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Filling braided links with trisected surfaces

JEFFREY MEIER

We introduce the concept of a bridge trisection of a neatly embedded surface in a compact four-manifold,
generalizing previous work with Alexander Zupan in the setting of closed surfaces in closed four-manifolds.
Our main result states that any neatly embedded surface & in a compact four-manifold X can be isotoped
to lie in bridge trisected position with respect to any trisection T of X. A bridge trisection of & induces a
braiding of the link 0% with respect to the open-book decomposition of dX induced by T, and we show
that the bridge trisection of & can be assumed to induce any such braiding.

We work in the general setting in which dX may be disconnected, and we describe how to encode bridge
trisected surface diagrammatically using shadow diagrams. We use shadow diagrams to show how bridge
trisected surfaces can be glued along portions of their boundary, and we explain how the data of the
braiding of the boundary link can be recovered from a shadow diagram. Throughout, numerous examples
and illustrations are given. We give a set of moves that we conjecture suffice to relate any two shadow
diagrams corresponding to a given surface.

We devote extra attention to the setting of surfaces in B*, where we give an independent proof of the
existence of bridge trisections and develop a second diagrammatic approach using tri-plane diagrams. We
characterize bridge trisections of ribbon surfaces in terms of their complexity parameters. The process of
passing between bridge trisections and band presentations for surfaces in B* is addressed in detail and
presented with many examples.

57K10, 57K40, 57K45

1 Introduction

The philosophy underlying the theory of trisections is that four-dimensional objects can be decomposed
into three simple pieces whose intersections are well-enough controlled that all of the four-dimensional
data can be encoded on the two-dimensional intersection of the three pieces, leading to new diagrammatic
approaches to four-manifold topology. Trisections were first introduced for four-manifolds by Gay
and Kirby in 2016 [10]. A few years later, the theory was adapted to the setting of closed surfaces in
four-manifolds by the author and Zupan [27; 28]. The present article extends the theory to the general
setting of neatly embedded surfaces in compact four-manifolds, yielding two diagrammatic approaches to
the study of these objects: one that applies in general and one that applies when we restrict attention to
surfaces in B%.
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1.1 Bridge trisections of surfaces in B*

To introduce bridge trisections of surfaces in B*, we must establish some terminology. First, let H be a
three-ball D2 x I, equipped with a critical-point-free Morse function D% x I — I. Let T C H be a neatly
embedded one-manifold such that the restriction of the Morse function to each component of J has either
one critical point (a maximum) or none. If there are » components with one critical point and v with none,
we call (H,J) a (b, v)—tangle. Next, let Z be a four-ball B3 x I, equipped with a critical-point-free
Morse function B3 x I — I. Let @ C Z be a collection of neatly embedded disks such that the restriction
of the Morse function to each component of % has either one critical point (a minimum) or none. If there
are ¢ components with one critical point and v with none, we call (Z,9) a (c, v)-disk-tangle. Finally, let
To denote the standard trisection of B* —ie the decomposition B* = Z, U Z, U Z3 in which, for each
i € Zs3, the Z; are four-balls, the pairwise intersections H; = Z;_1 N Z; are three-balls, and the common
intersection X = Z1 N Z, N Z3 is a disk.

A neatly embedded surface & C B* is in (b, ¢, v)-bridge position with respect to Ty if, for each i € Z3,
(1) #NZ;isa(c;,v)-disk-tangle, where ¢ = (cy, ¢2, c3), and
(2) FN H;is a (b, v)-tangle.

A definition very similar to this one was introduced independently in [2].

The trisection Ty induces the open-book decomposition of S3 = dB* whose pages are the disks S>3 N H;
and whose binding is 0%. Let £ = 0%, and let B; = S3 N %;. Then £ = B1 U B2 U B3 is braided about
0% with index v. Having outlined the requisite structures, we can state our existence result for bridge
trisections of surfaces in the four-ball.

Theorem 3.17 Let Ty be the standard trisection of B*, and let % C B* be a neatly embedded surface
with ¥ = 0%. Fix an index v braiding ﬂ of &. Suppose ¥ has a handle decomposition with ¢y cups,
n bands, and c3 caps. Then, for some b € Ng, F can be isotoped to be in (b, ¢; v)-bridge trisected position
with respect to Ty, such that 0F = ,3, where co = b —n.

Explicit in the above statement is a connection between the complexity parameters of a bridge trisected
surface and the numbers of each type of handle in a Morse decomposition of the surface. An immediate
consequence of this correspondence is the fact that a ribbon surface admits a bridge trisection where
c3 = 0. It turns out that this observation can be strengthened to give the following characterization of
ribbon surfaces in B*. Again, ¢ = (c1,¢2,¢3), and we set ¢ = ¢y + ¢ + ¢3.

Theorem 3.21 Let Ty be the standard trisection of B*, and let % C B* be a neatly embedded surface
with & = 0%. Let ,B be an index v braiding &¥. Then the following are equivalent:

(1) % is ribbon
(2) % admits a (b, ¢; v)-bridge trisection filling ,B with ¢; = 0 for somei.
(3) % admits a (b, 0; v+c)-bridge trisection filling a Markov perturbation ,3 * of ,3.
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A bridge trisection turns out to be determined by its spine — ie the union (H1, 9 1)U (Hj, T2)U(Hs, T 3),
and each tangle (H;, J;) can be faithfully encoded by a planar diagram. It follows that any surface in B+
can be encoded by a triple of planar diagrams whose pairwise unions are planar diagrams for split unions
of geometric braids and unlinks. We call such triples tri-plane diagrams.

Corollary 4.2 Every neatly embedded surface in B* can be described by a tri-plane diagram.

In Section 4, we show how to read off the data of the braiding of & induced by a bridge trisection from a
tri-plane for the bridge trisection, and we describe a collection of moves that suffice to relate any two
tri-plane diagrams corresponding to a given bridge trisection. The reader concerned mainly with surfaces
in B* can focus their attention on Sections 3 and 4, referring to the more general development of the
preliminary material given in Section 2 when needed.

1.2 Bridge trisections of surfaces in compact four-manifolds

Having summarized the results of the paper that pertain to the setting of B*, we now describe the more
general setting in which X is a compact four-manifold with (possibly disconnected) boundary and & C X
is a neatly embedded surface. To account for this added generality, we must expand the definitions given
earlier for the basic building blocks of a bridge trisection. For ease of exposition, we will not record the
complexity parameters, which are numerous in this setting; Section 2 contains compete details.

Let H be a compression body (X x I) U (3—dimensional 2-handles), where ¥ = d4+ H is connected
and may have nonempty boundary, while P = d_H is allowed to be disconnected but cannot contain
two-sphere components. We work relative to the induced Morse function. Let 9 C H be a neatly
embedded one-manifold such that the restriction of the Morse function to each component of I has either
one critical point (a maxima) or none. We call (H,J) a trivial tangle. Let Z be a four-dimensional
compression body (P x [ x I') U (4—dimensional 1-handles), where P is as above. We work relative to
the obvious Morse function on Z. Let & C Z be a collection of neatly embedded disks such that the
restriction of the Morse function to each component of % has either one critical point (a minima) or none.
We call (Z,9D) a trivial disk-tangle.

Let X be a compact four-manifold, and let &% C X be a neatly embedded surface. A bridge trisection of
(X, %) is a decomposition

(X, F) = (Z1,91) U(Z2,D2) U(Z3,%93)
such that, for each i € Z3,
(1) (Z;,%;) is a trivial disk-tangle, and
2) (H;,J;))=(Zi—1,9i—1) N (Z;,%;) is a trivial tangle.
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We let (2,x) = d4+(H;,J;). The underlying trisection X = Z; U Z, U Z3 induces an open-book
decomposition on each component of ¥ = dX, and we find that the bridge trisection of & induces a
braiding of &£ = 9% with respect to these open-book decompositions. Given this set-up, our general
existence result can now be stated.

Theorem 8.1 Let T be a trisection of a four-manifold X with 0X = Y, and let (B, ) denote the
open-book decomposition of Y induced by T. Let & be a neatly embedded surface in X ; let ¥ = 0%; and
fix a braiding,é of & about (B, ). Then % can be isotoped to be in bridge trisected position with respect
toT such that 0F = ,é If £ already coincides with the braiding 3, then this isotopy can be assumed to
restrict to the identity on Y .

If H is not a three-ball, then (H, J) cannot be encoded as a planar diagram, as before. However, H is
determined by a collection of curves @ C X\ v(x), and J is determined by a collection of arcs 7* and the
points x in X, where the arcs of I* connect pairs of points of x. We call the data (X, a, 7%, x), which
determine the trivial tangle (H, ), a tangle shadow. A triple of tangle shadows that satisfies certain
pairwise-standardness conditions is called a shadow diagram. Because bridge trisections are determined
by their spines, we obtain the following corollary.

Corollary 5.5 Let X be a smooth, orientable, compact, connected four-manifold, and let & be a neatly
embedded surface in X. Then (X, %) can be described by a shadow diagram.

A detailed development of shadow diagrams is given in Section 5, where it is described how to read off
the data of the braiding of £ induced by a bridge trisection from a shadow diagram corresponding to the
bridge trisection. Moves relating shadow diagrams corresponding to a fixed bridge trisection are given.
Section 6 discusses how to glue two bridge trisected surfaces so that the result is bridge trisected, as well
as how these gluings can be carried out with shadow diagrams.

Section 7 gives some basic classification results, as well as a handful of examples to add to the many
examples included throughout Sections 3—-6. The proof of the main existence result, Theorem 8.1, is
delayed until Section 8, though it requires only the content of Section 2 to be accessible. In Section 9, we
discuss stabilization and perturbation operations that we conjecture are sufficient to relate any two bridge
trisections of a fixed surface. A positive resolution of this conjecture would give complete diagrammatic
calculi for studying surfaces via tri-plane diagrams and shadow diagrams.
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2 Preliminaries

In this section, we give a detailed development of the ingredients required throughout the paper, establishing
notation conventions as we go. This section should probably be considered as prerequisite for all the
following sections, save for Sections 3 and 4, which pertain to the consideration of surfaces in the four-ball.
The reader interested only in this setting may be able to skip ahead, referring back to this section only as
needed.

2.1 Some conventions

Unless otherwise noted, all manifolds and maps between manifolds are assumed to be smooth, and
manifolds are compact. The central objects of study here all have the form of a manifold pair (M, N), by
which we mean that N is neatly embedded in M in the sense that N C M and N h M [15]. When N
is compact (as it will always be here), N is properly embedded when it is neatly embedded and N C oM
when N is properly embedded; the transversality condition on neat embeddings is not generally enjoyed
by proper embeddings. Throughout, N will usually have codimension two in M. In any event, we let
v(N) denote the interior of a tubular neighborhood of N in M. If M is oriented, we let (M, N) denote
the pair (M, N') with the opposite orientation and we call it the mirror of (M, N). We use the symbol
LI to denote either the disjoint union or the split union, depending on the context. For example, writing
(M1, N1) U (M3, N») indicates M1 N M, = &. On the other hand, (M, N1 U N») indicates that N1 and
N> are split in M, by which we usually mean there are disjoint, codimension zero balls By and By in M
(not necessarily neatly embedded) such that N; C Int B; for each i € {1, 2}.

2.2 Lensed cobordisms

Given compact manifold pairs (M7, N1) and (M>, N») with (M1, N1) = d(M>, N2) nonempty, we
normally think of a cobordism from (M7, Ny) to (M», N») as a manifold pair (W, Z), where

IW,Z) = (M1, N1) U (M2, N2)) U (d(My, N1) x I).

Thus, there is a cylindrical portion of the boundary. Consider the quotient space (W', Z’) of (W, Z)
obtained via the identification (x,7) ~ (x,t’) for all x € OM; and ¢,t" € I. The space (W', Z’) is
diffeomorphic to (W, Z), but

IW',Z") = (M1, N1) Upu, .Ny) (M2, N>).

We refer to (W’, Z') as a lensed cobordism. An example of a lensed cobordism is the submanifold W’
cobounded by two Seifert surfaces for a knot K in S that are disjoint in their interior. If W = M x I, then
we call W’ a product lensed cobordism. An example of a product lensed cobordism is the submanifold
W' cobounded by two pages of an open-book decomposition on an ambient manifold X. See Figure 1
for examples of lensed cobordisms between surfaces that contain 1-dimensional cobordisms as neat
submanifolds.
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We offer the following two important remarks regarding our use of lensed cobordisms.

Remark 2.1 Throughout this article, we will be interested in cobordisms between manifolds with
boundary. For this reason, lensed cobordisms are naturally well-suited for our purposes. However, at
times we will be discussing cobordisms between closed manifolds (eg null-cobordisms). In this case,
lensed cobordisms do not make sense. We request that the reader remember to drop the adjective “lensed”
upon consideration of such cases. For example, if (M, N) is any manifold pair with N C Int(M) closed,
then for the product lensed cobordism (M, N) x I, we have that M x [ is lensed, but N x [ is not.

Remark 2.2 Lensed cobordisms do not admit Morse functions where (M1, N1) and (M>, N,) represent
distinct level sets, since (M1, N1) N (M3, N») # &. However, the manifold pair

W". 2" = W', Z") \v(d(M1, N1))

does admit such a function and is trivially diffeomorphic to (W', Z’): We think of (W”, Z") as being
formed by “indenting” (W', Z’) by removing v(d(M7, N1)). Note that there is a natural identification
of (W”,Z") with the original (ordinary) cobordism (W, Z). Since a generic Morse function on the
cobordism W’ will not have critical points on its boundary, there is no loss of information here. We
will have this modification in mind when we consider Morse functions on lensed cobordisms (W', Z),
which we will do throughout the paper. This subtlety illustrates that lensed cobordisms are unnatural in a
Morse-theoretic approach to manifold theory, but we believe they are more natural in a trisection-theoretic
approach.

2.3 Compression bodies

Given a surface ¥ and a collection « of pairwise disjoint, simple closed curves on X, let X% denote
the surface obtained by surgering ¥ along «. Let H denote the three-manifold obtained by attaching a
collection by of three-dimensional 2-handles to X x [—1, 1] along « x {1}, before filling in any resulting
sphere components with balls. As discussed in Remark 2.1, in the case that 3 has nonempty boundary, we
quotient out by the vertical portion of the boundary and view H as a lensed cobordism from d4 H = X
to d—H = X*. Considering H as an oriented manifold yields the decomposition

oH =0+ H Udo, H) J_H.

The manifold H is called a (lensed) compression body. A collection & of disjoint, neatly embedded disks
in a compression body H is called a cut system for H if H \ v(%) = (0_H) x I or H \ v(®) = B3,
according with whether d(d4+ H) = d(d— H) is nonempty or empty, respectively. A collection of essential,
simple closed curves on d4 H is called a defining set of curves for H if it is the boundary of a cut system
for H.

In order to efficiently discuss compression bodies H for which d_ H is disconnected, we will introduce
the following terminology.
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(H2,0,1,92,3) (H2,1,1,90,3) (Ho,00,0),(1,1)» T3,(1,3))

Figure 1: Three examples of trivial tangles inside lensed compression bodies.

Definition 2.3 Given m € Ny, an ordered partition of m is a sequence m = (my,...,m,) such that
m; € Ng and ) _m; = m. We say that such an ordered partition is of type (m,n). If m; > 0 for all j,
then the ordered partition is called positive and is said to be of type (m,n)™. If mj = m' for all j, then

the ordered partition is called balanced.

Let ¢ denote the closed surface of genus g, and let X r denote the result of removing f disjoint, open
disks from Xg. A surface £ with n > 1 connected components is called ordered if there is an ordered
partition p = (p1, ..., pn) of p € Ny and a positive ordered partition f = (f1,..., fn) of f € N such
that

=Xy U Uy,

We denote such an ordered surface by X p,, f, and we consider each X, r, C X ¢ to come equipped with
an ordering of its f; boundary components, when necessary. Note that we are requiring each component
of the disconnected surface X, s to have boundary.

Let Hg p r denote the lensed compression body satisfying
(1) 0+Hg p r =g r,and

If « is a defining set for such a compression body, then « consists of (7 — 1) separating curves and (g — p)
nonseparating curves. See Figure 1 for three examples of lensed compression bodies, ignoring for now
the submanifolds. Let H) f; denote the product lensed cobordism from % . to itself, and let

o0
Hp r = I_l Hpj,fj-
j=1
We refer to Hj, s as a spread.

Alensed compression body H admits a Morse function ®: H — [—1, 3], which, as discussed in Remark 2.2,
is defined on H \ v(d(d+ H)), such that ®(0+ H) = —1, ®(0_H) =3, and ® has (n — 1) + (g — p)
critical points, all of index two, and all lying in ®~!(2). We call such a ® a standard Morse function
for H. Every compression body admits a standard Morse function, even if it were built by capping off
two-sphere components with 3—handles. These 3-handles can be assumed to cancel with 2—handles.
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If 3-handles were required after 2—handles were attached to ¥ along «, then some curves of « were
unnecessary.

For a positive natural number I, we let x; C X, r denote a fixed collection of I marked points.
2.4 Heegaard splittings and Heegaard-page splittings

Let M be an orientable three-manifold. A Heegaard splitting of M is a decomposition
M = H,Usx H,,

where ¥ C M is a neatly embedded surface ¥ r, and each H; is a lensed compression body Hyg p, f
with 0+ H; = X. It follows that L
oM =0_H;Uyx, 0_H>.

We denote the Heegaard splitting by (X; Hy, H»), and we call it a (g; p, f )—splitting, in reference to
the relevant parameters. Note that our notion of Heegaard splitting restricts to the usual notion when M
is closed, but is different from the usual notion when M has boundary. Our Heegaard splittings are a
special type of sutured manifold decomposition. Since each of the H; is determined by a defining set of
curves «; on X, the Heegaard splitting, including M itself, is determined by the triple (X; &1, a2), which
is called a Heegaard diagram for M .

Remark 2.4 We have defined Heegaard splittings so that the two compression bodies are homeomorphic,
since this is the only case we will be interested in. Implicit in the set-up are matching orderings of
the components of the d_ H; in the case that |0— H;| > 1. This will be important when we derive a
Heegaard-page structure from a Heegaard splitting below. See also Remark 2.11.

A Heegaard splitting (X; Hy, Hz) with H; = Hy , r is called (m,n)-standard if there are cut systems
Q; = {Dl? };’:’Lg_p for the H; such that

(1) Forl<l<n-—1, we have D! = 8Dé, and this curve is separating;

(2) Forn <!l <m+n—1, we have BD{ = aDé, and this curve is nonseparating; and

(3) Form+n <I,l’<g— p, we have |8D{ N 8D5/| given by the Kronecker delta §; ;/, and the curves
8D{ and BDé are nonseparating.

A Heegaard diagram (X; a1, «3) is called (m, n)—standard if o; = 0%; for cut systems &; satisfying
these three properties. See Figure 2, left, for an example. In a sense, a standard Heegaard splitting is a
“stabilized double”. The following lemma makes this precise.

Lemma 2.5 Let (X; Hy, H3) be a (m, n)-standard Heegaard splitting with H; = Hg , r. Then
n . . .
(: Hy Ho) = ( # () () (Hy))) # (5 HY . HY),
j=1

where (H{)/ =~ (H})/ =~ H,. s foreach j =1,...,n,and (X"; H{', Hy) is the standard genus g — p
Heegaard surface for #7(S! x S?).
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Proof Consider the n regions of X cut out by the n — 1 separating curves that bound in each compression
body. After a sequence of handleslides, we can assume that all of the nonseparating curves of the «; are
contained in one of these regions. Once this is arranged, there is a separating curve § in X\ v(a; Uay) that
cuts off a subsurface X" such that X" has only one boundary component (the curve §) and g(X”) = g — p.
Since § bounds in each of Hy and Hy, we have that (X; Hy, H2) = (X'; H{, H)) #5 (X"; H{', H})), such
that the latter summand is the standard splitting of #7(S! x S2), as claimed. The fact that the regions of
>’ cut out by the separating curves that bound in both handlebodies contain no other curves of the «;
means that these curves give the connected sum decomposition

(' Hy ) = (# ()5 () (H))
hu

that is claimed. O

Let Hy and H3 be two copies of Hg , s, and let h: 0+ Hy — 04 H> be a diffeomorphism. Let Y be
the closed three-manifold obtained as the union of Ay and H; along their boundaries such that 0+ H;
and 0 H are identified via & and d— H; and 0 H> are identified via the identity on 0_H , r. The
manifold Y is called a Heegaard double of Hg , s along h, and was introduced by Gompf, Scharlemann,
and Thompson [13, Definition 4.4]. We say that a Heegaard double Y is (m, n)—standard if the Heegaard
splitting (X; Hy, H>) is (m,n)-standard. Let Y , s denote the Heegaard double of a standard Heegaard
splitting whose compression bodies are Hg p r. The uniqueness of Yy , r is justified by the following
lemma, which is proved with slightly different terminology than that of [6, Corollary 14].

Lemma 2.6 Let M = H; Ux, H, be a standard Heegaard splitting with H; = Hg p . Then there is a
unique (up to isotopy rel-d) diffeomorphism Id (s, x): 0— Hy — 0— H> such that the identification space
M/x~ld(M,E)(x), where x € 0_ Hy, is diffeomorphic to the standard Heegaard double Y p r.

We now identify the total space of a standard Heegaard double. Let Id,; r,: Xp, 5, — Xp, 5, be

the identity map, and let Mldpj’_ . be the total space of the abstract open-book (X, ;. 1dy; 7). See

fj j
Section 2.8, especially Example 2.16, for definitions and details regarding open-book decompositions.

Lemma 2.7 There is a decomposition
n
Yep.f = ( ,#1 My, ,, ) ##H™(S! x §?)),
j= i

such that ¥ restricts to a page in each of the first n summands and to a Heegaard surface in the last
summand. Moreover,

M, , = w2ritfi-1(51 x §2),
50 Yy p s =#(S1x S2), withk =2p+ f —n +m.
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Figure 2: Left: a (1, 2)-standard Heegaard diagram for the standard Heegaard double Y4 (1,0),2,1)-
Right: a schematic showing the standard Heegaard double Y> ;,1, containing a (3, 4)-bridge
splitting for an unlink; the unlink has no flat components and four vertical components.

Proof Consider the abstract open-book (£, #,,1d,, r;), and let Mldpj! /i denote the total space of
this abstract open-book. Pick two pages, P; and P, of the open-book decomposition of Mldpj_’fj, and
consider the two lensed cobordisms cobounded thereby. Each of these pieces is a handlebody of genus
2pj + fj — 1, since it is diffeomorphic to Hj; ¢,. A collection of arcs decomposing the page into a disk
gives rise to a cut system for either handlebody, but these cut systems have the same boundary. The object
described is a genus 2p; + f; — 1 (symmetric) Heegaard splitting for #2P;+/i=1(S1 x §2). The rest of

the proof follows from Lemma 2.5. |

Let Y be a standard Heegaard double. We consider the lensed compression bodies H; and H; as
embedded submanifolds of Y in the following way, which is a slight deviation from the way they naturally
embed in the Heegaard double. Fori =1, 2, let Pl.j denote the result of a slight isotopy of B_Hl.j into
H; along the product structure induced locally by the lensed cobordism structure of H;. Let Ylj denote
the lensed product cobordism cobounded by Plj and sz . In this way, we think of the Heegaard double
Y as divided into three regions: H;, H,, and |_| i Y 1j , each of whose connected components is a lensed
compression body. The union of H; and H; along their common boundary, which we denote by X is a
standard Heegaard splitting, and each Ylj is the product lensed cobordism H),; r,. See Figure 2, right, as
well as Figure 5, for a schematic illustration of this structure. We call this decomposition a (standard)
Heegaard-page structure and note that it is determined by the Heegaard splitting data (X, Hy, H3), by
Lemma 2.6.

2.5 Trivial tangles

A tangle is a pair (H, ), where H is a compression body and J is a collection of neatly embedded
arcs in H, called strands. Let @ be a standard Morse function for H. After an ambient isotopy of I
rel-d, we can assume that ® restricts to J to give a Morse function ®|g: I — [—1, 3] such that each local
maximum of 9 maps to 1 € [—1, 3] and each local minimum maps to 0 € [—1, 3]. We have arranged that
® be self-indexing on H and when restricted to J.

Algebraic & Geometric Topology, Volume 24 (2024)



Filling braided links with trisected surfaces 813

A strand © C J is called vertical if T has no local minimum or maximum with respect to ®|g, and is

called flat if 7 has a single local extremum, which is a maximum. Note that vertical strands have one
boundary point in each of d+ H and d— H, while flat strands have both boundary points in 0+ H. A tangle
T is called rrivial if it is isotopic rel-d to a tangle all of whose strands are vertical or flat. Such a tangle
with b flat strands and v vertical strands is called an (b, v)—tangle, with the condition that it be trivial
implicit in the terminology. More precisely, if H = H, p, r, then we have an ordered partition of the
vertical strands determined by which component X, ;. of 0—H =X, r contains the top-most endpoint
of each vertical strand, and we can more meticulously describe J as an (b, v)—tangle. See Figure 1 for
three examples of trivial tangles in lensed compression bodies.

Remark 2.8 In this paper, any tangle (H, ) with d+ H disconnected will not contain flat strands.
Moreover, such an H will always be a spread (Y;, B;) = (Zp, ., y) x I, with B; a geometric braid; see
below. Therefore, we will never partition the flat strands of J.

There is an obvious model tangle (Hg p r.7p, ) that is a lensed cobordism from (Zg f,X2p4,) to
(2,7, yv) in which the first 2b points of x,54, are connected by slight push-ins of arcs in ¢ r,
and the final v rise vertically to X ¢, as prescribed by the standard height function on Hg , s and
the ordered partitions. The points x5, are called bridge points. A pair (H,J) is determined up to
diffeomorphism by the parameters g, b, p, f, and v, and we refer to any tangle with these parameters as
a(g,b; p, f,v)-tangle. Note that this diffeomorphism can be assumed to be supported near d+ H and
can be understood as a braiding of the bridge points x,44,. For this reason, we consider trivial tangles
up to isotopy rel-d, and we think of each such tangle as having a fixed identification of the subsurface
(Zg,p> X2p4p) of its boundary.

Let t be a strand of a trivial tangle (H, 7). Suppose first that t is flat. A bridge semidisk for T is an
embedded disk D, C H satisfying dD; = t U t*, where t* is an arc in d4+ H with dt* = dt, and
D.:NJ = 1. The arc t* is called a shadow for T. Now suppose that t is vertical. A bridge triangle for
7 is an embedded disk D, C H satisfying dD; = t U t* U t~, where t* (resp. 77) is an arc in 0+ H
(resp. 0— H) with one endpoint coinciding with an endpoint of 7 and the other endpoint on d(d+ H),
coinciding with the other endpoint of ¢~ (resp. t*),and D, N T = 7.

Remark 2.9 The existence of a bridge triangle for a vertical strand t requires that d— H have boundary;
there is no notion of a bridge triangle for a vertical strand in a compression body cobounded by closed
surfaces. In this paper, if d+ H is ever closed, H will be a handlebody and will not contain vertical
strands, so bridge semidisks and triangles will always exist for trivial tangles that we consider.

Given a trivial tangle (H, 7), a bridge disk system for I is a collection A of disjoint disks in H, each
component of which is a bridge semidisk or triangle for a strand of J, such that A contains precisely one
bridge semidisk or triangle for each strand of 7.
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Lemma 2.10 Let (H, 7) be a trivial tangle such that either 0+ H has nonempty boundary or J contains
no vertical strands. Then there is a bridge disk system A for 7.

Proof There is a diffeomorphism from (H, ) to (Hg p, r, T p,y), as discussed above. This latter tangle
has an obvious bridge disk system: the “slight push-in” of each flat strand sweeps out a disjoint collection
of bridge semidisks for these strands, while the points x € x,54, corresponding to vertical strands can
be connected to 0X,, ¢ via disjoint arcs, the vertical traces of which are disjoint bridge triangles for the
vertical strands. Pulling back this bridge system to (H, 9) using the inverse diffeomorphism completes
the proof. O

We will refer to a (0, v)—tangle as a vertical v—tangle and to a (b, 0)—tangle as a flat b—tangle. In the
case that 7 is a vertical tangle in a spread H = H, ¢, we call I a v—thread and call the pair (H,J) a
(p, f,v)-spread. Note that a (p, f, v)—spread is simply a lensed geometric (surface) braid; in particular,
a (0, 1, v)-spread is a lensed geometric braid (D? x I, B).

2.6 Bridge splittings

Let K be a neatly embedded one-manifold in a three-manifold M. A bridge splitting of K is a decompo-
sition

(M, K)=(H1,71) Uz x) (H2,72),
where (X; Hy, H») is a Heegaard splitting for M and J; C H; is a trivial tangle. If I is a trivial (b, v)—
tangle, then we require that I, be a trivial (b, v)-tangle, and we call the decomposition a (g, p, f; b, v)—
bridge splitting. A one-manifold K C M is in (b, v)-bridge position with respect to a Heegaard splitting
of M if K intersects the compression bodies H; as a (b, v)-tangle.

Remark 2.11 As we have assumed a correspondence between the components of the d_H; (see
Remark 2.4), we can require that the partitions of the vertical strands of the J; respect this correspondence.
This is the sense in which both J; are (b, v)—tangles. This will be important when we turn a bridge
splitting into a bridge-braid decomposition below.

