A clique version of the Erdds-Gallai stability theorems

Jie Ma* Long-Tu Yuan'

Abstract

Combining a stability result of the Pdsa’s rotation lemma with a technique of Kopylov in a
novel approach, we prove a generalization of the Erd&s-Gallai theorems on cycles and paths. This
implies a clique version of the Erdés-Gallai stability theorems and also provides alternative proofs
for some recent results.

1 Introduction

The well-known Erdés-Gallai theorem [2] states that any n-vertex graph G with more than (k—1)(n—
1)/2 edges contains a cycle of length at least k. The exact value of this extremal function is obtained
by Kopylov [8] and independent by Faudree and Schelp [4]. In [8], Kopylov determined the maximum
numbers of edges of a (or a connected) graph which does not contain a path on k vertices, and of a (or
a 2-connected) graph which does not contain cycles of length at least k. In order to state Kopylov’s
results, we introduce the following graphs. For integers n > k > 2a, let H(n,k,«) be the n-vertex
graph whose vertex set is partitioned into three sets A, B,C such that |A| = a,|B| = n — k + «,
|C| = k — 2 and whose edge set consists of all edges between A and B together with all edges in
AUC (see Figure 1, the subgraphs induced by A and C' are complete graphs and the subgraph induced
by B contains no edge). One may check that the longest path in H(n, k, o) contains k vertices and the
longest cycle in H(n, k,«) contains k — 1 vertices. Given a graph G, denoted by Ns(G) the number
of copies of K in G. Let hs(n,k,a) := Ns(H(n,k,«a)) = (k;a) +(n—k+a) (g:‘f) In particular,
ho(n,k,a) = e(H(n,k,a)).
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Figure 1. H(17,16,7).
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Throughout the rest of the paper, let £ > 5 be an integer and ¢ = [(k — 1)/2|. Kopylov [8] showed
that any n-vertex 2-connected graph G without containing cycles of length at least k& has at most
max{ha(n, k,2)), ha(n, k, ¢} edges. Combined with the results in [5], Fiiredi, Kostochka, Luo and
Verstraéte [6] proved a stability version of Kopylov’s theorem, which says that for any 2-connected
graph G with ¢(G) < k, if e(G) is close to the above maximum number from Kopylov’s theorem, then
G must be a subgraph of some well-specified graphs.

Theorem 1.1 (Fiiredi, Kostochka, Luo and Verstraéte [5,6]). Let G be an n-vertex 2-connected graph
with ¢(G) < k. Then
e(G) < max{hsa(n,k,{ —1),ha(n,k,3)},

unless
e k=20+1,k#7, and G C H(n,k,0);
e k=20+2o0rk="7, and G — A is a star forest for some A C V(G) of size at most £;* or
e GC H(n,k,2).
Extending Koplov’s theorem, Luo [9] proved the following theorem.

Theorem 1.2 (Luo [9]). Let G be an n-vertex 2-connected graph. If G does not contain cycles of
length at least k, then
Ns(G) < max{hs(n,k,2)), hs(n, k, £}.

For an integer o and a graph G, the a-disintegration of G, denoted by H(G, ), is the graph
obtained from G by recursively deleting vertices of degree at most « until that the resulting graph
has no such vertex. We also call H(G, «) the a-core of G and denote the order of it by s(G, «), and
moreover this core is unique for every a.? For a graph G, let w(G) be the order of a maximum clique
in G. Based on a stability result [11] of the well-known Pésa lemma, we will establish the following
theorem.

Theorem 1.3. Let n > k > 5, a > 0 and B > 2 be integers. Let G be an n-vertex 2-connected
mazimal Ky, o-free graph with ¢(G) < k. If ¢ —a > 3 and

Ns(G) > max{hs(n, k,l — o), hs(n, k, 5)}, (1)
then we have either w(G) >k — 8 or s(G,a) <k —{+ a.

Remark. The family of graphs Ky, will be defined in Section 3. Roughly speaking, the graphs in
K,o are 2-connected with ¢(G) < k.

Theorem 1.3 will be used to prove the following stability result of Luo’s theorem which also can
be viewed as a clique version of Theorem 1.1. The graph Z(n, k,d) denotes the vertex-disjoint union
of a clique Kj;_s and some cliques Kjy1’s, where any two cliques share the same two vertices. In
particular, if § = 2, then Z(n, k,0) = H(n, k,2).

Theorem 1.4. Let G be an n-vertex 2-connected graph with minimum degree § > 2. Let n > k > 9,
s>3andl—1>35+13 Ifc(G) <k and

Ny(G) > max{hs(n,k, 0 — 1), hs(n,k,6 + 1)}, (2)
then one of the following holds:

o s</+1 and G — A is a star forest for some A C V(QG) of size at most {;

YA star forest is a graph in which every component is a star.
2One can see that H(G, «) is unique in G and has minimum degree at least a + 1 (if non-empty).
31f 5 < k < 8, then £ < 3. By (2), it follows from Luo’s theorem that G contains a cycle of length at least k.



s<f€+41, and k =9,10 and G — A consists of stars, complete bipartite graphs with one part of
size two and at least O(n) triangles for some A C V(G) of size three;

s =L+ 1 and the copies of Ky except at most £ + 2 of them can be divided into two families A
and B such that each in A shares only x,y € V(G) and each in B shares only z,z € V(G).

s=4L4+2, kis even and G contains a unique copy of Ks.

G is a subgraph of the graph Z(n,k,?d);
e G is a subgraph of H(n,k,?).

Remark. Theorem 1.3 can be applied to prove Theorem 1.1 and the main results in [10] concerning
the stability results of cycles in a 2-connected graph with given minimum degree.

The organization of this paper is as follows. In Section 2, we study a family of graphs in which
contains no cycles of length at least k. In Section 3, we prove our main result Theorem 1.3. In
Section 4, we show how to use Theorem 1.3 to deduce Theorem 1.4 as well as some main results
in [5,6,10].

2 Notation and a family of graphs

2.1 Notation

The general notation used in this paper is standard (see, e.g., [1]). For disjoint subsets A, B C V(G), we
denote G(A, B) to be the induced bipartite subgraph of G with parts A, B. Let E(A, B) = E(G(A, B))
for short. When defining a graph, we will only specify these adjacent pairs of vertices, that says, if a
pair {a, b} is not discussed as a possible edge, then it is assumed to be a non-edge. Denote by Ng(x) the
set of neighbors of x in G and let dg(z) be the size of Ng(z). For U C V(G), let Ny(x) = Ng(z)NU
and dy(z) = |Ny(z)|. Let P = x1x2--- 2, be a path in G and call P and an (x1, z,,)-path or an
x1-path. For z € V(G), let Np(z) = Ng(x)NV(P) and Np[x] = Np(z)U{x}, with dp(x) := |[Np(x)|.
For z;,z; € V(P), we use x;Px; to denote the sub-path of P between x; and x;. For S1,S2 C V(G),
we call P an (S1,S2)-path if z1, z,, € S. Moreover, if S; = Sy = H, then we call P an H-path, and if
S1 = {x1} and Sy = {x2}, then we call P an (z1,x2)-path for simplicity.

2.2 A family of graphs

Let m >k >5and 1 <r </ be integers. We now devote the rest of this subsection to the definition
of a family of m-vertex graphs F(m, k,r) 4 introduced in [11]. We divide F(m, k, r) into the following
four classes, namely Types I, II, III and IV. Along the way, we also define some special graphs (see
Figures 2, 3, 4 and 5).

Type I: Let k =2+ 1 be odd and r < ¢ — 1. Each graph F' € F(m, k,r) of Type I satisfies:
e F' contains a Hamilton path with |V (F)| = m and ¢(F) < k,
e V(F)=AUBUCUD,
o |[A[=I[B|=r,
e F[C]is empty with |C| =0 —1r+1,

e F[D] is empty when |C| > 3 and F[D] is a path on at most £ — 1 vertices when |C| = 2,

“For the parameter 7, roughly speaking we may view it as something close to w(F), though its own meaning will be
clear in the proof of Lemma 3.1.
®An isolated vertex will also be viewed as a (trivial) path in this paper.



e cach vertex in A has degree ¢ in G[A U C] and each vertex in B has degree ¢ in G[B U C], and

e F[CUD]is a C-path.

F € F(11,9,3) with |C| = 2 F € F(11,11,3) with |C| = 3

Figure 2. Graphs of Type L

Type II: Let k = 20 + 2 be even and r < ¢ — 1. Each graph F' € F(m, k,r) of Type II satisfies:
e F' contains a Hamilton path with |V (F)| = m and ¢(F) < k,

e V(F)=AUBUCUD,

|A| € {r,r+ 1} and |B| =,
e F[C]is empty with |C| =0 —7r+1,

e F[D] is a path when |C| = 2, and F[D] consists of at most two independent edges and some
isolated vertices when |C| > 3 such that one of the following holds:
— F[D] is empty when |A| =r + 1,
— F[D] contains a unique edge when |A| = r, or
— F[D] consists of two independent edges when [A| =r=/0¢—2> 2.

e cach vertex in A has degree exactly ¢ in F[AUC]% and each vertex in B has degree exactly £ in
F[BuUC(C], and

e F[C'UD] is a C-path satisfying that if |A| = 7+ 1 then the end-vertices of F'[C'UD] are adjacent
different vertices of A.

In particular, we denote the graph of Type II with |A| =r = ¢ —2 and |D| = 3 by Fy(m, k,r), the
graph of Type II with |[A| = r = /¢ — 2 and |D| = 4 by Fy(m,k,r), and the graphs family of Type II
with F[A] being a star on three vertices by Fsz(m,k,2).

A D B
F € F5(10,10,2)

(

F1(12,12,3)

Figure 3. Graphs of Type I1.

Type III: Let k = 2¢ + 2 be even and r < ¢ — 1. Each graph F € F(m,k,r) of Type III satisfies:

e F' contains a Hamilton path with |V (F)| = m and ¢(F) < k,

SNote that if 7 = 1 and |A| = 2, then F[A] = K> (by the fact that F' contains a Hamilton path).



e V(F)=AUBUCUD,

e F[A] and F[B] are cliques on r vertices,

e F[C]is empty with |C| =0 —r+1,

e F[D] is empty when |C| > 3, and F[D] consists of a path and an isolated vertex when |C| = 2,
e each vertex in AU B is adjacent to each vertex in C, and

e F[C U D] consists of at most two vertex-disjoint paths such that one of the following holds:

— F[C U D] consists of a path with distinct end-vertices dp,ds € D and a path with end-
vertices in C' satisfying that |D| = ¢ — r + 1 and dy, ds is adjacent to exactly one vertex
a,as in A, respectively, with a; # a5 (denote this family of graphs by Fy(m,k,r) and
denote by ¢; and ¢, the neighbours of dy and ds in F[C' U D] respectively),

— F[C U D] consists of a C-path and an isolated vertex x € D such that z is adjacent to
exactly two vertices x1,x9 of A (denote this graph by F5(m,k,r)), or

— F[CU D] is a path with the end-vertex y € D such that y is an isolated vertex in F[D] and
is adjacent to exactly one vertex y; in A (denote this graph by Fg(m, k,r)).

