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Abstract

For a given multigraph H, a graph G is H-linked, if |G| > |H| and for every injective map
7: V(H) — V(G), we can find internally disjoint paths in G, such that every edge from uv in H
corresponds to a 7(u) — 7(v) path.

(€]

To guarantee that a G is H-linked, you need a minimum degree larger than 5+. This situation

changes, if you know that GG has a certain connectivity k. Depending on k, even a minimum degree
independent of |G| may suffice. Let 6(k, H, N) be the minimum number, such that every k-connected
graph G with |G| = N and 6(G) > §(k, H, N) is H-linked. We study bounds for this quantity. In
particular, we find bounds for all multigraphs H with at most three edges, which are optimal up to
small additive or multiplicative constants.

1 Introduction and notation

All graphs and multigraphs considered here are loopless. For concepts and notation not defined here we
refer the reader to Diestel’s book ([1]).

A separation of a graph G consists of two sets A, B C V(G) with AUB = V and no edges between
A\ Band B\ A. If |[AN B| = k then the separation is called a k-separation.

Now let H be a multigraph. A graph G is H-linked, if |G| > |H| and for every injective map
7 : V(H) — V(G), we can find internally disjoint paths in G, such that every edge from wv in H
corresponds to a 7(u) — 7(v) path. This concept generalizes several concepts of connectivity studied
before. If H is a star with k edges (or a k-multi-edge), then H-linked graphs are exactly the k-connected
graphs. If H is a cycle with k£ edges, then H-linked graphs are exactly the k-ordered graphs. Finally, if
H is a matching with k edges, then H-linked graphs are exactly the k-linked graphs.

The following are easy facts about H-linked graphs. Detailed proofs for Facts 1.1 and 1.2 can be
found in [5].

Fact 1.1. Let Hy and Hy be multigraphs and suppose that Ho is a submultigraph of Hy. Then every
Hi-linked graph is Ho-linked.

Fact 1.2. Let H, and Ho be multigraphs and suppose that one gets Ho from H through the identification
of two non-adjacent vertices, one of which has degree 1. Then every H1-linked graph is Hy-linked.

Corollary 1.3. Let H be a multigraph without isolated vertices. Then every |E(H )|-linked graph is
H-linked.

Fact 1.4. Let H be a multigraph with a k-multi-edge. Then, every H-linked graph is (|H| — 2 + k)-
connected.



The minimum degree required for a graph to be k-linked is well understood. Kawabarayashi, Kos-
tochka and Yu prove the following sharp bounds.

Lemma 1.5 ([4]). Let G be a graph on N > 2k vertices with minimum degree

NAZE=3 - jf N >4k —1

§(G) > S MEBE=5 - if 3k < N <4k — 2.
N —1, if 2k < N <3k -1
Then G is k-linked.

Note that the degree bounds above imply that the graph G is (2k — 1)-connected. Further, if G has
a (2k — 1)-separation (A, B), the bounds allow missing edges in G[A] and G[B] only inside A N B.
On the other hand, if G is 2k-connected, then an average (and thus a minimum) degree constant in N is
sufficient, the best known bound was found by Thomas and Wollan.

Theorem 1.6 ([6]). If G is 2k-connected and G has at least 5k|V (G)| edges, then G is k-linked.

For k& = 3, Thomas and Wollan strengthen this bound to a sharp bound. Given a graph G and a set
X C V(G), the pair (G, X) is called linked, if for every set {z1,...,zg,y1,...,yx} C X of 2k < | X|
disjoint vertices, there are k disjoint x; — y; paths with no internal vertices in X.

Theorem 1.7 ([7]). Let G be a graph, an let X C V (G) with | X| = 6. If G has no 5-separation (A, B)
with X C A and G has at least 5|V (G)| — 26 edges outside of G| X], then (G, X) is linked.

Corollary 1.8 ([7]). If G is 6-connected and G has at least 5|V (G)| — 14 edges, then G is 3-linked.
Corollary 1.9 ([7]). If G is 6-connected and §(G) > 10, then G is 3-linked.
Similarly, bounds have been known for a long time for the case k£ = 2.

Theorem 1.10 ([3]). Let G be a 4-connected graph, which is either non-planar or triangulated. Then G
is 2-linked.

Corollary 1.11. If G is 4-connected and ||G|| > 3|G| — 6, then G is 2-linked.
Corollary 1.12. [f G is 4-connected and §(G) > 6, then G is 2-linked.

In a sense, there is a rather sharp threshold for k-linked graphs. If x(G) = 2k — 2, then G is not
k-linked. If x(G) = 2k — 1, we need to give very strong (linear) degree conditions to guarantee that G is
k-linked. If k(G) = 2k, then weak (constant) degree conditions suffice. Our program is to study similar
behavior in the more general setting of H-linked graphs. In particular, we want to study the following
quantity.

