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TOTALLY GEODESIC HYPERBOLIC 3-MANIFOLDS IN
HYPERBOLIC LINK COMPLEMENTS OF TORI IN $*

MICHELLE CHU AND ALAN W. REID

We prove that certain hyperbolic link complements of 2-tori in S* do not
contain closed embedded totally geodesic hyperbolic 3-manifolds.

1. Introduction

A classical problem in 4-dimensional topology is (see [14, Problem 3.20]): Under
what conditions does a closed, orientable 3-manifold M smoothly embed in S*? As
an example of an obstruction, it is an old result of Hantzsche [8] that if a closed
orientable 3-manifold M embeds in $*, then Tor(H; (M, Z)) = A® A for some finite
abelian group A. The focus of this paper is obstructing the embedding of closed
hyperbolic 3-manifolds in $* via embeddings in hyperbolic link complements of
2-tori in S*.

A simple but elegant argument (see [9, Proposition 4.10]) shows that if X is a
hyperbolic link complement of 2-tori in $* then x (X) = x (5% =2, and so there
are only finitely many hyperbolic link complements of 2-tori in S*. This finiteness
statement holds more generally for hyperbolic link complements of 2-tori and Klein
bottles in any fixed 4-manifold. By way of comparison, Thurston’s hyperbolization
theorem shows that many links in S have hyperbolic complements, and although
it is known that many hyperbolic link complements in S do not contain a closed
embedded totally geodesic surface (e.g., alternating links [17]), examples do exist
(see [15; 17]). The main result of this paper (see Theorem 1.1 below) provides more
examples of hyperbolic link complements of 2-tori in $* that do not contain a closed
embedded totally geodesic hyperbolic 3-manifold (our previous paper [5] provided
one such example). We note that [5] shows that the hyperbolic link complements
of 2-tori in $* in Theorem 1.1 do contain infinitely many immersed closed totally
geodesic hyperbolic 3-manifolds. To state Theorem 1.1 we need to recall some
additional notation.
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Ratcliffe and Tschantz [19] provided a census of 1171 so-called integral con-
gruence two hyperbolic 4-manifolds that are all obtained from face-pairings of the
ideal 24-cell in H*. These are all commensurable cusped, arithmetic, hyperbolic
4-manifolds of Euler characteristic 1 (i.e., minimal volume). Ivansié [10] provided
an example of a cusped, orientable, hyperbolic 4-manifold of Euler characteristic 2
that is the complement of five 2-tori in $* (with the standard smooth structure [11])
and is constructed as the orientable double cover of the nonorientable manifold 1011
in the census of integral congruence two hyperbolic 4-manifolds mentioned above.
In [5] we proved that this link complement of 2-tori in S* does not contain any closed
embedded totally geodesic hyperbolic 3-manifolds (it does contain embedded ori-
entable noncompact finite volume totally geodesic hyperbolic 3-manifolds). In [12],
four additional examples of link complements of 2-tori in manifolds homeomorphic
to S* were found. These arise as the orientable double covers of the nonorientable
manifolds in the census of [19] with numbers 23, 71, 1091 and 1092. The main
result of this note is to extend the result of [5] to these four other examples.

We fix the following notation. For n € {23,71, 1091, 1092}, we denote by
pn : W, — N, the orientation double coverings of the nonorientable integral
congruence two hyperbolic 4-manifolds N,. By construction, x(N,) = 1 and
x (W,) =2, with W,, a link complement of 2-tori in § 4,

Theorem 1.1. For n € {23,71, 1091, 1092} the manifolds W, do not contain a
closed embedded totally geodesic hyperbolic 3-manifold.

As with the case of the manifold 1011 of [19], the W,, of Theorem 1.1 all contain
embedded noncompact finite volume totally geodesic hyperbolic 3-manifolds.

The strategy of the proof of Theorem 1.1 is similar to that of [5] but additional
complications arise with these four examples (see Section 2B for a fuller discus-
sion). Moreover, a different argument is needed to handle these cases, and this
requires a detailed analysis of possible closed totally geodesic surfaces that can
embed in certain arithmetic hyperbolic 3-manifolds that cover the Picard orbifold
H3/PSL(2, Z[i]).

We finish the introduction by posing a question prompted by our work:

Question 1.2. Does there exist a hyperbolic link complement of 2-tori in a closed
(smooth) simply connected 4-manifold that contains a closed embedded totally
geodesic hyperbolic 3-manifold?

