)\n<(1—a)D+(2a—1)A) =(l-a)r+@2a—1)p =ar< 27"”‘(2—304)

as p1 = r (G is bipartite). Hence either v = 2, or G is regular with o > 3.

Conversely, let & = 2. Then Q(G) = 3B§(G) and hence )\,L(B%) =2q(G)=0=
2m (2 — 3a) as G is bipartite.

Let G be a r-regular bipartite graph with o > 1. Then p,, = —r. Since a > 3, we
obtain
2m
An(Ba) = )\n<(1—a)D+(2a—1)A> = (1-a) r+(20—1) pn = (2-30a) 1 = 2~ (2—3a).

O

In [21], the authors defined a class of graphs A in the following:

Let A be the class of graphs H = (V, F) such that H is a regular y-partite graph
(x > 3) with n/y vertices in every part, where x|n, and every vertex has % adjacent
vertices in every other part (d is the degree of each vertex in H).
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Theorem 4.14. Let G be a graph with chromatic number x such that

A (Ba) = 277" (W) (4.13)

where 0 < o« < 1. Then
(1) fora= % G is regular,

(2) for x =2, G is bipartite with o = %, or G is regular bipartite with o > %

(3) forae[O,l]( £ {2, X+1},X23),G6A.

Proof. (1) Suppose that &« = 1. Then by Remark 1.1 and (4.13), we obtain g = )\n(B%) =

™ that is, 2m = nd, thatis, nd < ) d; = 2m = nd, thatis, ) d; = nd, thatis, G is
i=1 i=1

regular.

(2) Suppose x = 2. Then A, (B,) = 22 (2 — 3a). By Theorem 4.13, G is bipartite with

o= 2 , or GG is regular bipartite with o > %

(3) We assume that « € [0, 1] and « # {2, x+1} with xy > 3.

Set Ay, := A\p(B,). Let us partition the vertex set V' (G) into x number of color classes
Vi,Va,...,Vy. Forj e {1,2...,x}, define x) := (27, &, ..., 7)) as follows:

J
;=

] x—1 forv; €V,
-1 otherwise.

x—1
inequality, so by Rayleigh quotient and Theorem 4.12, x| ... x(X) are all eigenvectors
of B, corresponding to the eigenvalue \,,.

Then by Theorem 4.12, \,, (B,) < 22 ( M) Since equality occurs in the above

Claim 1 : G is regular.

Let1 < k # £ < x. Suppose vs € Vi and v; € V,. Comparing the s-th components
of the matrix equation B,x® = X\,x® we obtain \,(x — 1) = ds (x — ax — a).
Similarly, comparing the ¢-th components of the matrix equation B,x© = \,x(®), we
have A, (x — 1) = di (x — ax — a). Then (ds — d¢)(x — ax —a) = 0. Since o # ﬁ
and v, v, are arbitrary, so G is regular.

Claim2: [Vi|=--- = |V =2 %, where x|n.

By Claim 1, G is regular ) 1 = (1,1,...,1)" is an eigenvector of B,. Also, B, is
symmetric, so 1 L 2®) for k = 1,2, ..., x. Therefore, |Vi|(x — 1)+ (—1)(n— |Vk|) = 0.
That is, |Vx| = %,fork =1,2,...,x.

Claim 3 : Every vertex is adjacent to % vertices in every other part, where d is the
regularity of G.

Suppose vs € Vi and it is adjacent with 3, 73, ..., r, number of vertices in the partitions
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Va, Vs, ..., Vi, respectively. For v; € Vi, from B,x® = ), x®) we obtain
X
(DA =1 =a)(-Dds+ a—=1) [ Y (=Dri+(x—Dr |,
i=2,i#£k

where 2 < k < x. From this we have the following xy — 1 equations:
(—DAn = (1= @)(~1)ds + (20 = )((x = Dra + (~r + -+ (=1)ry )

(=)A= (1 — a)(=1)ds + (20 — 1) ((—1)r2 Sy —Drs+ -+ (—1)7“X)

(=)A= (1 — a)(=1)ds + (20 — 1) ((—1)r2 (=1)rs 4+ (x — 1)rx).

_d_

. 1 o _ _
Since « # 5, so from the above, we have rp =73 = --- =1, = T

Claim 1. Also vy is arbitrary, therefore the Claim 3 is done.

as G is regular by

Hence G € A. O

In the next result, we partially obtain the converse of the Theorem 4.14. One can verify
that if o = % and G is regular, then the equality (4.13) holds. Moreover, the equality
(4.13) holds for any bipartite graph with o = %, or any regular bipartite graph with o > %
Therefore, we consider the remaining converse part of the Theorem 4.14. Since the proof
technique of the following result is similar to [21, Theorem 5.1], we omit the proof.

2 1—a)-—
Theorem 4.15. If G € A and o (# 3) € [0,1], then Tm (W) is an eigen-
value of B, (G) with multiplicity x — 1.

The next result is known (see to [12]); however, it can be deduced from Theorem 4.12

: _ 2
by taking o = £.

Corollary 4.16 ([12]). Let G be graph of order n with m edges and chromatic number .
Then ) )
m [ x —
n(G) < — | =——|.
Qn( ) =, <X — 1)
Corollary 4.17. Let G be graph of order n with m edges and chromatic number x such
that
2m (x —2
n(G)=—|~——|.
W(G) =~ ( - 1)
Then G is either bipartite or G € A.
Proof. Proof follows from Theorem 4.14. O

As a consequence of Theorem 4.12, a lower bound of the chromatic number of G is
deduced.