Definition 1.13. Let H be a multigraph, and let k > 0. Choose N > k + 1 large enough, so that K" is
H-linked, and define

d(k,H,N) :=min{o € N> : every k-connected graph on N vertices with §(G) > § is H-linked}.

Due to the following simple fact, we will restrict our attention to multigraphs H without isolated
vertices for the rest of the paper.

Fact 1.14. Let H be a multigraph. Then 6(k +1, H Uv, N + 1) = §(k, H,N) + 1.

We can state some of the above Theorems and facts along the lines of our program.



Theorem 1.15. Let H be a connected bipartite multigraph with £ edges, where one of the two parts of
the bipartition contains only one vertex. Then
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5(k, H,N) = { 5 ], fork < £,
U )k, fork > .

Theorem 1.16.

§(k, 0 K2, N)
max{2¢ +2 —o(1),k} < &(k,£ K% N)

[N2037 4 (1), ifk < 20,
max{10¢, k}, ifk > 20
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Theorem 1.17.

5(k,3 K2, N) = [ME]+0(1), ifk<s6,
max{8 —o(1),k} < 6(k,3K?% N) < max{10,k}, ifk > 6.
Theorem 1.18.
§(k,2 K%, N) = [HH]+0(1), ifk<A4,
max{6 —o(1),k} < §(k,2 K% N) < max{6,k}, ifk > 4.

To get the lower bounds in Theorems 1.16, 1.17 and 1.18, construct a not ¢-linked but (2¢ + 1)-
connected graph from a planar, not triangulated 5-connected graph by adding 2¢ — 4 universal vertices,
which are connected to all other vertices of the graph. We will finish this section with a small new result.

Theorem 1.19.

(2], k<2
Ok, K*N) = § [M22] ik =2,
k, ifk > 3.

Proof. Let {z,y,2} C V(G). For k < 2, the statement is trivial, as only 2-connected graphs can be K3-
linked, and we need §(G) > & to guarantee x(G) > 2, in which case the lower bound for k = 2 gives
the result. For & = 2, let C' be a longest cycle in G containing {x, y}. Then, with a standard Dirac type
argument ([2]), |C| > 20(G) > 2NT+4. If z is on C, we are done. Otherwise, |N(z) N C| > 3, and z has
at least two neighbors on at least one of zC'y and yC'x, so we can find a cycle through z, y and z. On the
other hand, the graph consisting of three complete graphs on ¥ (rounded up or down appropriately)
vertices, each of them completely connected to two independent vertices, shows the sharpness of the
bound.

For k > 3, the statement is very easy again, as every 3-connected graph admits a cycle through any
three given vertices, and is thus & 3-linked. 0

Note that the only multigraphs with three edges we have not considered yet are P4, K2 U P3 and
K? U C?, where C? denotes two vertices connected by a double edge. We will find good bounds for
these graphs in the following three sections.

2 H=p
Let us start this section with a definition.

Definition 2.1. Let G be a graph, and let {a,a’,b,b',c,d'} C V(G). Then (G,{b,V'},{c, '}, (a,ad)) is
an obstruction if for any three vertex disjoint paths from {a,b,b'} to {d’, ¢, '}, one path is from a to a'.



Note that if G is a graph which does not contain a path through a,c,b,a’ € V(G) in this order,
we can construct an obstruction (Gpc, {b,V'}, {c, '}, (a,a’)) from G through addition of two vertices
{b', '} with N(b') = N(b) and N(c) = N(c). Thus, if we want to find bounds on §(k, P4, n), it will
be helpful to know the structure of obstructions.

Yu has characterized obstructions in [8]. We will be concerned mostly with connectivity k > 4, so
we will state his results here only for 4-connected graphs. In particular, we omit case (4) in the following
definition.

Definition 2.2 ([8]). Let G be a graph, and {a,b,b'},{d’,c¢,c'} C V(G). Suppose {a,b,b'} # {d’, ¢, '},
and assume that G has no proper 3-separation (G1, Ge) such that {a,b,b'} C Gy and {a,c,c'} C Ghs.
Then we call (G, (a,b,V),(d’,c,c')) a rung if one of the following is satisfied, up to permutation of
{b,b'} and {c, '}.