More generally, we say that a bridge splitting is standard if the underlying Heegaard splitting
M = H; Ux, H,

is standard (as defined in Section 2.4 above) and there are collections of bridge semidisks A; for the
flat strands of the tangles J; whose corresponding shadows J7 have the property that I7 Uy J7 is an
embedded collection of polygonal arcs and curves. As a consequence, if (M, K) admits a standard bridge
splitting, then K is the split union of an unlink (with one component corresponding to each polygonal
curve of shadow arcs) with a braid (with one strand corresponding to each polygonal arc of shadows
arcs). As described in Lemma 2.5, the ambient manifold M is a connected sum of copies of surfaces
cross intervals and copies of S! x S2.
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Consider the special case that M is the trivial lensed cobordism between d_ H; and d— H, and K C M
is a v—braid — ie isotopic rel-d so that it intersects each level surface of the product lensed cobordism
transversely. (Note that the d_ H; are necessarily connected, since X always is.) If ¥ = d H defines a
standard bridge splitting of (M, K), we refer to it as a b—perturbing of a v—braid.

Let (H1,71) and (H3, 72) be two copies of the model trivial tangle (Hg p 5,75 ), and let
h: 8+(H1, 91) — 8+(H2, 972)

be a diffeomorphism. Let (Y, L) be the pair obtained as the union of (H1,J 1) and (H3, J3), where the
boundaries 0 (H;, J;) are identified via & and the boundaries d_(H;, ;) are identified via the identity
map of 0—(Hg p r,Tpy). We call the pair (Y, L) a bridge double of (Hg p r,7p ) along h. Note that
a component of L can be referred to as flat or vertical depending on whether or not is disjoint from d_ H;.
We say that the bridge double is standard if:

(1) The bridge splitting (H1,71) U x) (H2, 72) is standard.
(2) L has exactly v vertical components. In other words, each component of L hits d— H; exactly once
or not at all.

(3) L is an unlink.
Note that it follows that the vertical components of L are isotopic to meridians for the curve 9.

Let (Yg,p, s, L) denote the bridge double of a standard bridge splitting with (H;, 7;) = (Hg p, £, Tp,v)-
The uniqueness of the standard bridge double (Yg p r ., Lp ) is given by the following lemma, which
generalizes Lemma 2.6 above.

Lemma 2.12 Let (M, K) = (H1,91) Uz x) (H2,72) be a standard bridge splitting with (H;, 7 ;) =
(Hg.p. 1+ Tp,v). Then there is a unique (up to isotopy rel-0) diffeomorphism

Id k) 0-(H1,T1) = 0—(H2,72)

such that the identification space (M, K)/x~1d5; g 5 (x)» Where x € 0—(Hy, T1), is diffeomorphic to the
standard bridge double (Yg p 5, Lp y)-

Proof Let (M, K) be a standard bridge splitting. Suppose (Y, L) is the bridge double obtained via the
gluing map Id(ps 5y : 0— Hy — 30— H3, which is determined uniquely up to isotopy rel-d by Lemma 2.6.
The claim that must be justified is that Id sz, 5 is unique up to isotopy rel-d when considered as a map of
pairs d—(H1, y1) = 0-(Hz, y2)

Criterion (2) of a standard bridge double above states that K must close up to have v vertical components,
where v is the number of vertical strands in the splitting (M, K). It follows that Id(,s,x) restricts to the
identity permutation as a map y; — y, —ie the end of a vertical strand in y; must get matched with the
end of the same strand in y;.
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Let (M, K)° denote the pair obtained by deperturbing (in the classical, bridge-splitting-theoretic sense)
the vertical arcs of K so that they have no local extrema, then removing tubular neighborhoods of them.
Note that (M, K)° is a standard bridge splitting (of the flat components of K) of type (g, p, f';:b’,0).
The restriction Id‘(’M’E) to (0— H1)° is the identity on d(d— H1)°, so we can apply Lemma 2.6 to conclude
that Id?M,z:) is unique up to isotopy rel-d. Since Id‘EM’E) extends uniquely to a map Id(ys, 5 k) of pairs,
as desired, we are done. O

Finally, consider a standard bridge double (Y p s, Lp ), and recall the Heegaard-page structure on
Yg p,r- This induces a structure on L that we call a bridge-braid structure. In particular,

(1) J; = LN H;isa (b, v)-tangle, and
) B =LNY] isav;-braid.

2.7 Disk-tangles

Let Z denote the four-dimensional 1-handlebody 1% (S! x B3). Given nonnegative integers p, f, m, and
n such that k =2p + f — 1+ m and ordered partitions p and f of p and f of length n, there is a natural
way to think of Zj as a lensed cobordism from the spread Y1 = H, s to the (m,n)-standard Heegaard
splitting (X; Hy, H2) = (24, r: Hg, 5, Hg, 5 ). Starting with Y7 x [0, 1], attach m +n — 1 four-dimensional
I-handles to Y7 x {1} so that the resulting four-manifold is connected. The three-manifold resulting
from this surgery on Yy x {1} is H; Usx, H», and the induced structure on 0Z is that of the standard
Heegaard-page structure on Yy, r. With this extra structure in mind, we denote this distinguished copy

by Zix by Zg k:p.f -

A disk-tangle is a pair (Z,%) where Z = Z; and 9 is a collection of neatly embedded disks. A disk-tangle
is called trivial if 9 can be isotoped rel-0 to lie in 0Z.

Proposition 2.13 Let % and %' be trivial disk-tangles in Z. If 0% = 0%', then % and 9%’ are isotopic
rel-0 in Z.

Proof Then case when Z = B* is a special case of a more general result of Livingston [24], and is also
proved in [19]. See [28] for the general case. O

A trivial disk-tangle (Z, %) inherits extra structure along with Zg4 ., r, since we can identify 0% with
an unlink L in standard (b, v)-bridge position in Y., r. In this case, a disk D C 9 is called vertical
(resp. flar) if it corresponds to a vertical (resp. flat) component of L. With this extra structure in mind,
we call a trivial disk-tangle a (c, v)—disk-tangle and denote it by % ,, where ¢ denotes the number of
flat components of % and v denotes the partition numbers of vertical components. Note that %, 4 is
a tangle of ¢ + v disks. We call the pair (Zg k.p, r.Deyw) a (g, k. c; p, f,v)-disk-tangle. Note that
Proposition 2.13 respects this extra structure, since part of the hypothesis was that the two disk systems
have the same boundary. See Figure 3 for a schematic illustration.
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Figure 3: A schematic of the disk-tangle 9 », which contains one flat component and two vertical
components. Note that the 3—component unlink on the boundary is in (3, 2)-bridge position with
respect to the standard Heegaard double Yy ¢, for the 3—sphere.

The special structure on Zg ., ¢ described above induces a special Morse function ®: Z — R with
m + n — 1 critical points, all of which are index one. The next lemma characterizes trivial disk-tangles
with respect to this standard Morse function.

Lemma2.14 LetZ = Zg4 k.p 5, and let @ C Z be a collection of neatly embedded disks with 0% N Y1
a v—thread. Suppose the restriction g, of ® to 9 has c critical points, each of which is index zero. Then

9 is a (c, v)—disk-tangle for some ordered partition v of v = |9| —c.

Proof We parametrize ®: Z — R so that ®(Z) = [0, 1.5], ®71(0) = Y7 \ v(P1 U P,),
@ 1(1.5) = (Hy Us Hp) \ v(P1 U Py),
and ®(x) = 0.5 for each critical point x € Z of ®.

Let I" denote the cores of the 1-handles of Z. By a codimension argument, we can assume, after a small
perturbation of @ that doesn’t introduce any new critical points, that % is disjoint from a neighborhood
v(I') U Yy x [0, 1]. Thus, we can assume that ®g (x) = 1.0 for any critical point x € 9 of g

First, note that 0 < ¢ < |9|; each connected component of % can have at most one minimum, since Og
has no higher-index critical points. Let {D;}{_, C % denote the subcollection of disks in % that contain
the index zero critical points of ®g. We claim that D = | J{_; D; is a (c, 0)-disk-tangle. We will now
proceed to construct the required boundary-parallelism.

Consider the moving picture of the intersection Dy, of D with the cross-section Z; = O I(1 +1)
for t € [0,0.5]. This movie shows the birth of a c—component unlink L from ¢ points at time ¢t = 0,
followed by an ambient isotopy of L as ¢ increases. Immediately after the birth, say ¢ = €, we have that
the subdisks Dy 14¢) = D N ®~1([1,1 + €]) of D are clearly boundary-parallel to a spanning collection
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of disks E¢ for Le = D{q4¢3. Now, we simply push this spanning collection of disks E. along through
the isotopy taking L. to dD. Because this isotopy is ambient, the traces of the disks of E. are disjoint,
thus they provide a boundary parallelism for D, as desired.

It remains to see that the collection D” of disks in @ containing no critical points of ®g, are also boundary
parallel. Note however, that they will not be boundary parallel into ®~!(1.5), as before.

Let 8 = D" N Yy; by hypothesis, (Y1, 8) is a (p, f,v)-spread, ie Y; is a product lensed bordism (a
spread) Hp, r and B is a vertical v—tangle (a v—thread) therein. Similar to before, we can assume that
D" is disjoint from a small neighborhood of the cores of the 1-handles.

Since D" contains no critical points, it is vertical in the sense that we can think of it as the trace of an
ambient isotopy of B in Y7 as ¢ increases from ¢ = 0 to ¢ = 0.5, followed by the trace of an ambient
isotopy of B in Hy Uyx, Hy between t = 0.5 and ¢ = 1.5. The change in the ambient space is not a problem,
since D" is disjoint form the cores I" of the 1-handles, hence these isotopies are supported away from
the four-dimensional critical points.

If A is any choice of bridge triangles for 8 in Y7, then the trace of A under this isotopy gives a boundary-
parallelism of D”, as was argued above. We omit the details in this case. |

Note that the assumption that 8 be a thread was vital in the proof, as it gave the existence of A. If §
contained knotted arcs, the vertical disk sitting over such an arc would not be boundary parallel. Similarly,
if B contained closed components, the vertical trace would be an annulus, not a disk. The converse to the
lemma is immediate, hence it provides a characterization of trivial disk-tangles.

We next show how a standard bridge splitting can be uniquely extended to a disk-tangle. The following
lemma builds on portions of [6, Section 4].

Lemma 2.15 Let (M, K) = (H1,91) U(s x) (H2.72) be a standard (g, p, f b, v)-bridge splitting.
There is a unique (up to diffeomorphism rel-d) pair (Z, %), diffeomorphic to (Zg .p, f D¢ v), such that
the bridge double structure on 0(Z, %) is the bridge double of (M, K).

Proof By Lemma 2.12, there is a unique way to close (M, K) up and obtain its bridge double (Y, L). By
Laudenbach and Poénaru [23], there is a unique way to cap off ¥ 2 #K (S x $2) with a copy of Z of Zy.
By Proposition 2.13, there is a unique way to cap off L with a collection & of trivial disks. Since these
choice are unique (up to diffeomorphism rel-d and isotopy rel-d, respectively), the pair (Z, %) inherit the
correct bridge double structure on its boundary, as desired. O

2.8 Open-book decompositions and braidings of links

We follow Etnyre’s lecture notes [9] to formulate the definitions of this subsection. Let Y be a closed,
orientable three-manifold. An open-book decomposition of Y is a pair (B, ), where B is a link in M
(called the binding) and 7w : Y \ B — S is a fibration such that Pg = 7~1() is a noncompact surface (called
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the page) with 0Py = B. Note that it is possible for a given link B to be the binding of nonisotopic (even
nondiffeomorphic) open-book decomposition of Y, so the projection data r is essential in determining
the decomposition.

An abstract open-book is a pair (P, ¢), where P is an oriented, compact surface with boundary, and
¢: P — P is a diffeomorphism (called the monodromy) that is the identity on a collar neighborhood
of dP. An abstract open-book (P, ¢) gives rise to a closed three-manifold, called the model manifold,
with an open-book decomposition in a straightforward way. Define

Yy = (P ><¢SI)U(|_|SlxD2),
[0
where P x4 S! denotes the mapping torus of ¢, and Yy is formed from this mapping torus by capping
off each torus boundary component with a solid torus such that each p x¢ S ! gets capped off with a
meridional disk for each p € dP. (Note that p x4 S! = p x S! by the condition on ¢ near the boundary
of P.) Our convention is that P x4 S1 = P x [0, 1/ (e, 1)~ (x),0) forall x € P.

If we let By denote the cores of the solid tori used to form Y, then we see that Yy \ By fibers over S?, so
we get an open-book decomposition (Bg, g ) for Y. Conversely, an open-book decomposition (B, i) of
a three-manifold M gives rise to an abstract open-book ( Py, ¢5) in the obvious way such that (Yy ., By, )
is diffeomorphic to (M, B).

We now recall an important example which appeared in Lemma 2.7.

Example 2.16 Consider the abstract open-book (P, ¢), where P = X, r is a compact surface of genus p
with f boundary components and ¢: P — P is the identity map. The total space Yy of this abstract
open-book is diffeomorphic to #2271/ ~1(S1 x §2). To see this, simply note that the union of half of the
pages gives a handlebody of genus 2p + f — I; since the monodromy is the identity, Yy is the symmetric
double of this handlebody.

Harer described a set of moves that suffice to pass between open-book decompositions on a fixed three-
manifold [14]. These include Hopf stabilization and destabilization, as well as a certain double-twisting
operation, which was known to be necessary in order to change the homotopy class of the associated
plane field. (Harer’s calculus was recently refined in [30].) In fact, Giroux and Goodman proved that two
open-book decompositions on a fixed three-manifold have a common Hopf stabilization if and only if the
associated plane fields are homotopic [12]. For a trisection-theoretic account of this story, see [7].

Having introduced open-book decompositions, we now turn our attention to braided links. Suppose that
¥ CY isalink and (B, 7) is an open-book decomposition on Y. We say that £ is braided with respect
to (B, ) if & intersects each page of the open-book transversely. We say that (Y, &) is equipped with
the structure of an open-book braiding. The index of the braiding is the number of times that & hits a
given page. By the Alexander theorem [1] and the generalization due to Rudolph [31], any link can be
braided with respect to any open-book in any three-manifold.
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Figure 4: Markov stabilization, depicted as the banding of a braid to a meridian of the binding.

An abstract open-book braiding is a triple (P, y,¢), where P is an oriented, compact surface with
boundary, y C P is a collection of points, and ¢: (P, y) — (P, y) is a diffeomorphism. As with abstract
open-books, this data gives rise to a manifold pair (Yy,£y), called the model open-book braiding of the
abstract open-book braiding, where Yy has an open-book structure with binding By and projection g
and %4 is braided with respect to (Bg, ). More precisely,

(Yp,%p) = (P, y) xg ST = (P, y) x [0, 11/ (x.0)~((x).1)

for all x € P. Conversely, a braiding of & about (B, ) gives rise in the obvious way to an abstract
open-book braiding ( Py, ¢ ) such that (Yy_, L4, ) is diffeomorphic to (Y, £).

By the Markov theorem [25] or its generalization to closed 3—manifolds [32; 33], any two braidings of &
with respect to a fixed open-book decomposition of ¥ can be related by an isotopy that preserves the
braided structure, except at finitely many points in time at which the braiding is changed by a Markov
stabilization or destabilization. We think of a Markov stabilization in the following way. Let J be a
meridian for a component of the binding B of the open-book decomposition on Y, and let b be a band
connecting & to J such that the core of b is contained in a page of the open-book decomposition and such
that the link &’ = &, resulting from the resolution of the band is braided about (B, 7). We say that &’ is
obtained from & via a Markov stabilization, and we call the inverse operation Markov destabilization.
(Markov destabilization can be thought of as attaching a vertical band to &£’ such that resolving the band
has the effect of splitting off from &’ a meridian for a binding component.) See Figure 4.

Suppose that Y = Y! LU--- L Y" is the disjoint union of closed three-manifolds such that each Y/ is
equipped with an open-book decomposition (B/, /). Suppose that £ = L1 Li--- £ is a link such that
Y/ C Y/ is braided about (B/, /). We say that & has multiindex v = (v!,...,v") if #/ has index v-.
We allow the possibility that £/ = & for any given j.

Remark 2.17 If Y is oriented, and we pick orientations on & and on a page P of (B, x), then we can
associate a sign to each point of £ N P. By definition, if & is a knot, then each such point will have
identical sign; more generally, connected components of & have this property. If the orientations of the
points £ N P all agree, then we say that the braiding is coherently oriented. If the orientations of these
points disagree across components of &£, then we say that the braiding is incoherently oriented.
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Our reason for considering incoherently oriented braidings is that sometimes a bridge trisection of a
surface will induce a braiding of the boundary link that is incoherently oriented once the surface is
oriented. A simple example of this, the annulus bounded by the (2, 2n)—torus link, will be explored in
Examples 7.15 and 7.17. Even though some bridge trisections induce incoherently oriented braidings
on the boundary link, it is always possible to find a bridge trisection of a surface such that the induced
braiding is coherently oriented.

2.9 Formal definitions

Finally, we draw on the conventions laid out above to give formal definitions.

Definition 2.18 Let X be an orientable, connected four-manifold, and let

Y=0X=Y'u...uy"
where Y/ is a connected component of dX for each j = 1,...,n. Let g, k*, p, and f be nonnegative
integers, and let k, p, and f be ordered partitions of type (k*, 3), (p,n), and (b, n)v, respectively.

A (g, k; p, f)-trisection T of X is a decomposition X = Z; U Z, U Z3 such that, forall j =1,...,n
and all | € Z3,

Q) ZinZijy1=Hg.p r,

B) ZiNZyNZz =~ Zg,b’ and

@) ZinY/ =Hpy.
The four-dimensional pieces Z; are called sectors, the three-dimensional pieces H; = Z; N Z;_ are
called arms, and the central surface X = Z1 N Z, N Z3 is called the core. If k1 = ky = k3 =k, then
T is described as a (g, k; p, f)—trisection and is called balanced. Otherwise, T is called unbalanced.
Similarly, if either of the ordered partitions p and f are balanced, we replace these parameters with
the integers p/n and/or f/n, respectively. The parameter g is called the genus of T. The surfaces
Pl.j = H; NY/ are called pages, and their union is denoted by P;. The lensed product cobordisms

Yij = Z; NY/ are called spreads, and their union is denoted by ¥;. The links B/ = XN Y/ are called
bindings, and their union is B = 0%.

If X is oriented, we require that the orientation on Z; induces the oriented decompositions
0Z; = H;UY; UH;+1, 0H;=3XUpP;, 3Y;=PiUpPit1.

See Figure 5 (below) for a schematic illustrating these conventions.

Remarks 2.19 (1) If X isclosed, thenn =0, Y = &, and T is a trisection as originally introduced
by Gay and Kirby [10] and generalized slightly in [26].
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If X has a single boundary component, then n = 1, and T is a relative trisection as first described
in [10] and later developed in [4], where gluing of such objects was studied, and in [6], where
the diagrammatic aspect to the theory was introduced. The general case of multiple boundary
components was recently developed in [5].

Since Y/ =Y IJ U Yzj U Y3j , with each Yl.j = Hj, p;, it follows that Y/ admits an open-book
decomposition where PZ.J is a page for each i € Z3 and B/ is the binding. This open-book
decomposition is determined by T', and the monodromy can be explicitly calculated from a relative

trisection diagram [6].

(4) The triple (X, P;, P;+1) defines the standard Heegaard double structure on 0Z; = Yg.p 5. It

follows from Lemma 2.7 that k; =2p + f —n +m;, where (X; H;, H;11) is an (m;, n)-standard
Heegaard splitting. We call m; the interior complexity of Z;. Notice that g is bounded below by
m; and p, but not by f nor k;.

Definition 2.20 Let T be a trisection of a four-manifold X. Let & be a neatly embedded surface in X.
Let b, ¢*, and v be nonnegative integers, and let ¢ and v be ordered partitions of type (c¢*, 3) and (v, n),

respectively. The surface F is in (b, ¢; v)-bridge trisected position with respect to T (oris (b, ¢; v)-bridge

trisected with respect to T) if, for all i € Z3,

(1
2

9; = Z; NF is a trivial (c;; v)—disk-tangle in Z;, and

F
Ji = H; N % is a trivial (b; v)-tangle in H;.

The disk components of the %; are called patches, and the J; are called seams. Let

P=0F=%'u...uP",

where $/ = £ N Y/ is the link representing the boundary components of % that lie in Y /. The pieces
ﬂl] = %/ N Z; comprising the &; are called threads.

If % is oriented, we require that the induced orientation of %; induces the oriented decomposition

09, =T UBi UT;41.

See Figure 5 (below) for a schematic illustrating these conventions.

The induced decomposition Tg given by

(X, F) = (Z1,91) U (Z2,%92) U (Z3,93)

is called a (g, k,b,c; p, f,v)-bridge trisection of F (or of the pair (X, %)). If T is balanced and ¢; = ¢
for each i € Z3, then Ty is described as a (g, k, b, ¢; p, f, v)-bridge trisection and is called balanced.

Otherwise, Ty is called unbalanced. Similarly, if the partition v is balanced, we replace this parameter

with the integer v/n. The parameter b is called the bridge number of Tg.
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Remarks 2.21 (1) If X is a closed four-manifold, then n = 0, ¥ = &, and ¥ is a closed surface in X.
If g = 0, we recover the notion of bridge trisections originally introduced in [27], while the more
general case of arbitrary g is treated in in [28].

2 ¥¥NY/ =@ forsome j =1,...,n, then ¥/ = @. Equivalently, v; =0. If %7 is not empty,
then
%/ =B{ UBy UBL.
If follows that £/ is braided with index v ; with respect to the open-book decomposition (B 7, Pl.j )
on Y/ induced by T.

(3) The link L; = 0%; is in (b, v)-bridge position with respect to the standard Heegaard double
structure on 0Z;.

(4) The surface & has a cellular decomposition consisting of (2b 4 4v) O—cells, 3v of which lie in the
pages of dX; (3b 4+ 6v) 1—cells, 3v of which lie in the spreads of dX; and (¢y + ¢2 + ¢3 + 3v)
2—cells, 3v of which are vertical patches. It follows that the Euler characteristic of % is given as

X F)=c1+c2+c3+v—>b.

(5) Note that ¢; > b, but that v is independent of b and the ¢;.

We conclude this section with a key fact about bridge trisections. We refer to the union
(H1,T2) U (H2,T2) U (H3,T3)

as the spine of the bridge trisection T. Two bridge trisections T and T’ for pairs (X, %) and (X, ') are
diffeomorphic if there is a diffeomorphism W: (X, ) — (X', &) such that ¥ (Z;,%;) = (Z/, %) for all
i € Z3. We consider spines up to diffeomorphism, and we note that such diffeomorphisms may induce
braiding of the J; near the P;.

Proposition 2.22 Two bridge trisections are diffeomorphic if and only if their spines are diffeomorphic.

Proof If W is a diffeomorphism of bridge trisections T and T, then the restriction of W to the spine of T
is a diffeomorphism onto the spine of T'. Conversely, suppose W is a diffeomorphism from the spine of T
to the spine of T' —ie W(H;,J;) = (H/,J}) for all i € Z3. By Lemma 2.15, ¥ there is an extension
of W across (Z;,%;) that is uniquely determined up to isotopy fixing (H1,7;) U(s x) (Hi+1,T;41) for
each i € Z3. It follows that ¥ extends to a diffeomorphism bridge trisections, as desired. O

In light of this, we find that the four-dimensional data of a bridge trisection is determined by the three-
dimensional data of its spine, a fact that will allow for the diagrammatic development of the theory in
Sections 4 and 5.

Corollary 2.23 A bridge trisection is determined uniquely by its spine.
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3 The four-ball setting

In this section, we restrict our attention to the study of surfaces in the four-ball. Moreover, we work
relative to the standard genus zero trisection. These restrictions allow for a cleaner exposition than the
general framework of Section 2 and give rise to a new diagrammatic theory for surfaces in this important
setting.

3.1 Preliminaries and a precise definition

Here, we revisit the objects and notation introduced in Section 2 with the setting of B* in mind, culminating
in a precise definition of a bridge trisection of a surface in B*.

Let H denote the three-ball, and let B denote an equatorial curve on dH , which induces the decomposition
0H =0+HUpJd_H

of the boundary sphere into two hemispheres. We think of H as being swept out by disks: smoothly
isotope d4 H through H to d— H. (Compare this description of H with the notion of a lensed cobordism
from Section 2.2 and the development for a general compression body in Section 2.3.)

A trivial tangle is a pair (H, J) such that H is a three-ball and J C H is a neatly embedded 1-manifold
with the property that J can be isotoped until the restriction ®g of the above Morse function to J has no
minimum and at most one maximum on each component of 7. In other words, each component of J is a
neatly embedded arc in H that is either vertical (with respect to the fibering of H by disks) or parallel
into d4+ H. The latter arcs are called flarz. We consider trivial tangles up to isotopy rel-d. If J has v
vertical strands and b flat strands, we call the pair (H, J) a (b, v)—tangle. This is a special case of the
trivial tangles discussed in Section 2.5.

Let H; and H, be three-balls, and consider the union H; Us, Hy, where ¥ = o+ Hy = 8+I72. We
consider this union of as a subset of the three-sphere Y so that B = dX is an unknot and X, 0_ H1, and
d— H» are all disjoint disk fibers meeting at B. Let Y7 denote

Y \Int(H; Ug H>),

and notice that Y7 is simply an interval’s worth of disk fibers for B, just like the H;. We let Y denote
the three-sphere with this extra structure, which we call the standard Heegaard double (see Section 2.4).
Note that B can be thought of as the (unknotted) binding of an open-book decomposition of S3 with disk
page, with the pieces H;, H», and Y; intersecting pairwise at pages and representing themselves lensed
product cobordisms between these pages.

An unlink L C Y is in (b, v)-bridge position with respect the standard Heegaard double structure if
L N H;isa (b, v)-tangle, L is transverse to the disk fibers of Y7, and each component of L intersects
Y1 in at most one arc. The v components of L that intersect Y; are called vertical, while the other b
components are called flat.
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Figure 5: A schematic illustration of a standard Heegaard double, with orientation conventions
for the constituent pieces of dZ indicated.

Let Z denote the four-ball, with 0Z = Y regarded as the standard Heegaard double. A trivial disk-tangle
is a pair (Z,9) such that Z is a four-ball and 9 is a collection of neatly embedded disks, each of
which is parallel into dZ. Note that the boundary d% is an unlink. If 9% is in (b, v)-bridge position in
Y = 0Z, then the disk components of & are called vertical and flat in accordance with their boundaries.
A (¢, v)—disk-tangle is a trivial disk-tangle with ¢ flat components and v vertical components.

Definition 3.1 Let & be a neatly embedded surface in B4, and let T be the standard genus zero trisection
of B*. Let b and v be nonnegative integers, and let ¢ = (c1, ¢2, ¢3) be an ordered triple of nonnegative
integers. The surface F is in (b, ¢; v)-bridge trisected position with respect to Tq (or is (b, ¢; v)-bridge
trisected with respect to Typ) if, for all i € Z3,
1 9;,=2;n
2) 9;=H;n

is a trivial (c;, v)—disk-tangle in the four-ball Z;, and

Q¥ «

is a trivial (b, v)—tangle in the three-ball H;.

The disk components of the %; are called patches, and the IJ; are called seams. Let £ = 0%. The braid
pieces f; = £ N Z; are called threads.

If % is oriented, we require that the induced orientation of %; induces the oriented decomposition
09, =T; UBi UT;41.
The induced decomposition Tg given by
(X, F) = (Z1,91) U(Z2,92) U(Z3,93)
is called a (b, ¢, v)-bridge trisection of F (or of the pair (X, %)). If Tg is balanced and ¢y = ¢, =c3 =c,

then Tg is a (b, ¢, v)-bridge trisection and is called balanced. Otherwise, T is called unbalanced.

3.2 Band presentations

Let M be a three-manifold, and let J be a neatly embedded one-manifold in M. Let b be a copy of
I x I embedded in M, and denote by d1b and 0, b the portions of db corresponding to 7 x {—1, 1} and
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{—1,1} x I, respectively. We call such a b a band for J if Int(b) C M \ J and db N J = 91 b. The arc of
b corresponding to {0} x I is called the core of b.

Let Jy denote the one-manifold obtained by resolving the band b,
Jo = (J\01b) Udsb.

The band b for J gives rise to a dual band b* that is a band for Jy, so d1b6* = d,b and d,b* = 91b. Note
that, as embedded squares in M, we have b = b*, though their cores are perpendicular. More generally,
given a collection b of disjoint bands for J, we denote by Jy the resolution of all the bands in b. As
above, the collection b* of dual bands is a collection of bands for Jj.

Definition 3.2 (band presentation) A band presentation is a 2—complex in S3 defined by a triple
(£,U,b) as follows:

(1) £ c S3isalink;
(2) U is a split unlink in $3\ v(£); and
(3) b is a collection of bands for £ U U such that U’ = (£ U U)y is an unlink.
If U is the empty link, then we write (&, b) and call the encoded 2—complex in S3 a ribbon presentation.

