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LANTERN SUBSTITUTION AND NEW SYMPLECTIC
4-MANIFOLDS WITH b," =3

ANAR AKHMEDOV AND JUN-YONG PARK

ABSTRACT. Motivated by the construction of H. Endo and Y. Gurtas, changing a pos-
itive relator in Dehn twist generators of the mapping class group by using lantern sub-
stitutions, we show that 4-manifold K3#2CP? equipped with the genus two Lefschetz
fibration can be rationally blown down along six disjoint copies of the configuration
C3. We compute the Seiberg—Witten invariants of the resulting symplectic 4-manifold,
and show that it is symplectically minimal. Using our example, we also construct an
infinite family of pairwise non-diffeomorphic irreducible symplectic and non-symplectic
4-manifolds homeomorphic to M = 3CP?#(19 — k)CP? for 1 < k < 4.

1. Introduction

There is a beautiful interplay between the algebra and the topology when one studies
a Lefschetz fibration structure on a smooth 4-manifold. To every Lefschetz fibration
over S?, one can associate a factorization of the identity element as a product of
positive Dehn twists in the mapping class group of the fiber, and conversely, for such
a factorization in the mapping class group, there is a corresponding Lefschetz fibration
over S? [18]. By the remarkable work of Donaldson [10,11], every closed symplectic
4-manifold admits a structure of Lefschetz pencil, which can be blown up at its base
points to yield a Lefschetz fibration. Conversely, Gompf and Stipsicz [18] showed that
if ¢ > 2, then the total space of a genus g Lefschetz fibration admits a symplectic
structure. As one changes the identity word by conjugations and relations of the
mapping class group, the corresponding Lefschetz fibration also changes topologically.
There are many efforts in trying to understand what all the relations in the mapping
class groups mean topologically. One of the well understood relations is the lantern
relation, which corresponds to the symplectic operation of rational blowdown [12,14].

In this paper, we start with the genus two Lefschetz fibration on K3#2CP? over S?
with global monodromy given by the relation 9 = (te te,testeste, )® = 11in the mapping
class group M, of a closed genus two surface, where each ¢; is a simple closed curve as
in Figure 5 and ., is a right-handed Dehn twist along the curve ¢;, i =1,...,5. We
factorize the monodromy of the given Lefschetz fibration by a series of conjugations
and braid relations to get a word upon which we can perform six lantern relation
substitutions. Applying these lantern substitutions change the total space of our Lef-
schetz fibration topologically as a six rational blowdowns on K 3#2CP2. Furthermore,
using the Seiberg—Witten invariants, we show that the resulting symplectic 4-manifold
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is homeomorphic but not diffeomorphic to 3CP?#15CP? and symplectically minimal.
We would like to point out that the goal of this paper is not to construct exotic
smooth structures on very small 4-manifolds with b,™ = 3, but rather to use the
lantern relation substitutions to study smooth structures on various 4-manifolds. The
study of exotic 4-manifolds with small Euler characteristics has been carried out by
the first author and Park in [1-3].

In the following three sections, we present some background material and recall
some results which will be needed in this paper. Section 2 discusses some well-known
relations in the mapping class group, which will be used in our computations and
study. In Section 3, we give a brief background information on Lefschetz fibrations,
provide some examples that will be used to illustrate discussions in the paper and
prove various results that will be needed in the sequel. In Sections 4 and 5, we recall
the rational blowdown technique of Fintushel and Stern, provide the theorem proved
by H. Endo and Y. Gurtas relating the lantern substitution to the rational blowdown
operation, state results of R. Gompf on rational blowdown along smooth —4 sphere
and discuss the knot surgery operation of Fintushel-Stern, respectively. Finally, in
Section 6, we prove our main theorems.

2. Mapping class groups

Let ¥, denote a two-dimensional, closed, oriented and connected surface of genus
g > 0 surface.

Definition 1. Let Diff " (X;) denote the group of all orientation-preserving diffeo-
morphisms ¥, — Y, and Diff (Xg) be the subgroup of Diff " (X,) consisting of all
orientation-preserving diffeomorphisms ¥, — ¥, that are isotopic to the identity.
The mapping class group M, of ¥, is defined to be the group of isotopy classes of
orientation-preserving diffeomorphisms of ¥, i.e.,

M, = Diff " (%) /Diff§ (Zg).

Definition 2. Let a be a simple closed curve on ¥,. A right-handed Dehn twist t,
about « is the isotopy class of a self-diffeomorphism of ¥, obtained by cutting the
surface ¥, along o and gluing the ends back after rotating one of the ends 27 to the
right.

Notice that the conjugate of a Dehn twist is again a Dehn twist. Indeed, if f :
Yy — X, is an orientation-preserving diffeomorphism, then it is easy to check that
fotaof™t = tf(a)- Next, we briefly mention some relations that hold in the mapping
class group M. This elementary fact and relations will be used quite often in our
computation in Section 6.