Figure 4. Graphs of Type I11.

Type IV: Let k = 20 + 2 be even and r = {. Each graph F' € F(m,k,r) of Type IV satisfies:

e F contains a Hamilton path with |V (F)| = m and ¢(F) < k,
e V(F)=AUBUC,
e F[A] and F[B] are cliques on ¢ — 1 vertices, and

e F[C] induces a cycle with three distinct vertices wy,we,w such that wiwy € E(F[C]), ww; ¢
E(F[C]) for i € {1,2}, wy is adjacent to each vertex of A, wy is adjacent to each vertex of B,
and w is adjacent to each vertex of AU B.

Figure 5. F € F(13,10,4) of Type IV



We point out that by definition, there is a Hamilton path in each F' € F(m, k,r) starting from A and
ending at B. Also, if k is odd, then all graphs in F(m, k, r) have Type I. Furthermore, Fy(k+1, k,{—2)
is the only graph in F(m,k,r) with m > k and r < ¢ — 2, and if r > ¢ — 1, there are many graphs in
F(m, k,r) with m > k.

Let S = S(k,a,b) be the graph with a partition V(S) = AU BUC U D on k vertices satisfying
the following (see Figure 6):

e S contains a Hamilton path with |V (F)| =k and ¢(F) < k,
e S[A] and S[B] are complete graphs with |A| = a and |B| = b;

e S[C] is empty with |C| = ¢ > 2 and S[D] is empty with |D| = ¢ — 1;

a+b+2c—1=k;

e S(A,C) and S(B,C) are complete bipartite graphs;

and S[C'U D] is a C-path on 2¢ — 1 vertices.

N

A D B

Figure 6. S(10,3,2)

We need the following graph F'(k) which satisfies all conditions of graph F'(k,k, 1) with Type II
except that it does not contain a Hamiltonian path. For even k, the graph F'(k) is obtained by taking
a path Py_; on 2¢ —1 vertices and a disjoint copy of K3, and joining each vertex of K3 to each vertex
of the larger partite set in the unique bipartition of Py_;. We denote two vertices of K3 by A and
the other vertex of K3 by B (see Figure 7).

Figure 7. F(8)

2.3 Some facts about F(m,k,r), S(k,a,b) and F(k)

We need the following technical propositions.

Proposition 2.1. Let G be an n-vertex connected graph with a non-edge cico and n > 6. Assume
that each vertex except c1 and co of G has degree n — 2. Then we have the following.

(i) For each ab € E(Q), there is a Hamilton (c1,c2)-path containing ab.



(11) For each v € V(G) \ {c1,ca}, there is a path on n — 1 vertices starting from v, through V(G) \
{c1,c2,v} and ending in {c1,ca}.

Proof. Let A=V (G)\{c1,c2}. Note that each vertex in A has degree n —2. We can partition A into
Ap, A1 and Aj such that each vertex in Ay is adjacent to both of {¢1,c2} and each vertex of A; is not
adjacent to of ¢; for i = 1,2. Since each vertex of A has degree n — 2, G[A;] and G[A;] are complete
graphs and G[Ap] is the complement of the graph consisting of |Ag|/2 independent edges (clearly, |Ag|
is even and if |Ag| > 4, then there is a Hamilton (u,v)-path in G[Ap] for any u,v € Ap). Moreover,
each vertex of A; is adjacent to each vertex of A; for 0 <14, j < 2. Without loss of generality, assume
that ’A1| > ‘A2|

(7) If |[Ap| =0, then |A;| > 1 and |A2| > 1 by the connectivity of G. It is easy to see that there is
a Hamilton path starting from c;, through all vertices in As and then all vertices in A1, and ending at
co. If |Ag| = 2, let Ag = {x,y}. Note that |A| > 4. There is a Hamilton path starting from ¢; through
x € Ao, all vertices in A; U Ay and then y € Ag, ending at ¢; and a Hamilton path starting from co
through w € A; , x € Ay, all vertices in (41 U Az) \ {u} and then y € Ay, ending at ¢;. If [Ag| > 4,
then for any vertices u,v € A, there is Hamilton (u,v)-path in G[Ap]. Thus there is a Hamilton path
starting from ¢, through all vertices in A; U Ay and then all vertices in Ag, ending at ¢y. It is easy
to see that each edge of G is contained in a Hamilton path, whence we finish the proof of ().

(13) If v € Ap, then there is a path on n — 1 vertex starting from v, through all vertices in A; U As
and then all vertices in Ag, and ending at ¢;. If v € Ay, then there is a path on n — 1 vertex starting
from v, through all vertices in Ay, one vertex in Ag, all vertices in Ao and then all other vertices in
Ay, and ending at c¢;. Similarly, there is a path on n — 1 vertices starting from v ending in {c1,co}
when v € As. O

Proposition 2.2. Let G be an n-vertex 2-connected graph and a,b be two vertices in G. Then the
following holds.

e [f the longest (a,b) is on at most four vertices, then G — {a,b} consists of stars such that each
leaf of a star is adjacent to the same one vertex of {a,b}.

e [f the longest (a,b) is on at most five vertices, then G — {a,b} consists of stars, triangles and
complete bipartite graphs with one part of size two.

Proof. Let X be a component of G — {a,b}. Suppose that the longest (a,b)-path is on at most four
vertices. Let uv be any edge of X. Since G is 2-connected, uv is connected to {a, b} by two independent
edges. Hence, G —{a, b} consists of stars, as otherwise we can easily find an (a, b)-path on five vertices,
a contradiction. Moreover, each leaf of X is adjacent to the same one vertex of {a, b}.

Now assume that the longest (a, b)-path is on at most five vertices. If the longest (a, b)-path though
X is on four vertices, then X is a star. Now let P3 = 212923 in X such that z; and z3 are adjacent to a
and b respectively. Then X — P5 consists of isolated vertices, otherwise there is an (a, b)-path though
X on six vertices, a contradiction. Moreover, each isolated vertex of X — P5 is adjacent to {a, 22},
{b, z2} or {z1, z2}. If some vertex of X — P is adjacent to {z1, 22}, then other vertices of X — P is
also adjacent to {z1,22}. Thus X is a complete bipartite graph. If some vertex of X — Ps is adjacent
to {a, 22} or {b, 22}, then other vertices of X — P5 is also adjacent to {a, 22} or {b, 22}. Then X is a
star. Finally, if |X| = 3, then it is possible that z; is adjacent to z3, whence X is a star or triangle.
The proof is complete. O]

Recall vertices x, x;,y,y1 in those special graphs in F(m,k,r) (see Figures 3 and 4). For F €
Fs3(m, k,2) with F[A] = S3, where S5 is a star in three vertices, we denote by u; the center of S3 (see
Figure 3). Let t =¢ —r+1 >3 and C = {cy,c,...,c:}. We denote the vertices of F[C U D] in the
following.

e If F[CUD] is a C-path with F[D] empty, then let F[CUD] = ¢1d; ... ¢idicitq ... di—1¢; if F[C'U

D] is a C-path with an unique edge d;d} in F[D], then let F[CUD] = c1d; ... ¢ididfcit1 ... di—1cy;
if = Fy(k+1,k,¢—2), then let F[C U D] = c1did;cadadics (see Figure 3).



o for F € Fy(m,k,7), let P* = dycidy .. .csds, PP = cop1dsiicorn...di_1¢; and F[C U D] =
P> U PP (see Figure 4);

o for F € Fs(m,k,r), let F[C U D] = P*U P? where P* = z and P? = cidica...di_1¢s (see
Figure 4);

o for F' = Fg(m, k,r), let F|C UD]=ycidica...di—1¢; (see Figure 4).
In particular, if F' = Fy(k, k, ¢ — 2), then let F[C'U D] = vjvvadadies (see Figure 3).
Proposition 2.3. For 1 <r </{—2 and m > k, each F € F(m,k,r) satisfies the following:

(1) Let ab € E(F). If ab € {zm1x2,a1c1,as¢5,y101} U E({u1},C), or ab € E({y1},C) U {v1v,vov}
with v > 2, then there is a cycle of length k — 2 containing ab; otherwise, there is a cycle of
length k — 1 containing ab.

(i7) For each non-edge ab in AUBUD, if {a,b} C A, {a,b} C AU{z}, {a,b} C AU{y}, u1 € {a,b},
or y1 € {a,b} with r > 2, then there is an (a,b)-path on k — 1 vertices; otherwise, there is an
(a,b)-path on k vertices.

(7i1) For each non-edge ab between AU B U D and C, if ab is between uy and C, then there is an
(a,b)-path on k—2 vertices; if ab is between P® and PP, then there is an (a,b)-path on k vertices;
otherwise, there is an (a,b)-path on k — 1 vertices.

(iv) For each non-edge ab in C, if |A| =r > 2, |C| = 3 and k is even, or ab = c;cit1 1is incident
with d;dy, then there is an (a,b)-path on k — 3 wvertices; if ab = cjc; with i <'s, j > s+ 1 and
F € Fy(k,k,r), then there is an (a,b)-path on k — 1 vertices; otherwise, there is an (a,b)-path
on k — 2 wvertices.

(v) Suppose that G is 2-connected with ¢(G) < k and contains a copy of F. Then G — AUBUC is
a star forest.

The Proposition 2.3 can be checked by direction observations. For the reason of completeness, we
check Proposition 2.3 case by case.

Proof of Proposition 2.3 (i). Let k be odd and P = F[C U D]. Note that, for each 1 < i < ¢,
there is a cycle of length k — 1 starting « € A, through all other vertices of A (in arbitrary order), the
sub-path ¢; Pe; of P, all vertices of B (in arbitrary order) and the sub-path ¢;Pc; 41 of P sequentially
(each vertex of AU B is adjacent to each vertex of C'), and ending at «. Clearly, this cycle can contain
any edge inside A and B, any edge between AU B and C, and any edge in P (choose different 7).
Thus for each edge ab of F, there is a cycle of length £ — 1 containing ab.

Let k be even. We first consider some specific edges in some F' € F(m, k,r).

Let ab = z122. Then F[CUD] = {x} U PP. Then there is an (1, z2)-path on k — 2 vertex starting
x1, through ¢ Pc;—1, all vertices of B, ¢; and all vertices of A\ {z, x1,x2} sequentially, and ending at
x9 (without containing = and one vertex in D). Moreover, there is no cycle of length k — 1 containing
X122, otherwise there is a cycle of length k (use z1xxs instead of x1x2), a contradiction.

Let ab = aycq. Then F[CU D] = P*U PP. Then there is a path on k& — 2 vertex starting from aq,
through c; Plcg, all vertices of B, PP, all vertices of A\ {a;} sequentially, and ending at a; (without
containing dy and d;). Similarly, there is a cycle of length k& — 2 containing ascs. Clearly, there is no
cycle of length & — 1 containing aic; or ascs, as otherwise we can find a cycle of length at least k.