(1) a=dor{bb}="{c};

(2) b=cand (G —0b,V,d,d a)isplane;

(3) {a,b,V'}n{d,c,d} =0and (G,b,a,b,, d,c)isplane;

(5) H{a,b,v'}n{d,c,d} =0, (G,b,c,d,a) is plane, and G has a sepa-
ration (G1, G2), such that V(G1NG2) = {z,a} (or V(G1NG2) =
{z,d'}), {b,c,a,d'} C Gy, {V/,} C Go, and (Go2,V, ¢, z,a) (or
(Ga, b, d, 2)) is plane;

6) {a,b,t'} Nn{d,c,d} = 0, and there are pairwise edge disjoint
subgraphs G1, G and M of G such that G = G1 U G2 U M,
VGt M) = {u,w}, V(GonN M) = {p,q}, G1 N Gg = 0,
{a,b,¢} C Gy, {d,V,d} C Gy and (G1,a,b,c,w,u) and
(Ga,d', b, p,q) are plane;

(7) H{a,b,0'} N {d,c,d} = 0, and there are pairwise edge disjoint
subgraphs G1, G2 and M of G such that G = G; U G2 U M,
V(GiNnM) ={a,d,w}, V(GoN M) ={a,d,p}, V(GiNG2) =
{a,d'}, {b,c} C Gy, {V,d} C Gy, and (G1,b,c,d',w,a) and
(Ga, 'V, a,p,a) are plane;
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Definition 2.3 ([8]). Let L be a graph and let Ry, . .., Ry, be edge disjoint subgraphs of L such that
L (Ri, (vi-1,%i-1,Yi-1), (Vi, %4, yi)) is a rung for 1 < i <m,
2. V(R 0 Ry) = {vi, i, yi } N {vj—1, -1, yj-1} for L <i < j <m,

3. for0 < i <k < j<m, wehave (v; =v; = v =), (v; =5 = x; = xp) and
(Vi =y; = Yi=Ur)

4. L= (U, Ri) + S, where S C J" o {vizi, viyi, miyi }-
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Then we call L a ladder along vy . . . Up,.

Due to condition 4 in the last definition, we may assume that there are no edges in R;[v;—1, x;—1, Yi—1]
and Ri[vijxi,yi] for 1 < ) < m.

For a sequence S, the reduced sequence of S is the sequence obtained from .S by removing a mini-
mal number of elements such that consecutive elements differ. After these definitions, we are ready to
formulate the version of the characterization theorem for obstructions, restricted to 4-connected graphs.

Theorem 2.4 ([8]). Let G be a 4-connected graph, {a,b,b'},{d’,c,c'} C V(QG). Then the following are
equivalent.

1. (G,{b,c},{V, '}, (a,a)) is an obstruction,

2. G has a separation (J, L) such that V(J N L) = {wo,...,wy}, (J,wo,...,wy) is plane, and
(L, (a,b, V'), (d,c,d)) is a ladder along vy . . . vy, where vg = a, vy, = @’ and wy . . . wy, is the
reduced sequence of vg . . . Up,.

With the help of Theorem 2.4, we can determine fairly sharp bounds for §(k, P4, N).

Theorem 2.5.
5(k,P*,N) = [XH], ifk <3and N > 14,
VN+1 < 6(4,P4N) < VN+5,
VN +27 < 6(5,PY,N) < YN+4240(1)<VN+6,
6 < 06(6,P*,N) < 8,
5(6,P*, N) = 8, if N >418
5(k,P*, N) k, ifk>1.
Proof.

Case2.5.1. £ <3

If G has minimum degree 6(G) > - and a 3-separation (A, B), then G[A] and G[B] can have
missing edges only inside A N B. In this case, it is easy to check that G is P*-linked for N > 6. If G
has no 3-separation, then G is 4-connected and the result follows from the case k = 4 for N > 14.

To show that 6(k, P*, N) > |&| consider a graph G consisting of two complete graphs G and
G2 with |G| = [%1, |G| = LT+2J, and |G N Ga| = 2, and an additional edge p1p4 with p; €
V(G1 \ G2) and py € V(G2 \ G1). If we choose p3 € V(G \ G2) and po € V(G2 \ G1), then G
contains no path passing through p1, p2, p3, p4 in order.

Case2.5.2. k=4

First, we will construct a graph G demonstrating that §(4, P4, N) > /N + 1. Let § > 4. Let
Zi, 1 < i < § — 1 be complete graphs with |V (Z;)| = 0 + 1. Let {a;, b, i, y:} C V(Z;), where
a1 = bo, and otherwise the V' (Z;) are disjoint. Let V/(G) = {p1,pa} U UV (Z;), and add all edges
a;ibiy1, T;ixiv1, Yiyie1 for 1 < i < & — 2. Further, add the edge p1p4 and edges from p; to the first
6 — 1 vertices of the path P = bjbsasbs...bs_1a5_1, and from py4 to the last § — 1 vertices of P (see
Figure 2). Then §(G) = 4, G is 4-connected, and N = |V (G)| = §2. Further, there is no path containing
p1, Gs—1, b1, pg in order.