2.1. Commutativity and braid relation. Let o and § be two simple closed curves
on Y.

Lemma 3. If a and 8 are disjoint, then we have the following commutativity relation:
tatg = tgta. If a and B transversely intersect at a single point, then the corresponding
Dehn twists satisfy the following braid relation: totgta = tgtats.

For a proof, see [20].
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FIGURE 1. Lantern relation.

2.2. Lantern relation. Let ¥ 4 be a sphere with four boundary components.

Lemma 4. If §1,02,03 and 64 are the boundary curves of X9 4 and o, 3 and v are
the simple closed curves as shown in Figure 1, then we have

tytpta = ts ts,ts,ts,,
where ts5,, 1 < i <4, denote the Dehn twists about 6;.

For a proof, see [20].
This relation was known to Dehn. Later on it was rediscovered by D. Johnson and
named as lantern relation by him [20]. For more results on lantern relation, see [21].

3. Lefschetz fibration

Let us first recall the definition of Lefschetz fibration.

Definition 5. Let X be a compact, connected, oriented, smooth 4-manifold. A Lef-
schetz fibration on X is a smooth map f : X — X, where X, is a compact, oriented,
smooth 2-manifold of genus h, such that f is surjective and each critical point of f has
an orientation-preserving chart on which f : C2 — Cis given by f(21,22) = 2124202

It is a corollary of the Sard’s theorem that f is a smooth fiber bundle away from
finitely many critical points, say pi,...,pg. The genus of the regular fiber of f is
defined to be the genus of the Lefschetz fibration. If a fiber passes through critical
point set p1,...,pg, then it is called a singular fiber which is an immersed surface
with a single transverse self-intersection. A singular fiber can be described by its
monodromy, an element of the mapping class group M, where g is the genus of the
Lefschetz fibration. This element is a right-handed Dehn twist along a simple closed
curve on %, called the vanishing cycle. If this curve is a non-separating curve, then the
singular fiber is called non-separating, otherwise it is called separating. For a genus
g Lefschetz fibration over S2, the product of right-handed Dehn twists t,, along the
vanishing cycles «;, for i = 1,...,k, gives us the global monodromy of the Lefschetz
fibration, the relation to, - ta,,...,tq, = 1 in M,. Conversely, such a relation defines
a genus g Lefschetz fibration over S$? with the vanishing cycles a, ..., ay.
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Let ¢1, co, c3, ¢4 and c5 be the simple closed curves as in Figure 5. For convenience,
we shall denote the right-handed Dehn twists ¢., along the curve ¢; by ¢;. It is well-
known that the following relations hold in the mapping class group Ms:

(01020304052640302c1)2 =1,
(3:-1) (creaeseacs)® =1,

(61020304)10 =1.

For each relation above, we have a corresponding genus two Lefschetz fibrations
over S? with total spaces CP?#13CP?, K3#2CP?, and the Horikawa surface H, re-
spectively. In this paper, we will consider genus two Lefschetz fibration on K 3#2CP?
with global monodromy (cjcaczcqacs)® = 1.

The following result is well-known. For the convenience of the reader, we sketch
the proof.

Lemma 6. The genus two Lefschetz fibration on K3#2CP? over S? with the mon-
odromy factorization (cicacacacs)® = 1 can be obtained as the double branched covering
of CP?4#CP? branched along a smooth algebraic curve B in the linear system |61~L|,
where L is the proper transform of line L in CP? avoiding the blown-up point.

Proof. We closely follow the proof of Lemma 3.1 in [4], see also the discussion in [5]. Let
D denote a degree d algebraic curve in CP2. Fix a generic projection 7 : CP?\pt — CP!
whose pole does not belong to D. According to the work of B. Moishezon and M.
Teicher, the braid monodromy describing a degree d branch curve D in CP? is given
by a braid factorization. In fact, it is shown that the braid monodromy around the
point at infinity in CP', which is given by the central element A% in By, can be
written as the product of the monodromies about the critical points of the projection
map 7. More precisely, the following factorization A% = (oy...04_1)¢ holds in the
braid group By, where o; is a positive half-twist exchanging two points, and fixing
the remaining d — 2 points.

We first degenerate the smooth algebraic curve B in CP2#CP? into a union of six
lines in a general position (see Figure 2). The braid group factorization corresponding
to the configuration B is given by A? = (0102030405)%. By lifting this braid fac-
torization to the mapping class group of the genus two surface, we obtain that the
monodromy factorization (cjcaczcacs)® = 1 for the corresponding double branched
covering,.

Notice that a regular fiber of the given fibration is a two-fold cover of a sphere
with homology class f = h — ey branched over six points, where h denotes the hyper-
plane class in CP2. Thus, a regular fiber is a surface of genus two. The exceptional
sphere e; in CP2#CP?, which intersects f = h — e; positively at one point, gives
rise to two disjoint —1 sphere sections to the given genus two Lefschetz fibration
on K342CP?. O

Below we prove key proposition, which plays an important role in the proof of our
main theorems. The following proposition also gives an alternative and convenient
way of thinking the genus two Lefschetz fibration on K3#2CP? over S? with the
monodromy (c;caczcacs)® = 1.
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FIGURE 2. Branch locus for K3#2CP2.