Let ab = y1c1. Then F[C' U D] = yeidica ... di—1¢i. There is a cycle on k — 2 vertex starting from
c1, through all vertices of B, caPc;, A\ {y1} and y; sequentially, and ending at ¢; (without containing
y and another vertex of D). Clearly, there is no cycle of length k£ — 1 containing yjc;.

Let ab € E({u1},C). Then F[A] = au; 8 and F[C'U D] = cidicy...di—1¢;. Note that o and (3 are
adjacent to each vertex of C'. If u; is adjacent to ¢;, then there is a cycle of length k& — 2 starting from
uy, through ¢;Pey, all vertices of B, ¢;—1Pc; and « sequentially, and ending at u; for ¢ > 2 (starting



from wuq, through ¢ Pc;—1, all vertices of B, ¢; and « sequentially, and ending at u; for i = 1). Again,
we can see that there is no cycle of length £ — 1 in F' containing ab.

Let ab = viv with > 2. Then F[C U D] = vjvvadadics. There is a cycle on k — 2 vertex starting
from v; = a, through all vertices of B, c3, all vertices of A, v and v = b sequentially, and ending at vy
(without containing da,d%). Note that this cycle contains vov. We find the desired cycle. Note that
each component of F'[D] except the isolated vertex d; contains at least two vertices (r > 2). Since any
cycle containing v1v or vev can at most three components of F[D], there is no cycle of length k£ — 1
containing v1v or vav.

Let ab € E({y1},C) with r > 2. Let ab = yi¢; for i > 2 (we have already proved the case
ab = yic1) and P = F[C' U D]. Then there is a cycle of length k — 2 starting from y;, through ¢; Pey,
all vertices of B, ¢;—1Pcy and all vertices in A \ {y1} sequentially, and ending at y; for i > 2.

We now divide the proof into the following two cases.

Case (1). |A|=r+1.

Let |A| = r+1 > 4. By the definition of F' € F(m, k,r) with Type II, F[CUD] is a path such that
the end-vertices of it are adjacent to different vertices of A. Let 2 <4 < t. Note that each vertex of A
has degree at least r + 1 in F[A U {c1, ¢;}]. Hence, if there are two independent edges, say e; and ey,
between A and {c1,¢;}, then we can delete edges between A and {c1,¢;} except e; and e such that
the resulting subgraph of F[AU {c1,¢;}] is connected and each vertex in A has degree exactly r+1 in
F[AU{c1,¢;}]. Thus, by Proposition 2.1(i), there is a path P* starting from e; through all vertices
of A (this path may contain any edge in F[A]) and ending at es. Hence, there is a cycle C; of length
k — 1 starting from c¢; P*¢;, the sub-path ¢; Pc;, all vertices of B, the sub-path ¢;_1Pc; sequentially.
Therefore, we have the following fact.

Fact. There is a cycle of length k£ — 1 containing any two independent edges between {ci,¢;} and A.

Moreover, since ¢; and ¢; are adjacent to different vertices of A, there is a cycle of length k — 1
containing any edge inside A U B, between A and {c1,¢}, or between B and {c1,co,ci—1,¢} (by
symmetry of ¢; and ¢;). Let C* = C'\ {c1,c2,¢—1,¢t}. Thus it is sufficient to prove that, for each
edge between A and C'\ {c1, ¢}, between B and C*, and inside P, there is a cycle of length k — 1
contain it. We divide the proof into the following two subcases.

Subcase (1.1). ¢ is adjacent to A for each ¢ with 2 <17 <t¢— 1.

Fix 4, suppose that @ € A is adjacent to ¢; and S € A is adjacent to ¢;. In the following, we
will find cycles of length k£ — 1 containing ¢y and cycles of length k — 1 containing ¢;8. If o # 3,
then ac; and Sc¢; are two independent edges, and hence by the fact there is a cycle of length k — 1
containing both of them. Moreover, each edge between ¢; 1 and B, and each edge of ¢1Pc;_1 and
¢; Pc; are contained in this cycle. Let o = 3. We consider the following two cases.

(a). There is a vertex, say 7, of A\ {a} which is adjacent to ¢;. Then ac¢; and vc; are two
independent edges. Hence there is a cycle of length k—1 containing ac;. If there is a vertex n € A\ {a}
which is adjacent to ¢;, then similarly, there is a cycle of length k — 1 containing cc;. Moreover, these
two cycles can contain any edge of ¢ Pc¢;—1, ¢;Pc; and between B and ¢;—1 . Now we may assume
that there is no vertex in A\ {«a} which is adjacent to ¢;. Then each vertex of A\ {a} is adjacent
to each vertex of C'\ {¢;}. Thus there are two independent edges ac; and 7ye¢;, implying that there
is a path P* starting from «cy, through all vertices of A, and ending at ~yc;. Therefore, there is a
cycle of length k — 1 starting from ¢y P*¢, the sub-path ¢; Pc;, all vertices of B, the sub-path ¢;_1Pc;
sequentially. In summary, for each i with 2 < i <t and each edge between A and ¢;, between B and
¢;—1 and inside ¢1 Pc;_1 and ¢; Pcy, there is a cycle of length &k — 1 containing it.

(b). There is no vertex in A\ {a} which is adjacent to ¢;. Then each vertex of A\ {a} is adjacent to
each vertex of C'\ {c1}. Thus there is a vertex v € A\ {a} such that v¢; and ac; are two independent
edges. Therefore, by Proposition 2.1(i), there is a cycle of length £ — 1 through cj«, all vertex of
A\ {a}, ¢; P, all vertices of B, ¢;—1Pcy. For the edge ac;, there is a cycle starting from «, through
¢;iPcy, all vertices of B, ¢;Pc;y1 and all vertices of A\ {a}, ending at a. Combining with the above



cycles, for each ¢ with 2 < i <t — 1 and each edge between A and ¢;, between B and ¢;_1 and inside
c1Pc;—1 and ¢; Pc;, there is a cycle of length k — 1 containing it.

In conclusion, each edge between {ci,¢;} and A, between ¢;—1 and B, and in ¢; Pc;—1 and ¢; Pey
is contained in a cycle of length k — 1. Therefore, for each edge between A U B and C and inside P,
there is a cycle of length £ — 1 containing it by choosing different 2 <7 <t — 1.

Subcase (1.2). ¢; is not adjacent to A for some i with 2 <7 <t —1.

Then each vertex of A is adjacent to each vertex of C'\ {¢;}. Thus by Proposition 2.1(7), there
is a path P* starting from c¢; through all vertices of A and ending at ¢; with 2 < j <t and j # 1.
Then we can consider cycle of length k —1 starting from ¢ P*cj, the sub-path c;Pc;, all vertices of B,
the sub-path c;_1Pc; sequentially. Therefore, there exist cycles of length k — 1 containing any edge
between A and C, between B and C'\ {¢;—1}, inside P (choose different j). For the edges between
ci—1 and B, by the symmetry of ¢;_1 and ¢;41 in F), there is a cycle of length k£ — 1 containing those
edges. Therefore, for each edge between A and C, between B and C, and inside P, there is a cycle of
length k& — 1 containing it. We complete the proof for |[A| =r+ 1 > 4.

Let |[A| =r+1=3. (a). F[A]is a path au;3. Then a and f are adjacent to each vertex of C.
Hence, there is a cycle of length k — 1 starting from c;auiB¢;, through the sub-path ¢; Pc;, all vertices
of B, the sub-path ¢;_1Pc; sequentially. Therefore, each edge in F' except the edges between u; and
C' is contained in a cycle of length k — 1. (b). F[A] is a complete graph on three vertices, say a,
B and 7. If e € F[A], say e = af3, then there are two independent edges between C' and {a,~}. If
e € F[A,C], say e = ac, then it is easy to check that there are two independent edges (including e)
between C' and A. In both of the above cases, similar to the case |A| =r+1 > 4, we can find a cycle
of length k — 1 containing e. For other edge in F', it is not hard to see that there is a cycle of length
k — 1 containing it.

Let |A| = r+1 = 2. Then by the definition of F(m,k,r), we have F[A] = K» (recall that each
graph in F(m, k,r) contains a Hamilton path). Similar to the case F[A] = K3, for each edge e in F,
there is a cycle of length £ — 1 containing it.

Case (2). |A| =1
Then F[C U D] consists of at most two paths. We divide the proof into the following cases.
Subcase (2.1). F[C' U D] is a path P.

Let F' € F(m,k,r) with Type II. Then F[C U D] = c1d; ...cidid}¢iq1 ... dp—1ce. If |C| =t >4 or
r = 1, there is a cycle of length k — 1 containing each vertex of C' and ¢t components of F[AU B U D).
Hence, for each edge in F', we can easily find a cycle of length & — 1 containing it. If |C| = 3 and
r > 2, there is a cycle of length k£ — 1 starting from A, through ¢;, B and c3d5daca, and ending in A.
Hence, there is a cycle of length k£ — 1 containing ab except ab = v1v,vov. For |C| =3 and r = 1, we
have k = 8, and hence it is easy to see that each edge of F' is contained in a cycle of length k —1 = 7.

Let F € F(k,k,r) with Type III. Then F = Fy(k,k,r) and F* = F — {y}. If r = 1, then applying
the odd case for F* = F — {y} with k* = k — 1, we can easily check that for each edge e # yic; in
F*, there is a cycle of length ¥’ — 1 = k — 2 containing both of e and y;c;. Thus each edge of F is
contained in a cycle of length k£ — 1 (replacing yic; with yiycr). If » > 2, then can easily check that
for each edge which is not between C and y1, there is a cycle containing both of e and y1¢1. As before,
we can find the desired cycle.

Subcase (2.2). F[C U D] consists of two paths.

Let F € Fy(k,k,r). Then P® = docidy ...csds, P? = coi1dsiicsin...di_1c; and F[C U D] =
PYU P#. First we will show that, for each edge between A\ {as} and C\ {c;} there is a cycle of length
k—1 containing it. For 2 < i < s, there is a cycle C® of length k—1 starting from a € A\ {as}, through
ciP%cqds, ag, all vertices of A\ {a,ai,as}, the path P8 all vertices of B, ¢;_1P%dy sequentially,
and ending at aja (without containing d;_1). For s + 1 < i < ¢, there is a cycle CP of length £ — 1
starting from a € A\ {a;}, through ¢;PP¢; for i > s+ 1 (¢; for i = s + 1), all vertices of B, the path
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cio1PPcs 1 (ciy1PPey for i = s+ 1), all the vertices of A\ {a,ay,as}, as and dyP*dy sequentially, and
ending at aja. Hence, we obtained the desired cycle and by symmetry between a; and as each edge
between as and C\ {c,} is contained in a cycle of length k — 1. Moreover, each edge in P®, P5, A
and B is contained in a cycle of length k£ — 1 by choosing different i. In the cycles C® and C?, we can
see that each edge between B and C' NV (P®) and between B and C' NV (P?) is contained in a cycle
of length k£ — 1. Therefore, we finish the proof for F' € Fy(k,k,r).