To show that §(4, P*, N) < v/N + 5, assume that G is a 4-connected graph on n vertices with mini-
mum degree § > 7 (the statement is trivial for & < 6), and assume that G contains vertices a, ¢, b, a’, but
no path contains the vertices in the given order. Then (G ¢, {b,0'}, {c, ¢'}, (a,a’)) is an obstruction and
has the structure described in Theorem 2.4. Let us focus on the structure of the firstrung By € L C Gy ...
Since N(b) = N(V'), types (3), (5), (5°), (6), (6), and (7) are not possible. If Ry is of type (2) or (2°),



Figure 1: The graph G in Case 2.5.2

then it is in fact also of type (1) by the same reasoning. Since G is 4-connected (and G is obtained from
Gh, by contracting {b, b’} and {c, '}), we can conclude that Ry is of type (1) with {b,0'} = {z1,41}
and V(Rl) = {a, b, b/, ’()1}.

Similarly, R,, is of type (1) with V(R,,) = {d/, ¢, ¢, v—1}. Thus, a and o’ each have no neighbors
outside of J U {b,V', ¢, ¢’} (and thus, each of them has at least § — 1 neighbors in .J). We may assume
that aa’ € E(J), otherwise we can add it. Due to Euler’s formula, all triangles in .J are facial, so

[V(J)| > |N(a)UN(a')| >2(6§ —1) — [N(a) N N(a")| > 25 — 3.
Therefore, again with Euler’s formula, J has a lot of outgoing edges.
[E(J, G\ J)| Z 6|V ()| = (6]V(J)] —12). (D

For every 1 < j < m — 2, there are at most two vertices in V(L) N N (vj) N N(vjt1) N N(vj42) due
to the ladder structure of L. Every other vertex in V(L) has at most two neighbors in V' (.J). Noting that
[V(J)| >mnand |V(LNJ)| =n+ 1, we have

21V(L)| > |E(J,G\ J)| —2n+2> 8|V (J)| — 8|V (J)| + 14 > 26% — 196 + 38,

and thus N > (6 — 5)2. This shows the claim for k = 4.
Case2.53. k=5
Construct the graph G as follows (see Figure 2). Let

1
P = pipap3pa,
2 1 §-3 _ 14,2 §—2 _ 14,2 5—2 _ 1 5-3
PT o= (T =)y (T =)y (5T = )Ty
3 1 §—4 _ 1\, 2 -3 _ 1 5—4
P° = vy, (v 1 = U 2)’01 2 (7)1,2 = 01,3) s Uy 53
be paths, let le Ly (Zf]g = Zi,),.. ZZE32 be complete graphs on ¢ 4 1 vertices each with
k+1 _k+1
Ufj,wf], zJ,y”, ” € V(Zk)and{w”, Zj} = {%j , lj bfor1 <i<4,1<j<§—2,and

6— 0—4 6—3, 6—4
1<k<§-3. Addedgespzr r! v”,plyll, plzll, 7"11/117 7"121 1,p4w45 32 PATy 5 3, T4 Wy g

and 7"6 ij 54 3-
Then 5(G) = §, G is 5-connected, and N = |V (G)| = 40% — 3362 + 840 — 58 < 4(6 — 2.7)3.
Further, there is no path containing p3, p1, ps4, pe in order. Therefore, §(5, P N ) > ¢ % + 2.7.

To show the upper bound for §(5, P*, N), assume that G is a 5-connected graph on N vertices
with minimum degree § > 7 (the statement is trivial for § < 6), and assume that GG contains vertices
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a, ¢, b, d’, but no path contains the vertices in the given order. Then (Gy ., {b,0'}, {c, '}, (a,d’)) is an
obstruction and has the structure described in Theorem 2.4. By the same argument as in Case 2.5.2, we
can conclude that the first rung Ry C L C Gy is of type (1) with {b,b'} = {x1,y1} and V(R;) =
{a,b,b',v1}.

But since d(b) > 6 and G (and thus Gy, ) is 5-connected, we have in fact that for 1 <7 < § — 3,
V(R;) = {vi—1,v;,b,b'}. Similarly, V(R;) = {vi—1,vi,¢, '} for m — 6 + 4 < i < m. Further, for
1 <@ < m, R; is either of type (1) with v;_; = v; or V(R;) = {vi—1, Ti—1,Yi—1, Vi, i, y; }. Otherwise,
we could find a 4-cut, or there would be a contradiction to Euler’s formula in one of the planar subgraphs
inside R;.