Proposition 7. The genus two Lefschetz pencil on K3 with two base points given
above can be constructed by symplectic fiber summing two copies of E(1) = CP?#9CP?
along a regular torus fiber.

Proof. Since the fiber of the elliptic fibration on E(1) = CP2#9CP? is a blow up of a
generic cubic curve in CP2, its homology class is equal to f =3h —e; —eg — - -+ — eg,
where h denotes the hyperplane class in CP? and e; is the homology class of the
exceptional sphere of the ith blow up. We first consider the pencil of lines in CP? all
passing through the fixed point p; away from the cubic curve C' in CP2. Observe that
each generic line L, which is a sphere of self-intersection 1, in this pencil intersects the
cubic curve C' at three distinct points by Bezout’s theorem. Furthermore, by applying
the Riemann-Hurwitz formula to the restriction of the map 7 : CP?\p; — CP! to C,
we compute the degree of the ramification divisor R: deg(R) = 2¢(C)—2—3(2g(CP")—
2) = 6. Consequently, for a generic smooth cubic C, there are exactly six lines in the
pencil above that are tangent to C.

Next, we choose the regular torus fiber F' along which the fiber sum of two copies
of E(1) = CP?#9CP? will be performed. Since the generic elliptic fiber of E(1) =
CP2#9CP? intersects the lines of the corresponding pencil at three points (see Fig-
ure 4), the generic line of the pencil in each E(1) intersects the boundary of E(1)\v(F)
in three disjoint circles. We choose a gluing diffeomorphism 1 = idp x (complex con-
jugation), that identities these circles as in Figure 3 to obtain a pencil of genus two
curves in F(2) = K3 surface. Since the pencils in each copy of E(1) are holomorphic
and the gluing map on the boundary 3-torus is identity on the elliptic fiber, the re-
sulting genus two pencil is holomorphic as well. By holomorphically blowing up this
genus two pencils at base points of the pencil p; and ps in K3 surface, we obtain
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FIGURE 3. A genus two surface via fiber sums of E(1).

the genus two holomorphic fibration on K3#2CP2. This holomorphic fibration has
six singular fibers resulting from the gluing of six tangent lines mentioned above in
each copy of E(1). These singular fibers are not a Lefschetz type, and each singularity
is topologically a sphere. Furthermore, using the analysis of the singular fibers, we
see that each singular fiber can be perturbed into five Lefschetz type singularities
with non-separating vanishing cycles (see the braid monodromy discussion in [4], p.
5). Finally, using the result of Siebert and Tian, Theorem A in [23], on holomorphic-
ity of genus two Lefschetz fibration, we see that the fibration is isomorphic to the
one given in Lemma 6. The isomorphism of fibrations also follows from the proof of
Lemma 6 (see also discussion in [4], p. 5) by considering the degree, and the braid
monodromy of the ramification divisor. First, we view the fiber sum of two copies of
E(1) as a two-fold ramified branched cover of E(1) along the smooth divisor in the
class 6h —2e3 —2ep —- - —2e9 = 2Fp(1) = 2(—Kpg(1)), twice the anticanonical divisor
of E(1). A pencil of lines in CP? with one base point gives rise to a pencil of lines
in E(1) with one base point assuming that we blow up the pencil nine times away
from the basepoint. Since a generic line in the pencil, which has class h, intersects
the ramification divisor 6h — 2e; — 2e5 — - - - — 2eg at six points, it determines a genus
two pencil under two-fold cover. Notice that the braid monodromy of a smooth plane
curve of degree six (i.e., of a ramification divisor), can be computed by degenerating
it into the union of six lines in generic position and given by (cicaczescs)® =1. O

Remark 8. This description of the genus two pencil allows us to see rim tori and
Gompf nuclei in elliptic surface K3 (see Example 9 below and [17] for an explanation).

Example 9. In this example, we study K3 surfaces E(2) = E(1)#r2E(1) in some
detail. As a consequence of our discussion, we will also derive some useful facts about
the genus two Lefschetz pencil on K3 with two base points given above. Let us think
of K3 surface as the fiber sum of two copies of E(1) = CP2#9CP? along a torus fiber
as in Proposition 7. We choose the following basis for the intersection form of E(1):
<f=3h—e —---—eg, €9, €1 —€9, €3 —€3, ..., €7 —eg, —h+ eg+ er + eg >.
Note that the last eight classes can be represented by spheres of self-intersection —2
and generate the intersection matrix —Eg, where Eg the matrix corresponding to the
Dynkin diagram of the exceptional Lie algebra Egs. The class f is fiber of an elliptic
fibration on E(1) = CP?#9CP? and e is a sphere section of self-intersection —1. When
we perform the fiber sum along torus to obtain E(2), it is not hard to see the surfaces
that generate the intersection form 2(—FEg) @ 3H for E(2), where H is a hyperbolic
pair. The two copies of the Milnor fiber ®(1) € E(1) are in E(2), providing 16 spheres
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FI1cURE 4. The pencil of genus two curves in K3 surface.