We consider two band presentations to be equivalent if they are ambient isotopic as 2—complexes in S3.
Given a fixed link £ C S3, two band presentations (£, Uy, by) and (£, U,, by) are equivalent rel-¥ if
they are equivalent via an ambient isotopy that preserves & setwise. (In other words, & is fixed, although
the attaching regions of b are allowed to move along £.)

Band presentations encode smooth, compact, neatly embedded surfaces in B* in a standard way. Before
explaining this, we first fix some conventions that will be useful later. (Here, we follow standard
conventions, as in [20; 21; 27; 28].)

Let i: B* — [0, 4] be a standard Morse function on B* —ie / has a single critical point, which is definite
of index zero and given by 4~1(0), while h~1(4) = dB* = S3. For any compact submanifold X of
B*andany 0 <t < s < 4, let X|z,5] denote X N h=1([t, s]) and let X =XnN h=1(¢). For example,
B[A;,S] = h~!t, s]. Similarly, for any compact submanifold ¥ of B?t} andany 0 <r <s <4, let Y[r,s]
denote the vertical cylinder obtained by pushing Y along the gradient flow across the height interval [r, s],
which we call a gradient product. We extend these notions in the obvious way to open intervals and

singletons in [0, 4].

Now we will show how, given a band presentation (¥, U, b), we can construct the realizing surface
F(¢,U,p): a neatly embedded surface in B* with boundary &. Start by considering (£, U, b) as 2—complex
in B?z} =~ 53, and consider the surface & with the properties
() F,a=2L3.4];

(2) Fzy=<L{3}u D, where D is a collection of spanning disks for the unlink U {3} C 3?3} ~ S3;
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(3) Fpi3 =(EUlU)2,3);

4) Fpy=(FUulU)Ub;

S Fap=U'(1,2);

(6) Fgy = D’, where D' is a collection of spanning disks for the unlink U’ C B?l} =~ S3; and
7 Fo.p) = 2.

Note that Ll represents the split union, and we assume that D is contained in a three-ball B that is
disjoint from ${3}. Any two such choices of spanning disks D and D’ are isotopic after perturbation

into B(3,3+¢€) and BE‘LI_G), respectively, by Proposition 2.13. Note also that 0% = F N B?4} = ${4}.

Proposition 3.3 Every neatly embedded surface & with 0% = & is isotopic rel-d to a realizing surface
F(¢,U,) for some band presentation (£, U, b). If % has a handle-decomposition with respect to the
standard Morse function on B* consisting of ¢y cups, n bands, and c3 caps, then (£, U, b) can be
assumed to satisfy |U| = c3, |b| = n, and |U’| = ¢;.

Proof Given &, we can assume after a minor perturbation that the restriction ig of a standard height
function h: B* — [0, 4] is Morse. After reparametrizing the codomain of /, we can assume that the
critical points of hg are contained in 7~1((1.5,2.5)). For each index zero critical point x of hg, we
choose a vertical strand w connecting x to B?l}. (Here, vertical means that wy,, is a point or empty for
each t € [1,2.5].) By a codimension count, w is disjoint from %, except at x. We can use a small regular
neighborhood of w to pull x down to B?l}. Repeating, we can assume that the index zero critical points
of hg lie in B?l 3 By a similar argument, we achieve that the index two critical points of hg lie in B{43}

and that the index one critical points of /g lie in Bg‘z}.

Next, we perform the standard flattening of the critical points: for each critical point x of index 7, find a

small disk neighborhood N of x in %, and isotope % so that N lies flat in B{4i 1y

index zero or two, ¥ now resembles a flat-topped or flat-bottomed cylinder; for index one critical points,

Near critical points of

N is now a flat square. Let b’ denote the union of the flat, square neighborhoods of the index one critical
points in B{42}.
So far, we have achieved properties (2), (4), (6), and (7) of a realizing surface. Properties (1), (3), and (5)
say that & should be a gradient product on the intervals (3, 4], (2, 3), and (1, 2), respectively. The products
F (3,41 and £(3, 4] (for example) agree at Fg4y = £{4}, but may disagree in B{“t} for t € (3, 4). This issue
can be addressed by a “combing-out” process.
For each ¢ € [1, 4], we can choose ambient isotopies G : [0, 1] x BE‘I} — B?r} such that

(1) Ga4(s,x)=xforall s €[0,1] and x € 3?4};

(2) G;(0,x)=xforallt €[l,4] and x € 3{4,};

(3) Gi(1,Fyy) = Lt} forall 1 € (3, 4], where we now let £ = Fyyy;
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—]

Figure 6: A band presentation for the punctured spun trefoil, considered as a neatly embedded
disk in B* with unknotted boundary.

@) Gi(1,Fy) = (LuU){t}forallt € (2,3), where we now let £LIU = G3(F3y \ Int D);
(5) Gi(1,Fgy) =U'{t} forall t € (1,2), where we now let U’ = G(0F[o,2)); and

(6) Gy is smoothly varying in ¢.

After applying the family G, of ambient isotopies to F[; 4], we have properties (1), (3), and (5), as desired.
However, the ambient isotopies G; have now altered Fy;y for ¢ = 1,2, 3. For example, the disks D and
D’ have been isotoped around in their respective level sets; but, clearly, properties (2), (4), (6), and (7)
are still satisfied. We remark that, if desired, we can choose G; so that

(a) the disks of D end up contained in small, disjoint 3—balls and either
(b) the disks of D’ have the same property or

(c) the bands b have the same property.
However, we cannot always arrange (a), (b), and (c) if we want F(; ) to be a gradient product.

With a slight abuse of notation, we now let £ = ${2}, U = U{2}, and b = G,(b’). (The only abuse is
which level set of the now-gradient-product portion £[2, 4] of & should be denoted by £.) In the end, we
have that F is the realizing surface of the band presentation (£, U, b).

With regards to the second claim of the proposition, assume that & has ¢y cups, n bands, and c¢3 caps
once it is in Morse position. Each cap gives rise to a component of U, while each cup gives rise to a
component of U’. The numbers of bands, cups, and caps are constant throughout the proof. O

Examples of a band presentations are shown below in Figures 8(a), 10(a), and 13(g). However, each of
these is a ribbon presentation. Throughout the rest of the paper, we will work almost exclusively with
ribbon presentations. To emphasize the generality of Definition 3.2, we give in Figure 6 a nonribbon
band presentation, where the black unknot is & and the orange unknot is U. Note that a nonribbon band
presentation (£, U, b) for a surface % can always be converted to a ribbon presentation (£, b) for a
surface ¥’ by setting &’ = L U U. The ribbon surface ¥ is obtained from the nonribbon surface & by
puncturing at each maxima and dragging the resulting unlink to the boundary.
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3.3 Bridge-braiding band presentations

Recall the standard Heegaard-double decomposition ¥ = Y 9,1 of S 3 that was introduced in Section 2.4
and revisited in Section 3.1, which is a decomposition of S3 into three trivial lensed cobordisms (three-
balls), Hy, H3, and Y3, which meet along disk pages H; N Hsz =X and H; N Y3 = P; whose boundary
is the unknotted braid axis B in S3. The choice to use H3 instead of H, will ensure that the labelings of
our pieces agree with our conventions for the labeling of the pieces of a bridge trisection, as in the proof
of Proposition 3.12 below.

Definition 3.4 (bridge-braided) A band presentation (£, U, b), considered with respect to the standard
Heegaard-page decomposition Yy 9.1 of S3, is called (b, ¢; v)-bridge-braided if
(1) B3z =<£NYsisav-braid;
2) £N(Hy Uy ﬁ3) is a b’—perturbing of a v-braid,;
(3) U isin b”-bridge position with respect to X;
(4) bN X is precisely the cores ys of b, which are embedded in X;
(5) there is a bridge system A for the trivial tangle 73 = H3 N (£ U U) whose shadows A have the
property that A, U y is a collection of embedded arcs in 3; and
(6) U = (PUU)y is a (c;+v)-component unlink that is in standard (b, v)-bridge position with
respect to Yp,0,1 (hence, U’ consists of ¢; flat components and v vertical components).

Here, b =b'+b",c3=|U|,ca =b—|b|,and ¢; = |U’|—v. Let B denote the index v braiding of & given
by B3 UJ 1 UT3. In reference to this added structure, we denote the bridge-braided band presentation by
(B, U,b). If U = @, so (£, b) is a ribbon presentation, we denote the corresponding bridge-braiding by
(B.0).

We say that a band in b is dualized by the bridge disk in A whose shadow is adjacent to the band’s core
in the embedded polygonal arc.

Proposition 3.5 Let % C B* be a surface with 0% = &, and Iet,é be an index v braiding of &. There is a
bridge-braided band presentation (,3, U, b) such that F = %4 u,p). If & has a handle-decomposition with
respect to the standard Morse function on B* consisting of ¢y cups, n bands, and c3 caps, then (,3 U,b)
can be assumed to be (b, (c1,b—(n+v), c3); v)—bridge—braided for some b € N.

Proof Consider ¥ C B* with % = %. By Proposition 3.3, we can assume (after an isotopy rel-9)
that F = F (¢, yp) for some band presentation (£,U,b’). We assume that |U| = c3, |[b’| = n, and
[(£ LU UA )or| = c1. By Alexander’s theorem [1], there is an ambient isotopy Gg4: I x B{44} — B{44} taking
0% to B. As in the proof of Proposition 3.3, there is a family G; of ambient isotopies extending G4
across B*. This results in the “combing-out” of Alexander’s isotopy Gg, with the final effect that & is the
realizing surface of the (not-yet-bridge-braided) band presentation (,3, U, b’). Henceforth, we consider

the 2—complex corresponding to (ﬁ, U, t’) to be living in B{42}, as in Proposition 3.3.
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We have already obtained properties (1) and (2) towards a bridge-braided band presentation; although,
presently b’ = 0. (This will change automatically once we begin perturbing the bridge surface X relative
to B and U.) By an ambient isotopy of B?z} that is the identity in a neighborhood of ,é we can move
U to lie in bridge position with respect to X, realizing property (3). (Again, the bridge index b of this
unlink will change during what follows.) Since this ambient isotopy was supported away from ﬁ it can
be combed-out (above and below) via a family of isotopies that are supported away from the gradient
product ,3 [2, 4]; so & is still the realizing surface.

Next, after an ambient isotopy that fixes ,3 L U setwise (and pointwise near X)), we can arrange that
b’ lies in H; Ux, Hj. (Think of the necessity of sliding the ends of b’ along B3 to extract it from Y3,
while isotoping freely the unattached portion of b’ to the same end.) This time, we need only comb-out
towards ~#~1(0). Using the obvious Morse function associated to (H; Us, H3) \ v(B), we can flow b/,
in the complement of ,3 U U, so that the cores of the bands lie as an immersed collection of arcs y in
3\ v(x). At this point, we can perturb the bridge surface X relative to ,[§ L U to arrange that the cores
y be embedded in X. For details as to how this is achieved, we refer the reader to Figure 10 (and the
corresponding discussion starting on page 17) of [27]. Now that the cores yx of b’ are embedded in X,
we can further perturb X relative to ,é U U (as in Figure 11 of [27]) to achieve that b’ N X is precisely the
cores of b’. Thus, we have that the bands b’ satisfy property (4). A further perturbation of X relative to
;§ U U produces, for each band v of b’, a dualizing bridge disk A,, as required by property (5). (See
Figure 12 of [27].)

However, at this point it is possible that the ¢;—component unlink U” = (B LU)y is not in standard (b, v)—
bridge position; more precisely, it is possible that components of U” intersect Y3 in more than one strand.
On the other hand, we automatically have that U” N Y3 is a v-braid, since the band resolutions changing
L UU into U” were supported away from Y3. Moreover, we know that U” N H; is a (b, v)-tangle; this
follows from the proof of [27, Lemma 3.1].

Thus, we must modify U” in order to obtain an unlink in standard position. To do so, we will produce a
new collection b” of bands such that U" = U/}, is a (c1+v)—component unlink in (b, v)-bridge position.
We call the bands b” helper bands. We will then let b = b’ LI b”, and the proof will be complete.

Since (Y3, B3) is a v—braid, there is a collection of bridge triangles A for B3. Let w = A N (P Up P3).
Let b” denote the collection of v bands whose core are the arcs w and that are framed by the two-sphere
P1 Up P3. By a minor isotopy that fixes U” setwise (and pointwise away from a neighborhood of dw),
we consider b” as lying in the interior of H; Uy Hs>. Thus, b” is a collection of bands for 71 Uy J3. See
Figure 7 for two simple examples.

Let U’ = Uy, Let J denote the components of U’ containing the strands of f3. Since the helper bands
b” were created from the bridge triangles of A, we find that J bounds a collection of v disjoint meridional
disks for B. In particular, J is a v—component unlink in v—braid position with respectto B. Let K =U'\ J,
and note that K is isotopic (disregarding the Heegaard double structure) to the unlink U”. Tt follows that
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B3 B3

b/l

<l

P

Figure 7: Adding extra bands to ensure that U’ is in standard (b, v)-bridge position.

K is a cy—component unlink in bridge position with respect to 3. Therefore, U’ is a (¢j +v)—component
unlink in standard (b, v)-bridge position, as required by property (6) of Definition 3.4.

Now, to wrap up the construction, we let b = b’ U b”. While we have arranged the bands of b’ are in
the right position with respect to the Heegaard splitting, we must now repeat the process of perturbing
the bridge splitting in order to level the helper bands b”. The end result is that the bands of b satisfy
properties (4) and (5) of Definition 3.4. In the process, we have not changed the fact that properties
(1)—~(3) and (6) are satisfied, though we may have further increased the parameters b’ and " (and, thus,
b = b’ 4+ b") during this latest bout of perturbing.

We complete the proof by noting that |[U| = c3, |U’| = ¢1 + v, and |b] =n + v. ad

Remark 3.6 A key technical step in the proof of Proposition 3.5 was the addition of the so-called helper
bands b” to the original set b’ of bands that were necessary to ensure that U’ was in standard position. In
the proof, b” consisted of v bands; in practice, one can make do with a subset of these v bands. This can
be seen in the two simple examples of Figure 7, where the addition of only one band (in each example)
suffices to achieve standard bridge position. In Figure 7, left, the addition of the single band shown
transforms an unknot component of U” that is in 2-braid position into a pair of 1-braids (one of which is
perturbed) in the link U’. In Figure 7, right, an unknot component that is not braided at all is transformed
to the same result. In each of these examples, the addition of a second band corresponding to the second
arc of w would be superfluous.

From a Morse-theoretic perspective, the helper bands correspond to canceling pairs of minima and
saddles: the minima are the meridional disks bounded by J. Using more bands from b” than is strictly
necessary results in a surface with more minima (and bands) than are actually required to achieve the
desired bridge-braided band presentation. Below, when we convert the bridge-braided band presentation
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to a bridge trisection, we will see that the superfluous bands and minima have the effect that the bridge
trisection produced is perturbed — see Section 9. Another way of thinking about the helper bands is that
they ensure that the trivial disk-tangle % in the resulting bridge trisection has enough vertical patches.

We require that each vertical component of U’ intersect Y3 in a single thread so that the corresponding
patch will be vertical. If some wound twice around as a braid, it would bound a patch in Z3 that is not
vertical with respect to the relevant Morse function on Z3; see the proof of Proposition 3.12 below.

Before proving that a bridge-braided band presentation can be converted to a bridge trisection, we pause
to give a few examples illustrating the process of converting a band presentation into a bridge-braided
band presentation.

Example 3.7 (figure-8 knot Seifert surface) Figure 8(a) shows a band presentation for the genus one
Seifert surface for the figure-8 knot, together with a gray dot representing an unknotted curve about which
the knot will be braided; this braiding is shown in Figure 8(b). Note that the resolution of the bands at
this point would yield a unknot (denoted U” in the proof of Proposition 3.5) that is in 3-braid position.
Thus, at least two helper bands are need. In Figure 8(c) we have attached three helper bands, as described
in the proof of Proposition 3.5. Note that the cores of these bands are simultaneously parallel to the arcs
one would attach to form the braid closure, and the disks exhibiting this parallelism correspond to the
bridge triangles in the proof. In Figure 8(d), all five bands have been leveled so that they are framed by
the bridge sphere, intersecting it only in their cores. In addition, each band is dualized by a bridge disk
for 3. Three of these bridge disks are obvious. The remaining two are only slightly harder to visualize;
one can choose relatively simple disks corresponding to any two of the three remaining flat arcs.

Figure 8(e) shows a tri-plane diagram for the bridge trisection that can be obtained from the bridge-braided
band presentation given in Figure 8(d) according to Proposition 3.12. (See Section 4 for precise details
regarding tri-plane diagrams.) Figure 8(f) shows the pairwise unions of the seams of this bridge trisection.
Relevant to the present discussion is the fact that the second two unions each contain a closed, unknotted
component. The fact that the red-blue union contains such a component is related to the fact that we
chose to use three helper bands, when two would suffice. The fact that the green-blue union contains
such a component is related to the fact that the bridge splitting in Figure 8(d) is excessively perturbed.
We leave it as an exercise to the reader to deperturb the bridge splitting of Figure 8(d) to obtain a simpler
bridge-braided band presentation.

Example 3.8 (figure-8 knot Seifert surface redux) As discussed in Remark 3.6, it is often not necessary
to append v helper bands. The frames of Figure 9 are analogous to those of Figure 8, with the main change
being that only two of the three helper bands are utilized. The two innermost bands from Figure 8(c)
have been chosen, and they have each been slid once over the original bands from Figure 9(b) to make
the subsequent picture slightly simpler.
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Figure 8: Top row: the process of converting a band presentation for the genus one Seifert
surface for the figure-8 knot into a bridge-braided band presentation. Middle row: a tri-plane
diagram corresponding to the bridge-braided band presentation of (d). See Figure 9 for a second
instantiation of this example.

Since fewer bands are included, the bridge splitting required to level and dualize them is simpler. In this
case, the perturbing in Figure 9(d) is minimal. In light of these variations, we see in Figure 9(f) that the
pairwise unions of the seams of the bridge trisection contain no closed components, implying the bridge
trisection is not perturbed — see Section 9.

Example 3.9 (stevedore knot ribbon disk) Figure 10(a) shows a band presentation for a ribbon disk
for the stevedore knot, together with a gray dot representing an unknotted curve about which the knot
is braided in Figure 10(b). Note that the result of resolving the band in Figure 10(b) is a 4-braiding of
the 2—component unlink, with each component given by a 2-braid. Thus, at least two helper bands are
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Figure 9: Top row: the process of converting a band presentation for the genus one Seifert
surface for the figure-8 knot into a bridge-braided band presentation. Middle row: a tri-plane
diagram corresponding to the bridge-braided band presentation of (d). See Figure 8 for another
instantiation of this example.

required to achieve bridge-braided band position in this example; Figure 10(c) shows two such bands that
suffice. (See Remark 3.10 below.)

Figure 10(d) gives a bridge-braided band presentation for the ribbon disk, with the caveat that the helper
bands do not appear to be leveled as shown. However, we claim that such a leveling is possible: First, note
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Figure 10: Top row: the process of converting a band presentation for a ribbon disk for the steve-
dore knot into a bridge-braided band presentation. Middle row: a tri-plane diagram corresponding
to the bridge-braided band presentation of (d). Bottom row: a second tri-plane diagram, obtained
from the first via a sequence of tri-plane moves.

that the left helper band can be isotoped so that its core lies in the bridge sphere without self-intersection.
Depending on how one chooses to do this, the core may intersect the core of the dark blue band (the
original fission band for the ribbon disk). However, since this latter band is dualized by a bridge disk
for 73, there is an isotopy pushing the helper band off the fission band. At this point, the left helper band
and the fission band are both level, disjoint, and dualized by bridge disks. Now, we note that the right
helper band can be isotoped so that its core lies in the bridge sphere without self-intersection. To do
this, however, we must slide the right helper band over the fission band so that their endpoints (attaching
regions) are disjoint. Again, the core may intersect the cores of the other two bands, but since the other
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two bands are each dualized by bridge disks, we may push the core of the right helper band off the cores
of the other two bands. The end result is that all three bands lies in the required position.

Figure 10(e) shows a tri-plane diagram for the bridge trisection corresponding to the bridge-braided band
position from Figure 10(d). It is worth observing that it was not necessary to carry out the leveling of the
bands described in the previous paragraph; it suffices simply to know that it can be done. Had we carried
out the leveling described above, the result would have been a tri-plane diagram that could be related to
the one given by a sequence of interior Reidemeister moves. Figure 10(f) shows a tri-plane diagram that
is related to the tri-plane diagram of Figure 10(e) by tri-plane moves. See Section 4 for details regarding
these moves.

Remark 3.10 There is a subtle aspect to Figure 10(c) that is worth pointing out. Suppose instead that
the left helper band were chosen to cross over the braid in the two places where it crosses under. It turns
out that this new choice is still a helper band but would fail to result in a bridge-braided band position.
To be precise, let I denote the braid in Figure 10(c), which we think of as a 4-stranded tangle, and let b
denote this new choice of bands — ie three bands that are identical to the ones shown in Figure 10(c),
except that the left helper band passes above J in two places, rather than under. The resolution 7y is
a new 4-stranded tangle. Regardless of any concerns about bridge position that could be alleviated by
perturbing 7, it is necessary that 9y be a 4-braid. However, this is not the case in this example. In fact,
Jp is not even a trivial tangle! The reader can check that Iy, is the split union of two trivial arcs, together
with a 2—stranded tangle " that has a closure to the square knot.

So, the “helper bands” of the b presently being considered are not actually helper bands in the sense that
they don’t transform U” into an unlink U’ in standard position, as required. Of course, by the proof of
Proposition 3.5, we know that we can augment b by adding two more helper bands, resulting in a total of
five bands, so that the result can be bridge-braided. On the other hand, Figure 10 shows that it is possible
to achieve a bridge-braided band position with fewer than four helper bands; comparison of Figures 8
and 9 gives another example of this. Precisely when this is possible and precisely how one chooses a
more efficient set of helper bands of this sort is not clear; we pose the following question.

Question 3.11 Does there exist a surface % in B* such that every (b, v)-bridge braided band presentation
of & requires v helper bands?

Such a surface would have the property that every bridge trisection contains some flat patches. For this
reason, it cannot be ribbon, due to the results of Section 3.4 below.

Having discussed in detail the above examples, we now return our attention to the goal of bridge trisecting

surfaces.

Proposition 3.12 Let & C B* be the realizing surface for a (b, ¢; v)—bridge-braided band presentation

(3, U, b). Then & admits a (b, c; v)-bridge trisection 9(3 Uy
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€{2—¢} Hj {2—¢}

Figure 11: A schematic illustrating how to obtain a bridge trisection from a bridge-braided band
presentation; codimension two objects are not shown.

Proof As in Proposition 3.3, we imagine that the 2—complex & U U U b corresponding to the bridge-
braided band presentation (,3, b, U) is lying in the level set B?z}’ which inherits the Heegaard double
structure (H1, H3, Y3). Assume that % is the corresponding realizing surface. We modify this 2—complex
so that the bands b lie in the interior of H3, rather than centered on X.

Let € > 0, and assume that the resolution of the bands b for YUU occurs in H3(2—¢,2). So F#{2} =L UU,
while #{2 —¢e} = U’. Let (P;", x Jr) denote a slight push-off of (P3, x3) into (H3, 73). Let (H 3, B13)
denote the corresponding contraction of (Y3, B3), and let (H; -+ ‘7‘+) denote the corresponding expansion
of (H3,J3). In other words, we remove a (lensed) collar of P3 from Y3 and add it to H3.

We will now describe the pieces of a bridge trisection for &. Figure 11 serves as a guide to the understanding
these pieces. Define

(D (Zx")=(Z,x){2} U B[2,4];

(2) (H{.7)) =(H, T){2}U(P1,x1)[2,4];

(3) (H,T5) = (S, 0)2—€,2lU(Hy , T2 -} U(P; x)2 ¢, 4];

4) (H5,T%) = (H3,T3){2} U (P3,x3)[2,4];

(5) (Z}.9)) = (B*. F)jo0—e U (H1.T1)[2—€.2) U (Y5, f5)[2—€.2];

(6) (Z5.3%) = (B*. F)a—e2) N H5 [2—€.2]) U (Y3 \Int(Y;), B3 \ Int(B3))[2. 4]); and
(7) (Z5.9%) = (B*, F) (2,4 N (H1 Ux H3)[2,4].
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Figure 12: Two-thirds of a trisection, with induced orientations on the boundary.

It is straightforward to verify that the pairs (1)—(7) have the right topology, except in the case of (3)
and (6), where slightly more care is needed. For (3), the claim is that (H}, %) = (H2,(J2)p) is a
trivial (b, v)—tangle. For (6), the claim is that the trace (Z}, %) of this band attachment is a trivial
(c2, v)—disk-tangle. Both of these claims follow from the fact that each band of b is dualized by a bridge
disk for 3; this is essentially [27, Lemma 3.1]. Finally, it only remains to verify that the pieces (1)-(7)
intersect in the desired way. This is straightforward to check, as well. a

Remark 3.13 Care has been taken to track the orientations throughout this section so that the orientations
of the pieces of the bridge trisection produced in Proposition 3.12 agree with the orientation conventions
given in Section 2.9. For example, the union H; Ux, H3 appearing in the bridge-braided band presentation
set-up of Definition 3.4 gets identified with a portion of B#{2} in the proof of Proposition 3.12, where it
is oriented as the boundary of B#[0, 2]. This agrees with the convention that 9Z; = H3 Uy H; U Y3, so
0(Z>,UZ3) =Y UH; Us H3UY,. See Figure 12.

Proposition 3.14 If & admits a (b, ¢; v)—bridge trisection, then F = ¥4 u,p) for some (b, c; v)-bridge-
braided band presentation (8, U, b).

Proof Suppose F is in bridge position with respect to To. Consider the link L3 = f3UJT3UJ | = 0%3.
Let L denote the vertical components of L3 \ Int(83) = T3 Uy 1, and let U denote the flat components.
Then we have 0%3 = L U B3 U U; in particular, L is parallel to B3 (as oriented tangles) through the
vertical disks of @3. Let & be the closed one-manifold given by

B1UBUL.

By the above reasoning, & is boundary parallel to the boundary braid f1 U 2 U 83 = 8 = 9% via the
vertical disks of %3.

LetY =Y, UH;UH3UY, and note that Y has the structure of a standard Heegaard-double decomposition
(Hy, H3, Y1 UY,) on S3 =09(Z; UZ5) and is oriented as the boundary of Z; U Z5, which induces the
opposite orientations on the 3-balls H; and H3 as does Z3. See Figure 12. It will be with respect to this
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structure that we produce a bridge-braided band presentation for %. Note that £ N (Y1 U Y>) is already a
v-braid, giving condition (1) of the definition of a bridge-braided band presentation. Similarly, conditions
(2) and (3) have been met given the position of L U U with respect to the Heegaard splitting H; Uy, H3.

Next, we must produce the bands b. This is done in the same way as in [27, Lemma 3.3]. We consider
the bridge splitting (H2,J2) U(s x) (H3,J3), which is standard — ie the union of a perturbed braid
and a bridge splitting of an unlink. Choose shadows 775 and 73 on X for these tangles. Note that we
choose shadows only for the flat strands in each tangle, not for the vertical strands. Because the splitting
is standard, we may assume that g; U 9; is a disjoint union of ¢, simple closed curves Cy, ..., Cc,,
together with some embedded arcs, in the interior of 3. For each closed component C;, choose a shadow

" C(T53NC). Let o
o=\ (U7)

i=1
In other words, @™ consists of the shadow arcs of 77, less one arc for each closed component of 75 U T75.
Note that |@*| = b —c5,.

The arcs of w™* will serve as the cores of the bands b as follows. Let b = w™ x I, where the interval is in
the vertical direction with respect to the Heegaard splitting H; Us, Hj. In other words, b is a collection
of rectangles with vertical edges lying on L U U and a horizontal edge in each of H; and H3 that is
parallel through b to w*. We see that condition (4) is satisfied.

Note that the arcs @* came from chains of arcs in 735 U I3, so each one is adjacent to a shadow arc

in J3. This is obvious in the case of the closed components, since each such component must be an
even length chain of shadows alternating between 73 and 3. Similarly, each nonclosed component
consists of alternating shadows. This follows from the fact that these arcs of shadows correspond to
vertical components of L, each of which must have the same number of bridges on each side of . These
adjacent shadow arcs in J7% imply that b is dual to a collection of bridge disks for 73, as required by
condition (5).

Finally, let U’ = &y, which should be thought of as lying in Hy U H, U 8. Infact, U' = T1 U T, U By,
so it is the standard link L, ,, in the standard Heegaard-double structure on dZ. Thus, (6) is satisfied,
and the proof is complete. O

The following example illustrates the proof of Proposition 3.14.

Example 3.15 (square knot disk) Figure 13(a) shows a tri-plane diagram for a surface that we will
presently determine to be the standard ribbon disk for the square knot, as described by the band presentation
in Figure 13(g). The first step to identifying the surface is to identify the boundary braid. In the proof of
Proposition 3.14, this was done by considering the union 81 U > U L. Diagrammatically, this union can
be exhibited by the following three part process:
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Figure 13: The process of converting the tri-plane diagram (a) into a bridge-braided band pre-
sentation (e) in order to identify the underlying surface, which in this case can be seen to be the
standard ribbon disk for the square knot (g).

