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Abstract

For two given graphs F and H, the Ramsey number R(F, H) is the smallest positive integer p such that for every graph G on p
vertices the following holds: either G contains F as a subgraph or the complement of G contains H as a subgraph. In this paper, we
study the Ramsey numbers R(Py, Fy,), where P, is a path on n vertices and F}, is the graph obtained from m disjoint triangles by
identifying precisely one vertex of every triangle (Fy, is the join of K| and m K ). We determine the exact values of R(Py, Fy;) for
the following valuesof nandm: 1 <n<S5andm>2;n>6and2<m<(n+1)/2;6 <n<7andm>=2n—1;n>8andn—1<m<nor
(g-n—2q+1)/2<m<(g-n—q+2)/2with3<g<n—5)orm>(n—3)2/2;0ddn>9and ((g-n—3g+1)/2<m<(q-n—2q)/2
with3<g<(n —3)/2)or((¢g-n—qg—n+4)/2<m<(q-n—2q)/2with (n — 1)/2<g <n —5). Moreover, we give nontrivial
lower bounds and upper bounds for R(Py,, Fy,) for the other values of m and n.
© 2005 Published by Elsevier B.V.

Keywords: Fan; Path; Ramsey number

1. Introduction

Throughout this paper, all graphs are finite and simple. Let G be such a graph. We write V (G) or V for the vertex
set of G and E(G) or E for the edge set of G. The graph G is the complement of G, i.e., the graph obtained from the
complete graph on |V (G)| vertices by deleting the edges of G. The graph H = (V', E’) is a subgraph of G = (V, E)
if V' C V and E’ C E (implying that the edges of H have all their end vertices in V).

If e = {u, v} € E (in short, e = uv), then u is called adjacent to v, and u and v are called neighbors. For x € V,
define N(x) ={ye V|xye E}and N[x]=Nx) U {x}.If § C V(G), S # V(G), then G — S denotes the subgraph
of G induced by V(G)\S. If |S| = 1, then we also use G — z for S = {z} instead of G — {z}. If e € E(G), then
G —e=(V(G), E(G)\{e}).

We denote by P,, C,, and K, the path, the cycle and the complete graph on n vertices, respectively. A fan F,, is a
graph on 2m + 1 vertices obtained from m disjoint triangles (K3s) by identifying precisely one vertex of every triangle
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Fig. 1. The fan Fj.

(Fyy is the join of K1 and mK»). The vertex corresponding to K is called the hub of the fan. For illustration, consider
Fsin Fig. 1.

Given two graphs F and H, the Ramsey number R(F, H) is defined as the smallest positive integer p such that
every graph G on p vertices satisfies the following condition: G contains F as a subgraph or G contains H as a
subgraph.

In 1967, Geréncser and Gyarfas [4] determined all Ramsey numbers for paths versus paths. After that, Ramsey
numbers R(P,, H) for paths versus other graphs H have been investigated in several papers, for example: Parsons [6]
when H is a complete graph; Faudree et al. [2] when H is a cycle; Parsons [7] when H is a star; Haggkvist [5] when H
is a complete bipartite graph; Faudree et al. [3] when H is a tree; Surahmat and Baskoro [9], Chen et al. [1] and Salman
and Broersma [8] when H is a wheel. We study Ramsey numbers for paths versus fans.