of self-intersection —2 (corresponding to the classes {e; — e, €2 —e3, ..., ey —
es, —h+es+er+estand {e1' —ed, ex’ —es’, ..., er’ —es’, —h' +eg’ +er’ +es’}
mentioned above), realize two copies of —Fg. One copy of hyperbolic pair H comes
from an identification of the torus fibers f and f’, and a sphere section o of self-
intersection —2 obtained by sewing the sphere sections ey and eg’, i.e., from the
Gompf’s nucleus N(2) in E(2). The remaining two copies of H come from 2 rim
tori and their dual —2 spheres (see discussion in [18], p. 73). These 22 classes (19
spheres and 3 tori) generate Hy of E(2). Since ¢1(E(n)) = (2 —n)f, E(2) has a
trivial canonical class. As we can see from Figure 4, the class of the genus two surface
of square 2 of the genus two Lefschetz pencil on K3 is h + h', we simply add the
homology classes of the surfaces. As a consequence, the class of the genus two fiber
in K3#2CP? is given by h+ h/ — Ey — E5, where E; and Ey are the homology classes
of the exceptional spheres of the blow ups at the points p; and py. We can also
verify the symplectic surface X, given by the class h + h' — E1 — E», has genus two
by applying the adjunction formula to (K3#2CP?,%): g(X) = 1+ 1/2(K 5555 -
]+ [Z?) =1+ (By + Ey) - (h+h — Ey — E)+ (h+ 1 — By — E»)?)/2 =
1+ (2+0)/2 = 2. The reader can notice from the intersection form of K3 that both
rim tori has no intersections with the genus surface in the pencil given by the homology
class h + h’. Thus, the genus two fiber ¥ is disjoint from the rim tori that descend
to K3#2CP2.

4. Rational blowdown and lantern relations

The basic idea of the rational blowdown surgery is that if a smooth 4-manifold X
contains a particular configuration C), of transversally intersecting 2-spheres whose
boundary is the lens space L(p?,1 — p), then one can replace Cp with rational ball
B, to construct a new manifold X,,. If one knows the Seiberg-Witten invariants of
the original manifold X, then one can determine the same invariants of X,,. Below we
briefly discuss the rational blowdown. We refer the reader to [14,22] for full details.
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Let p > 2 and C), be the smooth 4-manifold obtained by plumbing disk bundles
over the 2-sphere according to the following linear diagram:

—(p+2) -2 -2

Up—1 Up—2 Uy

where each vertex u; of the linear diagram represents a disk bundle over 2-sphere with
the given Euler number.

According to Casson and Harer [6], the boundary of C,, is the lens space L(p?, 1—p)
which also bounds a rational ball B, with 71(B,) = Z, and 71(0B,) — m1(B,)
surjective. If C), is embedded in a 4-manifold X then the rational blowdown manifold
X, is obtained by replacing C,, with B,, i.e., X, = (X\Cp) U B,. If X and X\C,, are
simply connected, then so is X,.

Lemma 10. b5 (X,) = by " (X), 0(X,) = o(X) +(p—1), a1%(X,) = c:2(X) +(p—1)
and xn(Xp) = xn(X).

Proof. Notice that the manifold C, is negative definite, we have by " (X,) = by (X)
and by~ (Xp) = by (X) — (p—1). Thus, 0(X,) = 0(X) + (p — 1). Using the formulas
c12 =30+ 2e and xp, = (0 +€)/4, we have ¢;%(X,) = 30 (X)) + 2e(X,,) = 3(c(X) +
(p—1)+2(e(X) = (p—1)) = er®(X) + (p—1) and xn(Xp) = ((X) +(p—1) +e(X) -
(p—1))/4 = xn(X). 0

Theorem 11 ([14,22]). Suppose X is a smooth f-manifold with by (X) > 1 which
contains a configuration Cp. If L is a SW basic class of X satisfying L -u; = 0 for
any 1 with 1 <7 <p—2and L-u,_1 = £p, then L induces a SW basic class L of Xp
such that SWx, (L) = SWx(L).

Theorem 12 ([14,22]). If a simply connected smooth 4-manifold X contains a con-
figuration Cy,, then the SW-invariants of X, are completely determined by those of X.
That is, for any characteristic line bundle L on X, with SWx, (L) # 0, there exists

a characteristic line bundle L on X such that SWx (L) = SWx,(L).

In this paper, we only use the rational blowdown surgery along configuration Cs,
i.e., the rational blowdowns along the —4 spheres.
In Section 6, we shall use the following theorem of H. Endo and Y. Gurtas.

Theorem 13. Let g, o' be positive relators of My and M,, M, the corresponding Lef-
schetz fibrations over S2, respectively. If o' is obtained by applying a lantern substitu-

tion to o, then the 4-manifold My is a rational blowdown of M, along a configuration
Cg C MQ.