(1) Start with the cyclic union J; U T3UT3UT,UT,UT; of the seams of the bridge trisection;
see Figure 13(c).

(2) Discard any components that are not braided; there are no such components in the present example,

though there would be if this process were repeated with the tri-plane diagram in Figure 8(e)—a
worthwhile exercise.

(3) Straighten out (deperturb) near the intersections J3 N Ty and TN T; see Figure 13(d).

If we continued straightening out near 71 U 73, we would obtain a braid presentation for the boundary
link; see Section 4.1 for a discussion relating to this point. Presently, however, it suffices to consider the

1-manifold 81 U B2 U L shown in Figure 13(d), which we know to be isotopic (via the deperturbing near
J1NT3) to the boundary braid.
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Figure 14: Recovering the boundary braid (d) from a tri-plane diagram (a), with bands tracked.
The surface described is the Mbius band bounded by the right-handed trefoil in S3.

Having identified the boundary braid, we must identify a set of bands that will exhibit a bridge-braided
band presentation corresponding to the original bridge trisection. Following the proof of Proposition 3.14,
these bands will come from a subset of the shadows 3. To this end, shadows for the tangles 7> and 73
are shown in Figure 13(b). If there are closed components, one shadow of 77 is discarded from each
such component. In the present example, this step is not necessary; again, consider repeating this exercise
with the tri-plane diagram from Figure 8(e). So, the set wx of the cores of the bands we are looking
for, is precisely the blue shadows of Figure 13(b). In Figure 13(d) these shadows have been thickened
vertically into bands that are framed by the bridge sphere 91 N T 3. In Figure 13(e), this picture has been
simplified, and the bands have been perturbed into 7 3. In Figure 13(f), the bridge splitting structure has
been forgotten, and the boundary braid is clearly visible. At this point, we see that one band (light blue)
is a helper band and can be discarded. At last, Figure 13(g), we recover an efficient band presentation for
the surface originally described by the tri-plane diagram of Figure 13(a).

A large family of ribbon disks for the square knot that are pairwise nonisotopic rel-boundary was introduced
in [29]; it would be interesting to have bridge trisections for these disks.

Example 3.16 (2-stranded torus links) Figure 14(a) shows a tri-plane diagram corresponding to a
bridge trisection of the Mobius band bounded in S3 by the (2, 3)—torus knot; see Figure 14(d) for the
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band presentation. However, this example could be generalized by replacing the four half-twists in the
first diagram Py with n half-twists for any n € Z, in which case the surface described would be the
annulus (respectively, the Mobius band) bounded by the (2, n)—torus link when 7 is even (respectively,
the (2, n)-torus knot when 7 is odd).

In any event, Figure 14(b)—(d) gives cross-sections of the bridge trisected surface with concentric shells
of B4, as described in Example 4.5 below. In this example, we also track the information about bands
encoded in the tri-plane diagram; cf Figure 13 and Example 3.15. In slight contrast to the square knot
examples, the shadows of J, are quite simple, so the bands are easy to include. In Figure 14(c), it
becomes apparent that the right band (light blue) is a helper band and can be disregarded.

A shadow diagrammatic analysis of this example is given in Example 5.10.

Theorem 3.17 Let Ty be the standard trisection of B*, and let % C B* be a neatly embedded surface
with & = 0%. Fix an index v braiding,é of &. Suppose ¥ has a handle decomposition with ¢y cups, n
bands, and c3 caps. Then, for some b € Ny, F can be isotoped to be in (b, ¢; v)-bridge trisected position
with respect to Tg, such that 0% = ,3, where c; = b —n.

Proof By Proposition 3.5, for some bridge-braided band presentation (,é, U, b) of type

T=%Gum
(b, ¢;v). By Proposition 3.12, % admits a bridge trisection of the same type. |

3.4 Bridge-braided ribbon surfaces

By construction, a (b, ¢; v)-bridge-braided ribbon presentation (,3 , b) will have c3 = 0. The next lemma
shows that this fact can be used to systematically decrease the number c¢; of components of the unlink U,
at the expense of increasing the index v of the braid ,3 .

Lemma 3.18 If % is the realizing surface for a (b, (c1, ¢2,0); v)—bridge-braided ribbon presentation
(,3, b) with ¢ > 0, then % is the realizing surface for a (b, (c1—1, ¢2,0); v+1)-bridge-braided ribbon
presentation (,3 *,b), where ,3 * is a Markov perturbation of ,B The Markov perturbation can be assumed
to be positive.

Proof Suppose that (,3, b) is a bridge-braided ribbon presentation with respect to the standard Heegaard
double structure (Hy, H3, Y3) on S 3. as in Definition 3.4. We orient ,é so that it winds counterclockwise
about the braid axis B = 9. This induces an orientation on the arcs of L = 9 Uy T3, which induces
an orientation on the bridge points x: a bridge point x € x is positive if an oriented arc of L passes from
H, to Hj through x. Since c3 = 0, every point of x can be oriented in this way.

Recall from the proof of Proposition 3.12 that we can perturb the bands of b, which originally intersect X
in their core arcs, into the interior of H3 so that they may be thought of as bands for the tangle J3. Let
Ty =(T3)p, and let L' =T Uy T>.
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Figure 15: Modifying a bridge trisection of a ribbon surface to remove a flat patch at the expense
of Markov-stabilizing the boundary braid.

Utilizing the assumption that ¢; > 0, let J be a flat component of U’. Let x be a positive point of L N X
so that x € J. See Figure 15, left. Such a point exists, since J contains a flat arc of 1, and the endpoints
of this arc have differing signs. We perturb X at x to produce a new bridge splitting 7| Uy’ 5/3, which we
consider as 9';. = J; U1, where t; is the new flat strand near x. If A; was a bridge system for J;, then
A;. = A; U D; is a bridge system for g;, where D; is a bridge semidisk for 7;. See Figure 15, middle,
and note that there may or may not be a band attached to J'3 near x.

Now, we have that x" = 71 N 3 is negative. Let x; = d7; \ x denote the positive points introduced by this
perturbation. Let A = 71 U, 73. Note that we can assume there is no band of b incident to either 7;. The
bridge splitting T Uy 7/3 is perturbed at x’. We will swap this perturbation for a Markov perturbation
by dragging the point x’ towards and through the boundary B of . Let w be an embedded arc in X
connecting x’ to B such that Int(w) N x = &. Since w is dualized by each of the two small bridge
semidisks D; C A’, we can assume that Int(w) N A} = &.

Change (/§, b) by an ambient isotopy that is supported in a tubular neighborhood of @ and that pushes x’
along w towards and past B. This is a finger move of A along w. (Note that the surface % is locally a
product of A near x’.) Let A" denote the end result of this finger move; ie a portion of A has been pushed
out of H; Ux, H3 into Y3. Let 1/ = A N H;. Let t{; = A’ N Y3. Let D denote the bridge triangle
resulting from applying the ambient isotopy to D;. We see immediately that !’ are vertical, and that
AY = (A} \ D;) U D! is a bridge system for T/ = (77 \ 7;) U t/’. It’s also clear that {5 is a vertical
strand in Y3. We make the following observations, with an eye towards Definition 3.4:

(1) B5 =pB3Urt{;isa (v+1)-braid.

(2) L" =9 Uyr T} is a perturbing of a (v+1)-braid.

(3) We still have ¢; = 0; the 7 are (b—v—1)—perturbings of (v41)-braids.

(4) The bands b can still be isotoped to intersect 3 in their cores.
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(5) The bride disks Ag dualize the bands b.

(6) (B)b has one fewer flat component.

Thus, we have verified that conditions (1)-(6) of Definition 3.4 are still satisfied, with the only relevant
differences being that each tangle has an additional vertical strand and the flat component J of U’ is now
vertical. It follows that we have produced a bridge-banded ribbon presentation (ﬁ"‘, b) for &, where ,é"‘
is a Markov perturbation of ,3 |

Remark 3.19 The hypothesis that ¢c3 = 0 in the above lemma was necessary to ensure that the process
described in the proof resulted in a Markov perturbation of the boundary. If ¢3 > 0, then it is possible
that each point x € x N J lies on a (flat) component of U. If the proof were carried out in this case, it
would have the effect of changing the link type from &£ to the split union of £ with an unknot on the
boundary of %. This is reflective of the general fact that a nonribbon ¥ with boundary & can be thought
of as a ribbon surface for the split union of &£ with an unlink.

Recall that ¢ is an ordered partition of type (c, 3) for some ¢ € Np; in particular, c = c¢; + ¢2 + ¢3.

Lemma 3.20 If % is the realizing surtface for a (b, ¢; v)-bridge-braided band presentation (,3 U, b) with
¢i = 0 for some i, then % is the realizing surface for a (b, 0; v+c)-bridge-braided ribbon presentation
(B1T,0”), where Bt is a Markov perturbation of .

Proof Suppose ¥ is the realizing surface for a (b, ¢; v)-bridge-braided band presentation (,3, U, b) with
¢;i = 0 for some i. By Proposition 3.12, & admits a (b, (c1, c2, ¢3); v)-bridge trisection filling B . By
relabeling the pieces, we can assume that ¢3 = 0. By Proposition 3.14, this gives us a (b, (¢1, ¢2,0); v)—
bridge-braided ribbon presentation (,3, b’). Note that while the braid type ,é hasn’t changed, the bands b
may have, and the intersection of B with the pieces of the standard Heegaard-double decomposition may
have as well. Nonetheless, we can apply Lemma 3.18 iteratively to decrease c; to zero, at the cost of
Markov-perturbing ,3 into a (v+cp)-braid ,3 +.

Passing back to a (b, (0, c2,0); v+c1)-bridge trisection filling ,é * via Proposition 3.12, relabeling, and
applying Proposition 3.14, we extract a (b, (c2, 0, 0); v+c1)-bridge-braided ribbon presentation (,éJr, b”).
Again, the bands and the precise bridge splitting may have changed. However, a second application of
Lemma 3.18 allows us to decrease ¢ to zero, at the cost of Markov perturbing B T into a (v+cy+ca)-
braid ,3++. Note that we have Markov perturbed a total of ¢ = ¢ + ¢ times. O

Theorem 3.21 LeAt To be the standard trisection of B*, and let % C B* be a neatly embedded surface
with & = 0%. Let B be an index v braiding of £. Then the following are equivalent:
(1 &
(2) % admits a (b, ¢; v)-bridge trisection ﬁ]lingﬁ with ¢; = 0 for some i.
3 7F

is ribbon.

admits a (b, 0; v+c)-bridge trisection filling a Markov perturbation ,é+ of ;§
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Proof Assume (1). Since % is ribbon, it admits a (b, (c1, ¢2, 0); v)-bridge-braided ribbon presentation
(B, b), by Proposition 3.5. By Proposition 3.12, this can be turned into a (b, (c1, ¢2, 0); v)-bridge trisection
filling B, which implies (2).

Assume (2). The bridge trisection filling ,3 with ¢; = 0 for some i gives a bridge-braided ribbon
presentation (B ,b’) with ¢; = 0 for the same i. By Lemma 3.20, there is a (b, 0; v+c)-bridge-braided
ribbon presentation (,é++, b”) for ¥, where B *+ is a Markov perturbation of ,3 . By Proposition 3.12,
this gives a (b, 0; v-+c)-bridge trisection of F filling f1+. This implies (3), where A7 is denoted
by ,3+ for simplicity.

Assume (3). The (b, 0; v+c)-bridge trisection filling ,3"‘ gives rise to a bridge-braided ribbon presentation
(/§+, b”) of the same type, by Proposition 3.14, such that ¥ = % B+ .0y However, a band presentation of
a surface is precisely a handle-decomposition of the surface with respect to the standard Morse function
on B%. It follows that & can be built without caps; hence, % is ribbon, and (1) is implied.

Note for completeness that (2) can be seen to imply (1) by the argument immediately above, and that (3)
implies (2) trivially. a

4 Tri-plane diagrams

A significant feature of the theory of trisections (broadly construed) is that it gives rise to new diagrammatic
representations for four-dimensional objects (manifolds and knotted surfaces therein). In this section, we
describe the diagrammatic theory for bridge trisections of surfaces in the four-ball. Recall the notational
set-up of Section 3.1.

Let (H, J) be a tangle with H = B3. Let E C H be a neatly embedded disk with 97 C dE. By choosing
a generic projection of H onto E, we can represent (H, 7) by a tangle diagram. In the case that H = B3,
the lensed cobordism structure on (H, ) discussed in Section 2.3 can be thought of as inducing the
hemispherical decomposition of dH = S2. So, we refer to d+ H and d_ H as the southern and northern
boundaries. This induces a decomposition of dE into a northern arc and a southern arc. See Figure 16
for examples of (1, 2)-tangle diagrams.

Definition 4.1 A (b, ¢; v)—tri-plane diagram is a triple P = (P1, P>, P3) such that P; is a (b, v)-tangle
diagram and the union P; U P; is a tangle diagram for a split union of a v—braid with a ¢;—component
unlink. (Note that P; is the diagram IP; with crossing information reversed.) The southern arcs (and the
2b + v points x that they contain) are assumed to be identified. We denote the v points contained in the
northern arc of IP; by y;; the three northern arcs are not identified.

A tri-plane diagram describes a bridge trisected surface in the following way. Let (H;, J;) be tangles
corresponding to the tangle diagrams IP;. Then the triple of tangle diagrams can be thought of as describing

the union
(H1,T1)U (H2,92) U (H3,73)
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of these tangles, where (H;,J;) N (H;+1,9;) = (X, x). This explains the identification of the southern
portions of the tangle diagrams in the definition. Now, by definition, each union (H;, 7;)U (Hjt+1,Ti+1)
is the split union of a braid with an unlink of ¢; components inside a 3—ball. By Lemma 2.15, there is
a unique way to glom on to this 3—ball a (¢;, v)—disk-tangle (Z;,%;), where Z; =~ B*. Therefore, the
union

(Z1,91) U (Z2,%92) U (Z3,%93)

is a bridge trisected surface in B*. The following is a corollary to Theorem 3.17, which showed that
surface in B* admit bridge trisections.

Corollary 4.2 Every neatly embedded surface in B* can be described by a tri-plane diagram.

Proof By Theorem 3.17, every such surface in B4 can be put in bridge position with respect to the
genus zero trisection Tg. The corresponding bridge trisection is determined by its spine

(H1,T1)U(H2,92) U (H3,T3).

This spine can be represented by a tri-plane diagram by choosing a triple of disks E; C H; whose
boundaries agree and choosing generic projections H; — E; that induce tangle diagrams for the ;. O

The union E; U E, U E3 of disks that appeared in the proof above is called a tri-plane for the bridge
trisection. We consider bridge trisections up to ambient isotopy, and an ambient isotopy of a bridge
trisection can change the induced tri-plane diagram. These changes can manifest in following three ways,
which we collectively call tri-plane moves. See Figure 16 for an illustration of each move.

An interior Reidemeister move on P is a Reidemeister move that is applied to the interior of one of the
tangle diagrams P;. Interior Reidemeister moves correspond to ambient isotopies of the surface that are
supported away from 0B* and away from the core surface . They also reflect the inherent indeterminacy
of choosing a tangle diagram to represent a given tangle.

A core (braid) transposition is performed as follows: Pick a pair of adjacent bridge points x, x’ € x,
recalling that x and x’ are (identified) points in the southern arc of each of the three tangles diagram.
Apply a braid transposition to all three tangle diagrams that exchanges x and x’. This introduces a crossing
in each tangle diagram; the introduced crossing should have the same sign in each diagram. Bridge sphere
braiding corresponds to ambient isotopies of the surface that are supported in a neighborhood of the core
surface X. Note that this gives an action of the braid group .IL(D?, x) on the set of tri-plane diagrams.

A page (braid) transposition is performed as follows: Pick a pair of adjacent points y, y’ € y; in the
northern arc of one of the tangle diagrams. Apply a braid transposition to this tangle diagram that exchanges
y and y’. In contrast to a core transposition, the braid transposition is only applied simultaneously to one
diagram. Page transpositions correspond to ambient isotopies of the surface that are supported near dB*.

Interior Reidemeister moves and core transpositions featured in the theory of bridge trisections of closed
surfaces in the four-sphere described in [27]. See, in particular, [27, Lemma 7.4] for more details.
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Figure 16: Top: a tri-plane diagram. Middle: the result of applying to the top a bridge sphere
braid transposition at the third and fourth bridge points. Bottom: the result of applying to the
middle a page braid transposition in the first tangle and a Reidemeister move in the third tangle.

Proposition 4.3 Suppose P and P’ are tri-plane diagrams corresponding to isotopic bridge trisections.
Then P and P’ can be related by a finite sequence tri-plane moves.

Proof As in the proof of [27, Lemma 7.4], it suffices to assume that we have a fixed ¢ = £y U E, U E3
within % = Hy U H, U H3 and that we have two sets of seams 7 =T 1UJ,UJ3and I’ =T, UT,UT,
determining a pair of isotopic spines in B*.

Note that the southern endpoints of the 7; and the 7} are both contained in the southern arc 0E; NInt(B%),
while all the northern endpoints are contained in the northern arc dE; N dB*. Without loss of generality,
we assume the northern (resp. southern) endpoints of J; agree with the northern (resp. southern) endpoints
of I for each i.

As in the proof of [27, Lemma 7.4], if f; is an ambient isotopy of ¥ such that fy is the identity and
f1(T) =T, then f; induces a loop in the configuration space of the bridge points x = J N X. In this
setting, f; also induces, for each i € Z3, a loop in the configuration space of the points y € J; N d_ H;
in the disk 0_ H;.

We write f; as ftZ U U AU f2U f], where ftE agrees with f; in a small neighborhood of X and is
the identity outside of a slightly larger neighborhood of X; fti agrees with f; in a small neighborhood
of d_H; and is the identity outside a slightly larger neighborhood of d_H;; and f; is supported away
from the small neighborhoods of ¥ and d— H;. Since these can be isolated to a single region near d_ H;
for some i, they are independent of each other.
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Since ftE corresponds to a braiding of the bridge points x, there are tri-plane diagrams P and P~
corresponding to 7 and T = flz (9) that are related by a sequence of core transpositions. Continuing,
there is a tri-plane diagram P corresponding to 7" = (f! U fZ U f2)(T %) that is related to P by a
sequence of interior Reidemeister moves. Finally, the tri-plane diagram PP’ corresponds to f{(J”) and
is related to P” by a sequence of page transpositions. In total, P and P’ are related by a sequence of
tri-plane moves, as desired. O

4.1 Recovering the boundary braid from a tri-plane diagram

We now describe how to recover the boundary braid (S3,¥) = d(B*, %) from the data of a tri-plane
diagram for (B*, #). This process is illustrated in the example of the Seifert surface for the figure-8
knot in Figure 17; see Figure 8 for more details regarding this example. See also Figure 13 for another
example.

Let P = (P, P, P3) be a tri-plane diagram for a surface (B*, %). Let € = (E1, E3, E3) denote the
underlying tri-plane. Let d_ E; and d4 E; denote the northern and southern boundary arcs of these disks,
respectively, and let Sl.0 = 0_FE; N d4 E; their O—sphere intersections. Recall that, diagrammatically, the
arcs d4 E; correspond to the core surface ¥ of the trisection, which is a disk, and the O—spheres Sl-o
correspond to the unknot B = dX, which we think of as the binding of an open-book decomposition of §3
with three disk pages given by the P;. Recall that X is isotopic rel-d to each of the P; via the arms H;.

With this in mind, consider the planar link diagram olP obtained as follows. First, form the cyclic union
P3;UP3UP,UP, UP; UPy,

where P; 41 and P; are identified along their southern boundaries, and P; and PP; are identified along
their northern boundaries. Note that the cyclic ordering here is the opposite of what one might expect.
This important subtlety is explained in the proof of Proposition 4.4 below. The corresponding union of
the disks of the tri-plane
EsUE3UE,UE,UE{UE;

is topologically a two-sphere S2. In particular, the O—spheres Sl.o have all been identified with a single
0-sphere S, which we think of as poles of the two-sphere. We represent this two-sphere in the plane by
cutting open along d_ £ and embedding the resulting bigon so that the E; and E; lie in the yz—plane with
E3 N E, on the y—axis. See Figure 17(b). In this way, the diagram ol encodes a link in a three-sphere.
The unknotted binding B in S3 can be thought of as the unit circle in the x y—plane. (The positive x—axis
points out of the page.) Each longitudinal arc on S?2, including the northern and southern arcs of each E;,
corresponds to a distinct page, given six in all. However, the ambient three-sphere in which this link lives
is not §3 = dB*, as the proof of Proposition 4.4 will make clear.

Note that the diagram olP will have only two types of connected components:

(1) components that meet each disk E; and are homotopically essential in 2\ v(5?), and

(2) components that are null-homotopic and are contained in some pair E; 1 U E;.
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Components of type (1) will correspond to the boundary link (S3, £), while components of the second
kind will correspond to split unknots. The components of type (1) are not braided in the sense of being
everywhere transverse to the longitudinal arcs of SZ but, as we shall justify below, they become braided
after a sequence of Reidemeister moves and isotopies that are supported away from S°. Define oP to be
the result of discarding all components of type (2) from o, then straightening out the arcs of type (1)
until they give a braid diagram in the sense that they are everywhere transverse to the longitudinal arcs
connecting the poles S° C S2.

Proposition 4.4 Suppose P = (Py, P», P3) is a tri-plane diagram for (B*, %). Then the diagram oP is a
braid diagram for the boundary link (S3, %) = 0(B*, %).

Proof Consider the spine Hy U Hp U H3 of the genus zero trisection Ty of B*. Let N be a small
lensed neighborhood of this spine inside B*. Here, the qualifier “lensed” has the effect that N N dB* is
unchanged,

NNdB*= P UP,U P;.

We can decompose dN into six pieces,
ON =H"UH; UH UH, UH UHT,

where the pieces intersect cyclically in the following manner: the H;’ * (N H;” =X are the three obvious
push-offs of ¥ into N, and H; N Hl-+ P;. Because B=0% = 82 =0P;, it follows that dN is a closed
3-manifold. In fact, there is an obvious “radial” diffeomorphism N — B* that pushes H * | U H; onto
Y; in an orientation-preserving way. To unpack this last statement, recall that Z; 1nduces an orientation
on its boundary such that

0Z; = H;i Us Hi 41 UY;.

In dN, we have corresponding pieces H.T, +, but the correspondences

l+1

Hi(_)Hj_’ Hl+1<—>H

i1 DRI

all reverse orientation. This is because the outward normal to N points into Z;. Figure 36, left, provides
a potentially helpful schematic.
Bringing the surface % into the picture, we have the identification

INNF = (Hy,T1)U(H3,T3)U(H3,T3)U(Hz,T2) U(Hp, T2) U(Hy, Ty).

If € = E1 U E; U E3 was our original tri-plane, then there are obvious disks El-jE C Hii onto which
dN NF can be projected. As discussed in the text preceding this proposition, the union of the £ l-i isa
two-sphere, which can be identified with the plane, as discussed. Adopting this identification, we find
that the induced diagram olP is a planar diagram for N N %

Recall that, by definition, IP; 11 UP; is a diagram for (the mirror of) a split union of a braid with an unlink.
Thus, the total union oP is (currently) a diagram for a split union of a closed braid and three unlinks.
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Figure 17: Recovering the boundary braid (e) from a tri-plane diagram (a). Compare with Figure 8.

Note that although the diagram describes a closed (geometric) braid, the diagram may not be braided.
See Figure 17(b).

It remains to observe how this diagram changes as the neighborhood N is enlarged until it fills up all
of B* and dN coincides with S3 = dB*. Two things happen in the course of this. First, the unlinks will
shrink to points and disappear as the neighborhood N is enlarged to encompass the flat patches of the
trivial disk-tangles that cap them off. Second, the portions of the diagram corresponding to the closed
braid will “straighten out”, meaning they will deperturb until the diagram is an honest braid diagram.
Finally, the neighborhood N will coincide with all of B 4. the union of the E l.i will live in S3, and the
diagram oP will correspond to a braid diagram for & = 0%, as desired. |

Example 4.5 Figure 17(b) shows the diagram oP corresponding to the tri-plane diagram in Figure 17(a).
(This tri-plane diagram corresponds to the Seifert surface for the figure-8 knot; see Figure 8 for more
details.) The two black dots represent the braid axis, and each arc connecting the these dots corresponds
to a disk page of the braid axis.

As described in the proof of Proposition 4.4, the sequence in Figure 17(b)—(e) can be thought of as
describing the cross-section of the bridge trisected surface with concentric shells in B*, starting with the
boundary of a regular neighborhood of the spine of the trisection of B* and terminating in the boundary
of B*. Moving from (b) to (c) in Figure 17, the cross-section changes only by isotopy, revealing clearly
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the presence of two unknotted, type (2) components. In the transition to Figure 17(d), these components
cap off and disappear. In the transition to Figure 17(e), the flat structure is forgotten as we deperturb. The
end result is the boundary of the surface, described by a braid.

For more examples, see Figures 13 and 14, which were discussed in Examples 3.15 and 3.16, respectively.

5 Shadow diagrams

The previous section developed a diagrammatic representation and calculus for bridge trisections in B*
that made use of the fact that B* admits a genus zero trisection. In this section, we switch to an analysis
of diagrams for bridge trisection of surfaces in general four-manifolds. Here, the tri-plane-diagrammatic
approach is not possible, so we work instead with objects called shadow diagrams.

Consider a (g, b; p, f,v)-tangle (H,J). Let A be a bridge disk system for 7. We now fix some
necessary notation.

e LetX=04H.

e Let o C X be a defining set of curves for H, disjoint from A.

e Let a denote a collection of neatly embedded arcs, disjoint from A and o such that surgering X
along o and a results in a disjoint union of disks. We assume |a| is minimized.

e Let T* denote the shadows of the flat strands of 7 — ie those coming from the bridge semidisks.
e Let «4* denote the shadows for the vertical strands — ie those coming from the bridge triangles.
e Letx =T NEXZ.
The tuple (X, o, T*, x) is called a rangle shadow for the pair (H, 7). The tuple (X, o, a, T*, A*, x) is
called an augmented tangle shadow for the pair (H, J). We will say that an augmented tangle shadow is
an augmenting of the underlying tangle shadow. Figure 18 shows a pair of augmented tangle shadows: one
is found by considering the red, pink, and orange arcs and curves, while the other is found by considering

the dark blue, light blue, and orange arcs and curves. Note that we consider (augmented) tangle shadows
up to isotopy rel-0.

Lemma 5.1 A tangle shadow determines a tangle (H, J) up to an isotopy fixing ¥ = 04 H.

Note that a tangle shadow cannot detect braiding of (H, 7) supported near (P, y) = d_(H, J); augmenting
the shadow diagram does not solve this problem.

Proof Given a shadow diagram (X, «, 7, x), let H be the lensed cobordism obtained from the spread
H x [0, 1] by attaching 3—dimensional 2-handles along the curves o x {1}. Let J C H be obtained by
perturbing the interiors of the shadows J* x {0} into the interior of H to obtain the flat strands of J and
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Figure 18: A pair of (augmented) tangle shadows that, taken together, give a standard (augmented)
splitting shadow. The relevant parameters for each handlebody are g =6,n =2, m =3, p=(0, 1),
and f = (2, 1). The relevant parameters for each tangle are » = 16 and v = (0, 2, 1). The arcs
and curves of the «; and 9;‘ fori = 1, 2 are shown in red and blue, respectively, while the arcs of
the o; are shown in pink and light blue, respectively, and the arcs of a; = a, are shown in orange.

extending the marked points x to vertical arcs x x [0, 1] using a product structure of the spread to obtain
the vertical strands of 7. Such a product structure is unique up to diffeomorphism of (P, y) = 0_(H, 7),
so the resulting tangle is determined up to braiding near (P, y); any two tangles differing thusly are
isotopic via an isotopy supported away from X. a

As a matter of convention, we have assumed without loss of generality that the curves and arcs of
aUaUJ*Ud* are all pairwise disjoint; it is not strictly necessary, for example, to assume « N T* = &,
but this can always be achieved. Given a tangle shadow (X, «, T*, x), we recall two standard moves:
Let a; and a5 be two curves in o, and let w be a embedded arc in X connecting ¢ to ap such that
Int(w) N (@ UT*Ux) =0. Then N = v(; Uw Uay) is a pair of pants. Let o] be the boundary
component of N not parallel to ay or a>. Then o’ = & \ {1} U {&]} is a new defining set of curves
for H. We say that o’ is obtained from « by a curve slide of a; over a; along w. Now let 7] be an
arc of I7* and let o be a curve in « (resp. the boundary of a regular neighborhood of another arc
of 7*). Let  be a embedded arc in X connecting 7] to e such that Int(w) N (¢ UT* Ux) = @. Let
(z7)’ denote the arc obtained by banding 7} to «» using the surface-framed neighborhood of w. Then
(T*) =J*\ 77 U(z]) is a new collection of shadows for the flat strands of . We say that (77*)" is
obtained from J* by an arc slide of t{ over a (resp. 7}') along w. Two shadow diagrams for (H, 7) are
called slide-equivalent if they can be related by a sequence of curve slides and arc slides.