2. Main results

In this paper we determine the Ramsey numbers R(P,, F},) for the following values of n and m: 1 <n<5and m >2;
nz6and2<m<(n+1)/2;6<n<Tandm>2n—1;n>28andn—1<m<nor((g-n—2g+1)/2<m<(g-n—q+2)/2
with3<g<n—5)orm>(n—3)>/2;0ddn>9and ((g-n —3q + 1)/2<m<(q -n —2q)/2 with 3<g <(n —3)/2)
or((g-n—q—n+4)/2<m<(q-n—2q)/2 with (n — 1)/2< g <n — 5). We will present the Ramsey numbers for
‘small’ paths versus fans in Proposition 1, the Ramsey numbers for paths versus ‘small’ fans in Theorem 3, and the
Ramsey numbers for paths versus ‘large’ fans in the corollaries based on Lemmas 4 and 6. Moreover, we give nontrivial
lower bounds and upper bounds for R(P,, F;,) for (oddn>11land (¢ -n —q +4)/2<m<(q-n—3q+n—3)/2
with2<g<(n—7)/2)or(evenn>8and (g -n—q+3)/2<m<(g-n—2q+n—-2)/2with2<g<n—5)or(n>6
and (n + 2)/2<m<n — 2) in Corollaries 8, 9 and Theorem 10.

Proposition 1. Let m >2. Then

1 forn=1,

RCPo Fin) = {Zm +1 forn=2or3.

Proof. The cases for which n = 1 or 2 are (almost) trivial and left to the reader. We only give the proof in case n = 3:
the graph consisting of m disjoint copies of K, shows that R(P3, F;,) > 2m. Now suppose G is a graph on 2m + 1
vertices, and assume G contains no P3. We will show that G contains an F,,. Since |V (G)| is odd and G contains no
P3, there is a vertex z € V(G) with |N(z)| = 0. Since G — z contains no Ps, the vertices of V(G)\{z} have degree
at least 2m — 2 in G — z. This implies there exists a cycle Cy,, in G — z. Hence G contains an F,, (even a wheel on
2m + 1 vertices). [l

The next lemma plays a key role in the proofs for the remaining cases.

Lemma 2. Letn>3 and G be a graph on at least n vertices containing no P,. Let the paths Rl, P2, ..., P*inGbe
chosen in the following way: Ul;=1 V(PJ) =V (G), P! is alongest path in G, and, if k > 1, P'*1 is a longest path in
G— Uj‘:l V(P7) for 1<i <k — 1. Denote by L the numbers of vertices on the path P/ Let z be an end vertex of P¥.
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Then:

W) b =2lb>-- >4l
(i) If €x>|n/2], then N(z) C V(P¥);
(iii) If €y <|n/2], then |N(2)|<|n/2] — 1.

Proof. (i) Obviously follows from the choice of the paths. From this choice we can also deduce that for any integer x
with 1 <x < k, the number of neighbors of z in V (P*) is

by +1 =20 .
| BT oTTR N pe 200 41,
: L 2 ez 2her (1)

if €, <26, + 1.

This can be checked easily: first order the neighbors of z on P* according to the order of their appearance on P* in a
fixed orientation. Then observe that between any two successive neighbors of z on P*, there is at least one nonneighbor
of z, while before the first and after the last neighbor of z on P*, there are at least £; nonneighbors of z.

(ii) Assume £ > [n/2]. Then 24, + 1 >n > £1. So by the above observation, we conclude that there is no neighbor
of zin V(G)\V (PK).

(iii) Now assume {¢; < |n/2]. If z has no neighbors in V (G)\V (P¥), we are done. If z has some neighbors in

V(G)\V (PX), similar counting arguments as above yield the desired result: denote by Ay, ..., h, the numbers of
vertices on the paths Pl ..., Pk that contain a neighbor of z, chosen in such a way that 4, > - - - >h1, and denote by
di, ..., d; the numbers of neighbors of z on the corresponding paths. Then, arguing as above, we obtain b1 =€, >d; + 1

and hy >2h1 + 2dy — 1. Similarly, observing that z connects any two of the considered paths, and using the same
elementary counting techniques, we get (if t >3) h; >2((hj—1 — 1)/2+2)+2d; —1=h; 1 +2d; +2for 3<j<t.
This implies (for t >2) that h; >2(d; +- - - +d;) +2(t —2) + 1 =22|N(z)| + 1. Since h; <n — 1 and | N (z)| are integers,
this yields the desired result. [J

Theorem 3. Letn>4 and2<m<(n + 1)/2. Then R(P,, F,) =2n — 1.