Examples of hyperbolic link complements of 2-tori in closed (smooth) simply
connected 4-manifolds are given in [12; 20]. Indeed, [20, Theorem 1.2] shows
that such link complements exist only in S4, #.(S% x §2), or #, (CPZ#CPZ), with
r > 0. Furthermore, using the examples of [10], examples of link complements
of 2-tori in #,(S? x §2) for r even were exhibited in [20] (these cover the link
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complement of [10]). It is unknown whether there exists a finite volume hyperbolic
link complement of 2-tori in #, (CP*#CP?), for some r > 0.

2. Recap from [5]

The hyperboloid model of H* is defined using the quadratic form

J =xf+x§+x§+xf—x52
with
|]-|]4={x eR: J(x)=—1,x5 > 0}

equipped with the Riemannian metric induced from the Lorentzian inner product
associated to J. The full group of isometries of H* is then identified with O* (4, 1),
the subgroup of

04,1)={AeGL(5,R): A'JA=J},

preserving the upper sheet of the hyperboloid J(x) = —1, and where we abuse
notation and use J to denote the symmetric matrix associated to the quadratic form.
The full group of orientation-preserving isometries is given by

SO (4,1) ={A 0" (4, 1) :det(A) = 1}.
The groups OT (3, 1) and SO (3, 1) are defined in a similar manner.

2A. Integral congruence two hyperbolic 4-manifolds. The manifolds p, : W, — N,
where n € {23,71, 1091, 1092} of interest to us all arise as face-pairings of the
regular ideal 24-cell in H* (with all dihedral angles m/2), and are regular (Z/ 27)%
covers of the orbifold H*/A (2), where A(2) is the level two congruence subgroup
of the group O (J, Z) = O™ (4, 1) NO(J, Z). These manifolds are referred to as
integral congruence two hyperbolic 4-manifolds in [19, Table 1]. It will be useful to
describe the (Z/ 27)* action, and this is best described in the ball model as follows.
Locate the 24-cell in the ball model of hyperbolic space with vertices

(£1,0,0,0), (0,£1,0,0), (0,0,£1,0), (0,0,0,%1) and (£1,£1 £1 £1).

The four reflections in the coordinate planes of R* can be taken as generators of this
(Z/27)* group of isometries. Passing to the hyperboloid model, these reflections
are elements of A(2) and are listed as the first four matrices in [19, page 110].
Following [19] we denote this (Z/2Z)4 group of isometries by K < A(2).

As noted in [19] (see also [18]) all of the face-pairings of any of the integral
congruence two hyperbolic 4-manifolds are invariant under the group K. This
implies that each of the coordinate hyperplane cross sections of the 24-cell extends
in each of the integral congruence two hyperbolic 4-manifolds to a totally geodesic
hypersurface which is the fixed point set of one of the reflections described above.
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Following [18] we call these hypersurfaces cross sections. As described in [18],
these cross sections can be identified with integral congruence two hyperbolic
3-manifolds which are also described in [19]. Moreover, it is possible to use [19]
or [18] to identify these in any given example.

Lemma 2.1. (1) Nj3 has 4 nonorientable cross-sections all isometric to each other.

2

3)

“)

N71 has one orientable cross-section isometric to the complement of the link 8‘2t
and three nonorientable cross-sections.

Nioo1 has one orientable cross-section isometric to the complement of the
link 8‘21 and three nonorientable cross-sections, two of which are isometric to
each other.

Nio92 has two orientable cross-sections isometric to the complement of the
link 8‘21 and two nonorientable cross-sections which are isometric to each other.

Proof. The proof of this lemma is similar to the proof of [5, Lemma 7.1]. We
give a fairly detailed discussion of case (1), and only mention salient points in the
remaining cases.

ey

2

In [19, Table 3] the manifold N,3 is given by the code 1569A4 which represents
the side pairing 1111555566669999AAAA4444 for the 24 sides of the ideal
24-cell Q*. In the notation of [19], the four cross sections have k;ksko codes
352, 352, 156, 156, which correspond to the side pairings r;k; for the 12 sides
of the polytope Q3 where r; is the reflection in side i and k| = ky = k3 = ky4,
ks = ke = k7 = kg, kg = k19 = k11 = k1». Since r; is a reflection, the side pairing
rik; is orientation preserving if and only if the corresponding k; is orientation
reversing. But this happens only if k; € {1, 2, 4, 7} since then it corresponds
to the diagonal matrices with 1 <> diag(—1, 1, 1, 1), 2 < diag(1, —1, 1, 1),
4 < diag(1,1, -1, 1), 7 < diag(—1, —1, —1, 1). Therefore, all four cross-
sections of N3 are nonorientable.