Given an augmented tangle shadow (X, «, a, 7%, 4*, x), we have further moves. Similar to above, we
have arc slide moves that allow one to slide arcs of a or s¢* over arcs and curves of @ and J*. Note that
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we do not allow an arc or curve of any type to slide over an arc of a nor #*. Two (augmented) shadow
diagrams that are related by a sequence of these two types of moves are called slide-equivalent. The
following is a generalization of a foundational result of Johansson [17], and follows from a standard
argument, which we sketch.

Proposition 5.2 Two tangle shadows for a given tangle are slide-equivalent.

Proof Let (X,o,J%,x) and (2, B, ¥*, x) be two shadow diagrams that define the same tangle (H, 7).
Assume these diagrams have been isotoped to intersect minimally. We will show that there is a sequence

of isotopies and slides among the arcs and curves of « U J* that result in these arcs and curves agreeing
with those of g U ¥*.

Choose cut disks % («) and @(B) in H, so 0%(x) = o and 09(8) = B. Choose bridge disks A(F*) and
A(F*), 50 IA(T*) =T*Ux T and OA(F*) = F* Uy, T. Assume that D(ax) NA(T*) =D(B)NA(F*) = o,
and D) NT =DP)NT =a.

We can assume there are no closed curves of intersection between the collections of disks as follows.
Suppose, for example, that % (o) N A(F*) contains a closed curve component. Choose one such component
that is innermost in A(¥), bounding a disk D C A(¥*) with Int(D) N (9 (x) U A(T*)) = @&. Surger
%(«) along D, discarding the sphere component to get a new cut system filling «. Repeating, we can
arrange via surgery, that there are no curves of intersection among any of the disks.

It follows that every component of (% (a) U A(T*)) N (D(B) U A(F*)) is an arc that is neatly embedded
in each of the two disk coinciding along it. There are three of cases to consider, based on whether this arc
intersects I at (i) both endpoints, (ii) one endpoint, or (iii) no endpoints.

Choose an arc a of intersection of type (i) that is outermost in A(¥*), so it cobounds and embedded disk
(abigon) D C A(¥*) with an arc b of J. The arc a also cobounds a disk E in A(T*) with the arc b. A
slight push-off of D U E is an embedded two-sphere in H \ v(%@(«) U A(T*)), which is homeomorphic to
P x 1, so0 it bounds a three-ball. (Here, P = d_ H.) Note that this three-ball might intersect %(8) U A(¥*),
but this is of no concern. The three-ball guides and isotopy of E rel-boundary until it agrees with D;
then, £ can be isotoped rel-J off D, to remove the arc a of intersection. This reduces the number of arcs
of intersection of type (i), and can be repeated until none remain.

Next, choose an arc a of intersection of type (iii) that is outermost in @() U A(¥*), so it cobounds an
embedded disk (a bigon) D C (@(B) U A(F*)) with an arc b of § U F*. The arc a also cobounds a disk
E in %(a) U A(T*) with some arc b’ C a U T*. Let X/ denote the surface obtained from X by surgering
along @ (), excluding (if applicable) a disk containing a. We think of X’ as an embedded submanifold
of H that agrees with X away from the curves of surgery, so b Ub’ is a curve in X’. Let H’ denote the
compression body cobounded by X’ and P, and note that H' is either P x I or P x I, plus a 1-handle
whose belt-sphere is a curve of « containing a. In either event, b U b’ bounds the disk D U E in H’.
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First, if D U E is boundary parallel (into X’), then there is a disk in ¥’ bounded by b Ub’. We can isotope
b’ across this disk to make it agree with b, then we can push it off 4. During this isotopy, we might push
b’ over scars of the surgery and over shadow arcs of I*. In this case, there is a sequence of isotopies and
slides that move b’ to b on X, and the arc a of intersection is removed.

Second, if D U E is not boundary-parallel in H’, then it must be isotopic to a disk of %(«) containing a.
In this case, let b” be the arc of « such that b’ U b” is the curve of a containing a. It follows that b” is
isotopic to b in X/, so we can proceed as above to move b” and remove the arc a of intersection. In this
way, we can assume that, after some slides and isotopy, there are no arcs of intersection of type (iii).

Arcs of intersection of type (ii) can be removed in a similar way, combining aspects of the first two
arguments. The result is that slides (among the curves and arcs of @ U J*) can be performed to achieve
that @ U J* is disjoint from S U ¥*. Surger X along the curves of B to get 3. In X', the curves of « all
bound disks, so they can be isotoped to agree with the scars of the 8 curves. These isotopies might move
« curves across each other and over arcs of 7*, and these occurrences correspond to slides. Similarly,
in X’ the arcs of J* are isotopic rel-boundary to those of ¥*, with these isotopies potentially involving
slides over each other and over the scars of the curves of «. The end result is that « U T* = S U F*, as
desired. |

Atuple (X, 01,02, 77,75, x) is called a splitting shadow if each tuple (X, a;, T, x) is a tangle shadow.
A splitting shadow gives rise to a bridge splitting of pair (M, K) in the same Way that a tangle shadow
gives rise to a tangle (see Lemma 5.1); in particular, K is determined only up to braiding supported
near M. Recall the notion of a standard bridge splitting of (M, K) from Section 2.6. If a splitting
shadow corresponds to a standard bridge splitting, then the tangle shadows (2, «;, 77, x) are (fori = 1,2,
respectively) slide-equivalent to tangle shadows (X, a;, (77)", x) such that (E ozl,az) is a standard
Heegaard diagram (Section 2.4) and (J7)" U (73)’ is a neatly embedded collection of polygonal arcs
and curves such that the polygonal curves bound disjointly embedded disks. We call such a splitting
shadow (X, a1, a2, g’f, J%,x) standard. Figure 18 shows a standard splitting shadow (ignore the pink,
light blue, and orange arcs for now). Two splitting shadows are called slide-equivalent if the two pairs of
corresponding tangle shadows are slide-equivalent.

Definition 5.3 A (g.k, f.c: p. f,v)—shadow diagram is a tuple (£, a1, 22,23, 77,75, 73, x), such
that the tuple (X, o, 0t +1, J LT HI x) is slide-equivalent to a standard splitting shadow for each i €73.
Two shadow diagrams are called slide-equivalent if the three pairs of corresponding tangle shadows are

slide-equivalent.

Figure 19 shows a shadow diagram corresponding to the bridge trisection of the ribbon disk for the
stevedore knot described in Figure 10. Note the orientation convention: the shadow diagram surface X is
oriented positively as the boundary of each arm of the spine. So, we should rotate each tangle represented
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Figure 19: A shadow diagram for the bridge trisection given in Figure 10, which corresponds a
ribbon disk for the stevedore knot.

in Figure 10(f) 90° backwards into the plane of the page, so that we are viewing X from above in order
to arrive at the correct shadow diagram. This subtlety is the source of some confusion in the literature;
see [18, Remark 2.10] for a related discussion.

Proposition 5.4 A (g,k, f,c; p, f,v)—shadow diagram determines the spine of a (g, k, f,c; p, f,v)-
bridge trisection uniquely. Any two shadow diagrams for a fixed bridge trisection are slide-equivalent.

Proof First, note that a shadow diagram determines the spine of a bridge trisection. This follows
immediately from the definition of a shadow diagram, Lemma 5.1, and the definition of a spine; see
Proposition 2.22. The first claim follows from the fact that a bridge trisection is determined up to
diffeomorphism by its spine, by Proposition 2.22. The second claim follows from Proposition 5.2. O

Since bridge trisections are determined by their spines (Corollary 2.23), we find that any surface (X, %)
can be described by a shadow diagram.

Corollary 5.5 Let X be a smooth, orientable, compact, connected four-manifold, and let & be a neatly
embedded surface in X. Then (X, %) can be described by a shadow diagram.

5.1 Recovering the boundary braid from a shadow diagram

We now see how to recover the information about the boundary of a bridge trisected pair (X, %). By
augmenting a shadow diagram for the bridge trisection, we will recover this information in the form of
an abstract open-book braiding, as defined in Section 2.8. What follows is based on the monodromy
algorithm described by Castro, Gay, and Pinzén-Caicedo in [6] and is closely related to the notion of an
arced relative trisection diagram, as described in [11].

To start, we return our attention to pairs of augmented tangle shadows. A tuple
(3, a1, a2, 01,02, 97,75, 47, 545, x)
is called a standard augmented splitting shadow if
o foreachi =1,2, (%, a;,a;, 77, 4], x) is a augmented tangle shadow:;

* (X,01,a2,77,75,x) is a standard splitting shadow;
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o the components of J7 U T3 U AT U 54 intersecting 0% bound disjointly embedded polygonal
disks, each of which intersects X in a single point; and

® (1 =an.

See Figure 18 for an example of a standard augmented splitting shadow.

Definition 5.6 (augmented shadow diagram) An augmented (g, k, f,c; p, f, v)—shadow diagram is

a tuple (X, aq,02,a3,a1, 77,755,973, 947, x), such that the tuple (X, a1, 02,23, 77,75,T5,x) is a

shadow diagram, and (X, a1, a1, I7, s47, x) is an augmented tangle shadow.
A fully augmented (g, k, f,c; p, f,v)—shadow diagram is a tuple
(2,001,002, 3,01, 02,03, 04,T7,T5, T3, A7, A5, A%, Ay, x)

such that the tuple (E a1 o, a3, 77,75, 7%, x) is a shadow diagram, the tuples (X, oy, a1, T7, A7, x)
and (X, 01,04, T 1, 4, x) are augmented tangle shadows for the same tangle, and:

(1) Fori =1, 2, the diagram
(Z’al’al-‘r]aal’al-f—lsgla 7.’-19‘% ‘ﬁl_l’_l»x)
is slide-equivalent to a standard augmented splitting shadow

(E al’al-l-l’al’al-l-l (g*) (g1+1) (‘9&*) (9&,+1)ax)-

(2) The diagram

* *
(27a39a1’a37a49g3’6~ ‘Sﬂ‘47x)

is slide-equivalent to a standard augmented splitting shadow
(.5, af, a3, ay, (T3)",(T1)", (43)", (43)", x).

We say that an augmented shadow diagram is an augmenting of the underlying shadow diagram and that
a fully augmented shadow diagram is a full-augmenting of the underlying (augmented) shadow diagram.

We now describe how the data of an augmented shadow diagram allows us to recover the boundary
open-book braiding (Y, &) of the corresponding bridge trisected pair d(X, %). First, we note the following
crucial connection between augmented shadow diagrams and fully augmented shadow diagrams.

Proposition 5.7 There is an algorithmic way to complete an augmented shadow diagram to a fully
augmented shadow diagram, which is unique up to slide-equivalence.

Proof Start with an augmented shadow diagram (X, a1, 02,23, a1, 97,75, T35, 94, x). Restrict at-
tention to the splitting shadow (X, a1, a2, I7, T3, x). By definition, this dlagram is slide-equivalent

to a standard splitting shadow (X, o}, @5, (T7)’, (92)/ ,X). Choose a sequence of arc and curve slides
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Figure 20: Obtaining {5 from (s47)".

realizing this equivalence. Whenever a slide involving the arcs and curves of oy U J7 is performed along
an arc o that intersects a; U s47, first slide the offending arcs of a; U s4] out of the way using the same
slide-arc w. Now the splitting shadow has been standardized, but the arcs of a; U s47 may intersect
the curves and arcs of o5, U (75)’. Intersections of a; U s} with the curves of o, can be removed via
slides over the curves of &} dual to curves of 5. Recall that the closed components of (77) U (775)" are
embedded polygonal curves, while the nonclosed components are embedded polygonal arcs. Moreover,
the arcs of 4 connect one end of each polygonal arc to 0X. Intersections of (the interior of) ay U s}
with the polygonal curves of (97) U (75)" can be removed via slides over the arcs of (77)" included in
these polygonal curves. Intersections of (the interior of) a; U ] with the polygonal arcs of (I7) U (75)’
can be removed via slides over the arcs of (77)" included in these polygonal arc, provided one is careful
to slide towards the end of the polygonal arc that is not attached to s47.

Once the described slides have all been carried out, the collections a; and &ﬁ’f of arcs will have been
transformed into new collections, which we denote by a} and (s47)’, respectively. The key fact is that o/
and (s4})’ are disjoint (in their interiors) from the arcs and curves of o, U (753)’. Set ax = a’, and note
that a, has the desired property of being (vacuously) slide-equivalent to a), = a}. To define (3, note
that at this point the union of the polygonal arcs of (F7)" U (75)" with (s4])" is a collection of embedded
“augmented” polygonal arcs each of which intersects 9% in a single point. Let 543 be the collection of
arcs obtained by pushing each augmented polygonal arc off itself slightly, while preserving its endpoint
that lies in the interior of . See Figure 20. This can be thought of as sliding the endpoint of (s47)’ that
lies in the interior of X along the polygonal arc of (77)" U (J73)’ that it intersects until it reaches the end.
Having carried out these steps, we have that (X, o}, a5, a, a2, (T7), (T3), (AT), 45, x) is a standard
augmented splitting shadow, as desired.

Next, we repeat the process outlined in the first two paragraph, starting this time with the splitting shadow
(X, a%,a3,(73), T35, x): Standardize the splitting shadow, and include the arcs of a U 43 in the slides
when necessary. Perform additional slides to obtain the new collection of arcs a), and (s{3)" whose
interiors are disjoint from all other arcs and curves. Let a3 = a), and obtain 43 from (s43)’ in the
same way as before, so that the new diagram (X, o5, o3, a5, a3, (73)", (T3), (43), o3, x) is a standard
augmented splitting shadow, as desired. Note that (X, &), (75)", x) is slide-equivalent to the original
diagram (X, a2, 75, x).
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Finally, repeat the process once more, starting with the splitting shadow (X, o5, o1, (73),(T7). x)
and performing slides until we can obtain new collections a4 and 54} from the modified collections a%
and (s43)’, as before. At this point, there is a minor wrinkle. We are not finished once we set as = a%
and obtain s} from (s43)" as before. The reason is that these choices for as and 44 might not be
compatible with the original tangle shadow (X, a1, 77, x), rather these choices are compatible with the
slide-equivalent tangle shadow (X, a7, (77)”, x). To remedy this issue, we perform the slides to change
this latter tangle shadow to the former one, and we carry a4 and s} with us along the way, sliding them
over arcs and curves when necessary. In abuse of notation, we denote the results of this transformation a4

and 7.

In summary, we have produce the collections of arcs a5, a3, a4, &iz, s&?, and &QZ required to fully augment
the original augmented shadow diagram.

To establish uniqueness, suppose (az, a3, as, 3, 03, ) and (az, az, ds, &_Q;, 54;, &ZZ) are two sets of
full-augmentation arcs for the given augmented shadow diagram. By surgering ¥ along the corresponding
arcs and curves of a;; U T}, we can regard the augmentation arcs as lying on P;. By definition, there is a
vertical isotopy taking a; U sd} on P; to a; 41 U oA 1 on P;yq through H; U H; 1. The same is true
for a;+1 U &ﬂ;.k_i_l, so it follows that a; 1 U &d;.*_H and a;+1 U &ﬂ;"_H can be isotoped to agree on P, via a
vertical isotopy in H; 1. Working sequentially, it follows that the two collections of full-augmenting arcs
are slide-equivalent, as claimed. O

Following Castro, Gay, and Pinzén-Caicedo, we refer to the above algorithm as the monodromy algorithm.
What follows a is generalization of the discussion of [11, Section 3]; see also [6, Section 4; 8, Section 2].

Given an augmented shadow diagram ® = (X, o1, 2, a3, a1, T7, 5, T3, 47, x), let (H, T) denote the
tangle determined by the tangle shadow (X, 1, J7, x). Let (P, y)g = 8_(H, T). We call (P, y)p the
page of the shadow diagram. Fix an identification Id: (P, y)p — (Xp,7.Xp, r). We use the standard
Morse structure on H to consider a; and ] as lying in P. Consider the arcs a = Id(a;), which cut the
standard surface into a collection of disks, and the arcs s4* = Id(s47), which connect the marked points
to the boundary in the standard pair.

Let ©F = (2, a1, a2, 03, a1, az, as, a4, 77,95, 95, 47, 945, 4%, 3, x) be a full-augmenting of D.
We consider the arcs a4 and s} as lying in P as Well Consider the arcs a’ = Id(as) and the arcs
(4*)" = 1d(sd}). Let ¢p be the automorphism of (X, ¢, xp, r) satisfying ¢p(a U sd*) = o’ U (s4*)',
noting that ¢p is unique up to isotopy. We call ¢pp the monodromy of the shadow diagram.

Lemma 5.8 The monodromy ¢ is determined up to conjugation by the shadow diagram ©.

Proof Proposition 5.7 shows that the arcs a4 U s} are uniquely determined (up to slide-equivalence)
by the choice of augmentation arcs a; U sd]. This means that the arcs ag4 U s} are determined uniquely
up to isotopy when considered relative to a; U s4} on (P, y). Now, the choice of a; U s} determines a
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parametrization of (P, y), and this choice is equivalent to a choice of product structure on (H, J) near
(P, y). The important thing is that this product structure is fixed by the choice of a; U s}, and ag U 54}
is considered relative to this choice. So, if a different choice of a; U &d’f were made, there would be
a diffeomorphism of (P, y) between the two choices, and this diffeomorphism would also relate the
corresponding choices for ag U sd;. Therefore, the monodromy is determined up to conjugation by ©. O

The relevance of ¢ is given in the following proposition; we refer the reader to Section 2.8 for relevant
notation and terminology regarding open-book decompositions and braidings. The following is a general-
ization of [6, Theorem 5] and [11, Lemma 3.1]. Note that up to this point, we have neglected the fact that,
as oriented manifolds, (H;, ;) = (X, x) U (P;, y;), while 3(Y;, Bi) = (P;, yi) U (Pi+1, yi+1). This
fact manifests importantly in the next theorem, where we relate the monodromy of a shadow diagram to
the monodromy of the boundary braiding of a trisection; care is taken with orientations here.

Proposition 5.9 Suppose that ® is a shadow diagram for a bridge trisection T of a pair (X, %). Let
¢p denote the monodromy of the shadow diagram, and let (Yy,, %4, ) denote the model open-book
braiding corresponding to the abstract open-book braiding (X 5, X p r,$o). Then there is an orientation-
preserving diffeomorphism

Vo: (X, F) > (Yoo, Loo)-

Proof Let (Hy,71)U (H2,9,) U (Hs,J3) denote the spine of the bridge trisection determined by the
diagram ©; recalling Propositions 2.22 and 5.4. Fix an identification ¥ : (P1, y1) = (Xp, ., Xp, 5 ) and
regard this latter pair as a page (P, y) x {0} in the model open-book braiding (Yg, £¢.), Which we
think of as (P, y) X¢p S 1 Note that (Ypo. Lo ) is well-defined, because ¢p is determined by D up to
conjugation.

Choose an augmenting of © by picking arcs a; and s}, which we consider as having been isotoped
vertically to lie in (P71, y1). Let a x {0} and s4* x {0} denote the arcs on (P, y) x {0} that are the images
of a; and s47 under . Apply the monodromy algorithm of Proposition 5.9 to obtain a full-augmenting
of ®. Consider the arcs a), (s47)’, and (s{3)" coming from the standard augmented splitting diagram for

(M. K1) = (H1,T1) Uz x) (H2,92),

noting that, regarded as arcs in (Py, y1), a1 and a) are isotopic rel-0, as are s47 and (47)’. These arcs
determine the identity map Id(ys, k,,x) described in Lemma 2.12. In particular, this gives a unique

. . . . 2
extension of i to a diffeomorphism from the spread (Y7, 81) in d(X, %) to the spread (P, y) x [3, 1]
in (Y5, %py). The strange parametrization of the interval is due to the fact that (P, y1) is positively
oriented in d(Y1, B1), so we match it to the positively oriented end (P, y) x {1}.

Repeating the step described above (i = 1) fori = 2 and i = 3 — using intervals [% %] and [0, %] —

allows us to extend 11 to a map ¥p whose domain is the entire boundary
(X, F) = (Y1, B1) U (Y2, B2) U (Y3, B3)
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and whose codomain is (P, y) x [0, 1], equipped with the identification (x, 1) ~ (¢’(x), 0), where ¢’ must
take the arcs a; U &d’f to the arcs a4 U s, in order for Yo to be continuous. However, this implies that
¢’ is isotopic rel-d to ¢o, by definition, and we have that Yo respects the original identification space
structure on (Yg,, L4, ), hence is a diffeomorphism, as desired. O

Example 5.10 (Mobius band for the trefoil) Figure 21(a) shows a shadow diagram corresponding to
the bridge trisection of the Mobius band bounded by the right-handed trefoil in 3 that was discussed in
Example 3.16; cf Figure 14. Since this is a (2; 0, 2)-bridge trisection, we have that (P, y) = d_(H1,J1)
is a disk with two distinguished points in its interior. This pair is shown in Figure 21(d), together with a
pair of arcs that connect the points y to dP. Using the Morse function on (Hy, J1), these arcs can be
flowed rel-0 to lie in X, as shown in Figure 21(e). Note that H; induces opposite orientations on Py
and 3, hence the indicated reflection between (c) and (d) of Figure 21. In Figure 21(f), the shadows for
(H», J>) have been added, making an splitting shadow for (M1, K1), which is a geometric 2-braid in
D? x I, one component of which is twice-perturbed, while the other is not perturbed. In Figure 21(g), a
slide of an arc of &} has been performed to arrange that all arcs are disjoint in their interiors, and the
arcs of 943 have been obtained, as described in the proof of Proposition 5.9; this is an augmented splitting
shadow for (M1, K1). Figure 21(h) shows a splitting shadow for (M3, K3), with s{3 remembered, and
since all arcs are disjoint in their interiors, the arcs of s43 have been derived. Figure 21(i) shows a splitting
shadow for (M3, K3), with the arcs of s¢3 remembered, and Figure 21(j) is obtained from this diagram
by arc slides of arcs from 775 U 43, before s} is obtained. In Figure 21(k), the arcs of «{] and si} are
shown with the arcs of J7 in X. Figure 21(1) shows the result of flowing 4 U si} up to the page (P, y).

Figure 21(1) allows us to see that the braiding induced on the boundary of the bridge trisection is
diffeomorphic to the abstract open-book (P, y,af), where P is a disk, y is two points, and o7 is a
positive braid transposition of the two points of y. This derivation is a shadow diagram version of the
calculation of this braiding given in Example 3.16 and Figure 14.

Example 5.11 (disk for the trefoil in (CP?)°) Figure 22(a) shows a shadow diagram corresponding
to a bridge trisection of a disk bounded by the right-handed trefoil in (CP2)°, the result of removing a
neighborhood of a point from CP2. The two circles represent the foot of a handle for the surface ¥ and
are identified via vertical reflection. If one forgets the bridge points x and all shadow arcs, one obtains a
(1, 0; 0, 1)—trisection diagram for this four-manifold. The bridge trisection itself is type (2, (0, 1, 0); 2);
the union of the blue and green shadows includes a bigon. As in the previous example, we have that
(P,y) = 0—(H1,J) is a disk with two distinguished points in its interior. This pair is shown in
Figure 22(d), together with a pair of arcs that connect the points y to dP. Using the Morse function on
(H1, J,), these arcs can be flowed rel-d to lie in X, as shown in Figure 22(e). In Figure 22(f), the shadows
for (H,, 7 ,) have been added, giving a splitting shadow for (M1, K1), which is a geometric 2-braid in
D? x I, one component of which is twice-perturbed with respect to the once-stabilized Heegaard splitting
of this spread. In Figure 22(g), a number of arc slides of J7 U s4] have been performed to arrange
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Figure 21: A shadow diagram (a), an augmented shadow diagram (b), and a fully augmented
shadow diagram (c) for a bridge trisection for the Mobius band bounded by the right-handed
trefoil in $3. Diagrams (e)—(k) illustrate the process described by the monodromy algorithm of
Proposition 5.9, used to find the full-augmenting (c) of the augmented shadow diagram (b). We
recover the braiding induced on the boundary of the bridge trisection by studying (1), which shows

the arcs a and o’ in the page (P,Y).

that all arcs and curves are disjoint in their interiors, save the standard curve pair o1 U . From this

standard splitting shadow, the arcs of 43 have been obtained, as described in the proof of Proposition 5.9.

Figure 22(h) shows a splitting shadow for (M>, K3), with 45 remembered. Figure 22(i) shows the

standard augmented splitting shadow resulting from a number or arc slides, together with the arcs of 3.
Figure 22(j) shows a splitting shadow for (M3, K3), with the arcs of s43 remembered, and Figure 22(k)
shows a slide-equivalent standard splitting shadow, with s43 derived. In Figure 22(1), the arcs of s} and
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Figure 22: A shadow diagram (a), an augmented shadow diagram (b), and a fully augmented
shadow diagram for a bridge trisection for the disk bounded by the right-handed trefoil in (CPP?)°.
Diagrams (d)—(m) illustrate the process described by the monodromy algorithm of Proposition 5.9,
used to find a full-augmenting of a shadow diagram and recover the braiding induced on the

boundary of the bridge trisection.
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Figure 23: A three-dimensional rendering of the shadow diagram in Figure 22(a) corresponding
to the disk bounded by the right-handed trefoil in (CIP?)°.

A% are shown with the arcs and curves of the original tangle shadow for (H1,J1) in X. Figure 22(m)
shows the result of flowing 41 U s43 up to the page (P, y).

Figure 22(m) allows us to see that the braiding induced on the boundary of the bridge trisection is
diffeomorphic to the abstract open-book (P, y,013), where P is a disk, y is two points, and o7 is a
right-handed braid transposition of the two points of y. This proves that this bridge trisection corresponds
to a surface bounded by the right-handed trefoil in (CPP?)°. From the bridge trisection parameters, we
conclude that the surface is a disk, since it has Euler characteristic one and is connected.

A three-dimensional rendering for this example is given in Figure 23. The ambient 3—manifold is
§3 = 3(CP?)°, equipped with the Heegaard-page structure coming from the compression body H 1,0,1-
The right-handed trefoil is in 2-braid position, and perturbed twice with respect to the genus one Heegaard
surface X. (Note that X is oriented as dH;.) The closed curve shown in blue is the belt-sphere for the
2-handle that is attached to a O—cell B* to build (CIP?)°. The curve lies on ¥ with surface-framing —1.
This reflects the fact that (CIP?)° can be thought of as being built from S3 x [—1,0] by attaching a
(41)—framed 2-handle along the corresponding curve in the mirror manifold S3 x {—1}, before capping
off with a 0-handle below. A single band is shown for the boundary knot, but this band is a helper-band in
the sense of Remarks 3.6 and 3.10 and Section 3.3 more generally. In fact, relative to the Morse function
on (CP?)°, the disk bounded by the trefoil can be (and has been) assumed to have no saddle points, just a
single minimum. However, the Morse function on (CP?)° coming from the bridge trisection will require
the disk to be built from a pair of vertical disks (since we require a 2-braid on the boundary), and the
helper-band joins these disks together. Compare with the Morse-theoretic proof of Theorem 8.1.
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6 Gluing bridge trisected surfaces and shadow diagrams

In this section, we describe how to glue bridge trisected surfaces along portions of their boundary in a way
that respects the bridge trisection structure. The gluing of trisections was first discussed by Castro [5],
with further development given by Castro and Ozbagci [8] and by the author and Gay [11]. We conclude
this section with some examples of simple gluings of bridge trisected pairs with disconnected boundary, as
well as a more complicated example involving the surfaces bounded by the right-handed trefoil discussed
above. We refer the reader to Section 5 for necessary concepts related to shadow diagrams.

The development below is a generalization of previous developments to the setting of bridge trisections for
four-manifold pairs and is complicated by the fact that we allow the four-manifolds being glued to have
multiple boundary components and for the gluings to involve proper submanifolds of these boundaries. To
account for this, we will allow our gluing maps to be partial diffeomorphisms, which means that they may
be defined on proper subsets of their domain. This subset is called the domain of definition of the map;
the image of the domain of definition is called the range, and may be a proper subset of the codomain.
The domain of definition and range of our partial diffeomorphisms will always be closed submanifolds of
the domain and codomain, respectively.

Let T be a bridge trisection of a pair (X, %), and let © be a shadow diagram for T. Let (P, y) =
0_(H1,91), and let ¢o: (P, y) — (P, y) be the monodromy automorphism determined by © according
to Proposition 5.7. Let Yp: 0(X, ) — (Y¢5, Lp,) be the diffeomorphism given by Proposition 5.9,
where (Yy,,¥¢p) is the model pair of the abstract open-book (P, y, ¢p). We note that both ¢p and
Yo depend on the underlying bridge trisection T, and are determined up to postcomposing with an
automorphism of (P, y). Thus, we might as well denote these maps by ¢ and ¥ ; we will adopt either
decoration, depending on whether we wish to emphasize the shadow diagram or the underlying bridge
trisection.

We work in the generality of bridge trisected pairs with disconnected boundary, so we emphasize the
decomposition

Y. &)=L EHu---u@", £

of (Y, %) = d(X,F) into connected components of Y; for any connected component Y/ of Y, we may
have ¥/ disconnected —ie a link. Thus, we have corresponding decomposition of the pairs (P, y),
(Ppr, Yoy ), and (Yg , L¢ ), and of the maps ¢ and .