We will also need the following lemmas, which are due to R. Gompf, to analyze the
symplectic 4-manifolds constructed in Section 6. For the proof, we refer the reader to
[8,17]. See also the work of Dorfmeister [7,8] who gives a related criteria on symplectic
minimality and how the symplectic Kodaira dimension changes under the rational
blowdown along a symplectic —4 sphere (see also related work in [9]).
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Lemma 14. Let (X, Vx) be a relatively minimal smooth pair with Vx an embedded —4
sphere. If X contains a smoothly embedded exceptional sphere transversely intersecting
the hypersurface Vx in a single positive point, then the manifold obtained under —4
blowdown of Vx is diffeomorphic to the blowdown of X along this sphere.

Lemma 15. Let (X,Vx) be a relatively minimal smooth pair with Vx an embed-
ded —4 sphere. If X contain two disjoint smoothly embedded exceptional spheres each
transversely intersecting the hypersurface Vx in a single positive point, then the man-
ifold obtained under —4 blowdown of Vx is diffeomorphic to the blowdown of X along
one of these spheres.

5. Knot surgery

Let X be a 4-manifold with b,™(X) > 1 and contain a homologically essential torus
T of self-intersection 0. Let N(K) be a tubular neighborhood of K in S3 and let
T x D? be a tubular neighborhood of T in X. The knot surgery manifold X is
defined by X = (X\(T x D?)) U (S! x (S3\N(K)) where two pieces are glued in
a way that the homology class of [pt x 9D?] is identified with [pt x ] where X is
the class of the longitude of knot K. Fintushel and Stern [15] proved the theorem
that shows Seiberg—Witten invariants of X can be completely determined by the
Seiberg—Witten invariant of X and the Alexander polynomial of K. Furthermore, if
X and X\T are simply connected, then so is Xk.

Theorem 16. Suppose that m(X) = m(X\T) = 1 and T lies in a cusp neighbor-
hood in X. Then Xk is homeomorphic to X and Seiberg—Witten invariants of Xk is
SWx, = SWx - Ak (t?), where t = tp and Ay is the symmetrized Alexander poly-
nomial of K. If the Alexander polynomial Ak (t) of knot K is not monic, then X
admits no symplectic structure. Moreover, if X is symplectic and K is a fibered knot,
then X admits a symplectic structure.

We refer the reader to [15] for the details.

6. Construction of exotic 4-manifolds via lantern substitution

In this section, we first construct a simply connected, minimal symplectic 4-manifold
X homeomorphic but not diffeomorphic to 3CP?#15CP? starting from K3#2CP?
and applying the sequence of six rational blowdowns via lantern substitutions. Next,
by performing knot surgery on a homologically essential torus of self-intersection
0, we obtain an infinite family of simply connected, symplectic and non-symplectic
4-manifolds all homeomorphic but not diffeomorphic to X. Using Seiberg—Witten
invariants, we distinguish their smooth structures.

Theorem 17. There exists an irreducible symplectic 4-manifold X homeomorphic but
not diffeomorphic to 3CP?4#15CP? that can be obtained using the genus two Lefschetz
fibration on K3#2CP? over S? with global monodromy given by the relation o =
(escaczcacy)® = 1 in the mapping class group My by applying siz lantern substitutions.

In order to prove this theorem, we first prove the following two lemmas.

Lemma 18. The word cscycscacicscacscacy in the mapping class group Mo can be
conjugated to contain the lantern relation in three different ways.
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FIGURE 5. The curves ¢, ¢o, c3, ¢4 and cs.

FIGURE 6. The loops ¢q, ca, c3, ¢4 and cs.

gt=la

FIGURE 7. Special curves k, h.

A N ——

FIGURE 8. Special curves k, h.

Proof. Below we denote the lantern relation substitution, the braid relation substitu-
tion, the conjugation and the arrangement using the commutativity by £>, g, g, ~,

respectively. For the convenience of the reader, we have highlighted the changes that
occur in each step.
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Let us consider the following cases:
e Making the lantern substitution cscics for czdx.
C5€4C3C2C1C5C4C3C2C1 ~ o5 (Ca) + C3C2C5C1C5C1CaC3 - —1(C2)
2 2
~ o (ca) - ezco - el - cacs ool (c2)
L
— 5 (64) +C3Co 036ZE * C4C3 cl—l (62)
e Making the lantern substitution cjcsecies for khes.
C5C4C3C2C1C5C4C3C2C1 ~ C5C4C5C3C2C4C1C3C2C

2 2
~ C5C4CH - g (CaCh) - CTCS 01—1(02)
L __
= €5€4C5 - ¢y (Caca) - khes - ol (c2)
e Making the lantern substitution 630203 for c1kh.

C5C4C3C2C1C5C4C3C201 ~ o5 (Ca) - C5C3C205C - (Ca)ey - C1C201

~ ey(ca) - ep(c2) - 33 - cr1(ca) - crcae

L () - elca) - crkh - () - crcaen

0

Applying the above lemma several times, we next show how the word ¢ =
(escaczcacy)® =1 can be conjugated to contain six lantern relation.

Lemma 19. The global monodromy of genus two Lefschetz fibration on K3#2CP?
over S? given by the relation o = (cscyczcact)® = 1 can be conjugated and braid
substituted to contain six lantern relations.