From [19, Table 1], we see that the code 156 corresponds to the non-
orientable integral congruence two 3-manifold M 2 of [19]. As in the proof of
[5, Lemma 7.1], it can be checked that code 352 is equivalent to the code 156
via a symmetry of Q3 (the polyhedron in [5, Figure 2]), and hence determine
isometric manifolds.

In [19, Table 3] the manifold N7, is given by the code 13EB34. In the notation
of [19], the four cross sections have kjkskg codes 712, 152, 173, 136. It can be
checked that the 3-manifold with code 712 is orientable and isometric to M 130
of [19], and that the remaining codes determine nonorientable manifolds. Thus,
N71 has one orientable cross-section, and three nonorientable cross-sections.



HYPERBOLIC 3-MANIFOLDS IN HYPERBOLIC LINK COMPLEMENTS OF TORI IN §* 195

(3) In [19, Table 3] the manifold Njg9; is given by the code 53FF35. In the
notation of [19], the four cross sections have kjkskg codes 712, 173, 173, 537.
As noted in case (2), the code 712 determines an orientable 3-manifold, and
it can be checked that the remaining determine nonorientable ones. Hence,
Nioo1 has one orientable cross-section, and three nonorientable cross-sections.

(4) In[19, Table 3] the manifold N9, is given by the code 53FFCA. In the notation
of [19], the four cross sections have k;kskg codes 765, 174, 174, 537. Thus,
the manifolds with code 174 is orientable and isometric to M;, of [19], and
the remaining two determine nonorientable manifolds. Furthermore, it can
be checked that the codes 765 and 537 are equivalent via a symmetry of Q3
and determine isometric manifolds. Thus, Njg9, has two isometric orientable
cross-sections, and two isometric nonorientable cross-sections. O

In what follows, let A (with orientable double cover A™) denote the nonorientable
manifold given by the code 537, and similarly let B, C, D, and E (with orientable
double covers BT, C*, D, and E™) denote the nonorientable manifolds given by
the codes 152, 173, 136, and 156 respectively.

2B. Volume from tubular neighbourhoods. As in [5], to prove Theorem 1.1, we
will make use of a result of Basmajian [2] which provides disjoint collars about
closed embedded orientable totally geodesic hypersurfaces in hyperbolic manifolds.
We state this only for hyperbolic 4-manifolds.

Following [2], let r (x) =log coth(x /2), and let V (r) denote the volume of a ball
of radius r in H>. It is noted in [2] that, V (r) = w3 for sinhz(r) dr, where w3 is the
area of the unit sphere in R3 (i.e., w3 = 4n).

In [2, pages 213-214], the volume of a tubular neighbourhood of a closed
embedded orientable totally geodesic hyperbolic 3-manifold of 3-dimensional hy-
perbolic volume A in a hyperbolic 4-manifold is given in terms of the 4-dimensional
tubular neighbourhood function c4(A) = (%)(V or)~1(A). Moreover, as noted
in [2, Remark 2.1], when the totally geodesic submanifold separates, an im-
proved estimate can be obtained using the tubular neighbourhood function d4(A) =
(%)(V or)~1(A/2) and we record this as follows.

Lemma 2.2. Let X be an orientable finite volume hyperbolic 4-manifold containing
a closed embedded separating orientable totally geodesic hyperbolic 3-manifold
of 3-dimensional hyperbolic volume A. Then X contains a tubular neighbourhood
of M of volume

dy(A)
V/(A) =2A f cosh’(7) dt.
0

Moreover, [2] also proves that disjoint embedded closed orientable totally geo-
desic hyperbolic 3-manifolds in an orientable finite volume hyperbolic 4-manifold
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have disjoint collars, thereby contributing additional volume. For our purposes we
summarize what we need in the following.

Corollary 2.3. Let X be an orientable finite volume hyperbolic 4-manifold of Euler
characteristic x containing K disjoint copies of a closed embedded orientable
totally geodesic hyperbolic 3-manifold of 3-dimensional hyperbolic volume A.
Assume that all of these disjoint copies separate X. Then

Vol(X) = (37%)x = KV'(A).

Given this set up we recall the basic strategy of [5]. To that end, let N (resp. W)
denote one of the manifolds N2z, N71, Nigoi, or Nygoo (resp. Waz, Wri, Wigoy,
or Wiggz) and M <— W a closed embedded totally geodesic hyperbolic 3-manifold.
Since W C S§*, M is orientable and the embedding separates S*.