Our first result is that bridge trisections that induce diffeomorphic braidings on some portion of their
boundaries can be glued along those boundaries to obtain a new bridge trisection. By a diffeomorphism of
open-book braidings we mean a diffeomorphism of three-manifold pairs that restricts to a diffeomorphism
of pages (hence, commutes with the monodromies).
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Proposition 6.1 Let T’ and T" be bridge trisections for pairs (X', %) and (X", %"). Suppose we have
an orientation-reversing partial diffeomorphism of open-book braidings W : (X', %) — (X", %¥"). Then
the pair (X, F) = (X', ¥) Uy (X", F") inherits a canonical bridge trisection T = T’ Ug T".

Proof Let (Y',&) and (Y”, ") denote the domain of definition and range of W, respectively, noting
that these are closed (possibly proper) submanifolds of (X', %) and d(X”, F"), respectively.

After potentially changing ¥ by an isotopy through diffeomorphisms of open-book braidings, we can
assume that W(P/, y/) = (P/, y!') for each i € Z3. We will verify that gluing the various corresponding
pieces of T’ and T"” together according to W results in a collection of pieces giving a bridge trisection
of (X, %).

Consider the restriction of W to the binding B’ of the open-book decomposition of (Y, &), recalling
that B’ = d(X’/,x’) and B” = W(B’) = 9(X”,x"). Let (X, x) = (¥, x") Ug (X", x”"), which is simply
the union of two surfaces with marked points and boundary along closed subsets of their respective
boundaries, hence a new surface with marked points and (possibly empty) boundary.

Consider the restriction of W to the pages P/ for each i € Z3, recalling that (P/, y/) = d(H/,J;) and
(P/'.y!) = (P}, y}) = D(H['.T)). Let (H;.9) = (H].T)) Uy, , (H]', ), noting that

A(H;, T;) = (2.x) Up ((0-(H{. T\ (P}, y") LU (3 (H” TH\ (P, y")).

(A word of caution regarding notation: The fact that we are considering gluings along potentially strict
subsets of the boundaries complicates the exposition notationally. For example, earlier in the paper, we
would have written (P/, y/) = 0—(H],J7), but here we regard (P/, y/) C d_(H/,T?}) as the portion of
d—(H/, J}) lying in the domain of definition.)

For each i € Z3, let a] be a neatly embedded collection of arcs in P/ \ y; such that surgery along the
arcs reduces P/ to a collection of disks with the number of connected components as P/. Moreover,
we require that a and a; 41 be isotopic rel-d in Y’ \ & via an isotopy that is monotonic with respect to
the open-book structure. Let a} = W(a}). For each i € Z3, let s; be an embedded collection of arcs
connecting the points of y/ to dP/, and assume, as before, that {; and {; 41 are isotopic via an isotopy
that fixes s4; N dP/ and is monotonic with respect to the open-book-braiding structure; the free endpoints
of 50} will move along &’. Let s/ = W(sd}).

Using the Morse structure on (H/,J7), flow the arcs of a} and s4; down to X', and denote the results
a:)’ an ), respectively. Let E; and 7; denote the traces of the respective isotopies, noting that the
F)' and (s4})’, respectively. Let E and T} denote the t f the respect top ting that th
E/ are compression disks for the H/, and that the T/ are bridge triangles for the vertical strands y/ x [0, 1].

Do the same for a; and s to obtain (a})” and (s4})"” on X", with corresponding traces E/ and T}".

Let D/ and D} be collections of neatly embedded disks in H/ and H/’, respectively, such that surgery
along D; and D” reduces H/ and H/', respectively, to spreads d—(H;, m)x[O 1]and 0_(H/, T7)x[0,1].
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For each connected component of (P/, y’), pick a disk of D/ adjacent to that component in the sense that
one of the two scars resulting from surgery along the chosen disk lies in the corresponding component of
(P/,y") <0, 1]. (Equivalently, the chosen disk is the cocore of a 1-handle connecting the component of
(P/, y")x[0, 1] to another component of the spread obtained by surgery.) Let F/ C D] denote the chosen
disks. Then, we claim that

D; = (Dj\ F)) U(E] Uy E)u D
is a collection of compression disks in H; such that surgery along D; reduces H; to

(0-(H)\ P))u (0—(H])\ P").

To see that this is the case, note that the result of surgering H; along D; U F; is precisely
(@ P < 0. u (L] D2 x10.11) 0 (GG \ £ [0.1),
m/

where m’ is the number of connected components of ¥/, P/, and F/. The effect of removing the disks
of F/ from this collection of compression disk is to attach 1-handles, one for each D? x [0, 1] in the
above decomposition, connecting the m’ copies of D? x [0, 1] to the rest of the spread. It follows that H;
is a compression body with 4 H; = X and 0—(H;) = (0—(H/) \ P/) U (0—(H/") \ P/'), as desired.

Moreover, let A7 and A7 be bridge disks for the flat strands of 77 and 77, respectively. Then,
A= AU (T Ug T/) U AY

is a collection of bridge semidisks and triangles for the strands of 7 Ug 77 in H;. The key thing to note
here is that the bridge triangles 7/ for the vertical strands y/ x [0, 1] glue to the corresponding bridge
triangles 77 for the vertical strands of y;” x [0, 1] along the identified arcs s} Uy 54} to give bridge disks
for the new flat strands (y; x [0, 1]) Uy (y;" x [0, 1]).

Finally, consider the restriction of ¥ to the spreads (Y, f) cobounded by (P/, y;) and (P{,;,y; . )
in (Y', %), recalling that (Y/, B7) = (Z;,%9}) N d(X', F'), and noting that W(Y/, B]) = (Y, B/). Let
(Zi,Di) = (Z],9}) Uy (Z], D) for each i € Z3. We claim that the fact that the (Z;,%;) are trivial
disk-tangles follows easily from the detailed argument just given that the (H;, J;) are trivial tangles. The
reason is that a trivial disk-tangle (Z, %) can be naturally viewed as the lensed product (H, 7) x [0, 1] such
that the decomposition of d(H, T) = (S, x) Uys (P, y) gives rise to a bridge-braid structure on d(Z, D).
Precisely, the lensed product (Hg p r.Jp ) X [0,1]i8 (Zg k:p, 7+ De;v), Where k = g+ p + f —n and
n is the length of the partition p. The structure on the boundary is that of a symmetric Heegaard double.
Moreover, we have that 0_(Z, %) = 0_(H, J) x [0, 1], so gluing two trivial disk-tangles along a portion
of their negative boundaries is the same as gluing the corresponding trivial tangles (of which the trivial
disk-tangles are lensed products) along the corresponding portions of their negative boundaries, then
taking the product with the interval. Succinctly, the gluings along portions of the negative boundaries
commute with the taking of the products with the interval. Therefore, the (Z;, %;) are trivial disk-tangles,
as desired.
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It remains only to verify that (Z;,%;) N (Z;-1,D;—1) = (H;,7;) and (H;,T;) N (H;+1,Ti+1) = X,
but this is immediate. O

Remark 6.2 Proposition 6.1 holds in the case that T’ = T” and W is a (partial) self-gluing! See
Example 6.6 below.

Having established how to glue bridge trisections from the vantage point of bridge trisected pairs, we
now turn our attention to understanding gluings diagrammatically. Suppose that T’ and T" are bridge
trisections of pairs (X', %) and (X", F") with augmented shadow diagrams ®©’ and D", respectively.
Let f:0(X, a}, (7)) — (X', a, (s4])") be an orientation-reversing partial diffeomorphism. We call
®" and ©” gluing compatible if there is an orientation-reversing partial diffeomorphism

V(D D"): (P{.y1) = (P{. y1)

that extends f and commutes with the monodromies of the diagrams —ie V¢ (D', D") 0 ¢por = por —
where this composition is defined. In this case, we call f a compatible (partial) gluing.

The map ¥ (D', ") determines an orientation-reversing (partial) diffeomorphism
Tr(@.D"): Yoo, L) = Yo, L)
of abstract open-book braidings. So, we can define a (partial) gluing map
V@, 9"): (X" F) > (X", F")
of the bridge trisected pairs by
W (D, D") = Ygr o T (D, D") o yroy.

Again, we are interested in partial boundary-gluings, so we reiterate that the above caveats regarding the
domain and codomain apply to W (D', D"). Given this set-up, we can now describe how gluing shadow
diagrams corresponds to gluing bridge trisected four-manifold pairs.

Proposition 6.3 Suppose that T’ and T" are bridge trisections of four-manifold pairs (X', %) and
(X", F"), respectively, and that the corresponding fully augmented shadow diagrams ®’ and ©" admit a
compatible gluing f. Let ® = D' Uy ®", and let (X, F) = (X', F) Uy, (0,07 (X", F"). Then D is a
fully augmented shadow diagram for the bridge trisection on (X, %) given in Proposition 6.1, once it is
modified in the following ways:

(1) The arcs of (a4)" U (s4})" and (as)” L (sd})” whose endpoints lie in the domain of definition and
range of f should be deleted.

(2) If 0X"” is disconnected, then, for each component Y" of the range of Wy (D', D") there is a
subcollection of curves of &}, for eachi € Z3, that separate the components of 3X" corresponding
to Y" from the other components of 0X". Throw out one curve from the subcollection of curves
corresponding to each connected component of the range of Wy (D', ©").
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(3) If 0X” is connected but X' is disconnected, then, for each component Y’ of the domain of
definition of Wy (D', D") there is a subcollection of curves of «;, for each i € 73, that separate
the components of ¥’ corresponding to Y’ from the other components of d%’. Throw out one
curve from the subcollection of curves corresponding to each connected component of the domain
of definition of W¢ (D', D").

Proof The first modifications required above is a minor issue. If this is not done, then the would-be-
deleted arcs give rise to extra shadows and curves that are redundant in the encoding of the trivial tangle
(H1,71). The next two modifications are more serious, and are required to ensure that the resulting
diagram is a shadow diagram. The rationale was made clear in the proof of Proposition 6.1, where this
precise discarding was carried out at the level of compression disks. Note that only one of the final two
modification will need to be made in practice.

The rest of the proof follows from the proof of Proposition 6.1, as applied to the gluing ¥ (D', D"). O
We conclude this section with some examples illustrating gluings of bridge trisected four-manifold pairs.

Example 6.4 First, we recall the bridge trisected surfaces bounded by the right-handed trefoil discussed in
Examples 5.10 and 5.11. Let ©’ denote the fully augmented shadow diagram in Figure 24, top left, which
corresponds to a bridge trisection of the pair (X', %), where % is a disk bounded by the right-handed
trefoil in X’ = (CP?)°. Let ©” denote the fully augmented shadow diagram in Figure 24, top right,
which corresponds to the pair (X", %), where %" is the Mobius band bounded by the left-handed trefoil
in $3, which we imagine as being perturbed so that its interior lies in X" = B*. Note that ®” is the
mirror of the diagram shown in Figure 21(c). Orientations for the boundaries of the diagrams are shown.

These bridge trisections induce open-book braidings on the boundaries of their corresponding manifold
pairs that are orientation-reversing diffeomorphic. Both open-book braidings have disk page and boundary
link in 2-braid position: For ®©’, the monodromy is three positive half-twists about the two braid points.
This was described in Example 5.11 and Figure 22. However, for ©”, the half-twists are negative, since
©" is the mirror of the diagram discussed in Example 5.10 and Figure 21.

Let f: 0D — 0" be the orientation-reversing diffeomorphism that matches the endpoints of the arcs
(s47)" with those of (s47)”. There is an orientation-reversing diffeomorphism

Y (D', D7) (PL,y1) = (P, y3

that extends f'; simply pick the obvious diffeomorphism relating the pair in Figure 22(d) to the mirror of
the pair in Figure 21(d). It follows that is a compatible gluing corresponding to an orientation-reversing
diffeomorphism Wy (D', D).

Let (X, F) = (X', %) Ug 0,07 (X", F"). By Proposition 6.3, the ® = D" Uy D" shown in Figure 24,
bottom left, is a shadow diagram for (X, &). Observe how the arcs (s4})’ and (sd})” have been discarded
according with the first modification required by Proposition 6.3. (The second and third modification are
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Figure 24: Top left: a shadow diagram for the disk bounded by the right-handed trefoil in (CIP?)°.
Top right: a shadow diagram for the Mobius band bounded by the right-handed trefoil in B*.
Bottom left: the result of gluing these diagrams via the unique compatible gluing — a shadow
diagram for a projective plane in CPP2. The bottom right is obtained from the bottom left by
deperturbing along the indicated shadows; see Section 9.2 for relevant definitions.

not necessary in this example, since dX’ and dX” are connected.) A brief examination reveals that this
diagram can be deperturbed three times, using the indicated shadows. (See Section 9 for details about
perturbation.) Doing so produces the diagram of Figure 24, bottom right.

We have that X =~ CIP2 and % 2 RIP2, but it is not true that (X, ) = (CPP?, RPP?), where the latter pair is
the projectivization of the standard pair (C3, R3). The standard projective pair (CPP?, RIP?) is depicted in
[28, Figure 2]. One way to distinguish these two pairs is to note that % has normal Euler number +6, while
RP?2 has normal Euler number +2. Moreover, 1 (X \ v(%)) = Z /27, while 71 (CP?\ v(RP?)) = 1.
These facts are left as exercises to the reader.

Example 6.5 Consider the shadow diagram ®’ shown in Figure 25, top left, which corresponds to a
bridge trisection of the cylinder pair (X’, %) = (S3x I, S! x I'). The underlying trisection of S3 x I can
be thought of as follows. If one “trisects” S3 into three three-balls, which meet pairwise along disk pages
of the open-book decomposition with unknotted boundary — so the triple intersection of the three-balls is
this binding — then the trisection of S3 x I can be thought of as the product of this “trisection” of §3
with the interval, and the core ¥ is simply the product of the binding with the interval. So, the diagram
D’ can be thought of as a bridge trisection for a copy % of X. To carry this out, the copy & of the annular
core must be perturbed relative the original copy X of the core. We leave it as an exercise to the reader to
verify that ©’ describes the cylinder pair, as claimed.
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Figure 25: Top left: a shadow diagram for S3 x I. Top right: A copy of this diagram and a copy
of its mirror, with compatible gluing f indicated. Bottom left: the result of the gluing, §3 x 1.
The bottom right is obtained from the bottom left by deperturbing along the indicated shadows.

Now, let ®” denote a mirror copy of @’ that corresponds to a second copy of cylinder pair,
(X", F") = (S3x 1,8 x1I).

Each of the two boundary components of both (X', %) and (X", %) have induced open-book braidings
with page a disk with one braid point. Let f: 9D’ — 0D” be the orientation-reversing partial diffeomor-
phism shown in Figure 25, top right —ie f maps the boundary component S x {1} of ®’ to the boundary
component S! x {0} of ®”. Trivially, f extends to an orientation-reversing partial diffeomorphism
VUr (D, 9"): (P{,y;) = (P4, y}) between the page pairs corresponding to the boundary components
of the chosen boundary components of ©’ and ©”. Thus, we have an orientation-reversing partial
diffeomorphism Wy (D', 0"): 0(X', F) — (X", F").

Let (X, %) = (X', %) Uy, (0,07 (X", F"). By Proposition 6.3, the diagram ® = D" Uy D" shown
in Figure 25, bottom left, is a shadow diagram for (X, %). Note that one curve of each color has been
discarded in accordance with modification (2). As before, the diagram obtained from gluing can be
deperturbed. (This is a common phenomenon when gluing shadow diagrams.) The diagram obtained after
deperturbing (and performing slides), shown in Figure 25, bottom right, is diffeomorphic to the original
diagram ©’. Of course, (X, F) = (S3x 1, S x I).

In this example, modification (1) of Proposition 6.3 is implicit; the arcs af,, (sd})’, @}, and (s4})” were
never drawn and were never needed. More interestingly, we see how modification (2) is required. The
curves of ©” have been discarded upon gluing. Had this not been done, there would have been parallel
curves in «; for each i € Z3. This would imply that P; = d_ H; would have a two-sphere component,
which is not allowed.

Example 6.6 Finally, we consider two more compatible gluings involving ©’. First, let ©” denote a
mirror copy of ©’, and let f: 90" — 0D” be the compatible gluing shown in Figure 26, top middle.
This compatible gluing is similar to the one explored in Example 6.5, but this time f is not a partial
diffeomorphism. The induced gluing Wy (D', ©") matches the two boundary components of (X, %) with
the corresponding components of (X", F"). As aresult, (X, F) = (X', %) Uy 07,07y (X", F") is the
closed four-manifold pair (S x S', S x §1), and the diagram © = D’ Uy D" for this pair is shown in

Algebraic & Geometric Topology, Volume 24 (2024)



Filling braided links with trisected surfaces 871

\Zj

Figure 26: Top left: a shadow diagram for S3 x I. Top middle: a copy of this diagram and a copy
of its mirror, with compatible gluing f indicated. Top right: the result of the gluing, S3 x S*.
Bottom left: a compatible self-gluing of the diagram. Bottom right: the result of the self gluing,
S3 x S1. The bottom right is obtained from the top right by deperturbing along the indicated
shadows.

Figure 26, top right. As in Example 6.5, the redundant arcs have been suppressed, and the curves o have
been discarded upon gluing. Also, we can again deperturb, arriving at the diagram of Figure 26, bottom
right.

Now, let f denote the compatible self-gluing shown in Figure 26, bottom left. The induced self-map of
(S3x1,8'x1)is Ve (D): (S3 x40}, ST x{0}) — (S3 x {1}, S x{1}). The diagram resulting from the
compatible self-gluing f is the diagram of Figure 26, bottom right, which describes (S3 x ST, S1 x S1),
as noted before.

7 Classification and examples

In this section, we classify (b, ¢; v)-bridge trisections in the trivial cases where one or more of the
parameters is sufficiently small. Then, we present families of examples representing more interesting
choices of parameters and pose questions about further possible classification results. To get started, we
discuss the connected sum and boundary connected sum operations, then we introduce some notions of
reducibility for bridge trisections.
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7.1 Connected sum of bridge trisections

Given trisections T’ and T” for four-manifolds X’ and X", it is straightforward to see that there is a
trisection T = T’ #T” describing X' # X”. Let ¢ € {!,” }. All that needs to be done is to choose the
points x¥ € X? that determine the connected sum to lie on the respective cores. Having done so, the
pieces of the trisection T can be described by ¥ = X'# X", H; = H/W H/', and Z; = Z/§ Z'. Note that
T is independent of the choice of points made above.

Remark 7.1 The connected sum operation, as described, is a very simple example of a gluing of
trisections, as described in detail in Section 6. Each of T¢ \ v(x?) is automatically a trisection with one
new boundary component diffeomorphic to S3. If ©¢ is a shadow diagram for T?, then D¢ \ v(x?) is
a diagram for T? \ v(x?®) after a simple modification is made in the case that dX # & in this case, a
curve § must be added to each of the «; that is parallel to the curve dv(x®) where ¥’ and £ were glued
together (this is a separating reducing curve in the sense of Definition 7.6, below).

There is a complication in extending this interpretation to connected sum of bridge trisections with
boundary that was not present in discussions of the connected sum of closed bridge trisections elsewhere
in the literature. The naive idea is to simply choose the connected sum points x¢ to be bridge points. This
works for closed bridge trisections, because every bridge point is incident to a flat strand in each of the
three trivial tangles. This is not the case for bridge trisections with boundary. To convince oneself of the
problem, try to form the connect sum of two bridge trisections, each of which is a copy of the bridge
trisection described in Figure 31, top left, which corresponds to the standard positive M6bius band. It is
simply not possible: the removal of an open neighborhood around any bridge point has the effect that one
of the trivial tangles will no longer be trivial, since it will have a strand with no endpoints on X.

One might think that perturbing the bridge trisection (see Section 9.2) would fix the problem by creating a
bridge point that is incident to flat strands in each arm; however, the problem persists due to consideration
of the vertical patches. Since vertical patches are only allowed to be incident to one component of d.X,
we cannot puncture our bridge trisection at a bridge point that is incident to a vertical patch.

The next lemma makes precise when puncturing a bridge trisection at a bridge point produces a new
bridge trisection and indicates how to form the connected sum of bridge trisections.

Lemma 7.2 Let T be a bridge trisection for a pair (X, %), and let x be a bridge point. Then T \ v(x) is
a bridge trisection for the pair (X \ v(x), % \ v(x)) if and only if x is incident to a flat patch of %; for
eachi € Z3.

IfD = (2,a1,02,03,97,75, 75, x) is a shadow diagram for T, then a shadow diagram for T \ v(x)
can be obtained as follows: Let § = dv(x) in ®. For each arc 7 of I} that is incident to x, choose a
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Figure 27: Left: a shadow diagram for a bridge trisection of (B*, D?). Right: the diagram
obtained by puncturing at the bridge point x.

neighborhood v () D v(x) and let §; = dv(t]"). Let X' = X\ v(x), o, = o; U8, (T7) =T 7\ ¢/, and
x’ = x \ {x}. Then there are two cases: If 0X = &, then

D= (T, ar,02,03,(T7), (T3),(T3) , x")
is a shadow diagram for T \ v(x). If X # &, then

D= (X, ay, a5, a5, (T7), (T3, (T3, x")
is a shadow diagram for T \ v(x).

Proof If x is incident to a flat patch of &; for each i € Z3, then it is straightforward to verify that the
pieces of T \ v(x) form a bridge trisection. The main substantive changes are that

(1) the number of components of dX, 0%, and d_— H; all increase by one; and

(2) foreachi € Z3, the flat strand of J; becomes a vertical strand and the flat patch of %; incident to
x becomes a vertical patch.

Conversely, if x is incident to a vertical patch D C 9; for some i € Z3, then %; \ v(x) is no longer a
trivial disk-tangle, since D \ v(x) is neither vertical nor flat, as it intersects multiple components of dX .

If 0X = @, then the H; are handlebodies and the H are compression bodies with 0 H/ = D?. In this
case, the curves «; still encode Hl-/ without modification. If X # @, then B_Hl./ ~ J_H; UD? In
this case, § must be added to «; in order to encode the fact that the new component of 0 H/ is disjoint
from the original ones. As curves in a defining set, § and §; serve the same role, since they are isotopic.
The only reason for pushing § off z;* is to satisfy our convention that the shadow arcs be disjoint from
the defining set of curves for the handlebody. The shadow arcs 7" are deleted regardless of whether
0X is empty, since these shadows correspond to flat strands that become vertical strands upon removal
of v(x). a

Example 7.3 Consider the shadow diagram © shown in Figure 27, left, which corresponds to a bridge
trisection of the trivial disk in the four-ball. Figure 27, right, shows the diagram corresponding to the
bridge trisection T’ = T \ v(x) for (X', #) = (B*\v(x), D?\v(x)). Note that this diagram is equivalent
to that of Figures 25, top left, and 26, top left.

In light of this lemma, it is clear that we can obtain a bridge trisection for the connected sum of surfaces
by choosing the connected sum points to be bridge points incident only to flat patches. Though such
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bridge points need not always exist (see the Mobius band example reference above), they can be created
via interior perturbation — at most one in each direction. The punctured trisections T? \ v(x?) can be
canonically glued along the novel boundary components (which are three-sphere-unknot pairs), according
to the techniques of Section 6. Note that in the case that at least one of X’ and X" have boundary, then at
least one of the curves &/ or the curves §; should be discarded upon gluing, as dictated by Propositions 6.1
and 6.3. Compare Example 7.3 to Example 6.5.

So far, we have viewed the connected sum of bridge trisections as a special case of gluing bridge trisections,
and it has been noted that, for this approach to work, we must form the connected sum at bridge points
that are incident to flat patches in each disk-tangle. However, it is possible to work in a slightly more
general way so that the punctured objects need not be bridge trisections themselves, but their union will

be a bridge trisection of the connected sum.

Lemma 7.4 Let T’ and T" be bridge trisections for pairs (X', %) and (X", F"), respectively, and let
x" and x"" be bridge points such that, for each i € Z3, one of x" or x” is incident to a flat patch in T*.
Then the result

T = (T'\v(x") U(T"\ v(x"))

obtained by removing open neighborhoods of the x® from the T*¢ and gluing along resulting boundaries so
that the corresponding trisection pieces are matched is a bridge trisection for (X, F) = (X', F)#(X", F").

Proof Let D? be the patch of %¢ containing x° foreachi € Z3 andeache e {'.” }. Let D; = D;Upy(x¢) D}
Then

P; = QD; Uau(ye) QD;, = (@; \Dl,) U (@;l \ Dl{/) U D;.
For each i € Z3, one of the Df will be flat, so D; will be flat or vertical, according to whether the other

of the D is flat or vertical. In any event, each disk of %; has at most one critical point, and we have a

trivial disk-tangle, since the boundary sum of trivial disk-tangles is a trivial disk-tangle.

A similar argument shows that the arms of T are just the boundary sum of the arms of the T¢ and that
each strand is vertical or flat, as desired. The details are straightforward to check. |

Note that while the parameters g and k are additive under connected sum, the parameters b and ¢ are
(—1)—subadditive (eg b = b’ + b” — 1). In the case that the (X°, %°) have nonempty boundary, the
boundary parameters p, f, v, and n are all additive, since we are discussing connected sum at an interior
point of the pairs. Unlike the case of the connected sum of two four-manifold trisections, here, the
resulting bridge trisection is highly dependent on the choice of bridge points made above.

7.2 Boundary connected sum of bridge trisections

Now consider the operation of boundary connected sum of four-manifolds. We start with the set-up
as above, but now we choose the summation points to be points y® lying in components K¢ of the
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bindings d%¢ for each ¢ € {,” }. In this case, the pieces of the trisection T = T’ T” can be described
asX=X13" Hi=H/WH", Z; =ZWZ!, B=B"#B", P, =P/ P/, and Y; = Y/1 Y. And in
this case, g, k, and p are additive, while f and n are (—1)—subadditive, and T is highly dependent on
the choice of binding component K® made above.

The situation becomes more complicated when we consider the boundary connected sum of bridge
trisected pairs. The issue here is that %° N 0Xf = &, so we cannot choose the y? to lie simultaneously on
3% and on %°. Our approach is to first perform the boundary connected sum of the ambient four-manifolds,
as just described, then consider the induced bridge trisection of the split union (X, % L %") of surface
links. We now describe a modification of this bridge trisection that will produce a bridge trisection of
(X, F'hF").

Suppose that we would like to form the boundary connected sum of (X', ') with (X", F") at points
y® € 0F°. Without loss of generality, we can assume that y® € % N P£; in relation to the open-book
structure on (the chosen component of) dX ¢, we assume that y® lies on the page P°. Henceforth, our
model is dependent on the choice of i € Z3.

Choose arcs w® connecting the points y? to the chosen binding components K¢ C B®. Let z° denote the
points of w® N K%. Form the boundary connected sum of the ambient four-manifolds at the points z%, as
described above, so that &' LI %" is in bridge position with respect to T. Note that the arcs w® give rise to
an arc  in the page of P; connecting the points y*®.

Use the height function on H; to flow w down to the core 3. Let Q represent the square traced out by
this isotopy, and let wx = Q N X. Let N be a regular neighborhood of Q in X. We will change % LI %"
to ¥ § %" in a way that will produce a bridge trisection for the latter from the bridge trisection of the
former, and this change will be supported inside N. See Figure 28, top left, for a (faithful) schematic of
this set-up. The figures depict the case of i = 1.

Proposition 7.5 A bridge trisection for (X, %) = (X' § X", % 1 F") can be obtained from the bridge
trisection of (X, % LUF") described above by replacing the local neighborhood N of Q shown in Figure 28,
top left, with the local neighborhood N’ shown in Figure 28, top right. The replacement can be seen in
a shadow diagram as the local replacement of the portion of the diagram supported near ws« shown in
Figure 28, bottom left, with the portion shown in Figure 28, bottom right.

Proof Near w., the neighborhood N is precisely the (0;0, 2)-bridge trisection of two copies of the
trivial disk in B*. To recover all of N, we extend upward along Q. Because @ was lowered to X along a
pair of vertical strands of (H;, 7} UJ), we see that the entirety of N is still just the 2-bridge trisection
of two copies of the trivial disk. In other words, N is isolating, in a bridge-trisected way, a small disk
from each of the %°.

Now, to perform the (ambient) boundary connected sum of the %¢ at the points y®, we must attach a
half-twisted band b connecting these points. (It should be half-twisted because %' and 0F" are braided
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The neighborhood N. The neighborhood N’.
A S i.é N
Local shadow diagram before. .. ...and after boundary connected sum.

Figure 28: The trisected local neighborhood in the top left is exchanged for the trisected local
neighborhood in the top right to carry out an ambient boundary connected sum of surface-links.
The local change is depicted with shadow diagrams in the change from the bottom left to the
bottom right. Note that, globally, the pink shadow arcs necessarily correspond to vertical strands
of 71, while the light blue and light green shadow arcs may correspond (globally) to either flat or
vertical strands.

about B; the half-twist will ensure that the result 0F # %" is still braided about B.) We also assume
that the core of b lies in P;. The change affected by attaching the half-twisted band is localized to the
neighborhood N. Therefore, it suffices to understand how N is changed.