Proof. We start with the identity word: (cscqczeact)® = 1.

By applying three identities of Lemma 18, we can convert the word (cscsczeacy)® =
((escaczeact)?)? into the following word:

~ cs(ca) - caca - a0 - cacs - —1(Ca) - C5CaCs - ey (Caca) - khes - —1(C2) - o5 (Ca) - ea(c2) -

Clkh . C;1(04) + C1C2C1

~ es(ca) €302y (02) ey (ca) - R+ ma(ca) - B o (ca) -y (caca) - Rhes - -1 (c2) e (ca)

cs (62) . Clkh . 03—1 (64) - C1C2C1

L (ca) esea o (0) + oyca) - 2 - cie2) 2. cor(ca) + eylczca) - khes - i(e2) -

es(€a) - ey (c2) - crkh - -1 (ca) - cacic

~ cs(ca) e3cz ey (02) - cylca) - B3 - o1(c2) - o1 (ca) - eqlcaca) - Khes - =1 (c2) - es(ca) -

cs (62) . Clkh . 03—1 (64) - C2C1C2

B ep(ca) - aea ey (02) - e lea) etk o (ca) - o1 (€a) -y (caca) - Rhes - 1 (ca) - ey (ca)

es(C2) - cr1kh - ot (cq) - cacrco
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~ e5(Ca) - 3caCy - oy (0m) - ey (ca) kR —a(c2) - (o1 (ca) - ey (caca) - khes - eri(e2) o5 (ca)-
c3 (02) . Clk‘h . 03—1 (64) - C2C1C2

%A €102 - ¢ (€a) - €32¢1 + ¢y (02) - ¢y (ca) - k- 6;1(02) . 651(04) - e (C2c4) - khes - 0;1(02) .
es(ca) - e5(c2) - erkh - —1(cq) - 2
3

~ es(ca) - crcacscacy - oy (0x) - cy(cq) - kh - 0171(02) . Cgl(04) < eq(Cacy) - khes - 0171(02) .
cs (64) ‘cs (Cg) . Clkh . 03—1(64) N E)

5 es(Ca) - crescacsey - oy (02) - oy(ca) - kR - 01—1(62) et (c4) - es(cacy) - khes - 01—1(62) .
es(Ca) e5(c2) - crkh - —1(cq) - co
3

~ C5(C4)'C%C%‘Cl—lcgl(CQ)‘03(6$)‘63(C4)‘kh‘cl—l(CQ)'6;1(64)‘03(6204)']2}_7/05'6;1(02)‘
cs (64) e (62) . Clkh . CBT1(04) - Co

L .(ca) - khes - 1 (02) - e (02) - ey(ea) - kh - x(ea) - 1 (ca) - ey (eacs) - Khes -
er1(€2) - o5 (ca) - y(c2) - crkh - —a(ca) - c2

1

~ cglca) khe o1 1(€2) ey (07)  cyeq(ca) - Khie o1 (c2) - Cacs ey (caca) - Khes - -1 (c2)
es(€a) - e5(c2) - crkh - -1 (ca) - c2

o epea) R 11 (02) - g (02) - cye (€4) kR o1 (c2) - Ca - eyen(caca) - ey (BR) - 2 -
1 (02) - en(€8) - er(€2) ek o1 (e1) -

1

~ a1 (es(ea) Tkl o1 i (e2) - e (62) - coes (€a) KR 21(02)) - coes (€264) - o5 (KR) -
03'0;1(02)'%(04)'@(02) erkh e;i(ca) -2

g et (c5(ca) - kh- et —1(02) es(0T)  cyes (Ca) - k- 01—1(02)) “eses (C2Ca) * e (Eﬁ) : Cg :

0;1(02) “es(Ca) - ey(c2) - C1l€h ( 4) " CaCy

et (eslea) kR or o1 (ea) - o3 (02) - cyeq(ca) “ KR 21(€2))  caes (€20a) - o (D) - 3

61—1(02)'55(64) 03(02) Clkh 71(64) CqCo

S C2 - (;4*1(05 (ca) - kh - 0;1551@2) “e5(0T) + eyeq - Kh - (02)) cses (C2€4) * ¢ (];7}_1) 'Cg
cl—l<02) ey (64) ‘cs (02) . Clkh . C;l (64) - Cq

~ e (04*1 (e5(ca) - kh - ertes! (c2) + ¢5(02) - cye5(ca) - k- 6;1(02)) “eaes (C2ca) + 5 (KN)) -
coc? - cr1(c2) - eg(ca) - ey(c2) - crkh - —1(ca) - ca

(ot Cenlea) B 1,1 (02) e (00) g (01) - R 1(02)) - enep(c2ca) - oy (BR)) -
cac? - ool (€2) + ¢s(Ca) « ¢5(c2) - c1kh - cacs
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~ e (04—1 (cs(ca) - kh - ertest (c2) * ¢5(0) - cye5(ca) - kI - 01—1(02)) “eges (C2€4) + ¢5 (kD)) -
2 o (c2) + es(ca) - Ca - ey(ca) - c1kh - cacs