Let F = F5(k,k,r). Let F* = F —{x}. Then the proof for odd ¥’ = k — 1 shows that for each edge
e # x1x9, there is a cycle of length £ — 2 in F'* containing e and z1z2. Thus each edge e # z1x9 of F
is contained in a cycle of length k£ — 1 (replacing z1x2 with x1xx2). The proof of Proposition 2.3(7) is
complete. O

Proof of Proposition 2.3(ii). First let k be odd and P = F[CU D] = cidicads ... c—1di—1¢. 1f the
non-edge ab is between A and B, then there is an (a, b)-path on k vertices starting from A, through
the path P, and ending in B. If the non-edge ab is between A and D, say b = d; € D, then there is
an (a,b)-path on k vertices starting from A, through the path ¢ P¢;, all vertices of B and the path
c¢tPciy1, and ending at b = d;. Similarly, there is an (a, b)-path on k vertices when a € B and b € D.
Let ab be a non-edge in D. Without loss of generality, let a = d; and b = d; with 1 <7< j <t - 1.
The there is an (a, b)-path on k vertices starting from a = d;, through the path ¢; P¢;, all vertices of
A, the path c;jPc;1, all vertices of B and the path ¢;Pc;11, and ending at b = d;. We finish the proof
of Proposition 2.3(ii) for odd k.
Now let k& be even. We will finish our proof in the following two cases.

Case 1. |A| =7r+1.

If {a,b} C A, then a,b are adjacent to each vertex of C. Moreover, we have |A| > 4 or F[A] = au1 .
In both cases, we can add ab and delete two independent edges between a,b and C. The resulting
graph F’ is still in F(k, k,r). Hence, by Proposition 2.3(7), there is a cycle of length k — 1 containing
ab in F'  and hence there is an (a,b)-path on k — 1 vertices in F. Suppose that a € A, a # u; and
b € (BUD). Then by Proposition 2.1(#i) and some observations (|A| = 2 and |A| = 3), there is a path
P* starting from a, through all vertices of A\ {a} and ending in {c1,c;}. Without loss of generality,
suppose that P* starts from a and ends at ¢;. If b € B, then there is an (a, b)-path on k vertices start
from P*, through P and ending in B. If b = d; € D, then ¢; and ¢;41 are two neighbours of b in
F[C U D]. Thus there is an (a, b)-path on k vertices start from P*, through ¢;Pc;+1 and B, ending in
c1Peb. Let a = uy and F[A] = aui 8. If b € B, then there is an (a, b)-path on k — 1 vertices starting
a = uy, through o and P, and ending in B. If b = d; € D, then there is an (a,b)-path on k —1 vertices
starting a = uj, through «, ¢; Pc; and B, and ending in ¢;Pc;y1d;. Similarly, for a € B and b € D,
there is an (a, b)-path on k vertices (note that there is a Hamilton (c1, ¢¢)-path in F[AU{c1, ¢ }]. Now
let a =d; and b= d; with 1 <i < j <t—1. Since there is a Hamilton (c1, ¢;)-path in F{AU {c1, ¢},
there is an (a,b)-path on k vertices start from d;Pci, through A, ¢;Pcj;1 and B, and ending in
Ci+1pd]’.

Case 2. |A| =r.

Then F[C U D] consists of at most two paths. As the proof of Proposition 2.3(7), we divide the
proof into the following cases.

Subcase (2.1). F[C U D] is a path P.

Let F = Fys(k,k,r) and F' = F — {y}. Applying the proof of Proposition 2.3(ii) for odd k, there
is an (u,v)-path in F" on k' —1 =k — 2 (k¥ is odd) vertices when u = y;, v € A and an (u,v)-path in
F'on k' =k—1whenu =y and v € BUD. Thus if {a,b} C AU{y} or y1 € {a,b} with r > 2, then
there is an (a,b)-path on k — 1 vertices. If y; € {a,b} and r = 1, then it is easy to see that there is
an (a,b)-path on k vertices. The rest cases are simpler and we omit the proofs.

Subcase (2.2). F[C' U D] consists of two vertex-disjoint paths.
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Clearly, we have F' € Fy(k,k,r) U {F5(k,k,r)}. Let F' = Fy(k,k,r). If {a,b} C AU {z}, then
we can add ab and delete z1x. Since the resulting graph is still F' = F5(k, k,r), the result follows
by applying Proposition 2.3(¢). For other no-edge ab C (A U B U D), the proof is the same as the
case F' = Fg(k,k,r). Now we can assume that F' € Fy(k,k,r). If a € A and b € B, then there is an
(a,b)-path on k vertices through aay, dyP%ds, A\ {a,a1}, P® and B. Let a € A and b = d; € D. If
0 < i <'s, then there is an (a,b)-path starting A\ {as} (or A\ {a1}), through doP%c; (or dsPcit+1),
B, PP and a,dsP*d; (or aidyPd;) on k vertices; if s +1 < 4 < t, then there is an (a, b)-path through
diPP¢;, B, ¢;_1PPcyi1, a1 (or as), P* and A\ {a1} (or A\ {as}) on k vertices. Let a € B and
b=d; € D. If 0 < i < s, then there is an (a,b)-path through d;P%do, a1, c¢;11P%ds, A\ {a1}, P?
and B on k vertices; if s +1 < i < t, then there is an (a, b)-path through d; Pcsy1, a1, P*, A\ {a1},
ci+1Pﬂct and B on k vertices. Now, let a =d; € Dand b=d; € D with1 <¢<j <t Ifj<s,
then there is an (a, b)-path through d; P“dy, a1, ¢it1P%cj, B, P8 A\ {a1} and dsP*d; on k vertices;
if i > s+ 1, then there is an (a, b)-path through d;P%c,y1, B, cipﬁcj, ap, P* A\ {a1} and ctpﬁdj on
k vertices; if ¢ < s and j > s+ 1, then there is an (a, b)-path through d; P*dy, a1, chﬁchrl, A\ {a1},
dsP%c;, B and ctPﬁdj on k vertices. U

Proof of Proposition 2.3(iii). Let k be odd. Then we may assume that a =¢; € C and b=d; € D
with j # i —1,i. Without loss of generality, let i < j. Hence there is an (a, b)-path through ¢; Pc;, A,
ci+1Pcj, B and ¢;Pd; on k — 1 vertices (without containing d;).

Now, we may assume that k is even. Let ab be a non-edge between A and C. Without loss of
generality, let a € A and b =¢; € C. Then we have |[A| =r+1. Let a # u;. If 2 <i <t—1, then a is
adjacent to both of {¢1,¢;}. Hence, we can add ab and delete ac; or ac; such that the resulting graph
F'isin F(k,k,r). If i =1 or i = ¢, then we can add edge ab and delete ac; with 2 < j < ¢ —1 such
that the resulting graph F” is in F(k, k,r). In both of the above cases, the result follows by applying
Proposition 2.3(i) to F’ (a cycle of length k — 1 containing ab, then there is an (a,b)-path in F' on
k —1 vertices). If ab is a non-edge between u; and C. We add this edge ab and delete an edge between
u1 and C. By Proposition 2.3(7), there is a cycle of length k& — 2 containing ab in the resulting graph,
and hence there is an (a,b)-path on k — 2 vertices in F'.

Since each vertex of B is adjacent to each vertex of C, from now, we may assume that ab is a
non-edge between C and D with @ € C and b € D. Since ¢; and ¢; are adjacent to different vertices
of A, by Proposition 2.1(7), for each F' € F(m,k,r), there is path P* starting from ¢, through all
vertices of A, and ending at ¢;. Hence, if F' ¢ Fy(k,k,r), we can easily find an (a,b)-path on k — 1
vertices as k is odd. Let F € Fy(k,k,r). Note that F[A U V(P®)] and F[B U V(P?)] are Hamilton
graphs (graphs contains a spanning cycle). If a € V(P?) and b € V(P?), then there is a Hamilton
(a,a*)-path in F[AUV (P%)] and a Hamilton (b, b*)-path in F[B UV (P?)] such that a* is adjacent to
b*, an hence there is an (a,b)-path on k vertices. If a,b € V/(P®) or a,b € V(P?), then we can easily
find an (a,b)-path on k — 1 vertices. O

Proof of Proposition 2.3(iv). Let ¢;,¢; € C with 1 < i < j <t. Note that there is a Hamilton
(c1,¢t)-path in F[AU {c1, ¢, w}], where w = x or w = y. If F ¢ Fu(k,k,r), then the result follows
easily from the fact that each C-path contains at most |C| — 1 components of F[AU B U D]. Now,
we consider the case F' € Fy(k,k,r). For ¢;,c; € V(P®) or ¢;,¢; € V(PP), we only consider the case
¢i,¢j € V(P) with 4 < j. Other cases can be proved similarly. The desired (c;,cj)-path on k — 2
vertices starts from ¢; Pdy, through ay, PP, B, ¢;11P%;-1, A\ {a1}, ends in dsP%;. If ¢; € V(P%)
and ¢; € V(P?), then by Proposition 2.3(iii), there is a (c;, d;)-path on k vertices containing d;c; and
hence there is a (¢;, ¢j)-path on k — 1 vertices. O

Proof of Proposition 2.3(v). Let X be a non-trivial component of G — AU B U C.” By Proposi-
tion 2.3(i), (#i), (i9) and (iv), for any a,b € V(F') there is an (a,b)-path on at least k — 3 vertices.
Since G is 2-connected with ¢(G) < k, the longest path starting from a € V' (F), though X and ending
at b € V(F) is on at most four vertices. By Proposition 2.2, X is a star forest. Thus G[X] is a star
and we finish the proof of Proposition 2.3. O

"We say a component is trivial if it consists of a unique vertex.
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We give the following propositions without proofs, since their proofs are very similar to that of
Proposition 2.3.

Proposition 2.4. Let u,v be two vertices of S(k,a,b) with a +b < k —2. If u and v are not both
in C, then there is a (u,v)-path on at least k — 1 vertices, otherwise there is a (u,v)-path on k — 2
vertices.

Proposition 2.5. Let u,v be two vertices of F(k). If u and v are in AU B U D, then there is an
(u,v)-path on k — 1 vertices. If u and v are between AU BU D and C, then there is a (u,v)-path on
k — 2 vertices. If u and v are in C, then there is an (u,v)-path on k — 3 vertices.

The following proposition shows that if a 2-connected graph G contains a copy of F' € F(m,k,r)
or F(k), then we have w(G) <k —¢+ 1 or ¢(G) < k.

Proposition 2.6. Let G be a 2-connected graph w(G) > k — €+ 1. If G contains a copy of F €
F(m,k,r) or F(k), then G contains a cycle of length at least k.

Proof. Let G contains a copy of F' € F(m,k,r) with r < /¢ — 2 and a copy of K; witht >k — ¢+ 1.
Let k be even. Then w(G) > k — ¢+ 1> ¢+ 3. By Proposition 2.3(v), for each pair of vertices (a,b),
there is an (a,b)-path of length at least &k — 3 in F. If |[V(K,;) \ V(F)| > 3, then there is a cycle of
length k by G is 2-connected. If |V(K;) \ V(F)| = 2, then |[V(Ky)NV(F)|>t—-2>k—-(—-1>3.
Applying Proposition 2.3 there is an H-path on k — 2 vertices in F', where H = V(K;) NV (F') (there
is at most one pair (a,b) in V(F') such that the longest (a,b)-path is on k — 3 vertices). Hence, there
is a cycle of length k. Let |V(K;) \ V(F)| = 1. Then |V(K;)N(AUBUD)| >t—1—|C| > 2. From
Proposition 2.3, for any a,b € AU BU D, there is an (a,b)-path of length at least £k — 1 in F', whence
there is a cycle of length k.