Next, we will look at N(a) N L. If av; € E(Gy,) for some 2 < i < m — 1, then {a, v;, z;,y;} is a
4-cut of Gy, 50 N(a) N L C {1, vy, b, b'}. Similarly, N(a’) N L C {vg, Um-1,¢, c'}. Therefore,

Figure 2: The graph G in Case 2.5.3

(N(a)UN(a)\L| >2(6-3)—1=25—71.
Observe that V' (J) U {b, ¢} induce a planar graph. The vertices in
(N(@)UN (@) \LU{v1,... 0563, Vm—5+4y---Vm—1}

induce a subgraph of a path, as otherwise G[V (J) U {b, c¢}] would contain a separating cycle of length at
most 6, which would lead to a contradiction with Euler’s formula. This implies that

V(J)| > (40 — 10)(6 — 3) + 4 = 46% — 226 + 34.

Forevery 1 < j < m — 1, if v; # wvjy1, then V(L) N N(v;) N N(vj41) € {zj,y;} due to the
ladder structure of L. Every other vertex in V(L) has at most one neighbor in V' (J). Noting that
[V(J)| >m+25—T7and |V(LNJ)| =n+1, we have (using (1))

V(G)| > [E(J,G\ J)| = 2(m = 1)+ |[V(J)| = 8]V ()] = TI[V(J)| + 46 > 4(5 — 6)°,

and thus §(5, P*, N) < {/4 + 6. The last inequality also gives us [V (L)| > 4(§ — 4.2)? for § > 50, so
§(5, P4, N) < /& +4.2+40o(1).
Case2.54. k=6

It follows from Theorem 1.6 that §(6, P*, N) < 10, but we can do a little better. First, we will
construct a 6-connected graph G' with §(G) = 7, which is not P*-linked. This is a graph very similar to
a graph constructed by Yu in [8], although there he falsely claims that this graph is 7-connected.

Choose n large enough to be able to construct a 3-connected plane graph (J, wo, . . ., w;,) along the
lines of the construction in Case 2.5.3. Add a ladder L along J N L = wowy ...w, as follows. Add



vertices z, y, and x;, y; for 6 < i < n — 5, and edges zw;, yw,—; for 0 < j < 4, xwe, TY6, WaTs,
W4Y6, W5T6, W5Y6s YTn—55 YYn—5> Wn—4Tn—5, Wn—4Yn—5, Wn—5Tn—5, Wn—5Yn—5, and all possible edges
in {w;, T, Yi, Tit1,Yiv1} for 6 < i < n — 6 (see Figure 3).

If we construct J carefully, then G is 6-connected and has §(G) = 7. But there is no path through
p1 = wo, P2 = Y, p3 = T, pg = wy, in order. This construction works for N = 394, and with slight
adjustments for all N > 418. Note that {x;, y;, w;, Wit1, Tit2,Yiro} isab-cutfor6 <i <n—7,50 G

is not 7-connected.
ST

AN

AV

Figure 3: The graph G in Case 2.5.4

To conclude that §(6, P*, N) < 8, assume that there is a 6-connected graph G with §(G') > 8, which
is not P4-linked, i.e., (G, {b,0'}, {c, '}, (a,a’)) is an obstruction for some a, a’, b, ¢ € V(G), and has
the structure given by Theorem 2.4.

Following the same arguments as in Case 2.5.3, we can see that V (R;) = {v;—1, Ti—1, Yi—1, Vi, Ti, Yi }
for 1 < i < m, while {x;,y;} = {b,0'} and {zp—i, ym—i} = {c,} for 0 < i < 5. We now intro-
duce two new types (8) and (8’) of rungs (R, (a,b,b'),(a’,c,c)). Note that these rungs have proper
3-separations, as opposed to all other types.

Q) [{a,bV,d,c,d} =6,and N(a) C {d',,b'};
&) [{a,bV/,d,c,d}| =6,and N(a') C {a,c,}.

In fact, these types of rungs are each two rungs of type (1) in a row, so Theorem 2.4 is still valid if
we allow them. But we will use this notation in the following arguments.

Without loss of generality we may assume that v; # v;41 for 1 < ¢ < m — 1. Otherwise, ei-
ther (G[V(R; U Rit1)], (Vi—1,%i—1,Yi—1), (Vit1, Tit1,Yir1)) is a rung (possibly of type (8) or (8°)),
N(xi1) € {vis T4, Yir Yir1, Vi, Tit2, Yir2}> OF N(yir1) € {vi, Ti, Yi, Tit1, Vig2, Tiv2, Yit2}, contra-
dicting 6(G) > 8. Similarly, we may assume that vy # vy.