E) (] (c;1 (Cs (04) : ];:B : 0;10;1 (02) ‘c3 ((53?) ‘cses (04) ~kh- cfl (02)) ‘c3es (0204) ‘cs (kh)) :
cg “eger? (€2) - ¢5(ca) - €3 - c1kh - cqc3

~ e (czl (C5 (04) : ];E ! Cflcgl(CQ) e} ((5.%) ‘cses (04) “kh- 51’1(62)) ‘cses (0204) “es (kh)) :
— (c2) - C:;(04) - c2c3c - crkh - cqcs

~ o (0;1 (65 (04) “kh- 0;1051(62) e (5$) " c3es (C4) “kh - 6;1(02)) " c3es (C2C4) “cs (kh)) :

o (c2) - cz(ca) - cicl. 6;1(62) -c1kh - CBT1(04)

L —_— —_—
(04—1 (c5(ca) - kh- e le;t (c2) * 5(0) * cye5 (ca) - K- 0;1(02)) “eges (C2ca) - e (KR)) -
6201—1 (62) . Cg (64) . Cll{ih . C;l (02) . Clkh . 03—1 (64).

After suitable conjugations, we simplify the long conjugations highlighted above to
acquire the following word with 24 right-handed Dehn twists.

~ 02105(04).020_2_1(k:h>'c2c;10;10;1(02)'0202103(6x).020210305<C4).02021(kh)ICQCfl(62)'
cacacs (C2€4) * coes (KD) - (o1 (c2) - cg(ca) - crkh - —i(c) - crkh - -1 (ca)

Using a hyperelliptic signature formula for genus two Lefschetz fibration or by
simple checking, we determine that 18 of these Dehn twists are along non-separating
and 6 are along separating curves. Notice that each lantern relation introduces one
separating vanishing cycle. O

Now we give a proof of main Theorem 17.

Proof. Let X be the symplectic 4-manifold obtained from K 3#2CP? by applying six
lantern relation as in Lemma 19 above. Using Lemma 10, we compute that

e(X) = e(K3#2CP?) — 6 = 26 — 6 = 20,
o(X) = o(K3#2CP?) + 6 = (—18) + 6 = —12.

Freedman’s theorem (cf. [13]) implies that X is homeomorphic to 3CP?#15CP?,
once we show that m (X) = 1.

Let us denote a regular fiber of the genus two Lefschetz fibration on X as Y5 and
the generators of fundamental group of 5 as c1, ca, c3, ¢4 and c5. We continue to use
the notation of Figure 5, by choosing a base point p as in X5 as in Figure 6. From the
long exact homotopy sequence (see, for example [18], p. 290), we deduce that

7T1(22) — 7'['1(X) — 7T1(SQ) =1.

Moreover, 71 (X) is finitely presented group and generated by the images of the stan-
dard generators, which we again denote by c1, ¢2, c3, ¢4 and cs5, under the surjection
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map. Furthermore, the loops (1, B2, O3, ..., (23, G214 on the regular fiber are all null-
homotopic in 71 (X), where 51, B2, O3, ..., P23, B24 are the curves corresponding to
24 Dehn twists D; of the genus two Lefschetz fibration on X given below:

Dl = C1105(04), D2 = CzCZl<]%>’ D3 = 0204—1(E), D4 = CzCZlcl_lcg_l(C2>7
D5 = 6262163 (5), D6 = CQCZlcs (l‘), D7 = 020Z16365 (64), Dg = CQCZl(k)7
Dy = Cgcgl(h% Dy = CQCI’I(C2)7 Dy, = c2c3¢5 (62)7 Dys = c2¢3C5 (04)7

Dy = c2C5 (]_C)? Dy = cacs (h’)7 D5 = 626;1(02)7 D1 = 02(04)7
D7 =ci, Dig=k, Dig=h, Dy= 6;1(02), Doy = cy,
Doy =k, Dos=h, Dy = 03—1(64)~

We observe that 821 = 1 in 71 (X), implies that ¢; is trivial element in 7 (X). Using
B10 = P20 = 1, we obtain ¢o and c3 are trivial in 71 (X). Furthermore, the relations
05 = (Bog = P23 = P24 = 1 imply that the elements ¢4 and c¢5 are null-homotopic and
thus X is simply connected.

Using the blow up formula for the Seiberg-Witten function [15], we have SW ., #2TP?
= SWks - H?Zl(eEi +e i) = (eFr + e Er)(eF2 4 e7F2), where E; is an exceptional
class coming from the ith blow up. Consequently, it follows from this formula, the
set of basic classes of K3#2CP? are given by +FE; &+ E,, and the Seiberg-Witten
invariants on these classes are 4+1. Moreover, after performing two rational blow-
downs along a copy of the configuration Cs, the resulting manifold is diffeomorphic
to K3 by Lemma 15. Thus, the only basic class is the zero class, which descends
from the top classes +(E; + E») in K3#2 CP2. Next, using the Corollary 8.6 in [14],
we observe that X has Seiberg—Witten simple type. Furthermore, by applying Theo-
rems 11 and 12, we completely determine the Seiberg—Witten invariants of X using
the basic classes and invariants of K3: up to sign the symplectic manifold X has only
one basic class which descends from the canonical class of K3. By Theorem 12 (or by
Taubes theorem [24]), the value of the Seiberg—Witten function on these classes, + K,
are +1.