Now we may assume that V(K;) C V(F). If |A] = r + 1, then w(F[AU B U D]) < r + 1. Since
[WV(K)\C|>k—{+1—|C|>r+2, E(K;) contains a non-edge ab incident with B U D. Hence by
Proposition 2.3(ii), there is a path on k vertices containing ab. If |A| = r, then w(F[AUBUD]|\{w}) <
r, where w € {z,y,u1,y1}. Since |V(K;) \ (CU{w})| >k —¢+1—|C| > r+ 2, E(K;) contains a
non-edge ab incident with B U D \ {w}. Hence by Proposition 2.3(ii), there is a path on k vertices
containing ab. In both of the above cases, there is a cycle of length k in F'. For the rest cases, the
proposition holds similarly. The proof is complete. O

Next we bound the number of copies of K in 2-connected graphs containing a copy of F' &€

F(m, k,7). Let
foln,k,a) = (k;€> + (w:) - (j) +(n—k+a—1)<sfl>.

Lemma 2.7. Let G be an n-vertex 2-connected graph with ¢(G) < k and o > 3. If G contains a copy
of S(k,k — 0 —a,l+1— )8, then
NS(G) S fs(na ka CY).

Moreover, fs(n,k,a) < hs(n,k,t) for any « <t <£€—1.

Proof. Assume that G is an n-vertex 2-connected graph with ¢(G) < k and contains a copy of S(k, k —
¢ —a,l+1—a). Since a > 3, by Proposition 2.4, X = G — V(F) is an independent set and each
vertex of X is only adjacent to C of V(F'), otherwise G contains a cycle of length &, a contradiction.
Since the numbers of unlabeled s-cliques inside AU B UC and unlabeled s-cliques incident with D are
at most (k_e) + (“8'1) — (%) and at most (n—k+£—1)(,%,) respectively, we have Ny(G) < fs(n, k, a).

| (-(2)-2(290)

Let t > a. Note that
8S(k,k — £ — a, £+ 1 — «) contains a copy of F € F(m,k,r) of Type IT with r = £+ 1 — c.
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for integers x and a with « > a. If t = ¢, then we have

(- -C0)- (1)

Ift > ¢, then {4+ 1>k —t (recall £ = |(k —1)/2]), and hence we have

()= ) =2 (o) - () - (1)

Ift < ¥, thent+1 < k — ¢, and hence we have

(- ()2 D) =5 G0 -(0)-(7)

Combining the above arguments, we have

(330 =()-(0) .

Therefore, by ¢ > «, we obtain

= (04 () co-vin )
< (ks—t> N <t48—1) - (2) +(n—k+t—1)<sfl> = ha(n, k, ),

where the second inequality follows by (3) and the fact that (n —k +t—1)(,",) — (!) increases with
t when s > 2. The proof is complete. O

Let E,_j11 be the (n—k+1)-vertex graph consisting of | (n—k+1)/2] independent edges. Denote
by G(n, k,3) the graph obtained from a disjoint union of Fy(k+1,k,¢—2) and E,,_j1 by joining each
vertex of C' to each vertex in DUV (E,,_g+1), where C and D are the vertex sets of Fo(k+1,k,{—2))
in its definition. Denote by gs(n, k,3) the number of unlabeled s-cliques of G(n,k,3). Recall that
hs(n, k,r) is the number of unlabeled s-cliques of H(n,k,r). Also recall that Fy(k + 1,k,¢ — 2) is the
only graph in F(m, k,r) with m > k and r» < ¢ — 2. We need the following lemma to prove our main
theorem.

N

-
]

A
W

Figure 8. G(21,12,3)

Lemma 2.8. Let G be a 2-connected graph on n vertices with ¢(G) < k. Letm >k >9,1<r </{—2
and s > 2. Suppose that G contains a copy of F € F(m,k,r). Then the following holds.

o IfFe{F(kk(—2),Fyk k,(—2)}, then

Ny(G) < min{gs(n, k,3), hs(n, k,4),..., hs(n, k,£)}.
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o If F € Fa(k,k,r) withr =2 or F = Fs(k,k,r) with r > 2, then

No(G) < minf{hgs(n,k, £ —r+2),... hs(n,k,0)}.

e Otherwise, we have

No(G) < minf{hgs(n,k, £ —r+1),... hs(n,k, 0)}.

Proof. Let F € F(m,k,r) with m > k > 9 and 1 < r < ¢ —2. Let G be a maximal n-vertex
2-connected graph with ¢(G) < k containing a copy of F' and X = G — V(F). By Proposition 2.3(v),
X is a star forest.

First, we consider the case: |A| = r+ 1 or k is odd, i.e., F[C U D] is a C-path and C,D are
empty sets. By Proposition 2.3, for any two vertices a,b not both in C there is an (a,b)-path on at
least k — 1 vertices, except a,b € ({u1} U C). Moreover, for any two vertices a,b in C or {u} U C,
there is an (a,b)-path on at least k — 2 vertices. Since G is 2-connected with ¢(G) < k, it is easy
to check that X is an independent set. Moreover, each z € X is only adjacent to C or {u;} UC.
If F ¢ Fs(k,k,2), then G contains a copy of S(k,r + 1,7, — r + 1) by the maximality of G. It
follows from Lemma 2.7 that Ns(G) < hs(n,k,t) for any ¢ > ¢ —r + 1. Therefore, we deduce
Ny(G) < min{hs(n,k, ¢ —r +1),...,hs(n,k,€)}. Now let F' € F3(k,k,2). Then each vertex of X
can only be adjacent to {u;} U C. If each vertex of X can only be adjacent to C, then Lemma 2.7
implies Ny(G) < min{hs(n,k,¢ —1),..., hs(n,k,€)}. If some vertex of X is adjacent to {u;}, then
Ns(G) < fs(n, k,€) < hg(n, k,¢). Combining the above two cases, we have Ns(G) < hs(n, k, ?).

Next, we consider the case k is even and |A| = r. Let F be of Type III. We consider the following
three cases. Case (a.1). F € Fy(k,k,7). Let F[C U D] = P*U PP. By Proposition 2.3, X is an
independent set and only adjacent to C. Moreover, each isolated vertex of X can not be adjacent to
both of C N V(P?*) and C N V(P?). Since a1dy and asds is not contained in any copy of K, with
s > 3 and they are the only two edges between A and D (by Proposition 2.3), we can easily check that
Ny(G) < fs(n,k, € —r 4+ 1) < hg(n,k,t) for any s > 2 and t > £ —r + 1. Case (a.2). F = F5(k,k,r).
Since G is 2-connected with ¢(G) < k, by Proposition 2.3, it is easy to check that X is an independent
set and each x € X is only adjacent to C or to {x1,z9}. If 2* € X is adjacent {x1,x2}, then it
contributes less copies of K. The result follows similarly as before. Case (a.3). F' = Fg(k, k,r). Since
G is 2-connected with ¢(G) < k, by Proposition 2.3, it is easy to check that X is an independent set
and each x € X is only adjacent to C or to {y1} U C. The result holds as the case F' € F3(k,k,2),
that is Ng(G) < min{hs(n,k, 0 —r+2),..., hs(n,k,£)}.

Now, we may assume that F' is of Type II. Let |A| = r < ¢ — 3. Then we have |C| =t > 4 and
F[C U D] is a path such that F[D] contains one edge. Then By Proposition 2.3, X = G — V(F) is a
star forest and each vertex of X is only adjacent to C' of V(F'). Moreover, each edge is only adjacent
to {ci, ciy1} (recall that ¢;d;d}cit1 is a sub-path of F[C'U D]) and each leaf of a star is only adjacent
to the same one of {¢;,c¢;+1}. Note that |C| > 4. For each edge e of G[X], the number of copies of
K incident with e is at most r(s), where r(s) = (2‘) for s > 3 and r(s) = 5 for s = 2. For each star
Si1 of G[X], the number of copies of K incident with it is at most 7% (¢), where 7.(¢t) = 0 for s > 4,
ri(t) =t+1 for s = 3 and at most r(t) = 2t + 2 for s = 2. Recall that each isolated vertex in X U D
is incident with (sfl) copies of K. Let p be the number of independent edges and Sy, 41, ..., S, +1
be the stars on at least three vertices in X U D. Thus

q

Ny(G) < fs(n bk, —r+1)— (n —2p— > (ti+ 1)) (S f 1) +pr(s) + Y ri(t) < foln, k=1 +1).
=1

i=1

Thus the proof of Lemma 2.7 implies Ng(G) < hg(n, k,t) for any t > ¢ —r + 1.

From the above analysis, we now may assume that |A| = r = ¢ — 2. Then we have |C| =t = 3.
Since G is 2-connected with ¢(G) < k, by Proposition 2.3, each vertex of G[D U X] is not adjacent to
AU B. Moreover, for each star S, with a > 3, the center of the star is adjacent to at least two vertices
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of C' and the leaves of S, are adjacent to the same vertex x € C. Furthermore, for other vertices
(isolated vertices and independent edges), each of them is adjacent to all vertices of C. Let p be the
number of independent edge, p’ be number of isolated vertex and Sy, 1,...,S¢,+1 be the stars on at
least three vertices in X U D. Let ¢(s) = (331) Therefore, the number of copies of K containing
vertices in X U D is at most pr(s) + p'q(s) + Y i_, ri(t;) < [(n — k — 3)/2]r(s) + jq(s), where j =1
when n — k + 3 is odd, and j = 0 when n — k + 3 is even. Hence, we have Ny(G) < gs(n, k,3). Since
n > k, basic calculations show that |(n — k + 3)/2] ((i’) - (‘:’)) + z(;l) <(n—k+4) (Sfl) - (i) Let

t > 4. Combining the above arguments, we have

wi@ <aina =21 = (5152 ((9)- () +4()
(7 (reniol )0
§< > <>+n—k+t< 1) <> s(n, ks t),
) -

where the third inequality holds from the fact that (n — k + t) stl (s) increases with . Thus we

finish the proof of this lemma. O

3 Proof of the main result

Pésa proved that if there is an (a, b)-path P on m vertices in a 2-connected graph G, then G contains
a cycle of length min{m,dp(a) + dp(b)}. We need the following main result in [11] which can be
viewed as a stability result of Pdsa Lemma.

Theorem 3.1 (Ma and Yuan [11]). Let G be a 2-connected graph with ¢(G) < k and H be the ({—1)-
disintegration of G. If the longest H-path in G has at least k vertices, then G contains a subgraph
F e F(m,k,r) for some m >k and r <.