Assume that N (v;) NV (J) C {v;—1,vi+ 1,u} forsome 1 <i < m —1and some u € V(J). Then
{xi, yi} §Z {xi_l, Yi—1, Tit1, yi+1} since d(vz) > 8. This implies that x;, y; ¢ {.7}1'_1, Yi—1, Tit1, yi+1},
since d(x;),d(y;) > 8, and in fact N(z;) \ vi = N(vi) \ i = {vic1, Ti1, Yi—1, Vi, Vit1, Tit1, Yit1}-
But since d(v;) > 8, N (v;) N{xi—1,Yi—1, Tit1, Yi+1} 7# 0, but this contradicts the fact that L is a ladder.
Therefore, every v; has at least 4 neighbors in V'(J). But this impossible by a simple application of
Euler’s formula.

Case255. k>7

We only need to show that every 7-connected graph is P*-linked, the other bounds follow from
Case 2.5.4. We show the slightly stronger statement that obstructions are at most 6-connected.

Let (G, (a,b,b"),(a’,c,c')) be an obstruction, and suppose that G is 7-connected. Following the
same arguments as in Case 2.5.3, we can see that V(R;) = {vi—1,%i—1,¥i—1, Vi, Ti, y; } for 1 < i < m,
while {z;, y;} = {b,b'} and {xy—i, ym—i} = {¢, ¢} for 0 < i < 3.



Without loss of generality we may assume that v; # v;41 for 3 < ¢ < m — 4. Otherwise, ei-
ther (G[V(R; U Rit1)], (Vi—1,%i—1,%i—1), (Vit1, Ti+1, Yi+1)) is a rung (possibly of type (8) or (8”)) or
{vi, i, i, Vigo, Tigo, yipa} is a cut set.

Assume that | N;(v;)|, [Nj(vig1)| < 3 for some 2 < i < m — 2. We will consider

S ={zi, i, Tit1, Vix1 } \ {@i—1, Vi1, Tiv2, Vit }-

To start with, S # (), otherwise either d(v;) < 7, d(vi+1) < 7, or L is not a ladder. If there is an
edge from v;_; into S, then v;z;—1,v;y;—1 ¢ E(G), otherwise R; is not a rung. As d(v;) > 7,
H{xi, ¥i, Tit1, Yit1}| = 4 and {x;, i, Tit1,¥i+1} C N(v;). This implies that there is no edge from
vi+1 to {x;,y;}, otherwise R;11 is not a rung. But now, {v;_1,%;_1,yi—1,vi, Tit1,Yi+1} is a cut set, a
contradiction. Thus, there is no edge from v;_; into S. Similarly, there is no edge from v;2 into S. But
this implies that {z;_1, y;—1,vi, Vi+1, Ti+2, Yi+2} is a cut set, a contradiction. Therefore, at least one of
|Nj(vi)l, |Nj(vit1)| must be greater than 3 for 2 < ¢ < m — 2.

Now consider J and C' = J N L. Without loss of generality we may assume that C' is in fact a
cycle, otherwise we may add the missing edges, and the resulting graph is still an obstruction. Since G
is 7-connected, C' has no chords, and J \ C' is connected. Let B be an end block of J\ C, and z € V(B)
the only cut vertex of J \ C in B (if B # J \ C). B inherits a plane embedding from the embedding
of J, and all the vertices on the outer face of this embedding (other than x) have degree dp(v) > 4 in
B by the argument in the last paragraph (and thus |V (B)| > 5 and dg(z) > 2). Suppose there are k
(including x) vertices on the outer face, and ¢ vertices not on the outer face. For those internal vertices,
we have dp(v) = d(v) > 7. If we now connect all vertices on the outer face with an additional vertex y,
the resulting graph B’ is still planar. But

4k + 70 — 2
\E(B)| > % k> 3(k4L4+1)—4>3[V(B) -6
contradicting the planarity of B’. 0
3 K*up’
Theorem 3.1. Let N > 29. Then
§(k, K> U P3 N) (221 ifk < 3,
5(4,K2uP3 N) = [NH],
Nl 4225 < §(5,K2UP3 N) < V3N +4,
6 < 8—o(l) < §(6,K2UP3 N) < 10,
E < 6(k,K?UP3 N) < max{k, 10}, ifk > 1.
Proof.
Case3.1.1. £ <3
By Fact 1.4, every K2 U P3-linked graph is 4-connected. This implies that 6(k, K? U P3, N) >
(N +2 1 Equality follows from the next case as every graph with minimum degree [ ;r ] is 4-connected.

Case 3.1.2. £k =14

To show that §(4, K? U P3,N) > | ¥| consider a graph G consisting of two complete graphs G
and G with |G| = [N+2] |G | = [&F2], and |Gy N Ga| = 2, and two additional edges p2b, p1a
with pa,a € V(G1 \ G2) and p1,b € V(G2 \ G1). If we choose ps € V(G2), then G contains no
(K? U P3)-linkage consisting of a a — b path and a p; — pa — p3 path.