Corollary 4.18. If G is a graph with chromatic number x and S, := B,(G), then

X > .
1_60
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5 On the determinant

In this short section, we present the determinant and the Sachs-type formula for the coeffi-
cients of the characteristic polynomial of B, (G). Then, we obtain some known results as
a consequence.

A spanning elementary subgraph H of a graph G is a spanning subgraph of G such that
each component of H is either a cycle or an edge. For a spanning elementary subgraph
H, p(H) and c¢(H) denote the number of components and the number of cycles in H,
respectively. Now, we present the well known Harary’s formula [16] for the determinant of
the adjacency matrix of a graph.

Proposition 5.1. Let G be a graph with V(G) = {v1,va,...,v,}. Also let A(G) be the
adjacency matrix of G. Then,

det (A(G)) = Z (—1)"P(H) ge(H)
H

where summation is over all spanning elementary subgraphs H of G.

Motivated by the notion of spanning elementary subgraphs and for the purpose of the
main result in this section, we define the following.

Definition 5.2. Modified Elementary Subgraph: A subgraph H of a graph G is called a
modified elementary subgraph if each component of H is either a vertex, an edge, or a
cycle.

Let H be a modified elementary subgraph. Denote by ¢(H),ci(H), and co(H) the
number of components in a subgraph H which are cycles, edges, and vertices, respectively.
Let p(H) := c¢(H) + c1(H) + c2(H) be the number of components in H. Also, let
Co(H) be the collection of isolated vertices in H. In the following result, we present
a Harary-type formula [16] for the determinant of B,-matrices. For a graph G, since
det(L(G)) = det(By(G)) = 0, so we derive a formula of det(B,(G)) for a € (0, 1].

Theorem 5.3. Let G be a graph with V(G) = {v1,va, ..., v, }. Then, for any a € (0, 1],

det (Bo(G)) = Y (1) 7P 2t (1—q) 2 (2q—1) =2 | T dg(uvy) |

H Vi ECQ(H)
6D
where summation is over all spanning modified elementary subgraphs H of G.
Proof. Consider B, (G) = (2a — 1)A(G) + (1 — @) D(G) = (bsj)nxn. We have
det (BQ(G)) = Z Sgn(ﬂ—) blﬂ'(l) b27r(2) T bnw(n)v (52)
where summation is over all permutations of 1,2,...,n. Since every permutation 7 has

a cycle decomposition, so a cycle of length 1, 2 and more corresponds to a vertex, an
edge, and a cycle, respectively in the graph G. Thus, each term by (1)bar(2) * * * pr(n)
corresponds to a spanning modified elementary subgraph of G.

Also, each spanning modified elementary subgraph H corresponds to 2¢(1) terms in
the summation (5.2) as each cycle is associated to a cyclic permutation in two ways. If 7 is
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a permutation corresponding to a spanning modified elementary subgraph H, then

sgn (71') _ (71) n—number of cycles in the cyclic decomposition of 7
_ (_1) n—c(H)—ci(H)—c2(H) — (_1) n—p(H)
and
blﬂ'(l) b27r(2) T bnﬂ(n)
=1 - [ J] de@) | 2a -1 (2q — 1)r—2etf)=e )
v; €C2(H)
=(1 - a)e2H) H dg(vi) | (2a — 1)ne2(H),
Ui€C2(H)
Therefore,
det (Ba(G)) = > _(=1) 7Pt 2¢tH) (1 — q)e2(D (20 — 1) e2UH) I dew) |,
H Vi ECZ(H)
where summation is over all spanning modified elementary subgraphs H of G . [

In the next corollary, we obtain a Sachs-type formula for the coefficients of the charac-
teristic polynomial of B, (G).

Corollary 5.4. Let ¢(By) = A" + a1 A"t +aa\" "2 + -+ + a,,_1\ + a,, be the charac-
teristic polynomial of B, (G). Then

ap = Z (—1)PUD geH) (1 — gye2(H) (9 — 1) n=c2(H) H de(vy) |,
H ’UiECQ(H)

where summation is over all modified elementary subgraphs H of G with k vertices.

Proof. The proof follows from Theorem 5.3 and recalling that ¢y, is (—1)* times the sum
of k x k principal minors of B, (G). O

One can observe that Proposition 5.1 can also be deduced as a consequence of the
Theorem 5.3.

Corollary 5.5. Let G be a graph with V(G) = {v1,ve,...,v,}. Also let Q(G) be the
signless Laplacian matrix of G. Then,

det (Q(@) =Y _ (=) P2t TT  da(v) |

H v;€Ca (H)
where summation is over all spanning modified elementary subgraphs H of G.

Proof. Setting o = % in the formula (5.1) of Theorem 5.3, we obtain the result. O]
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ments; please use them rather than coding your own. Please use the standard \begin{proof}
... \end{proof} environment for your proofs.

Spacing and page formatting: Please do not modify the page formatting and do not use
\medbreak, \bigbreak, \pagebreak etc. commands to force spacing. In general, please
let IZTiEX do all of the space formatting via the class file. The layout editors will modify the
formatting and spacing as needed for publication.

Figures: Any illustrations included in the paper must be provided in PDF format, or
via TEX packages which produce embedded graphics, such as TikZ, that compile with
PAfIATEX. (Note, however, that PSTricks is problematic.) Make sure that you use uniform
lettering and sizing of the text. If you use other methods to generate your graphics, please
provide .pdf versions of the images (or negotiate with the layout editor assigned to your
article).
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