Let H(k,r) be the set of graphs >, F(m,k,7). Let k > 5 and Ko =0. For 1 <a <{-2, let
Kk, be the family of graphs consisting of the following graphs:?

o Ur_ H(k,r), H(k,¢—1) and H(k,{),

o Fi(k,k,0—2)and Fy(k +1,k,f —2) when a = £ — 3

o F3(k,k,a+1) and Fg(k,k,a+ 1) when a < ¢ — 3, and
o F(k).

The following theorem is the main result of this paper, from which one can derive Theorem 1.4.
and some other results (such as the results of [5,6,10]), to be discussed in Section 4. Mainly, it says
that by forbidding some family Kj o, one can have a good understanding of structural properties of
graphs with given circumference and relatively many s-cliques. Now we are ready for the proof of
Theorem 1.3.

We note that if « or g is larger, then max{hs(n,k,¢ — a), hs(n,k, 3)} is smaller and presumably
the structure of G becomes more complicated. Also we have w(G) < k — 2 (as otherwise G contains
a cycle of length at least k).

For a given family of graphs F, we say a graph G is a mazimal F-free graph with ¢(G) < k if, for
any non-edge ab of G, G + ab contains either a copy of F' € F or a cycle of length at least k.

Proof of Theorem 1.3. Let k > 9, >0and > 2, = |[(k—1)/2] and { — o > . Let G be an
n-vertex 2-connected maximal Ky, o-free graph with ¢(G) < k satisfying (1), that is

Ns(G) > max{hs(n,k, £ — 1), hs(n,k,0 4+ 1)}.

°Tf k is odd, then Ky, only contains graphs in F(m, k,r) with r € {1,...,a,£ — 1} and m > k.
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Thus, if zy ¢ E(G), then either G + xy contains a copy of K € K, or a cycle of length at
least k. Recall the definition of (¢ — 1)-disintegration of G. Now suppose that w(G) < k — § and
s(G,a) > k — £+ o. We will finish our proof by contradictions. Let H = H(G,{ — 1).

Claim. H is a complete graph.

Proof. Suppose not, there is a non-edge ab in H. We prove the claim in the following cases.
Case 1. G + ab contains a cycle of length at least k.

Then, by a,b € V(H), there is an H-path on at least k vertices. Thus, there exists a longest
H-path P on m > k vertices. By Lemma 3.1, G contains a copy of F' € F(m,k,r). If « =¢—2, then
we can see that F' € Ky, ,, contradicting that G is Ky, o-free. Hence, we may suppose o < £ — 2.

Let k be odd. Then G contains a copy of F' € F(m,k,r) with a« +1 < r < ¢ — 2 and hence by
Lemma 2.8, we have Ny(G) < min{hs(n,k,{—r+1),...,hs(n,k,€)} < hg(n, k,{— ), a contradiction
to (1).

Now let k£ be even and » < ¢ — 3. If a = 1, then since G is K o-free, G' contains a copy of
F e Fim,k,r)\ (F3(k,k,2) U {Fs(k,k,2)}) with 2 < r < ¢ —3. Thus Lemma 2.8 implies N;(G) <
min{hs(n,k, ¢ — 1), hs(n,k,£)} < hs(n,k,¢ — 1), a contradiction. If 2 < a < ¢ — 3, then G contains
a copy of F' € F(m,k,r)\ {Fs(k,k,o+ 1)} with a +1 <r < ¢ —3. Applying Lemma 2.8, we have
Ns(G) < min{hs(n, k., —r+1),...,hs(n,k,€)} < hs(n,k,{ — a), a contradiction.

We may assume that r = ¢/ —2 and k& > 10 is even. Note that {—a > 3. If {—a =3, 1.e., a ={—3,
then we have F' € F(m, k, 0 —2)\ (F3(k,k,2) U{F(k,k, 0 —2), Fo(k+1,k, ¢ —2), Fs(k,k, 0 —2)}) (G
is ICp o-free). By Lemma 2.8 we have

NS(G) S min{hs(nvk73)>h’8(n7 k74)a Tt hs(nakaé)} S hs(nvkag)a

a contradiction. Let £ —a > 4. Then F € F(m,k, ¢ —2)\ (Fz(k,k,2) U{Fs(k,k,£—2)}). It follows
from Lemma 2.8 that

Ny(G) < min{max{gs(n, k,3), hs(n, k,3)}, hs(n, k,4), ..., hs(n,k, 0)} < hs(n,k, 0 — ),

which is also a contradiction to (1). This completes the proof of Case 1.

If ¢(G+ab) > k or there is an H-path on at least k vertices, then by Case 1, we get a contradiction.
Thus, in the following cases, it suffices to show that either ¢(G + ab) > k or there is an H-path on at
least k vertices.

Now, suppose that G'4-ab contains a copy of F' € K}, ,. We divide the following proof into following
cases basing on the value of r in F(m, k,r).

Case 2. G + ab contains a copy of F € J_; H(k,r).

Let AUBUCUD be a partition of V(F) in Section 2. If ab € {z1x9, a1c1, ascs,y1c1} UE({u1}, C),
or ab € E({y1},C) U {viv,vv} with r > 2, then there is a cycle of length k£ — 2 containing ab by
Proposition 2.3(i77). Thus for each wg € Ng(a) \ V(F') and each wy, € Ng(b) \ V(F'), we have

Wq = Wp = W. (4)

Otherwise, there is an H-path starting from w, ending at wy on k vertices and we are done.

We divide our proof into the following cases.

(2.1) Let ab = z12x2. First, a and b are not adjacent to any vertex of (B U D) \ {z}. Otherwise,
by Proposition 2.3(iz), we can deduce that ¢(G + ab) > k, and hence we are done. Thus by (4)
and |[AUC| < £+ 1, there is a unique vertex w € Nyl[z1] \ V(F). Therefore, we have Ny[zi] =
(AUC U {w}) \ {z2} implying C C H. Note that each vertex of B has degree ¢ in G[B U C]. Thus
we have B C V(H), whence there is an H-path starting from w ending in B.

(2.2) Let ab € {ajca,ascs}. Without loss of generality, let ab = ajc;. If Ny(a;) € V(F), then
C C H implying AUBUC C H. Hence, there is an H-path on k vertices and we are done. If there is a

17



vertex w € Ng(ay) \ V(F), then Ny(w) C V(F), as otherwise, by Proposition 2.3 there is an H-path
on k vertices starting from w* € Ny (w) C V(F) ending at b. Now we have Ny (w)N(V(F)\{c1} # 0,
whence by Proposition 2.3 there is an H-path on k vertices starting from w and we are done. The
case ab = ascg is similar and omitted.

(2.3) Let ab = yic1, ab € E({u1},C) or ab € E({y1},C) with r > 2. Now, let ab € E({u1},C).
Without loss of generality, let a = u1, b = ¢; and up is not adjacent to ¢; € F' in F. First we
show that there is a vertex w in Ny (u1) \ V(F). Suppose that Ny(u1) C V(F). If uy is adjacent
to ¢; in G, then G contains a copy of F' € Fs(k,k,2), a contradiction. Since |C| = ¢ — 1, we have
INg(u1) N(AUBUD)| > — (£ —3) > 3. If uy is adjacent to dy € H and dy € H, then we can
find an H-path dyuiaci Pey ey PcjibibaciPdj on k vertices. For other cases, we can also find an
H-path on k vertices. Therefore, we prove that there exists a vertex w € Ny (up)\ V(F). If there is a
vertex w* € Ng(w) \ V(F), then there is an H-path starting from w* ending at b = ¢;. Hence we can
assume that Ny (w) C V(F). Then w is adjacent to V(F) \ C, and hence by Proposition 2.3, there
is an H-path on k vertices starting from w ending at Ny (w) \ C. The rest proofs are essentially the
same and be omitted.

(2.4) Let ab € {vv1,vve} with » > 2. Then we have |C| = 3. Without loss of generality, let
ab = vv;. Then there is a vertex w € Ny (v) \ V(F'). Otherwise, since |C| < ¢ and v is not adjacent
to v1, we have Ng(v) N (AU BU D) # (. It follows from Proposition 2.3(i7) that ¢(G + ab) > k
and we are done. Now, it follows from Proposition 2.3(iii) that C' C Ny (w) or there is a vertex
w' € Ng(w) \ V(F) (otherwise, there is an H-path on k vertices). Thus, in the former case, we have
AUBUC C V(H), and hence, there is an H-path on k vertices starting from w, through vadadies,
B, v1 and ending at A. In the later case, there is a path on k vertices starting from w’, through w, v,
v9, B, v3 and A, and ending at v;. We are done in both cases.

Finally, we consider the rest cases. By Proposition 2.3(i), for each edge ab of F, there is a path
on k — 1 vertices starting from a and ending at b in F' except the cases we have already discussed.
Hence, we may suppose that

Ny(a) C V(F) and Ny (b) C V(F). (5)

Otherwise, there is an H-path on at least k vertices, and we are done. Note that there is no edge
in F[C]. We can assume that, without loss of generality, « € (AU BU D). If a € BU D, then by
Proposition 2.3(i7), (5) and |C| < ¢ — 1, there is a cycle of length k in G + ab and we are done. Thus
we have a € A, and applying Proposition 2.3(i7) again, Ng(a) C AU C. Since a is not adjacent to b,
Npg(a) > ¢, Ng(b) > ¢ and |[AUC| < £+2, each vertex in A has degree at least £ in H{AUC|]. Thus G
contains a copy of F' € F(m,k,r) with |[A] =r+1 or a copy of F'(k) (when |A| = 2 and e(H[A]) = 0).
Both are contradictions.

Case 3. G + ab contains a copy of F' € H(k,r) for r € {£ —1,¢}.

Assume that G + ab contains a copy of F' € H(k, ¢ —1). Let X = AUBUC. Note that ¢; and co
are adjacent to different vertices of A (by the definition of F(m,k,r)). Since each vertex in G[X]+ ab
has degree at least ¢, together with a,b € H, we have X C H. If ab € E(F[B]) or ab € E(F(B,()),
then we can easily find an H-path on k vertices starting from A ending in B. If ab € E(F[C U D]),
then there exists an H-path on k vertices starting from a (or b), ¢, A, ¢z, and ending in B, and we
are done. If ab € E(F[A]) with |A| = ¢ — 1, similarly, we can find an H-path on k vertices. Let
ab € E(F[A]) with |A| = ¢. If Ny(a) € (AUC) and Ng(b) C (AU C), then clearly, G contains a
copy of F' € H(k,¢ — 1) (note that £ > 4), we are done. Let w € Ng(a) \ (AU C). Note that there is
a cycle of length k — 1 containing ab in F[AU B U C] + ab. It is easy to see that there is an H-path
starting from w € H ending at b.

Now, suppose that G + ab contains a copy of F' € H(k,¥). Let X = AUBU{w,w;,wz}. Since the
degree of each vertex of X \ {a,b} in G[X] is at least ¢, together with a,b € H, we have X C H. Hence,
if ab ¢ E(C) or ab = wjws, then we can easily find an H-path on at least k vertices. If ab € E(C)
and ab # wyws, then there is a path on at least k vertices starting from a (or b), through w, A, wiws
and ending at B (note that ww, wws ¢ E(C)).
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Case 4. G + ab contains a copy of F' € F3(k,k,a+ 1) (¢ = 1) or Fg(k,k,a+ 1) when a < ¢ — 3.