Proof. The graph 2K, shows that R(P,, F};) > 2n — 2. Let G be a graph on 2n — 1 vertices and assume G contains
no P,. We are going to show that G contains an F,,. Choose the paths P!, ..., P¥ and the vertex z as in Lemma
2. Since |V (G)| =2n — 1 and G does not contain a P,, k>3 and £, <(2n — 1)/3. If £, < [n/2] then by Lemma
2(iii) we obtain |[N(z)|<|[n/2] — 1< 2n — 1)/3 — 1. If [n/2] <€ <(2n — 1)/3 then by Lemma 2(ii) we obtain
IN(2)| <€y —1<(2n —1)/3 — 1. Hence, |N[z]| < (2n — 1)/3. We are going to show that there is an F}, in G with z
as a hub. We distinguish the following two cases.

Case 1: IN(29)| < |n/2] — 1.

Then [V(G)\N[z]| = (2n —1) — |n/2] >n + m — 1. We can apply the result from [2] that R(P,, Coy) =n+m — 1
for2<m <[ (n + 1)/2]. This implies that G — N|[z] contains a C5,,. So, there is an F, in G with z as a hub (there is
even a wheel on 2m + 1 vertices).

Case2: |[N(2)| = |n/2].

By Lemma 2(ii), we find N(z) C V(P¥). Hence, €, >|n/2] + 1. Since |V(G)| = 2n — 1, k = 3. Take the first

m vertices of P! (in some fixed orientation) and name them uy, ..., u,,, starting at an end vertex. Also take the
first m vertices of P2 (in some fixed orientation) and name them vy, ..., vy, starting at an end vertex. Since P!
is chosen as a longest path in G, it is obvious that u;v; ¢ E(G) (i = 1,...,m). So there is an Fy,, in G with z
asahub. O

The following lemma provides upper bounds that yield several exact Ramsey numbers in the sequel.
Lemma 4. I[fn>4and m>n — 1, then

2m+n—1 for2m=1mod(n — 1),
2m +n —2 for other values of m.

R(Py, Fin) < {
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Proof. Let G be a graph that contains no P, and has order

2m+n—1 for2m =1mod(n — 1),
2m +n — 2 for other values of m.

V@G ={ @

Choose the paths P! ..., P¥ and the vertex z in G as in Lemma 2. Because of (2), not all P! can have n — 1
vertices, so £ <n — 2. By similar arguments as in the proof of Theorem 3, this implies |N (z)|<n — 3. We will use
the following result that has been proved in [2]: R(P;, Cs) =5 + [¢/2] — 1 for s > | (3¢ + 1)/2]. We distinguish the
following cases.

Case 1: |[N(2)|<|n/2] —2ornisodd and [N(z)| = [n/2] — 1.

Since |V (G)\N[z]|>2m + [n/2] — 1, we find that G — N|[z] contains a Cs,,. So, there is an F,, in G with z as a
hub.

Case2:nisevenand |[N(z)| =n/2 — 1.

Since |[V(G)\N[z]|Z22m +n —2) —n/2 =2m + n/2 — 2, we find that G — N[z] contains a Cy,,—1; denote its
vertices by vy, v2, v3, ..., V2—1 in the order of appearance on the cycle with a fixed orientation. There are n/2 — 1
vertices in U =V (G)\(V(Com—1)UN|[z]),say uy, uz, ..., uy/2—1.1f some vertex v; (i=1, ..., 2m — 1) isno neighbor
of some vertexu; (j=1,...,n/2—1), wlo.g. assume vz, —1u1 ¢ E(G). Then G contains an F,, with z as a hub and
additional edges vivp, V3V4, ..., V2—3V2m—2, V2m—1%1. Now let us assume each of the v; is adjacent to all u; in G.
For every choice of a subset of n/2 vertices from V (Cy,,—1), there is a path on n — 1 vertices in G alternating between
the vertices of this subset and the vertices of U, starting and terminating in two arbitrary vertices from the subset. Since
G contains no Py, there are no edges v;v; € E(G) (i, j € {1, ...,2m — 1}). This implies that V (C2,,—1) U {z} induces
a Koy, in G. Since G contains no P,, no v; is adjacent to a vertex of N (z). This implies that G contains a Komy1 —zw
for any vertex w € N(z), and hence G contains an F,,, with one of the v; as a hub.