Now let G be a 4-connected graph on N vertices with minimum degree 6(G) > (%1 If G is
5-connected, then G is K2 U P3-linked by the next case, so we may assume that G’ has a 4-separation
(A, B). If N is even, then |A| = |[B| = Y32, and G[A] and G[B] can have missing edges only inside
AN B. Such a graph can easily be seen to be (K2 U P3)-linked.

If NV is odd, then we may assume that |A| = 242 and |B| = 22, Again, G[A] is complete up to
some missing edges inside A N B. Further, G| B] can only miss a matching and then some edges inside
A N B. In particular, there exists a matching with four edges between B \ A and A. Such a graph can
easily be seen to be (K2 U P3)-linked: given vertices a, b, p1, pa2, p3 € V(G), find a shortest p; — pa — p3
path using the fewest possible vertices in A N B and none of a, b such that the remaining graph is still
connected.

Case3.1.3. k=5

For the lower bound, we will construct a graph similar to those in the proof of Theorem 2.5. Let 6 >
5. Let Z;, 1 < i < 25—7 be complete graphs with |V (Z;)| = 0+1. Let {v;, x;—1,vi—1, xi, yi } C V(Z;),
and otherwise the V' (Z;) are disjoint. Let V(G) = {a,p2} U UV (Z;), let p1 = x95—7, p3 = yas—7 and
b = xo. Add the edges ap;, bp; for 1 < i < 2, payo, avas_¢—j, p2vj for1 < j <6 — 3, and v;v;41 for
1 < j <2 — 8 (see Figure 4).

Figure 4: The graph G in Case 3.1.3

Then 6(G) = 6, G is 5-connected, and N = |V (G)| = 262 — 96 + 11 < 2(§ — 2.25)? + 1. Further,
there is not an a — b path and a p; — p — p3 path, which are disjoint. Therefore, §(5, K2 U P3, N) >
V25t +2.25.

For the upper bound, we will first show the following claim.

Claim 1. Let G be a graph with minimum degree 6 = 6(G) > 8, let X = {a,b,p1,p2,p3} C V(G).
Suppose that G has no 4-separation (A, B) with X C A. Suppose that G does not contain disjoint a — b

and p1 — p2 — p3 paths, and suppose that no edge can be added without destroying this property.
Then for every 5-separation (A, B) with X C A and py ¢ B, AN B induces a K°.

For the sake of contradiction, choose a 5-separation (A, B) with X C A and p» ¢ B, for which
G[A N B] is not complete, such that B is minimal. But now it is easy to see that (B, A N B) is linked
(you may apply Theorem 1.7 to G[B] + x, where the added vertex x is joined to every vertex, concluding
that (G[B] + z, (AN B) U {z}) is linked). This shows that adding edges within A N B will not create
disjoint a — b and p; — pa — p3 paths, showing the claim.
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Next, let N > 29, § = §(G) > V3N + 5 and consider the set S of all 5-separations (A, B) with
X C A, ps ¢ B, and B is maximal (i.e., there is no such separation (A’, B") with B C B’). For every
such separation, CANA.

Let

&\ |J B,B:= |J 4AnB.

(A,B)eS (A,B)eS

Note that |B] < 5|S| < 5%. Consider the graph G’ obtained from G|[.A U B] by adding a vertex
ph with N (pl,) = N|[ps]. Note that G’ has no 5-separation (A4, B) with X U p}, C A.

%\/Nandé > /3N +4)
|E(G")| = S(JA| + 1) + 3|B| > 5| A + 5|B] — 9 = 5|V(G’)| — 14.
If 6 < |A] <0, then

|E(G")] = (6 — 5 AN (Al +1) +2/B|
> (|A| — 4)V3N — (Al + 1) + 5[4 + 58] - 9
> 5|A| +5|B| — 9 =5|V(G)| — 14.
Therefore, (G', X Upl,) is linked by Theorem 1.7, and we can find the desired linkage in G, a contradic-
tion. Thus, |A] < 5.

Finally, if |A| < 5, note that if ps has more than 3 neighbors in some B, then G’ contains a K% and
o (G', X Up)}) is linked, a contradiction. Thus,

N—JAUB]

§—4 7
contradicting the fact that § > v/3N + 4. This shows that §(5, K? U P3, N) < v/3N + 4 for N > 29.
Case3.14. £ > 6

The lower bound for §(k, K2 U P3, N) follows from Theorem 2.5, the upper bound follows from
Theorem 1.7.