Let F € F3(k,k,a+ 1) with F[A] = au1 8 and B = {b1,be}. If ab is not between u; and C, then
Proposition 2.3(i) there is an (a,b)-path on k — 1 vertices. Hence we have Ny (a) U Ny (b) C V(F).
Since a and b are not both in C' (C'is an independent set in F'), there is one edge in G[D] or G[AUB, D].
Thus by Proposition 2.3(ii), we have ¢(G + ab) > k. Now, let ab € E({u;},C). The rest proofs are
essentially the same as case (2.3). We finish the proof for F' € F3(k,k,a + 1). The proof of the case
F = Fs(k,k, o+ 1) is similar and omitted.

Case 5. G + ab contains a copy of Fi(k,k,{ —2) or Fo(k+ 1,k,¢ —2) when o = £ — 3.
The proof of this case is essentially the same as the proof of (2.4) and be omitted.
Case 6. G + ab contains a copy of F(k).

If there is an edge in G[A U B], then G + ab contains a copy of F' € F(k,k,1) with Type II and
|A’| =119 and we are done by Case 2. Thus, we may assume that G[A U B] contains no edge. Note
that the edges between AU B and C' are equivalence. We consider the following two subcases. (6.1)
Let a € C' and b € D. If b is adjacent to AU B, then G + ab contains a copy of F' € F(k,k,1) with
Type II and |A’| = 1, and hence we are done. Since |C| < ¢ and a is not adjacent to b, there is a
vertex w € Ny (b) \ V(F). If there is a w' € Ny(w) \ (AU B U C), then there is an H-path on k
vertices starting from w’ ending at a. Thus, we have Ny (w) C V(F). Then, it is not hard to see that
¢(G 4 ab) > k, and we are done (since C' < ¢ — 1, w is adjacent to AU BU D). (6.2). Let a € C
and b € AU B. As subcase (6.1) b is not adjacent to D, and hence there is a w € Ny (b) \ V(F). If
there is a w’ € Ny (w) \ (AU BUC), then there is an H-path on k vertices starting from w’ ending at
a, otherwise there is a cycle of length k£ in G + ab as in subcase (6.1). We complete our proof of the
claim. O

Let |V(H)| = m. Since s(G,{—1) > k—{(+aand w(G) < k—f,wehave k —{+a <m < k— (.
Apply to the graph G the process of (k —m)-disintegration. Let H' = H(G,k —m). If H = H, then

N.(G) < (”;) + (n—m) <k e 1) < max{hs(n, k, £ — a), ho(n, k, B)},

a contradiction to (1) (hs(n,k,a) is a convex function in a). If H' # H, then there exists a vertex
b € V(H') which is not adjacent to a vertex a € V(H). We divide the proof into the following two
cases: Case (a). Adding ab, the obtained graph contains a cycle of length at least k. Then there is
a path in G on at least k vertices starting in H and ending in H'. Let P = xPy be a longest such
path with z € V(H) and y € V(H’). Then we have dp(a) > m — 1 and dp(b) > k —m + 1. It follows
from Pésa’s lemma that ¢(G) > k, a contradiction. Case (b). Adding ab, the obtained graph contains
a copy of F' € Ky . From Case (a), it is sufficient to show that ¢(G + ab) > k. Note that H is a
complete graph on m > k — £ 4+ « vertices. By Proposition 2.6, we can easily find a cycle of length k
in G 4 ab. Thus we complete the proof of Theorem 1.3. O

4 Implications

Theorem 4.1 (Fan [3], Wang and Lv [13], Ji and Ye [7]). Let G be a 2-connected n-vertex graph with
n>3. Assumen—2=r({{—1)+t where 1 <t <{—1. If G has an edge uv such that G has no cycle
containing uv of length at least £ + 1 > 4, then

T(€+1) + (t+2), ’LfS 2 3;

S S

Ns(G) < gs(n, k) =
(G) < gs(n, k) {r(£21)+(;)+2(”_2)+1’ if s =2.

We need the following lemma proved in [10].

10 F" has a vertex partition A’UB' UC'U D',
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Lemma 4.2 (Ma and Ning [10]). Let G be a 2-connected n-vertex graph with ¢(G) < k, 6(G) = 0 and
n>k. Ifw(G)>k—4¢, then G=H(n,k,0) or G = Z(n,k,0).

In the following of this section, we shall use Theorem 1.3 to deduce Theorem 1.4 and equivalent
statements of some main results in [5,6,10]. First, we present a lemma concerning the copies of K.

Lemma 4.3. Let G be an n-vertex 2-connected graph with ¢(G) < k andn > 9. If G contains a copy
of F € F(m,k,r) with r € {{ —1,(}, then

e(G) < ho(n,k, 0 —1).
Proof. Let F' € F(m,k,£ —1) and C = {c1,c2}. If & = 20 + 1, then since G is 2-connected with

¢(G) < k, it is easy to see that the longest path starting from ¢; ending at co is on at most £ + 1
vertices. Since £ > 4 and n > k, by Theorem 4.1,

{+2
2

(£ —2)(n—2)

e(G) < 5

+2n—3<< >—G—(f—l)(n—Z—Z):hg(n,k‘,ﬁ—l),

as desired. Let k = 2¢ 4+ 2 > 10. Note that the longest path starting from ¢; ending at co in G is on
¢ + 2 vertices (if there is a path starting from ¢; ending at ¢ in G on £ + 3 vertices, then one may
easily check that ¢(G) > k by G contains a copy of F, a contradiction). Then by Theorem 4.1 and
£ > 5, we have

(¢~ 1)(n —2)
() s——7H—

43
+2n-3< < —{2_ > +(—=1)(n—2¢—-3)=ha(nk,£—1).
Thus we may suppose k = 10. If the longest path starting from ¢; and ending in ¢y has at most five
vertices, then by Theorem 4.1, we have

e(c) < A =2

+2n — 3 < 3n — 3 = ha(n, 10, 3).

Thus we may assume that there is a longest path P = cizizexsxgce in G. Let G/ = G — {c1, ca}.
Let X be the component of G’ contains {1, 22, x3,24}. Then by Proposition 2.2, X is a star, a
triangle or a complete graph with one part of size two. In all of the above cases, the number of
edges incident with X in G is at most 3|X|. For any other component Y of G’, since ¢(G) < 10, by
Theorem 4.1, the number edges incident with it is at most 3|Y|. Summing all the above edges, we
have e(G) < (5) +3(n — 6) = 3n — 3 = ha(n, 10,3). We finish the proof when F € F(m,k, ¢ — 1).

Let F € F(m,k,f). Then k is even and n > 10. Let w,w; and ws be the vertices of F' as in
Section 2. Since ¢(G) < k, the longest path starting from w; or we through G — {w, w1, ws} ending at
w is on at most £+ 1 vertices and each component of G — {w, w1, w2} can only be adjacent to wy, w or
wa,w. Let G; be the induced subgraph of G' containing {w, w;} and all components of G — {w, wy, wy}
which is adjacent to w; for i = 1,2. Let n; = |V(G1)| and ny = |V (G2)|. Then n = nj +ng — 1. Since
n > 10 and £ > 4, by Theorem 4.1, we have

{—2 -2 {—2 —2
e(G):e(G1)+e(G2)+1§()(;1)+2n1—3+w;2)+2n2—3+1
£—2)(n—3 ¢+3
z()2(n)+2(n+1)—3—2<< ; >+(£—1)(n—£—3):hg(n,k,z—l).
This finishes the proof for s = 2. ]

Define

(“;2)+(7“—1)(€§1)+(t§2), n=r({—1)+t+3,1<t<¢—1andk is even;
9s(n k) = 0+1 t42 iy B .

r() + (), n=r(l—1)+t+2,1<t<f—1and k is odd.

Let H'(k,¢ — 1) be the set of graphs in H(k,¢ — 1) with Type IT and |A| = ¢ — 1.
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Lemma 4.4. Let G be an n-vertex 2-connected graph with ¢(G) < k. If G contains a copy of
FeH(k,t) or FeHkt—1)\ H (k£ —1), then

hs(nyk, 0 —1), if3<s<landn>k>11;
N(G) <
¢s(n, k), ifs>0+1.

Proof. Since k > 11, we have ¢ > 5, hence an easy computation implies
£—1 (L+1)¢ [L-1 41
(-1 > —r = 6
( )(s—1>_s(£—3+1)<8—1) ( s ) (6)

@—m(j:D ()ﬁﬂt<€+l (7)

Let F € F(m,k,0 —1) and k be odd. Let n —2 =r({ —1)+¢ where 1 <t < ¢ —1and r > 2 are
integers. Since G is 2-connected with ¢(G) < k, the longest C-path is on at most ¢ + 1 vertices. If
s < ¢, then applying Theorem 4.1, by (6) and (7) we have

M@V:G+)+Ctﬁ

(3 ) remmen( 7))+ ()
«

:

and

IN

IN

Yoo )+ (1)
”2> m4+m€:3

s(nyk, 0 —1).

_|_
S
+
S

IN

If s > £+ 1, then since G is 2-connected with ¢(G) < k, we have s = £ 4+ 1 and each copy of Kyi;
contain both vertices of C. Thus Ns(G) < ¢s(n, k).

Let F € F(m,k,f—1) and k be even. Let n —2 =4+ 7' ({ — 1)+t where 1 <t </{—1and ' >1
are integers. Assume that s < ¢. Let F # Fg(m,k,¢ — 1). Note that if there is a vertex adjacent
to {x1,x2} (when F' = F5(m,k,{ — 1)), then this vertex should be an isolated vertex and contribute
less number of copies of K in G. We may assume that each vertex of V(G) \ {AU B UC} is only
connected to C. Then applying Theorem 4.1, by (6), (7) and F ¢ H'(k,¢ — 1), we have

NS(G)<<£+2)+ <€t1>+(tli_2>
(2 (7)
() -ron()

= hgs(n,k, 0 —1).

IN

IN

Let F' = Fg(m, k,¢—1). If y; is adjacent to BUDU(V(G)\V (F)), then by Proposition 2.7, each vertex
in BUDU(V(G)\V(F)) can only be adjacent to {y; } UC. Moreover, each vertex in DU(V (G)\V (F))
is an isolated vertex. Hence the maximal graph containing G with circumference less than k is
S(k,¢—1,¢—2). Thus, applying Lemma 4.3, we have Ng(G) < min{hs(n,k,l — 2), hs(n,k, 0 —1)} <
hs(n,k,¢ — 1). Hence, we can suppose that each vertex in D U (V(G) \ V(F)) is only connected to
C, whence as before we have Ns(G) < hs(n,k,¢ —1). If s > £+ 1, then since G is 2-connected with
¢(G) < k, we have s = £+ 1 or s = £+ 2. Thus Ns(G) < ¢s(n, k).
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Let F' € F(m,k,f). Then k is even and n > 10. As in the proof of Lemma 4.3, let G; be the
induced n;-vertex subgraph of G containing {w,w;} and all components of G — {w, w1, ws} which is
adjacent to w; for i =1,2. Let n; —2=1r;({ — 1)+t for : = 1,2 and ny + ng = n + 1. Since n > 10
and ¢ > 4, it follows from Theorem 4.1 that

S

(o220
o)) ()
(el

= hs(n,k, 0 — 1),

@ =vic s e+ (7

IN
»

/\

where n — 3 = 7*(¢ — 1) + t* with 1 < ¢* < ¢ — 1. This finishes the proof of the lemma. O

First, we can derive a more general result concerning the number of cliques from Theorem 1.3. We
need the following family of graphs G(n, k) introduced in [5] (see Fig. 1 in [5]). The n-vertex graphs
in G(n, k) consist of four types Gi(n, k), Ga(n, k), G3(n, k) and Ga(n, k).