Case 3: Suppose that there is no choice for P¥ and z such that one of the former cases applies. Then |N (w)|> [n/2]
for any end vertex w of a path on ¢; vertices in G — UIJ‘;% V(P7). This implies all neighbors of such w are in
V(P¥) and ¢, > |n/2] + 1. So for the two end vertices z; and z» of P¥ we have that [N (z;) NV (P¥)| > |n/2] > /2.
Let P*:zy = vjva... vy, = z2. Then by standard arguments in Hamiltonian graph theory, we can find an index
i €{2,...,¢ — 1} such that zjv;4+ and zov; are edges of G. It is clear that we can find a cycle on ¢ vertices in G.
This implies that any vertex of V (P¥) could serve as w. By the assumption of this last case, we conclude that there are
no edges in G between V (P*) and the other vertices. This also implies that all vertices of P¥ have degree at least 2m
inG.

We now turn to P*¥~! and consider one of its end vertices w. Since Lx—1 2L > |n/2] + 1, similar arguments as
in the proof of Lemma 2 show that all neighbors of w are on P 0F |IN(w)| < [n/2], we get an Fy, in G as in
Case 1 or Case 2. So we may assume |N (w;) N V(Pk_1)| >|n/2] >4€;—_1/2 for both end vertices w; and w, of pk-1,
By similar arguments as before we obtain a cycle on £;_ vertices in G. This implies that any vertex of V (P*~!) could
serve as w. By the assumption of this last case, we conclude that there are no edges in G between V (P*~!) and the
other vertices. This also implies that all vertices of PX~! have degree at least 2m — 1 in G. (Note that PX~! can have
n — 1 vertices, whereas £ <n — 2.)

Repeating the above arguments for PX=2, ..., P! we eventually conclude that all vertices of G have degree at least
2m — 1in G. Now let H = G — V(P*). Then all vertices in V (H) have degree at least 2m — 1 — ¢ >m + (n — 1) —
1= 4=>1@m+2n—4 -0 — (n—2))=52m+n—2—€)>$(|V(H)| — 1). This implies there exists a Hamilton
path in H. Since |V (H)| >2m and z is a neighbor of all vertices in H, it is clear that G contains an F,, with z as a hub.
This completes the proof of Lemma 4. [J

Corollary 5. If A<n<Tandm>=n—1)orn=28andn —1<m<nor((q-n—2q9g+1)/2<m<(qg-n—q+2)/2
for3<qg<n—5orm=(n— 3)2/2), then

_J2m+n—1 for2m=1mod(n —1),
RCEn, Fm) = {Zm +n —2 for other values of m.
Proof. Let r denote the remainder of 2m divided by n — 1, so 2m = p(n — 1) + r for some 0 <r <n — 2. Then for
@A<n<Tandm>2n—1)or(n=>28andn —1<m<nor((g-n—2g+1)/2<m<(g-n—q+2)/2for3<g<n—75)
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or m>(n — 3)?/2), the graphs

(p—DK,—1U2K,,» forr =0,
{(p+l)Kn—l forr =1or2,
p+r+1—mK,-1Um+1—-r)K,—» forother values of r
show that
2m+n—2 for2m=1mod(n — 1),
R(Pu, Fn) > {Zm +n —3 for other values of m.

Lemma 4 completes the proof. [

Lemma 6. [fnisodd, n>9 and (¢ -n —q +3)/2<m<(q -n—2qg +n—2)/2 with2<qg<2|n/2] — 5, then
R(P,, F,)<2m +n — 3.