Although we are describing an ambient boundary connected sum of surfaces in a four-manifold X that
may be highly nontrivial, the neighborhood N is a four-ball, so it makes sense to import the bridge-braided
band presentation technology from Section 3. Figure 29, left, shows a bridge-braided ribbon presentation
for N, together with the half-twisted band b. Figure 29, middle, shows the effect of attaching the band,
together with the dual band; this is a ribbon presentation for the boundary connected sum of the two
disks in N. Figure 29, right, shows a bridge-braided ribbon presentation for this object, which we denote
by N’. Note that the boundaries of N and N’ are both 2-braids and are identical, except where they
differ by a half-twist. As stated before, we assume this difference is supported near P;. (Note that in
the schematic of Figure 28, top right, the half-twist is shown in the spread Y;_p, rather than in P?, due
the reduction in dimension. Similarly, in the frames of Figure 29, left and middle, the band b and the
crossing are similarly illustrated away from P;.)
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Figure 29: Left: a ribbon presentation for N, together with the band b realizing the boundary
connected sum. Middle: a ribbon presentation for N’, the result of the boundary connected sum.
Right: a bridge-braided ribbon presentation for N’.

The neighborhood N is the (1;0, 2)-bridge trisection of the spanning disk for the unknot that induces the
braiding of the unknot as a (2, 1)—curve in the complement of the (unknotted) binding. The corresponding
bridge-braided ribbon presentation has one band, which is a helper band in the sense of Remarks 3.6
and 3.10. This helper band is the dual band to b.

Because dN and dN' are identical away from a neighborhood of w, we can cut N out and glue in N to
realize the attaching of b; ie to realize the ambient boundary connected sum. |

7.3 Notions of reducibility

We now discuss three notions of reducibility for trisections of pairs that we will show correspond with the
connected sum and boundary connected sum operations discussed above. These properties are distinct
from, but related to, the properties of being stabilized or perturbed, which are discussed in Section 9.

Definition 7.6 Let T be a bridge trisection for a pair (X, %). Let § C £\ v(x) be an essential simple
closed curve.

(1) The curve § is called a reducing curve if, for each i € Z3, there exists a disk E; C H; \ v(9;)
with 0E; = 6.

(2) The curve § is called a decomposing curve if, for each i € Zs, there exists a disk E; C H;
with dE; = § and with |E; N J;| = 1. A decomposing curve is called trivial if it bounds a disk in
3 containing a single bridge point.

(3) An embedded three-sphere S C X is a trisected reducing sphere if Z; N S is a three-ball and
H; NS is a disk for each i € Z3, and ¥ N S is a reducing curve.

(4) An embedded three-sphere-unknot pair (S, K) C (X, %) is a (nontrivial) trisected decomposing
sphere pair if
(Z; NS, %;NS)= (B3 1)
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is a trivial 1-strand tangle in a three-ball for each i € Z3, and £ N S is a (nontrivial) decomposing

curve.

(5) A trisection is reducible (resp. decomposable) if it admits a reducing curve (resp. a nontrivial
decomposing curve).

Let n C ¥ \ v(x) be an essential, neatly embedded arc.

(6) The arc n is called a reducing arc if, for each i € Z3, there exists a neatly embedded arc n; C P;
and a disk E; C H; \v(J;) with 0E; = nUn;.

(7) A neatly embedded three-ball B C X \ & is a trisected boundary-reducing ball if, for all i € Z3,
Z; N B is a three-ball and H; N B is a disk, and X N B is a reducing arc.

(8) A trisection is boundary-reducible if it admits a reducing arc.

Lemma 7.7 If a trisection T is reducible, decomposable, or boundary-reducible, then T admits,
respectively, a trisected reducing sphere, a nontrivial trisected decomposing sphere pair, or a trisected
boundary-reducing ball.

Proof What follows is closely based on the proof of Proposition 3.5 from [26], where reducing curves
are assumed (implicitly) to be separating, and some clarification is lacking. Here, we give added detail
and address the latter two conditions, which are novel.

Suppose T is either reducible or decomposable, with reducing or decomposing curve § bounding disks
E;inthe H;. Let R; = E; Ug Ei+1 be the given two-sphere in H; Uy, ﬁl‘+1 C 0Z;. Recall (Section 2.7)
that Z; is built by attaching 4—dimensional 1-handles the lensed product Y; x [0, 1] along ¥; x {1}. A
priori, the R; may not be disjoint from the belt spheres of the 1-handles in Z;; however, by [22], it can be
arranged via handleslides and isotopies of the 1-handles that R; is disjoint from the belt spheres. Thus,
we can assume that either (1) R; is parallel to a belt sphere, or (2) R; is contained in Y; x {1}. These cases
correspond to whether § is nonseparating or separating, respectively. In case (1), R; bounds the cocore of
the 1-handle, which is a three-ball in Z;. In case (2), since Y; is irreducible, R; bounds a three-ball in Y;
whose interior can be perturbed into Z;. In either case, we get a three-ball B; in Z; whose boundary is
E; Usg Ei+1, and the union S§ = B1 U By U B3 gives a trisected three-sphere.

In the case that ¢ is reducing, we are done: Sg is a trisected reducing sphere. In the case that § is a
decomposing curve, it remains to show that S§ N & is unknotted and B; N & is a trivial arc; the former
is implied by the latter, which we now show. Note that B; and %; are both neatly embedded in Z; and
that 9; is boundary parallel. Using the boundary parallelism of %;, we can arrange that a component
D of 9%; intersects B; if and only if D intersects R; = dB;. It follows that there is a unique component
D C 9; that intersects B;. If we isotope D to a disk Dy« C dZ;, then we find that D, N R; consists of an
arc and some number of simple close curves. By an innermost curve argument, we may surgery Dy to
obtain a new disk D/, such that D] N R; consists solely of an embedded arc. Since D} and D, have
the same boundary, they are isotopic rel-d in Z; by Proposition 2.13. Reversing this ambient isotopy,
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we can arrange that B; N % = B; N D consists of a single arc. Moreover, this arc is trivial, since it is
isotopic to the arc R; N Dy in 0Z;, and R; is a decomposing sphere for either the unknot dD or the
unknotted, vertical strand 9 N H; Uy 17,-4.1. Either way, R; cuts off an unknotted arc. Thus, (S5, K) can
be constructed to be a decomposing sphere for the trisection, as desired, where K is the three-fold union
of the trivial arcs B; N %.

Now suppose that T is boundary-reducible, with reducing arc 1 and arcs 7; such that n U n; bounds a disk
E; C H;. Consider the neatly embedded 2—disk R; = E; U, E; 41 in H; Ux H;+1 C 3Z;. Let B; be the
trace of a small isotopy that perturbs the interior of R; into Z;. Then the union B, = BjU B> U B3 is a
trisected three-ball. If 7 is a reducing arc, we are done. a

Remark 7.8 (regarding nonseparating curves) Reducing curves are almost always separating in the
following sense. Suppose that § is a nonseparating reducing curve. Then there is a curve n C X that is
dual to §. Let 8’ = dv(§ U n). Then &’ is a separating reducing curve, unless it is inessential (ie parallel to
a boundary component of 3 or null-homotopic in ¥). This only occurs if X is the core of the genus one
trisection for S x $3 or for its puncture, (S! x $3)°. In any event, the neighborhood v (S5 U 1), where
Ss is the reducing sphere corresponding to § as in Lemma 7.7, is diffeomorphic to (S x §3)°.

If § is a nonseparating decomposing curve with corresponding decomposing pair (Ss, K§), then Kg can
be separating or nonseparating as a curve in %. If Ky is nonseparating, then we can surger (X, %) along
the pair (S, K) to obtain a new pair (X', %’). That the surgery of % along K can be performed ambiently
uses the fact that K is an unknot in S, hence bounds a disk in X \ %. Working backwards, there is an
S0 c ¥ C X along which we can surger (X', ') to obtain (X, %). It follows that X = X'#(S! x S3)
and ¥ is obtained from % by tubing. Diagrammatically, the surgery from (X, %) to (X', %) is realized
by surgering X along §. Note that this tubing is not necessarily trivial in the sense that it may or may not
be true that (X, %) = (X', F)#(S! x §3, St x S,

A bridge trisection satisfying one of the three notions of reducibility decomposes in a natural way. See
Section 7.1 for a detailed discussion of connected sum and boundary connected sum operations. For
example, presently, we let T’ # T” denote the connected sum of trisections, regardless of whether the
connected summing point is a bridge point or not.

Proposition 7.9 Let T be a bridge trisection for a pair (X, %).

(1) If T admits a separating reducing curve, then there exist pairs (X', %) and (X", %) with trisec-
tions T’ and T" such that T = T'#T" and

(X.F) = (X' #X",F UF").

(2) If T admits a nontrivial, separating decomposing curve, then there exist pairs (X', %) and
(X", ") with trisections T' and T" such that T = T'#T" and

(X, F) = (X' #X",F #F").
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(3) If T admits a separating reducing arc, then there exist pairs (X', %) and (X", %) with trisections
T’ and T"” such that T = T’ T” and

(X, F) = X't X", F uF".

Proof If T admits a separating reducing curve §, then it admits a separating trisected reducing sphere S,
by Lemma 7.7. Cutting open along Sg and capping off the two resulting three-sphere boundary components
with genus zero trisections of B# results in two new trisections T’ and T" for pairs (X', ') and (X", F"),
as desired in part (1). For part (2), we proceed as above, except we cap off with two genus zero 0-
bridge trisections of (B*, D?) to achieve the desired result. (If any of the disks E; bounded by § in
the H; intersect vertical strands t;, then we can perturb to make these intersecting strands flat. If such
perturbations are performed before cutting, they can be undone with deperturbation after gluing. This is
related to the discussion immediately preceding Lemma 7.4.)

If T admits a separating reducing arc 7, then it admits a separating trisected reducing ball B;, by
Lemma 7.7. Cutting open along By results in two new trisections T’ and T" for pairs (X', %’) and
(X", F"), as desired in part (3). O

Remark 7.10 (boundary-decomposing arcs) Conspicuously absent from the above notions of reducibil-
ity is a characterization of what might be referred to as boundary-decomposability —in other words, a
characterization of when we have

X, F)=X'n X", FnF".

The obvious candidate for such a notion would be the existence of a neatly embedded, essential arc n C X,
similar to the one involved in the notion of boundary-reducibility, but where the disks E; each intersect
the respective J; in precisely one point. However, a lengthy examination of such arcs reveals that they
rarely correspond to surfaces that are boundary connected sums in the desired way. To the point, many of
the examples given later in this section admit such arc, but are not boundary-connected sums of bridge
trisected surfaces. We have been unable to find a satisfying characterization of when this occurs.

7.4 Classification for small parameters

As a first example, consider the (4, (2, 4, 2); 3)-bridge trisection shown in Figure 30, which is the boundary
sum of a 1-bridge trisection, a 3—bridge trisection that is perturbed, and three O—bridge trisections and
corresponds to (B4, §211S21U1D?11D?11D?). (The perturbation is a finger perturbation; see Definition 9.9.)
It turns out that such a bridge trisection is obtained whenever ¢; = b for some i € Z3. (Recall that 0D;
contains a flat h-bridge ¢; component unlink, so b > ¢; for all i € Z3.)

Proposition 7.11 Let T be a (b, ¢; v)—bridge trisection for a surface (B*, F). If b = ¢; for some i € 73,

= (o (L) (L))
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B

Figure 30: A shadow diagram, left, and schematic tri-plane diagram, right, for the unique
(4,(2,4,2); 3)-bridge trisection, which is totally reducible.

and T is the boundary sum of ¢ genus zero bridge trisections of (B*, S?), each of which is a finger
perturbation of the 1-bridge trisection, and v genus zero O—bridge trisections of (B*, D?).

Proof Suppose without loss of generality that c; = b. By Proposition 3.14, % admits a (b, ¢; v)-bridge-
braided band presentation. In particular, % can be built with n = b — ¢, = 0 bands. It follows that c¢; = c3.
It also follows that the flat disks of (Z;,%5,) are given as products on the b flat strands of (Hz, J>).

We can assume that the union of the red and blue shadow arcs is a collection of ¢; embedded polygons
in X, since they determine a b-bridge c;—component unlink in H; Uy H,. We can also assume that the
green shadow arcs coincide with the blue shadow arcs, due to the product structure on the flat disks of %5.
See Figure 30, left.

Let 8 be a simple closed curve in X \ v(x) that separates the red/blue polygons from the bridge points
that are adjacent to no shadow arc. (Note that, here, every bridge point is adjacent to either 0 or 3 shadow
arcs by the above considerations.) Then § is a reducing curve for T such that T = T!#T?2, where T! is
a (b, ¢)-bridge trisection for a pair (S*, #!) and T2 is a (0, 0; v)-bridge trisection for a pair (B*, F2).

Because the blue and green shadow arcs coincide, each polygon is a finger perturbation of the 1-bridge
splitting of (54, 52), and F! = | | S 2. Moreover, T'! admits ¢ — 1 reducing curves that completely
separate the polygons. It follows that T! is connected sum of perturbations of the 1-bridge trisection
of (54, §2), as desired. Finally, the bridge trisection T2 admits v — 1 reducing arcs that cut it up into v
copies of the genus zero O-bridge trisection of (B*, D?), as desired. a

Having dispensed of the case when ¢; = b for some i € Z3, we consider the case when b = 1 and, in
light of the above, ¢; = 0 for all i € Z3. Two simple examples of such bridge trisections are given in
Figure 31.

For a more interesting family of examples, consider the (2, 4)—torus link 7> 4, which bounds the union
of the trivial Mobius band M2 and the trivial disk D2. (Imagine Figure 32, left, with the three parallel
circles replaced with a single circle.) Now, consider the surface %, obtained by replacing the D? with
v — 1 parallel, trivial disks; Figure 32, left, shows the case of v = 4. A (1, 0; v)-bridge trisection T, for
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Figure 31: Top: the (1, 0; 1)-bridge trisection corresponding to the standard (positive) Mobius
band (B*, M?). Bottom: the (1,0;2)-bridge trisection corresponding to the unknotted disk
(B*, D?) with (positive) Markov stabilized, unknotted boundary.

(B*, #,) is shown in Figure 32, right. Note that when v = 1, T, corresponds the trivial (positive) Mdbius
band with unknotted boundary and was given diagrammatically in Figures 31, top left and bottom left.

One can check using the techniques of Section 4.1 that the bridge trisection T, induces the v-braiding
of 0%, given in Artin generators by

2 2
(0102 - 0y—20,_10y—2 - 0201)".

In other words, one strand wraps twice around the other v — 1 strands. The link d%, can be thought of as
taking the (v—1, 0)—cable of one component of 7> 4.

Proposition 7.12 The bridge trisection T, is the unique (up to mirroring) irreducible (1, 0; v)—bridge
trisection.

Proof Suppose that T is an irreducible (1, 0; v)-bridge trisection, and consider a shadow diagram for T .
Since b = 1, there is a unique shadow arc of each of color. Since ¢ = 0, the union of any two of these

@ m m /\\\\

Figure 32: Left: a ribbon presentation for a nontrivial linking of a Mobius band with trivial disks
in B*. Such surfaces admit 1-bridge trisections, diagrams for which are shown to the right.
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shadow arcs is a connected, embedded, polygonal arc in 3, by Proposition 5.2 (no slides are possible,
only isotopies). There are two cases: either the union of the three shadow arcs is a circle, or the union of
the three shadow arcs is a Y—shaped tree.

Suppose the union is a Y-shaped tree. Let n be an arc connecting the tree to 93, and let w be the arc
boundary of a neighborhood of the union of 1 and the tree. In other words, w is a neatly embedded arc in
3\ v(x) that separates the tree from the rest of the diagram. If the rest of the diagram is nonempty, then
§ is a reducing arc for the bridge trisection, and we have T = T T?, where T! is a (1,0; 2)-bridge
trisection (with Y-shaped shadow diagram) and T2 is a (0, 0; v)-bridge trisection, with v > 0. This
contradicts the assumption that T was irreducible. If v = 0 (ie the rest of the diagram is empty), then
T = T! is the Markov perturbation of the genus zero O-bridge trisection and is shown in Figure 31,
bottom right, so T is reducible, another contradiction.

Now suppose that the union of the three shadow arcs is a circle, and let D C X denote the disk the union
bounds. Suppose there is a bridge point in £\ D. Then there is a reducing arc separating the bridge point
from D, so T is boundary reducible, a contradiction. So, the v — 1 bridge points that are not adjacent to a
shadow arc are contained in D. Therefore, the shadow diagram is the one given in Figure 32, bottom
right, or, in the case that v = 1, in Figure 31, bottom left. |

Having walked through these modest classification results, we now present some families of examples, as
well as some questions and conjectures about further classification results.

Example 7.13 Consider the three (2, 0; 1)-bridge trisections shown in Figure 33, which correspond
to the punctured torus and two different Klein bottles. All three surfaces are isotopic into S3 and are
bounded by the unknot. The two Klein bottles decompose as boundary connected sums of Mdbius bands
bounded by the unknot in S3. The Klein bottle depicted in Figure 33, middle, is the boundary connected
sum of two positive Mobius bands; and the Klein bottle depicted in Figure 33, bottom, is the boundary
connected sum of a positive and a negative Mobius bands

These three bridge trisections can be obtained by taking the three unique (3, 1)-bridge trisections [27,
Section 4.5] of closed surfaces in S* and puncturing at a bridge point.

Conjecture 7.14 There are exactly three (up to mirroring) irreducible (2, 0; 1)—bridge trisections.

Example 7.15 Consider the (2, 0; 2)-bridge trisection shown in Figure 34, left, which corresponds the
annulus S3 bounded by the (2, 4)—torus link. Compare with Example 3.16 and Figure 14(a). Replacing
the three positive half-twists with n half-twists for some n € Z gives a surface in S3 bounded by the
(2, n)—torus link that is a Mobius band if 7 is odd and an annulus if z is even.

One interesting aspect of the case when n is even relates to the orientation of the boundary link. The
boundary link, which is the (2, n)—torus link, inherits an orientation as a 2-braid. It also inherits an
orientation from the spanning annulus that the bridge trisection describes. These orientations don’t agree!
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Figure 33: Three (2, 0; 1)-bridge trisections for surfaces bounded by the unknot and isotopic
in S3. The top row describes a punctured torus; the middle row describes the boundary connected

sum of two positive Mobius bands; and the bottom row describes the boundary connected sum of
a positive and a negative Mobius band.

11

In other words, the bridge trisections of the spanning annuli for these links induce a braiding of the
links, but this braiding is not coherent with respect to the orientation of the links induced by the annuli.
Compare with Example 7.17 below.

Conjecture 7.16 Every (2, 0;2)-bridge trisection is diffeomorphic to one described in Example 7.15
and in Figure 34.

Example 7.17 Figure 35, left, gives a (3, 0; 3)-bridge trisection for the annulus in S3 bounded by the
(2, 4)—torus link. In contrast to the bridge trisection for this surface discussed in Example 7.15 and
illustrated in Figure 34, this bridge trisection induces a coherent 3—braiding of the boundary link. This
example could be generalized to give an (n+1, 0; n+1)-bridge trisection for the annulus bounded by the
(2, n)—torus link for any even n € Z.

2
é
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Figure 34: Diagrams for a (2, 0; 2)-bridge trisection of the planar surface bounded by the (2, n)-
torus link in S3; shown is n = 4.
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Figure 35: Diagrams for a (3, 0; 3)-bridge trisection of the planar surface bounded by the (2, n)-
torus link in S3; shown is n = 4.

8 Proof of Theorem 8.1

We now make use of the general framework outlined in Section 2 to give a proof of Theorem 8.1, which
we restate for convenience. We adopt the notation and conventions of Definition 2.18.

Theorem 8.1 Let T be a trisection of a four-manifold X with 0X = Y, and let (B, ) denote the
open-book decomposition of Y induced by T. Let % be a neatly embedded surface in X ; let ¥ = 0%; and
fix a braiding,é of & about (B, 7). Then % can be isotoped to be in bridge trisected position with respect
to T such that 0F = B If & already coincides with the braiding B, then this isotopy can be assumed to
restrict to the identity on Y .

Note that if X is closed, then Theorem 8.1 is equivalent to [28, Theorem 1]. For this reason, we assume
henceforth that ¥ = 0X # &. We will prove Theorem 8.1 using a sequence of lemmata. Throughout, we
will disregard orientations. All isotopies are assumed to be smooth and ambient. First, we describe the
existence of a Morse function @ on (most of) X that is well-adapted to the trisection T. We will want
to think of X as a lensed cobordism from Y7 to Y> Up, Y3.

Lemma 8.2 There is a self-indexing Morse function

®Or: X \v(P1Up P2 Up P3) — [0,4]
such that
(1) @7 has no critical points of index zero or four;
(2) Yi\v(P1Ug P>) = o1 (0);
(3) (HiUsx Hz) \v(P1 Ug Pp) = 7' (1.5);
4) Pr(H3\v(P3)) C[1.5,2.5);
(5) Y3\ v(P3Ug Py) = dp'(4); and

(6) the index j critical points of ® are contained in Int(Z;).
Note that if &1 (x) > 2.5, then x € Z3.

Proof The existence of the Morse function and property (1) are standard consequences of the cobordism
structure. The other properties are easy and commonly discussed within the theory of trisections; see [10],
for example. The set-up is made evident by the schematics of Figure 36. |
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Figure 36: Passing from a trisection to a natural Morse function on X \ v(P; U P, U P3).

Now, Z is the result of attaching four-dimensional 1-handles to the lensed product Y1 x I. The core X
can be assumed to satisfy & (X \v(B)) = 1.5, and, together with P; and P>, it gives a standard Heegaard
double decomposition of dZ;. The attaching circles of the four-dimensional 2-handles are assumed to be
contained in a (1-complex) spine of the compression body H», with the result of Dehn surgery thereupon
being H3. The trace of this 2-handle attachment is Z,, and Z3 is the (lensed cobordism) trace of attaching
four-dimensional 3-handles to H3 Us, H;, the result of which is Y3. (Note that Z5 is not quite a lensed
cobordism from this perspective, since Y5 is a vertical portion of its boundary dZ, = H, U Y, U Hs.)

For the remainder of the section, we let ® = ® . Let ®; = ®|z, fori = 1,2, 3. Recall the standard
Morse function on Z; = Zg . p r that was discussed in Section 2.7. By the above discussion, we have
the following consequence of Lemma 8.2:

Corollary 8.3 Ifi =1 ori = 3, then ®; is a standard Morse functionon Z; = Zg . p. f -
Presently, we will begin to isotope % to lie in bridge trisected position with respect to T'.
Lemma 8.4 After an isotopy of F that is supported near 0X , we can assume that ¥ = 3

Proof By the Alexander theorem [1] or the generalization due to Rudolph [31], & can be braided with
respect to the open-book decomposition (B, ). By the Markov theorem [25] or its generalization to
closed 3—manifolds [32; 33], any two braidings of £ with respect to (B, &) are isotopic. Thus, by an
isotopy of F that is supported near Y, we can assume that & is given by the braiding to ﬁ a

Any modifications made to & henceforth will be isotopies that restrict to the identity on Y. Let ®g denote
the restriction of ® to %. (Note that by choosing a small enough collar v(Y) in X, we can assume that
FNv(Y)=<LxI. By asmall isotopy of F rel-d, we can assume that g is Morse.)
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Lemma 8.5 After an isotopy of ¥ rel-0, we can assume that Oz : ¥ — R is Morse and that

(1) the minima of ®g occurin Zq,
(2) the saddles of ®g occur in ®~1(1.5), and

(3) the maxima of ®4 occurin Z3.

Proof That the critical points can be rearranged as desired follows from an analysis of their various
ascending and descending manifolds. A detailed analysis of this facet of (embedded) Morse theory can
be found in [3]. Here, we simply make note of the key points.

The ascending (unstable) membrane of a maximum of ®g is one-dimensional; think of a vertical arc
emanating from the maximum and terminating in Y3. (Vertical means the intersection with each level set
is either a point or empty.) Generically, such an arc will be disjoint from % and will be disjoint from
the descending spheres of the critical points of ® (which have index one, two, or three) in each level
set. Thus, the gradient flow of ® can be used to push the maxima up (and the minima down), and we
obtain that the minima lie below ®~1(1.5) (ie in Z;) and that the maxima lie above ®~1(2.5) (ie in Z3).
Having arranged the extrema in this way, we move on to consider the saddles.

The ascending membranes of the saddles of ®g are two-dimensional, while the descending spheres of the
index one critical points of @ are zero-dimensional. Thus, we can flow the saddles up past the index one
critical points of ®, until they lie in ®~1(1.5). Symmetrically, we can flow saddles down past the index
three critical points of ® to the same result. |

Let%; =% NZ; fori =1,2,3. Assume that B is a braiding of & of multiindex v.

Lemma 8.6 If ®g has ¢ minima and c3 maxima, then % is a (c1, v)—disk-tangle, and @3 is a (c3, v)—
disk-tangle.

Proof By Corollary 8.3, @, is a standard Morse function on Z;. By Lemma 2.14, since (®1)|g, has ¢;
minima and no other critical points, and since % N Y; = B N Y] is a v—thread, this implies that ¥ is a
(c, v)—disk-tangle. The corresponding result holds for %3, after turning ®3 and (Z3, %3) upside down. O

Next, we see that the trisection T can be isotoped to ensure the intersections J; = & N H; are trivial
tangles fori =1, 2, 3.

Lemma 8.7 After an isotopy of T, we can assume that each J; is a (b, v)—tangle for some b > 0.

Proof The level set ®~1(1.5) is simply M = (H,Ug H,)\v(PyUp P>). The intersection FN®~1(1.5)
is a 2—complex L U b, where L is a neatly embedded one-manifold L, and b is a collection of bands.
Here, we are employing the standard trick of flattening & near each of the saddle points of ®g. (See
Section 3.2 for a precise definition of a band.)

We have a Heegaard splitting (X; Hy, H») that induces a Morse function ¥: ®~1(1.5) — R. In what
follows, we will perturb this splitting (ie homotope this Morse function) to improve the arrangement of
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the 2—complex L Ub. First, we perturb X so that it becomes a bridge surface for L. At this point, we have
arranged that 71 and 7, are (b, v)—tangles, for some value b’ that will likely be increased by what follows.

Next, we can perturb X until the bands b can be isotoped along the gradient flow of W so that their cores
lie in . We can further perturb ¥ until b N X consists solely of the cores of b, which are embedded in ;
said differently, the bands of b are determined by their cores in X, together with the surface-framing given
by the normal direction to ¥ in W~1(1.5). Finally, we can further perturb ¥ until each band is dualized
by a bridge semidisk for J,. The details behind this approach were given in the proof of Theorem 1.3
(using Figures 10-12) of [27] and discussed in [28].

Finally, we isotope X so that b is contained in H>; in other words, we push the bands slightly into H»
so as to be disjoint from 3. Since each band of b is dualized by a bridge semidisk for 75, the result
T3 = (I2)p of resolving T, using the bands of b is a new trivial tangle. The proof of this claim is
explained in detail in [27, Lemma 3.1 and Figure 8]. (Though it is not necessary, we can even perturb
¥ so that b is dualized by a bridge disk at both of its endpoints, as in the aforementioned [27, Figure 8].)

Note that all of the perturbations of ¥ were supported away from v(P; Up P>), so each of the J;
contained precisely v vertical strands throughout. In the end, each is a (b, v)—tangle for some » > 0. O

Finally, we verify that %, is a trivial disk-tangle in Z,.
Lemma 8.8 If ¢c; = b —|b|, then 9, is a (c2, v)—disk-tangle.

Proof As in the preceding lemma, this follows exactly along the lines of [27, Lemma 3.1], with only
slight modification to account for the vertical strands. This is particularly easy to see if one assumes that
b meets dualizing disks at each of its endpoints, as in [27, Figure 8]. a

Thus, we arrive at a proof of Theorem 8.1.

Proof of Theorem 8.1 After performing the isotopies of % and T outlined in the lemmata above, we have
arranged that, for i = 1,2, 3, the intersection &; = ¥ N Z; is a (¢;, v)—disk-tangle in Z; (Lemmata 8.6
and 8.8) and the intersection J; = ¥ N H; is a (b, v)-tangle (Lemma 8.7). Thus, F is in (b, ¢; v)-bridge
trisected position with respect to T, where ¢ = (cy, ¢3, ¢3), and the ordered partition v comes from the
multiindex v of the braiding § of & = 3%F. O

9 Stabilization operations

In this section we describe various stabilization and perturbation operations that can be used to relate two
bridge trisections of a fixed four-manifold pair. We encourage the reader to refer back to the discussion
of connected sums and boundary connected sums of bridge trisections presented in Section 7.

9.1 Stabilization of four-manifold trisections
First, we’ll recall the original stabilization operation of Gay and Kirby [10], as developed in [26].
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Figure 37: The positive Hopf stabilization T of a trisection T along an arc  in the core of T.

Definition 9.1 (core stabilization) Let T be a (g, k; p, f )—trisection for a four-manifold X, and let @
be an arc in Int(X). Fix an i € Z3. Perturb the interior of w into H;+1 = Z; N Z; 41, and let ¥’ denote
the surface obtained by surgering ¥ along w. Then, X’ is the core of a (g+1,k’; p, f)—trisection T’
for X, where k' = k, except that k| = k; + 1, which is called the core i—stabilization of T

The importance of this operation rests in the following result of Gay and Kirby.