® Gi(n,k) ={H(n,k, £)};

e Each G € Ga(n, k) is defined by a partition V(G) = AUBUJ, |A| =t and a pair a; € A, b € B
such that G[A] = K;, G[B] is the empty graph, G(A, B) is a complete bipartite graph and for
every ¢ € J one has N(c) = {a1,b1}.

e Every member of G € G3(n, k) is defined by a partition V(G) = AU B U J, |A| =t such that
G[A] = K;, G(A, B) is a complete bipartite graph, and G[J] has more than one component, all
components of G[J] are stars with at least two vertices each, there is a 2-element subset A’ of
A such that N(J) N (AU B) = A’, for every component S of G[J] with at least 3 vertices, all
leaves of S are adjacent to the same vertex a(S) in A’ and any other vertex of J is adjacent to
each vertex of A’;

e Each member of G4(n, k) (k = 10) has a 3-vertex set A such that G[A] = K3 and G — A is a star
forest such that if a component S of G — A has more than two vertices then all its leaves are

adjacent to the same vertex a(S) in A and any other vertex of G — A is adjacent to each vertex
of A.

Now, we give a more delicate version of Theorem 1.4.

Theorem 4.5. Let G be an n-vertex 2-connected graph with minimum degree 6 > 2. Let n > k > 9,
s>3andl—1>0+1. If ¢(G) < k and

Ns(G) > max{hs(n,k, 0 — 1), hs(n, k,0 + 1)}, (8)
then one of the following holds:
e G is a subgraph of a graph in G(n, k).

o s </+1, and k = 9,10 and G — A consists of at least 0(n) triangles, stars and complete bipartite
graphs with one part of size two for some A C V(G) of size at most 3;

e s =/{+1 and the copies of K except at most £ + 2 of them can be divided into two families A
and B such that each in A shares only x,y € V(G) and each in B shares only z,z € V(G).
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o s={0+2 k is even and G contains a unique copy of K.
e G is a subgraph of the graph Z(n,k,d);
e G is a subgraph of H(n,k,?).

Proof. Suppose that G is K, j-free. Let J O G be a maximal Ky 1-free with ¢(J) < k. Suppose that
s(J,£ —1) <k —{. Then

N,(J) < (n—kw)(ﬁ:D . (k;é) = ha(n k0 — 1)
contradicting (8). Thus we have s(J,/—1) > k—{+1. Clearly, Ny(J) > max{hs(n,k,¢—1), hs(n, k,d+
1)} and 6(J) > 6. Applying Theorem 1.3 with @ = 1 and 8 = 0 + 1, we have w(J) > k — J. Then by
Lemma 4.2, we have J = Z(n, k,0) or J = H(n, k,d), that is, G is a subgraph of the graph Z(n, k, J)
or G is a subgraph of H(n,k, ).
Now we may assume that G contains a copy of F' € K 1. We divide the rest of proof into the
following cases.

Case 1. G contains a copy of F' € H(k,1) U{F(k)}.

Let k be odd. Then G contains a copy of F' € H(k, 1), that is F = F(k,k,1). Then by Proposi-
tion 2.3, it is easy to check that G is a subgraph of H(n, k,¢). Moreover, we have s < £+ 1, otherwise
G does not contain a copy of K, contradicting (8). Let k be even. If G contains a copy of F' € H(k,1).
If Fis F(k,k,1) with Type II and |A| = 2, then by Proposition 2.6 we deduce that each vertex of
V(G)\ (AUBUCQ) is an isolated vertex and is only adjacent to C, that is G is a subgraph of H(n, k, ¢).
If Fis F(k, k,1) with Type IT and |A| = 1, then Proposition 2.6 implies G — (AUBUC') consists of star
forest. Let ¢; and ¢; 41 be the vertices in C' which are adjacent to the unique edge in F'[D]. Moreover,
since G is 2-connected with ¢(G) < k, each isolated vertex of G — (AU BUC) can only be adjacent to
C, each non-trivial star is only adjacent to {¢;, ¢;+1} and each leaf of a star on at least three vertices is
adjacent to only one of ¢; and ¢; 1. Thus G is a subgraph of Gs(n, k). If F is Fg(k, k, 1) with Type III,
applying Proposition 2.6 again, G — (AU B U C') consists isolated vertices. Moreover, if the isolated
vertex is adjacent to yi, then it can only be adjacent to {y1,c1}, otherwise the isolated vertex is only
adjacent to C. Thus G is a subgraph of Ga(n, k). Moreover, we have s < ¢+ 2, otherwise G does not
contain a copy of K, contradicting (8). Furthermore, if s = ¢ + 2, then G contains at most one copy
of K, hence by (8) there is a unique copy of Ky in G.

Now we may assume that F' = F(k). Suppose that G — V(F') contains an edge zy. Then by
Proposition 2.5, zy can only be adjacent to u;,u; € C with 1 <1¢ < j </, whence, we find a path
starting from a; € A, through w; Pu;, zy, ujPue, B and u;—1Pu;y1, and ending at as € A, that is,
G contains a copy of F(k,k,1) with Type II, and we are done by previous argument. Thus we can
assume that G — V(F') consists of isolated vertices. Applying Proposition 2.5 again, each isolated
vertex can be only adjacent to at most one vertex of AU B U D and vertices of C. If each isolated
vertex only be adjacent to C, then clearly G is a subgraph of H(n,k, 1), and we are done. Assume
that there is an isolated vertex be adjacent to AUBU D. If the isolated vertex w is adjacent to a1 € A
and u; € C, then there is a path starting from ay € A, through w Pu;—1, ajwu; and ;41 Pug, and
ending at B. Thus G contains a copy of F(k,k,1) with Type II, hence we are done. By symmetry
between the vertices in A and the vertices in B, if w is adjacent to a1 € A and u; € C, then G also
contains a copy of F(k,k,1) with Type II. Suppose that w is adjacent to v; € D and u; € C. If v;
is adjacent to u; in F', then G contains a copy of F'(k,k,1) with Type II; if u; is not adjacent to w;
(without loss of generality suppose i < j), then a path starting from a; € A, through u; Pu;, wv;Puy,
B and u;—1Pu;y1, and ending at as € A, implying that G contains a copy of F(k,k, 1) with Type IL
In both cases, we are done by previous argument.

Case 2. (G contains a copy of Fg(k,k,2) or F' € F3(k,k,2). Then by Proposition 2.3, each vertex of
V(G)\ (AUBUQCQC) is an isolated vertex and can be only adjacent to {u1} UC or {y;} UC. If there
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is some vertex in V(G) \ (AU B U C) adjacent to u; or yj, then we can see that V(G) \ ({w} U C)
(w = wuy or w = y;) contains an independent edge and isolated vertices, and hence G is a subgraph of
H(n,k, ). If each vertex of V(G) \ (AU B UC) is only adjacent to C, then by Lemma 2.8 we have
Ny(G) < f(n,k, 0 — 1) < h(n, k,¢ — 1), contradicting (8).

Case 3. G contains a copy of F7(10,10,2) or F5(11,10,2). Then by Proposition 2.3, G — (AU BUC)
is a star forest. Moreover, in G — (A U B U (), each isolated vertex and each independent edge are
only be adjacent to C'; each leaf of a star on at least three vertices is adjacent to the same one vertex
of C. Therefore, G is a subgraph of a graph in G4(n, k).

Case 4. G contains a copy of F' € H(k, ¢ —1) UH(k, ).

Let k be odd. Then F € H(k,l —1). Let £ > 5, ie, k > 11. If s < ¢, then by Lemma 4.3
Ns(G) < hg(n,k, ¢ — 1), contradicting (8). Let s = £+ 1. Since G is 2-connected with ¢(G) < k, each
copy of K shares two common vertices in C' of F. If s > £+ 2, then it follows from Theorem 4.1 that
Ns(G) < 0, contradicting (8). Let k = 9. Then the longest C-path in G is on at most five vertices.
By Lemma 2.1, G — C consist of stars, triangles and complete bipartite graphs with one part of size
two. Therefore, by (8), G — C consist of §(n) triangles.

Let k be even. If F' = F(m, k,¢) and k > 11, then by Lemma 4.4 we have Ny(G) < hg(n,k,{ —1),
a contradiction. If F = F(m,k,¢ — 1) with Type II and |A| = ¢ + 1 or with Type III, then each
vertex of V(G) — AU B UC is only connected to C (if some vertex of V(G) — AU B U C is adjacent
to y1 or {z1,x2}, then G contains less copies of K). If s </, by Lemma 4.4 Ns(G) < hs(n, k,¢ — 1),
contradicting (8). Let s = £+ 1. Since G is 2-connected with ¢(G) < k, each copy of K, not in A
shares two common vertices in C' of F. Note that there are at most ¢ + 2 copies of K, in A. We are
done for s = ¢+ 1. If s > ¢+ 2, then we can see that there is a unique copy of Ky1o. The case k = 10
is similar to £ = 9 and be omitted. Suppose that F' = F(m,k,¢ — 1) with Type II and |A| = ¢. If
there is a vertex in V(G) — AU B U C adjacent to AU B, or the longest C-path is on at most £ + 1
vertices, then the result follows as before by applying Lemma 4.4. Thus there is a C-path on ¢ + 2
vertices. We may delete A, the resulting graph G’ is still 2-connected with ¢(G') < k. Clearly, we
have Ng(G') > max{hs(n — €+ 1,k, £ —1),hs(n — €+ 1,k, 5 + 1)}. Applying the previous proofs, we
are done, until there is no longest C-path is on at most £ + 2 vertices. But when n < 3¢, there is
no longest C-path is on at most ¢ 4+ 2 vertices, and hence we can finish our proof by repeating the
previous arguments. ]

Now we have the following immediate corollary, which can imply some of the main results in
[5,6,10].

Corollary 4.6. Let G be an n-vertex 2-connected graph with ¢(G) < k and minimum degree §(G) = §.
Letk>9 "M and ¢ —1>6+1. If

e(@) > max{ha(n,k,{ — 1), ha(n,k,0 + 1)},
then one of the following holds:
e G is a subgraph of a graph in G(n,k);
e G is a subgraph of Z(n,k,0);
e G is a subgraph of H(n,k,?).
Proof. The proof is the same as the proof of Theorem 4.5 by applying Lemma 4.3. O
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"we include the case k = 9,10 which are not deal with in [10].
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