Proof. The proof is modelled along the lines of the proof of Lemma 4. Let G be a graph on 2m + n — 3 vertices, and
assume G contains no P,. We will show that G contains an F,,. Choose the paths Pl ..., P¥ and the vertex zin G
as in Lemma 2. Since |V(G)| =2m +n —3 withn>9and (g -n — g +3)/2<m<(q -n —2g +n — 2)/2 with
2<q<2|n/2] — 5, k>q + 2, and therefore not all P! can have more than n — 3 vertices. So £, <n — 3. By similar
arguments as in the proof of Theorem 3, this implies |N (z)| <n — 4. We will use the following result that has been
proved in [2]: R(P;, Cs) = s + [t/2] — 1 for s > | (3t 4+ 1)/2]. We distinguish the following cases.

Case 1: IN(2)|< |n/2] — 2.

Since |V (G)\N[z]|>2m + [n/2] — 1, we find that G — N[z] contains a C»,,. So, there is an F, in G with z as a
hub.

Case?2: |[N(z)| = n/2] — 1.

Since |[V(G)\N[z]|=2m +n —3) — |n/2]| =2m + |n/2]| — 2, we find that G — N[z] contains a Cy,,—1; denote its
vertices by vy, v2, v3, ..., V2,,—1 in the order of appearance on the cycle with a fixed orientation. There are [n/2] — 1
vertices in U = V(G)\(V(Con—1) U Nlzl), say uy, uz, ..., U2 j—1. If some vertex v; i =1,...,2m — 1) is no
neighbor of some vertexu; (j=1,..., |n/2] —1), w.l.o.g. assume v, —1u1 ¢ E(G). Then G contains an F,, with z as
a hub and additional edges viva, v3v4, ..., V2a—3V2m—2, Vam—141. Now let us assume each of the v; is adjacent to all
uj in G. For every choice of a subset of |n/2] vertices from V (C2,,—1), there is a path on n — 2 vertices in G alternating
between the vertices of this subset and the vertices of U, starting and terminating in two arbitrary vertices from the

subset. Let z; € N(z). Since G contains no P,, there are no edges v;z € E(G) and v;z; € E(G) (i € {1,...,2m —1})
and there is only (at most) one edge v;v; € E(G) (for some i, j € {1,...,2m — 1}). Suppose viv2 € E(G).
This implies G contains an F,, with hub vy,,_; and additional edges v1z, V221, V304, ..., V2m—5V2m—4, V2m—302m—2.

The other cases are similar.

Case 3: Suppose that there is no choice for P¥ and z such that one of the former cases applies. Then |N (w)| > [n/2]
for any end vertex w of a path on £ vertices in G — U];;ll V (P7). This implies all neighbors of such w are in V (P¥)
and £, >[n/2] + 1. So for the two end vertices z; and z» of P¥ we have that [N (z;) N V(P%)|>n/2] > /2. By
similar arguments as in the proof of Case 3 of Lemma 4 we obtain a cycle on ¢, vertices in G. This implies that any
vertex of V (P¥) could serve as w. By the assumption of this last case, we conclude that there are no edges in G between
V (P*) and the other vertices. This also implies that all vertices of P* have degree at least 2m in G.

We now turn to P*~! and consider one of its end vertices w. Since Lr—1 2L >|n/2] 4 1, similar arguments as in
the proof of Lemma 2 show that all neighbors of w are on P L If IN(w)| < |n/2], we get an Fy, in G as in Case
1 or Case 2. So we may assume |N (w;) N V(P*=1)| > n/2] > €,_1/2 for both end vertices w; and w, of P¥~1. By
similar arguments as before we obtain a cycle on £;_; vertices in G. This implies that any vertex of V(Pk1y could
serve as w. By the assumption of this last case, we conclude that there are no edges in G between V (P*~1) and the
other vertices. This also implies that all vertices of P! have degree at least 2m — 2 in G. (Note that P¥~! can have
n — 1 vertices, whereas £y <n — 3.)