Theorem 9.2 [10] Suppose that T and T’ are two trisections of a fixed four-manifold X , and assume
that either 0X = @ or T and T’ induce isotopic open-book decomposition on each connected component
of 0X. Then T and T’ become isotopic after they are each core stabilized some number of times.

Performing a core i—stabilization is equivalent to forming the (interior) connected sum with a simple
trisection of S*. Let T; denote the genus one trisection of S 4 with k; = 1. See [26] for details.

Proposition 9.3 T’ is a core i —stabilization of T if and only if T' =T #T;.

Next, we recall the stabilization operation for trisections that corresponds to altering the induced open-

+
Hop

genus one trisection of B* that induces the open-book decomposition on S3 with binding the positive

book decomposition on the boundary by the plumbing of a Hopf band. Let Ty . (resp. Tﬁopf) denote the

(resp. negative) Hopf link.

Definition 9.4 (Hopf stabilization) Let T be a (g, k; p, f )—trisection for a four-manifold X. Let

@ C (X \ «;) be a neatly embedded arc, which we consider in P;. Let T+ denote the trisection obtained

+
Hop

Hopf (i, j)-stabilization of T along w.

by plumbing T to T} ; along the projection of w, as in Figure 37. We call T+ the positive/negative

By a plumbing of trisections, we mean a plumbing of pages along the projection of arcs to the pages.
Diagrammatically, this is represented by plumbing the relative trisection diagrams along the corresponding
arcs in the core surface, as in Figure 37. This induces boundary connected sums at the level of the three-
dimensional and four-dimensional pieces of the trisections and plumbing at the level of the core surfaces
and pages. Hopf stabilization was first studied in the setting of trisections by Castro [4] and Castro, Gay
and Pinzén-Caicedo [6]. We rephrase their main result in the more general setting of the present article.
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Proposition 9.5 [6, Corollary 17] Let T be a (g, k; p, f)—trisection for a four-manifold X inducing
an open-book decomposition (B, ) on 0X . Then a positive (resp. negative) Hopf stabilization T+ is a
(g+1,k; p', f)—trisection of X inducing a positive (resp. negative) Hopf stabilization of (B, ), where
S is obtained from f by either increasing or decreasing the value of f; by one, and p’ is obtained from
p by either decreasing or increasing the value of p; by one, according with, in each case, whether or not
o spans distinct boundary components of Pl.j or not.

The upshot of this proposition is that, to the extent that open-book decompositions of three-manifolds are
related by Hopf stabilization and destabilization, any two trisections of a compact four-manifold can be
related by a sequence of Hopf stabilizations and core stabilizations. Giroux and Goodman proved that
two open-book decompositions on a fixed three-manifold have a common Hopf stabilization if and only
if the associated plane fields are homotopic [12], answering a question of Harer [14]. From this, together
with Theorem 9.2, we can state the following.

Corollary 9.6 Suppose that T and T’ are two trisections of a fixed four-manifold X. Assume that
0X # & and that for each component of dX , the open-book decompositions induced by T and T’ have
associated plane fields that are homotopic. Then T and T’ become isotopic after they are each core
stabilized and Hopf stabilized some number of times.

Recently, Piergallini and Zuddas showed there is a complete set of moves (including a double-twist
move) that suffice to relate any two open-book decompositions on a given three-manifold [30]. By giving
trisection-theoretic versions of each move, Castro, Islambouli, Miller, and Tomova were able to prove a
strengthening of the original Gay—Kirby uniqueness theorem for trisected manifolds with boundary [7].

9.2 Interior perturbation of bridge trisections

Having overviewed stabilization operations for four-manifold trisections, we now discuss the analogous
operations for bridge trisections. To avoid confusion, we will refer to these analogous operations as
perturbation operations; they will generally correspond to perturbing the bridge trisected surface relative
to the core surface. Throughout, the obvious inverse operation for a perturbation will be referred to as a

deperturbation.

We begin by recalling the perturbation operation for bridge trisections first introduced in [27] and invoked
in [28]. This perturbation operation requires the existence of a flat disk in %;. To distinguish this operation
from the subsequent one, we append the adjective “Whitney”.

Definition 9.7 (Whitney perturbation) Let & be a neatly embedded surface in a four-manifold X such
that & is in (b, ¢; v)-bridge trisected position with respect to a trisection T of X. Let D C %; be a flat
disk, and let D, C Y; be a disk that has no critical points with respect to the standard Morse function
on Y; and that is isotopic rel-d to D, via a three-ball B. Let A be a neatly embedded disk in B that
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o {odn
\U U/ \U

Figure 38: A local picture corresponding to a finger 1—perturbation.

intersects D in a vertical strand. Let & denote the surface obtained by isotoping ¥ via a Whitney move
across A. Then % is in (b+1, ¢’; v)-bridge trisected position with respect to T, where ¢’ = ¢, except
that ¢ = ¢; + 1. This Whitney move is called an Whitney i—perturbation.

See [28, Figures 14 and 23] for a visualization of a Whitney perturbation. The usefulness of Whitney
perturbations is made clear by the following result, which was proved in [27] in the case that T has genus
zero (so X = S*) and in [16] in the general case.

Theorem 9.8 [16; 27] Fix a four-manifold X and a trisection T of X. Let %, % C X be isotopic
closed surfaces, and suppose Ty and Tg are bridge trisections of % and %' induced by T. Then there is
a sequence of interior (Whitney) perturbations and deperturbations relating Tg and Tg

Even without the presence of a flat disk, there is still a perturbation operation available. Despite being
called a “finger” perturbation, the following perturbation is not an inverse to the Whitney perturbation.
The adjective “Whitney” and “finger” are simply descriptive of how the surface is isotoped relative to the
core to achieve the perturbation. However, it is true that the inverse to a Whitney perturbation (or a finger
perturbation) is a finger deperturbation.

Definition 9.9 (finger perturbation) Let & be a neatly embedded surface in a four-manifold X such that
%F is in (b, ¢; v)-bridge trisected position with respect to a trisection T of X. Fix a bridge point x € x,
and let N be a small neighborhood of x, so N N & is a small disk. Let @ C dN be a trivial arc connecting
J; to X. Perform a finger-move of & along w, isotoping a small bit of & toward and through 3, as in
Figure 38. Let %' denote the resulting surface. Then, % is in (b+1, ¢’; v)-bridge position with respect
to T, where ¢’ = ¢, except that ¢; = ¢; + 1. This finger move is called an finger i—perturbation.

Note that the disk of the disk-tangle %; containing the bridge point x is neither required to be flat
nor vertical in the definition of a finger perturbation. However, if this disk is flat, then the operation
is the simplest form of a Whitney perturbation, corresponding to the case where the vertical strand
in D, is boundary parallel through vertical strands. The simplicity of the finger perturbation operation
is expressed by the following proposition. Let T fgz denote the 2-bridge trisection of the unknotted
two-sphere satisfying ¢; = 2.
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Proposition 9.10 If the bridge trisection T, is obtained from the bridge trisection Ty via a finger
i—perturbation, then T;, = Tg#T gz-

The proof is an immediate consequence of how bridge trisections behave under connected sum. Note that
a Whitney perturbation corresponds to a connected sum as in the proposition if and only if it is a finger
perturbation; in general, a Whitney perturbation cannot be described as the result of a connected sum of
bridge trisections. For example, the unknotted two-sphere admits a (4, 2)-bridge trisection that is not a
connected sum of (nontrivial) bridge trisections, even though it is (Whitney) perturbed.

9.3 Markov perturbation of bridge trisections
Let Tp2 denote the O-bridge trisection of the unknotted disk D? in B*.

Definition 9.11 (Markov perturbation) Let T’ be a (b, ¢; v)-bridge trisection of a neatly embedded
surface (X', %), and let T” be the 0-bridge trisection of (B*, D?). Choose points y¢ € T¢ N Pf for
eef{nm. Let (X, %) = (X', F)n(B* D?),and let T = T’ T”. Then T is a (b+1, c;v')-bridge
trisection of (X, %) = (X', %), where v = v/, except that v/ = (v/)’ + 1, where y! € ¥/. The bridge
trisection T is called the Markov i—perturbation of T.

In justification of this definition: That T’ is a new bridge trisection follows from Proposition 7.5. That
F is isotopic to F follows from the fact that we are forming the boundary connected sum with a trivial
disk. That &’ is obtained from & via a Markov perturbation follows from our understanding of a Markov
perturbation as the trivial connected sum of a braided link with a meridian of a component of the binding —
see Section 2.8. Note that the left-most blue and green arcs of Figure 39 are shown in light blue and
light green to indicate that they might correspond to flat or vertical strands. The pink arcs correspond to
vertical strands.

The importance of this operation is due to the generalized Markov theorem, which states that any two
braidings of a given link with respect to a fixed open-book decomposition can be related by an isotopy
that preserves the braided structure, except at finitely many points in time at which the braiding is changed
by a Markov stabilization or destabilization [25; 32; 33]. See Section 2.8.

Taken together, the stabilization and perturbation moves described in this section should suffice to relate
any two bridge trisections of a fixed four-manifold pair. Compare with the known uniqueness results [7;

X): (D =D

Figure 39: Shadow diagrams depicting the local process of Markov 3—perturbation.
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Conjecture 9.12 Let T and T, be bridge trisections of a given surface (X, %) that are diffeomorphic
as trisections of X . Then there are diffeomorphic bridge trisections T| and T, such that T is obtained
from T, via a sequence of moves, each of which is of one of the following types:

(1) a core stabilization,

(2) a Hopf stabilization,

(3) arelative double twist,

(4) an interior perturbation/deperturbation,

(5) a Markov perturbation/deperturbation.

To prove this conjecture, it should suffice to carefully adapt the techniques of [16] from the setting of
isotopy of closed four-manifold pairs equipped with Morse functions to the setting of isotopy rel-od of
four-manifold pairs with boundary. The following is a diagrammatic analog to this conjecture.

Conjecture 9.13 Suppose that ®'! and ©? are shadow diagrams for a fixed surface-link (X, %). Then
D! and ©? can be related by a finite sequence of moves, each of which is of one of the following types:

(1) a core stabilization/destabilization,

(2) a Hopf stabilization/destabilization,

(3) arelative double twist,

(4) an interior perturbation/deperturbation,

(5) a Markov perturbation/deperturbation,

(6) an arc or curve slide,

(7) an isotopy rel-0.

References

[1] JW Alexander, Note on Riemann spaces, Bull. Amer. Math. Soc. 26 (1920) 370-372 MR Zbl

[2] R Blair, M Campisi, S A Taylor, M Tomova, Kirby—Thompson distance for trisections of knotted surfaces,
J. Lond. Math. Soc. 105 (2022) 765-793 MR Zbl

[3] M Borodzik, M Powell, Embedded Morse theory and relative splitting of cobordisms of manifolds, J. Geom.
Anal. 26 (2016) 57-87 MR Zbl

[4] N A Castro, Relative trisections of smooth 4—manifolds with boundary, PhD thesis, University of Georgia
(2016) Available at https://getd.libs.uga.edu/pdfs/castro_nickolas_a_201605_phd.pdf

[51 NA Castro, Trisecting smooth 4—dimensional cobordisms, preprint (2017) arXiv 1703.05846

[6] NA Castro, DT Gay, J Pinzén-Caicedo, Diagrams for relative trisections, Pacific J. Math. 294 (2018)
275-305 MR Zbl

Algebraic & Geometric Topology, Volume 24 (2024)


http://dx.doi.org/10.1090/S0002-9904-1920-03319-7
http://msp.org/idx/mr/1560318
http://msp.org/idx/zbl/47.0529.02
http://dx.doi.org/10.1112/jlms.12513
http://msp.org/idx/mr/4400936
http://msp.org/idx/zbl/07731377
http://dx.doi.org/10.1007/s12220-014-9538-6
http://msp.org/idx/mr/3441503
http://msp.org/idx/zbl/1339.57040
https://getd.libs.uga.edu/pdfs/castro_nickolas_a_201605_phd.pdf
http://msp.org/idx/arx/1703.05846
http://dx.doi.org/10.2140/pjm.2018.294.275
http://msp.org/idx/mr/3770114
http://msp.org/idx/zbl/1394.57015

894

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]
[15]
[16]

(17]

(18]

(19]

(20]
(21]

[22]
(23]

(24]
[25]
(26]

[27]

(28]

Jeffrey Meier

N A Castro, G Islambouli, M Miller, M Tomova, The relative $—invariant of a compact 4—manifold,
Pacific J. Math. 315 (2021) 305-346 MR Zbl

N A Castro, B Ozbagci, Trisections of 4—manifolds via Lefschetz fibrations, Math. Res. Lett. 26 (2019)
383-420 MR Zbl

J B Etnyre, Lectures on open book decompositions and contact structures, from “Floer homology, gauge
theory, and low-dimensional topology” (D A Ellwood, P S Ozsvath, AT Stipsicz, Z Szabd, editors), Clay
Math. Proc. 5, Amer. Math. Soc., Providence, RI (2006) 103—-141 MR Zbl

D Gay, R Kirby, Trisecting 4—manifolds, Geom. Topol. 20 (2016) 3097-3132 MR Zbl

D Gay, J Meier, Doubly pointed trisection diagrams and surgery on 2—knots, Math. Proc. Cambridge
Philos. Soc. 172 (2022) 163-195 MR Zbl

E Giroux, N Goodman, On the stable equivalence of open books in three-manifolds, Geom. Topol. 10
(2006) 97-114 MR Zbl

RE Gompf, M Scharlemann, A Thompson, Fibered knots and potential counterexamples to the property
2R and slice-ribbon conjectures, Geom. Topol. 14 (2010) 2305-2347 MR Zbl

J Harer, How to construct all fibered knots and links, Topology 21 (1982) 263-280 MR Zbl
M W Hirsch, Differential topology, Graduate Texts in Math. 33, Springer (1976) MR Zbl

M C Hughes, S Kim, M Miller, Isotopies of surfaces in 4—manifolds via banded unlink diagrams, Geom.
Topol. 24 (2020) 1519-1569 MR Zbl

K Johannson, Topology and combinatorics of 3—manifolds, Lecture Notes in Math. 1599, Springer (1995)
MR Zbl

J Joseph, J Meier, M Miller, A Zupan, Bridge trisections and classical knotted surface theory, Pacific J.
Math. 319 (2022) 343-369 MR Zbl

S Kamada, Braid and knot theory in dimension four, Math. Surv. Monogr. 95, Amer. Math. Soc., Providence,
RI (2002) MR Zbl

A Kawauchi, A survey of knot theory, Birkhiduser, Basel (1996) MR Zbl

A Kawauchi, T Shibuya, S Suzuki, Descriptions on surfaces in four-space, I: Normal forms, Math. Sem.
Notes Kobe Univ. 10 (1982) 75-125 MR Zbl

F Laudenbach, Sur les 2—sphéres d’une variété de dimension 3, Ann. of Math. 97 (1973) 57-81 MR Zbl

F Laudenbach, V Poénaru, A note on 4—dimensional handlebodies, Bull. Soc. Math. France 100 (1972)
337-344 MR Zbl

C Livingston, Surfaces bounding the unlink, Michigan Math. J. 29 (1982) 289-298 MR Zbl
A A Markov, Uber die freie Aquivalenz geschlossener Zopfe, Mat. Sb. 43 (1936) 7378 Zbl

J Meier, T Schirmer, A Zupan, Classification of trisections and the generalized property R conjecture,
Proc. Amer. Math. Soc. 144 (2016) 4983—4997 MR Zbl

J Meier, A Zupan, Bridge trisections of knotted surfaces in S*, Trans. Amer. Math. Soc. 369 (2017)
7343-7386 MR Zbl

J Meier, A Zupan, Bridge trisections of knotted surfaces in 4—manifolds, Proc. Natl. Acad. Sci. USA 115
(2018) 10880-10886 MR Zbl

Algebraic & Geometric Topology, Volume 24 (2024)


http://dx.doi.org/10.2140/pjm.2021.315.305
http://msp.org/idx/mr/4366745
http://msp.org/idx/zbl/1494.57030
http://dx.doi.org/10.4310/MRL.2019.v26.n2.a3
http://msp.org/idx/mr/3999550
http://msp.org/idx/zbl/1427.57013
http://dx.doi.org/10.48550/arXiv.math/0409402
http://msp.org/idx/mr/2249250
http://msp.org/idx/zbl/1108.53050
http://dx.doi.org/10.2140/gt.2016.20.3097
http://msp.org/idx/mr/3590351
http://msp.org/idx/zbl/1372.57033
http://dx.doi.org/10.1017/S0305004121000165
http://msp.org/idx/mr/4354420
http://msp.org/idx/zbl/1483.57020
http://dx.doi.org/10.2140/gt.2006.10.97
http://msp.org/idx/mr/2207791
http://msp.org/idx/zbl/1100.57013
http://dx.doi.org/10.2140/gt.2010.14.2305
http://dx.doi.org/10.2140/gt.2010.14.2305
http://msp.org/idx/mr/2740649
http://msp.org/idx/zbl/1214.57008
http://dx.doi.org/10.1016/0040-9383(82)90009-X
http://msp.org/idx/mr/649758
http://msp.org/idx/zbl/0504.57002
http://dx.doi.org/10.1007/978-1-4684-9449-5
http://msp.org/idx/mr/448362
http://msp.org/idx/zbl/0356.57001
http://dx.doi.org/10.2140/gt.2020.24.1519
http://msp.org/idx/mr/4157558
http://msp.org/idx/zbl/1452.57017
http://dx.doi.org/10.1007/BFb0074005
http://msp.org/idx/mr/1439249
http://msp.org/idx/zbl/0820.57001
http://dx.doi.org/10.2140/pjm.2022.319.343
http://msp.org/idx/mr/4482720
http://msp.org/idx/zbl/1504.57036
http://dx.doi.org/10.1090/surv/095
http://msp.org/idx/mr/1900979
http://msp.org/idx/zbl/0993.57012
http://dx.doi.org/10.1007/978-3-0348-9227-8
http://msp.org/idx/mr/1417494
http://msp.org/idx/zbl/0861.57001
http://msp.org/idx/mr/672939
http://msp.org/idx/zbl/0506.57014
http://dx.doi.org/10.2307/1970877
http://msp.org/idx/mr/314054
http://msp.org/idx/zbl/0246.57003
http://www.numdam.org/item?id=BSMF_1972__100__337_0
http://msp.org/idx/mr/317343
http://msp.org/idx/zbl/0242.57015
http://projecteuclid.org/euclid.mmj/1029002727
http://msp.org/idx/mr/674282
http://msp.org/idx/zbl/0522.57004
https://eudml.org/doc/64806
http://msp.org/idx/zbl/62.0658.01
http://dx.doi.org/10.1090/proc/13105
http://msp.org/idx/mr/3544545
http://msp.org/idx/zbl/1381.57018
http://dx.doi.org/10.1090/tran/6934
http://msp.org/idx/mr/3683111
http://msp.org/idx/zbl/1376.57025
http://dx.doi.org/10.1073/pnas.1717171115
http://msp.org/idx/mr/3871791
http://msp.org/idx/zbl/1418.57017

Filling braided links with trisected surfaces 895

[29] J Meier, A Zupan, Generalized square knots and homotopy 4—spheres, J. Differential Geom. 122 (2022)
69-129 MR Zbl

[30] R Piergallini, D Zuddas, Special moves for open book decompositions of 3—manifolds, J. Knot Theory
Ramifications 27 (2018) art. id. 1843008 MR Zbl

[31] L Rudolph, Constructions of quasipositive knots and links, I, from “Knots, braids and singularities” (C
Weber, editor), Monogr. Enseign. Math. 31, Enseign. Math., Geneva (1983) 233-245 MR Zbl

[32] RK Skora, Closed braids in 3—manifolds, Math. Z. 211 (1992) 173-187 MR Zbl

[33] P A Sundheim, The Alexander and Markov theorems via diagrams for links in 3—manifolds, Trans. Amer.
Math. Soc. 337 (1993) 591-607 MR Zbl

Department of Mathematics, Western Washington University
Bellingham, WA, United States

jeffrey.meier@uwwu.edu

http://jeffreymeier.org

Received: 17 February 2021 Revised: 18 July 2022

Geometry € Topology Publications, an imprint of mathematical sciences publishers :.msp


http://dx.doi.org/10.4310/jdg/1668186788
http://msp.org/idx/mr/4507471
http://msp.org/idx/zbl/1521.57017
http://dx.doi.org/10.1142/S0218216518430083
http://msp.org/idx/mr/3868937
http://msp.org/idx/zbl/1457.57021
http://msp.org/idx/mr/728589
http://msp.org/idx/zbl/0557.57002
http://dx.doi.org/10.1007/BF02571425
http://msp.org/idx/mr/1184326
http://msp.org/idx/zbl/0758.57007
http://dx.doi.org/10.2307/2154233
http://msp.org/idx/mr/1179401
http://msp.org/idx/zbl/0795.57007
mailto:jeffrey.meier@wwu.edu
http://jeffreymeier.org
http://msp.org
http://msp.org




ALGEBRAIC & GEOMETRIC TOPOLOGY
msp.org/agt

EDITORS

PRINCIPAL ACADEMIC EDITORS
Kathryn Hess
kathryn.hess@epfl.ch
Ecole Polytechnique Fédérale de Lausanne

John Etnyre
etnyre @math.gatech.edu
Georgia Institute of Technology

BOARD OF EDITORS

Julie Bergner

Steven Boyer

Tara E Brendle

Indira Chatterji
Alexander Dranishnikov
Tobias Ekholm

Mario Eudave-Muiioz
David Futer

John Greenlees

Ian Hambleton
Matthew Hedden
Hans-Werner Henn
Daniel Isaksen
Thomas Koberda

Christine Lescop

University of Virginia
jeb2md@eservices.virginia.edu
Université du Québec a Montréal
cohf@math.rochester.edu
University of Glasgow
tara.brendle @ glasgow.ac.uk
CNRS & Univ. Céte d’ Azur (Nice)
indira.chatterji @math.cnrs.fr
University of Florida
dranish@math.ufl.edu

Uppsala University, Sweden
tobias.ekholm @math.uu.se

Univ. Nacional Auténoma de México
mario @matem.unam.mx

Temple University
dfuter@temple.edu

University of Warwick
john.greenlees @warwick.ac.uk
McMaster University
ian@math.mcmaster.ca
Michigan State University
mhedden @math.msu.edu
Université Louis Pasteur
henn@math.u-strasbg.fr

Wayne State University

isaksen @math.wayne.edu
University of Virginia
thomas.koberda@virginia.edu
Université Joseph Fourier

lescop @ujf-grenoble.fr

Robert Lipshitz
Norihiko Minami
Andrés Navas
Thomas Nikolaus
Robert Oliver
Jessica S Purcell
Birgit Richter
Jérome Scherer
Vesna Stojanoska
Zoltan Szabd
Maggy Tomova
Nathalie Wahl
Chris Wendl

Daniel T Wise

University of Oregon
lipshitz@uoregon.edu

Nagoya Institute of Technology
nori@nitech.ac.jp

Universidad de Santiago de Chile
andres.navas @usach.cl
University of Miinster

nikolaus @uni-muenster.de
Université Paris 13

bobol @math.univ-paris13.fr
Monash University
jessica.purcell@monash.edu
Universitit Hamburg
birgit.richter @uni-hamburg.de
Ecole Polytech. Féd. de Lausanne
jerome.scherer @epfl.ch

Univ. of Illinois at Urbana-Champaign
vesna@illinois.edu

Princeton University
szabo@math.princeton.edu
University of ITowa
maggy-tomova@uiowa.edu
University of Copenhagen

wahl @math.ku.dk
Humboldt-Universitit zu Berlin
wendl@math.hu-berlin.de
McGill University, Canada
daniel.wise@mcgill.ca

See inside back cover or msp.org/agt for submission instructions.

The subscription price for 2024 is US $705/year for the electronic version, and $1040/year (4-$70, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues and changes of subscriber address should be sent to MSP. Algebraic & Geometric Topology is
indexed by Mathematical Reviews, Zentralblatt MATH, Current Mathematical Publications and the Science Citation Index.

Algebraic & Geometric Topology (ISSN 1472-2747 printed, 1472-2739 electronic) is published 9 times per year and continuously online, by
Mathematical Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.
Periodical rate postage paid at Oakland, CA 94615-9651, and additional mailing offices. POSTMASTER: send address changes to Mathematical
Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.

AGT peer review and production are managed by EditFlow® from MSP.
PUBLISHED BY

:l mathematical sciences publishers
nonprofit scientific publishing
https://msp.org/
© 2024 Mathematical Sciences Publishers


http://dx.doi.org/10.2140/agt
mailto:etnyre@math.gatech.edu
mailto:kathryn.hess@epfl.ch
mailto:jeb2md@eservices.virginia.edu
mailto:cohf@math.rochester.edu
mailto:tara.brendle@glasgow.ac.uk
mailto:indira.chatterji@math.cnrs.fr
mailto:dranish@math.ufl.edu
mailto:tobias.ekholm@math.uu.se
mailto:mario@matem.unam.mx
mailto:dfuter@temple.edu
mailto:john.greenlees@warwick.ac.uk
mailto:ian@math.mcmaster.ca
mailto:mhedden@math.msu.edu
mailto:henn@math.u-strasbg.fr
mailto:isaksen@math.wayne.edu
mailto:thomas.koberda@virginia.edu
mailto:lescop@ujf-grenoble.fr
mailto:lipshitz@uoregon.edu
mailto:nori@nitech.ac.jp
mailto:andres.navas@usach.cl
mailto:nikolaus@uni-muenster.de
mailto:bobol@math.univ-paris13.fr
mailto:jessica.purcell@monash.edu
mailto:birgit.richter@uni-hamburg.de
mailto:jerome.scherer@epfl.ch
mailto:vesna@illinois.edu
mailto:szabo@math.princeton.edu
mailto:maggy-tomova@uiowa.edu
mailto:wahl@math.ku.dk
mailto:wendl@math.hu-berlin.de
mailto:daniel.wise@mcgill.ca
http://dx.doi.org/10.2140/agt
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.ams.org/bookstore-getitem/item=cmp
http://www.isinet.com/products/citation/wos/
https://msp.org/
https://msp.org/

ALGEBRAIC & G

Volume 24 Issue 2 (page

Comparing combinatorial models of moduli space and their
DANIELA EGAS SANTANDER and ALEXANDER KUPE
Towards a higher-dimensional construction of stable/unstabl
SANGIJIN LEE
A strong Haken theorem
MARTIN SCHARLEMANN
Right-angled Artin subgroups of right-angled Coxeter and A
PALLAVI DANI and IVAN LEVCOVITZ
Filling braided links with trisected surfaces
JEFFREY MEIER
Equivariantly slicing strongly negative amphichiral knots
KEEGAN BOYLE and AHMAD ISSA
Computing the Morava K—theory of real Grassmannians usi
NICHOLAS J KUHN and CHRISTOPHER J R LLOYD
Slope gap distributions of Veech surfaces
Luis KUMANDURI, ANTHONY SANCHEZ and JANE
Embedding calculus for surfaces
MANUEL KRANNICH and ALEXANDER KUPERS
Vietoris—Rips persistent homology, injective metric spaces,
SUNHYUK LiM, FACUNDO MEMOLI and OSMAN BER
Slopes and concordance of links
ALEX DEGTYAREV, VINCENT FLORENS and ANA G
Cohomological and geometric invariants of simple complexe
NANSEN PETROSYAN and TOMASZ PRYTULA
On the decategorification of some higher actions in Heegaar
ANDREW MANION
A simplicial version of the 2—dimensional Fulton—-MacPhers
NATHANIEL BOTTMAN
Intrinsically knotted graphs with linklessly embeddable simg

THOMAS W MATTMAN, RAMIN NAIMI, ANDREI PA




	1. Introduction
	1.1. Bridge trisections of surfaces in B4
	1.2. Bridge trisections of surfaces in compact four-manifolds
	Acknowledgements

	2. Preliminaries
	2.1. Some conventions
	2.2. Lensed cobordisms
	2.3. Compression bodies
	2.4. Heegaard splittings and Heegaard-page splittings
	2.5. Trivial tangles
	2.6. Bridge splittings
	2.7. Disk-tangles
	2.8. Open-book decompositions and braidings of links
	2.9. Formal definitions

	3. The four-ball setting
	3.1. Preliminaries and a precise definition
	3.2. Band presentations
	3.3. Bridge-braiding band presentations
	3.4. Bridge-braided ribbon surfaces

	4. Tri-plane diagrams
	4.1. Recovering the boundary braid from a tri-plane diagram

	5. Shadow diagrams
	5.1. Recovering the boundary braid from a shadow diagram

	6. Gluing bridge trisected surfaces and shadow diagrams
	7. Classification and examples
	7.1. Connected sum of bridge trisections
	7.2. Boundary connected sum of bridge trisections
	7.3. Notions of reducibility
	7.4. Classification for small parameters

	8. Proof of Theorem 8.1
	9. Stabilization operations
	9.1. Stabilization of four-manifold trisections
	9.2. Interior perturbation of bridge trisections
	9.3. Markov perturbation of bridge trisections

	References
	
	