Alternatively, we can determine the Seiberg—Witten invariants of X directly by
computing the algebraic intersection number of the classes + F1 £+ Es, with the classes
of —4 spheres of six C5 configurations. Observe that these —4 spheres are the compo-
nents of the singular fibers of K3#2CP2. Furthemore, by considering three regions
on the genus two surface, where the rational blowdowns are performed (see Figures 7
and 8), and the location of the two points where we did blow up the genus two pencil
(see Figures 3 and 4), we compute the intersection numbers as follows: let S denote
the homology class of —4 sphere of C5. We have S - Fy = S - E; = 1. Consequently,
S +(E; 4+ Ey) = +2 and S - +(E; — E3) = 0. Since among the four classes +FE; + Fs
only Ey + E; and —(E; + E5) have intersection +2 with —4 spheres of Cs, it follows
from Theorem 11 that these are only two classes that descend to X.

Next, we apply the connected sum theorem for the Seiberg—Witten invariant and
show that SW function is trivial for 3CP?#15CP2. Since the Seiberg-Witten in-
variants are diffeomorphism invariants, we conclude that X is not diffeomorphic to
3CP2#15CP2.
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The minimality of X follows from the fact that X has no two basic classes K and
K’ such that (K — K')?> = —4. Notice that (Kx — (—Kx))?> = 4(Kx?) = 16 in our
case. (]

Theorem 20. There exists an infinite family of irreducible symplectic and an infi-
nite family of irreducible non-symplectic pairwise non-diffeomorphic 4-manifolds all
homeomorphic to X.

Proof. We will use both the branched cover and the fiber sum descriptions of K 3#2CP?
given as in Lemma 6 and Proposition 7 to show that X contains at least two disjoint
tori that are disjoint from the singular fibers of genus two Lefschetz fibration on
K3#2CP? over S2. An alternative proof, using the homology classes, is given in Ex-
ample 9. These tori descend from Gompf nucleus of E(2) = K3 (see Example 9), and
survive in X after the rational blowdowns along Cs. Let us explain this more pre-
cisely using a geometric argument. First, note that according to the proof of Lemma 6
any genus two fiber, which arises from a two-fold cover of the sphere h — e1, meets
the torus a X b descending from an elliptic fiber of K3 at two points. Let fi1,..., fs
denote the complicated singular fibers of the genus two fibration on K3#2CP?. We
perturb these singular fibers into Lefschetz type upon which we perform the rational
blowdowns along C5. Consider the tubular neighborhoods of these singular fibers in
the manifold K3#2CP2. One should think of each neighborhood where we perturb
one complicated singular fiber into five Lefschetz-type singular fibers. The normal

disks of these neighborhoods on the torus a x b are denoted in Figure 9 as 41, ..., d.
The dots in the disks indicate there are five singulars fibers over each disk d;. We
choose an open set U on the torus a x b which contains the disks d1, ..., dg, and away

from the loops a and b (see Figure 9). Thus, we can assume that the rational blow-
down surgeries have no effect on the outside the tubular neighborhood of U. Next,
we will choose a rim circle p away from the tubular neighborhood of U. The rim
tori that are not affected by six rational blowdowns are p x a and p x b (Figure 9).
Note that each of these tori has a dual sphere of self-intersection —2, arising from the
dual circles b and a (see Example 9). These tori are Lagrangian, but we can perturb
the symplectic form so that one of them, say T' = u x a becomes symplectic. More-
over, m1(X\T') = 1, which follows from the Van Kampen’s theorem using the facts
that 71(X) = 1 and the rim torus has a dual sphere (see Proposition 1.2 in [19] or
Gompf [16], p. 564). Hence, we have a symplectic torus T in X of self-intersection 0
such that w1 (X\7T') = 1. By performing a knot surgery on T, inside X, we acquire an
irreducible 4-manifold X that is homeomorphic to X. By varying our choice of the
knot K, we can realize infinitely many pairwise non-diffeomorphic 4-manifolds, either
symplectic or non-symplectic. O

Remark 21. Let X (m) denote the symplectic 4-manifold obtained from K 3#2CP?
by applying m copies of the lantern substitutions, performed in the order given as
in Lemma 19, where 1 < m < 5. Using Gompf’s result 14 and 15, we observe that
X (1) and X(2) are diffeomorphic to K3#CP? and K3, respectively. Similarly as
in Theorem 17, we show that X(m) is an exotic copy of 3CP2#(21 — m)CP? for
3 < m < 5. Moreover, the knot surgery on torus yields the infinite family of symplectic
and non-symplectic irreducible 4-manifolds all homeomorphic but not diffeomorphic
to 3CP2#(21 — m)CP2. We leave the details to the reader as an exercise.
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FIGURE 9. The rim tori in X.
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