Repeating the above arguments for PX=2, ..., P! we eventually conclude that all vertices of G have degree at least
2m —2in G. Now let H = G — V(P*). Then all vertices in V (H) have degree atleast2m —2 — {y>m+ (n+ 1) —
2—l=3@m+2n—2— 4 — (n—3))=3@m+n+1—€)=3(V(H)|+4). This implies there exists a Hamilton



1434 A.N.M. Salman, H.J. Broersma / Discrete Applied Mathematics 154 (2006) 1429—1436

cyclein H. Since |V (H)| >2m and z is a neighbor of all vertices in H, it is clear that G contains an F,, with z as a hub.
This completes the proof of Lemma 6. [

Corollary 7. If n is odd, n>9 and either ((g - n — 3q + 1)/2<m<(q - n — 2q)/2 with 3<qg<(n — 3)/2) or
(g-n—g—n+4)/2<m<(qg-n—2q)/2with(n —1)/2<g<n —>5), then R(P,, F;y,) =2m +n — 3.

Proof. Foroddn>9andm=(g-n—2q—j)/2 witheither 3<g<(n—3)/2and0<j<g—Dor((n—1)/2<g<n—-5
and 0<j<n — g —4), the graph (¢ — j — 1)K,—» U (j + 2)K,,—3 shows that R(P,, F;;) >2m + n — 4. Lemma 6
completes the proof. [

Corollary 8. Ifnisodd,n>11and (g -n—q+4)/2<m<(q-n—3q+n—3)/2with2<q<(n—"17)/2, then

Wt — 33 R(Py. Fy)> 2 = n s | 2L
m—+n 2 R(Py,, Fy) > max m (n n, am 2m/(n —1)] .

Proof. Let r = [2m/(n — 1)] and s denote the remainder of 2m — 1 divided by ¢. Then for m and n satisfying
2m/(n—1)|(n—1)4+n>=2m+ | (2m—1)/t], the graph 1K ,,_1 shows that R(P,,, F;,) > |2m/(n—1)](n—1)+n—1.

For other values of m and n, the graph s K 2m—1y/q U (t — s + DK |@2m—1)/¢) shows that R(Py, Fy,) >2m — 1 +
L@m — 1)/[2m/(n — D).

The upper bound comes from Lemma 6. [

Corollary 9. Ifniseven,n>28and (g -n—q +3)/2<m<(q-n—2qg+n—2)/2with2<g<n — 35, then

2 2> R(Py, Fpy) > o 1 2 -
m—+n—22>2R(P,, m)/maXH‘mJ(n_ ) +n, m+\‘[_2m/(n—_l)-|J}

Proof. Let r = [2m/(n — 1)] and s denote the remainder of 2m — 1 divided by t. Then for m and n satisfying
R2m/(n—1)|(n—1)4+n>2m+ | (2m—1)/t], the graph t K ,,_| shows that R(P,, F),) > [2m/(n—1)|(n—1)+n—1.

For other values of m and n, the graph s K ;2m—1y/ U (t — s + DK |@2m—1)/¢) shows that R(Py, Fy,) >2m — 1 +
L@m —1)/[2m/(n — DT].

The upper bound comes from Lemma 4. [J
Theorem 10. [fn>6 and (n +2)/2<m<n — 2, then

n+2<m<n+ ln/3]

n+ |n/3)]
—_— <
2

s

3n 2n—1 for
2m + \‘_J —2Z2R(Py, Fp) 2>

2 3m—1 for m<n — 2.
Proof. Forn>6and (n +2)/2<m<(n+ |n/3])/2, the graph 2K,,_1 shows that R(P,, F,;) > 2n — 2. For n > 6 and
(n+|n/3])/2 <m<n — 2, the graph K,,, U2K,,_1 shows that R(P,, F;;) >3m — 2.