§—4<|N(p)NB| <3|S| <3

O]

4 K?2UC?and PPU P?

By Fact 1.2, every (K2 U P3)-linked graph is (K2 U C?)-linked. Thus, all the upper bounds in Theo-
rem 3.1 apply to 6(k, K2 U C?, N) as well. As for lower bounds, note that all the examples in the proof
of Theorem 3.1 with k& < 5 yield the same lower bounds for §(k, K2 U C?, N) (none of them contains
a disjoint a — b path and a cycle through p; and p2). For k = 6, we can employ again the example in
Case 2.5.4 in the proof of Theorem 2.5, and note that this graph does not contain a disjoint p; — p2 path
and a cycle through ps3 and p4. Therefore, we have the following theorem.

Theorem 4.1. Let N > 29. Then

§(k, K?UC% N) = [X£2], ifk <3,
5(4,K2UC? N) = [EH],
Nel 4225 < 6(5,K2UC%N) < V3N +4,
6 <8—o(l) < §(6,K2UC? N) < 10,
k< 6(k,K?UC? N) < max{k,10}, ifk>T.
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Now that we have considered all multigraphs with up to 3 edges, let us consider graphs H with 4
edges. We can prove the following theorem about H = P3 U P3,

Theorem 4.2. Let N be large enough.Then

5(6,PPUP3 N) = [Nf2],
V3524325 < §(7,PPUP? N) < V5N +6,
8 < §(8,PPUP3 N) < 40

Proof. For the upper bounds, we use Theorem 5.1 and that §(k, P32 U P3, N) < §(k,2K? U P3, N) by
Fact 1.2. For the lower bounds we find examples.

Cased4.2.1. k=6

Let G consist of two complete graphs G and Go with |G1| = [2F2], |Gs| = | YF2], and |G1 N
G2| = 3, and three additional edges p1q1, p2q2, p3gqs withp; € V(G1\ G2) and g; € V(G2 \ G1). Then
G contains no (P3 U P3)-linkage consisting of a p; — go — p3 path and a ¢; — p2 — g3 path.

Cased4.2.2. k=7

Letd > 7. Let Z;, 1 <i <20 — 9, be complete graphs with |V (Z;)| =6 + 1.
Let {vi, %i—1,Yi—1,zi—1,%i,Yi, 2zi} C V(Z;), and otherwise the V(Z;) are disjoint. Let V(G) =
{p2, 02} UUV(Z:), let p1 = x25-9, p3 = Y2s-9, @1 = ¥o and g3 = yo. Add the edges p;g; for
1 <4 < 3, p1p2, p2p3, P2226-9> 4142, G243, G220, q2V;, P2vas—s—j for 1 < j < 6 — 4, and v;v;41 for
1 <5 <26 — 10 (see Figure 5).

Figure 5: The graph G in Case 4.2.2

Then 6(G) = 4, G is 7-connected, and N = |V (G)| = 262 — 135 + 23 < 2(§ — 3.25)% + 2.
Further, there is not an p; — g2 — p3 path and a q; — p2 — ¢3 path, which are disjoint. Therefore,

5(7,PPUP3 N) > /22 4 3.25.
O

5 Bipartite // with small components

Very similarly to Theorems 3.1 and 4.1, we obtain the following result.
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Theorem 5.1. Let N be large enough, ¢ > 1 and H € {¢ K? U P3¢ K?> U C?}. Then

5(20+1,H,N) = [Nt1]
520+ 2, HN) = [N

VI 1001025 < SQ0+3HN) < JRITDN 4242,
W44 < S2+4,HN) < 10(0+2).

Proof. The proof follows arguments very similar to the proofs of Theorems 3.1 and 4.1, and is left to the
reader. The only inequality we elaborate on here is the lower bound for k£ = 2¢ 4 3. For this, add 2¢ — 2
vertices to the bounding graph in Theorem 4.1, and connect them with all other vertices. Making these
new vertices the terminals of the extra K %s it is easy to see that this graph is not (¢ K2 U C?)-linked. [

6 Conclusion and open questions

We have determined §(k, H, N') for all H with up to three edges, up to some small constant factors. In
every case, 6(k, H, N) = ©(N'/%). Is this the case for all k and H?

We know 6(k, H, N') only for few H with more than three edges. Very interesting should be the
cases H = C* (as almost always), H = K? U Kiszand H = K2 U P*. In the last case, we know for
sufficiently large IV (with a proof similar to Theorem 4.2) that

56, K2UPY N) = [HF2],

2
§(7, K2U P* N) V5N + 6,

VN —-2+47 < <
8 < (8, KZUP* N) < 40,

but this leaves quite a gap between the bounds for §(7, K? U P4, N).
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