Let G be a graph on 2m + [3n/2]| — 2 vertices, and assume G contains no P,. Choose the paths P!, ..., P¥ and
the vertex z in G as in Lemma 2. By Lemma 2, [N (z)| <n — 2. Hence, |V(G)\N|[z]| >2m + [n/2] — 1. We can apply
the result from [2] that R(P,, Ca;) = 2m + |n/2] — 1 for 2<n<2m. This implies that G — N[z] contains a Cay,.
So, there is an F,, in G with z as a hub (there is even a wheel on 2m + 1 vertices). [

3. Conclusion

In this paper we determined the exact Ramsey numbers for paths versus fans of varying orders. The numbers are
indicated in Table 1. We used different capitals to distinguish the results in the previous section that led to these numbers.
The shaded elements indicate open cases. For these cases we established nontrivial lower bounds and upper bounds for
R(P,, F,,;). We learned from one of the anonymous referees that Yunqing Zhang et al. established similar results in a
recent paper. We are not aware of the present status of this paper.
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Table 1
The Ramsey numbers for paths versus fans

Py
1]2]3]4]s5[el7]8]9]10]11]12][13][14] 15§
2falofo e g
sfalofo|n] e .
slalolo[n~IND T [ ]
s{alololININD 2 T 0 [ g
E 6JA|D|D|N[N]|N]|N A Ll fifae
mirzialp|p|[n[N][N]N o,
s]alp]ofcn~[L]N I
olalo[o|nN]|N][N]N
1ofa]o[p[n[N][N]N
1falp|[p|L{~n]N]N VANINY 7
lalo[oININININVZINY 7 NIND T
wBlalo[p[NIN][LININININTRPdNIND
1ulalpl[o|LININININIRILIND Z NN,
1s{alo|o|nNINININININYVANY V¥
16]a|p|p|N[N[N[NININDNIN[RPD
17la[p|D|L|N[N[N[N]N ND)
1sfalp[p[n[N]L N[N
1Al o[ o[N[NN]N]N]N /
20]alp|p|L[N[N|[N[N]N Y%
21 Al o[ o[~NININININTININTNTN )
2l Al p|D|N|N[NIN[NININ]PIN]P D]
2Bla[p[p[L[N[L|N]|N[N N NU W)
ua|alp[D|N[N[NINININD AN NYH
sl alo[o[N]IN]ININ]LINININD N
By 26§ A|D|D|L|{N|N|N|N|N|N[N
27l Al D] D|n[N[N]N[N[N]N]P
8l alp[o[N[N[LIN[N]N]N]N
Propositon 1 [A ] 1 29| a|p| DL N[N[N[N[N[N[N
sofalo]oNININTNININTNTN
Propositon 1 [ D | 2m+1 st|A|D|D|N|[N[N[N[N|N[N[N
falo]olLIn[NINLINT LTV B
Theorem 3 [0] 2n-1 sslalo| o[ N[N L]N]N[N]N]N N
safalp|p[N[N[N][N|N]|N]|N]N VN
Corollary 5 [L] 2m+n-1 s|alp[p|L[N[N[N[N[N|NINI N
sefalp[p|N[N[NINININ]N]N N N
Corollary 5 [~] 2m+n-2 s7|a|p|D|[N|[N[N[N[N[N[N[N[N[N][N][E
ssfalo]o|L|n[LIN|N]N]N]N P P
Corollary 7 (2] 2m+n-3 [A|D|D|N[N[N[N[L[N[N[N N P
sofa[o[o[n][N][N][N][N]N]N]N N N
sl alololLNIN]INININTLININ] N N
2l Al o[ o[N[N[N]N]ININININ]IN]N N
sl alo[o[N][N][L]N[NIN[N][N]N]N]N]NE
s alp[p|L[N[N|IN[N|N[N[N]N]RIN]E]
sslalo[o[N]N]ININININININTN] NN P
sl Al oo N]INININTLINININTNTNT LTV
st Al ool LINININTINTINTNINTNT N N
slalo[o[N[N]L]N]N[N[N][N]N]N N
sl alo[o[N]N]ININ]NINININTN]N]N] V]
) BN 1 I O I Y A Y R S R P
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