As in [5, Lemma 7.2] since W is the orientable double cover of N, it is a
characteristic cover of N and hence a regular cover of H*/A (2) (using Section 2A).
If it can be shown that M is disjoint from the preimages of all of the cross-sections
in N, then since W is a regular cover of H* /A (2), using the isometries of W induced
from the reflections in the coordinate hyperplanes we get 16 disjoint copies of M,
all embedded and separating in W (since it is a submanifold of 4.

Now the minimal volume of a closed hyperbolic 3-manifold is that of the Weeks
manifold and is approximately 0.9427... [7]. Using this estimate for Vol(M),
and applying Corollary 2.3 we see that Vol(W) > 16)/(0.94), which is approx-
imately 28.9. On the other hand, since x (W) = 2, Vol(W) = %nz which is
approximately 26.3, a contradiction.

As proved in [5, Lemma 3.2], any M (as above) is disjoint from the lift of any
orientable cross-section in N. To prove Theorem 1.1 we need to show that M is
disjoint from the preimage of a nonorientable cross-section in N. This follows from
our next lemma, since if M (as above) was not disjoint this would give rise to a
closed embedded totally geodesic (possibly nonorientable) surface in the preimage
of the cross-section.

Lemma 2.4. Let Y be any of the nonorientable cross-sections listed in Lemma 2.1
and Y the orientable double cover. Then YT (and hence Y) does not contain a
closed embedded totally geodesic surface.

The strategy to prove Lemma 2.4 is this: we first identify I' ={ (Y ) as a congru-
ence subgroup of the Picard group PSL(2, Z[i]), and identify matrices (up to sign)
that correspond to a generating set for I". We next use the classification of circles
left invariant by nonelementary Fuchsian subgroups of PSL(2, Z[i]) given in [16] to
limit the possibilities for what circles can be associated to a closed embedded totally
geodesic surface in Y. Finally we use a criterion given by [13, Corollary 3.3] to
prove that any candidate totally geodesic surface cannot be embedded.
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The proof of Lemma 2.4 occupies the remainder of this paper.

3. The Picard group and the fundamental groups of the cross-sections
The Picard group PSL(2, Z[i]) has a presentation from [21]:
PSL(2, Z[i)=(a, 1, t,u| &> =1*=(al)*=(t])* = (ul)*=(at)’ = (ual)’ =[t,u]=1),

where these generators can be represented by the matrices (up to sign) shown below:

a=(O0) =(1) w=() =( %)

3A. Locating subgroups. 1t will be helpful to prove the following result which
helps “locate” the fundamental groups of the manifolds Y as subgroups of
PSL(2, Z[i]).

Proposition 3.1. Let Y be any of the nonorientable cross-sections listed in Lemma 2.1
and Y the orientable double cover. Then (Y ™) admits a faithful representation
with image group I of index 48 in PSL(2, Z[i]) and [T (1+1i), ' (14i)]<[" <" (141).

Proof. To establish that 7r; (¥ ™) admits a faithful representation with image group I'
with ' <«T"(1 + i), recall from [19, Section 3] that these integral congruence two
hyperbolic 3-manifolds are constructed as follows. As in the case of dimension 4
described above these manifolds arise as regular covers (all with covering group
(Z/27)3) of a certain congruence quotient of H*, namely the subgroup A(2) <
O*(3,1; Z). As shown in [19, page 105]:

[07(3,1;2): A@Q)]=12 withO"(3,1;2)/AQ2) = S3 x Z/27.

In addition, [19, Section 3] identifies the group O™ (3, 1; Z) with the Coxeter group 7,
generated by reflections in the faces of the noncompact tetrahedron with Coxeter
diagram:

3 4 4
o ——— 9

Using a presentation of this Coxeter group, one can find a presentation for the
subgroup SO™ (3, 1; Z) (consisting of orientation preserving isometries) of index 2
in 0" (3, 1; Z), and it follows from this that the abelianization of SO™ (3, 1; Z) is
Z/27 x Z/27. Indeed, it is known (see, e.g., [4]) that the subgroup SO*(@3, 1;2)
can be identified with PGL(2, Z[i]), which in turn contains PSL(2, Z[i]) of index 2.

Since A(2) contains elements of determinant —1, the group

AT(2) = AQ2)NSOT (3, 1;2)

has index 2 in A(2), and so A™(2) is isomorphic to a normal subgroup of index 12
in PGL(2, Z[i]) with quotient group S3 x Z/27.
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As noted above, the abelianization of SO' (3, 1; Z) = PGL(2, Z[i]) is 7]27 x
7/27. We claim that this implies that AT (2) is contained in the commutator
subgroup of SO (3, 1; Z). To see this, first recall that the abelianization of S3
is Z/2Z so we get the epimorphism a : S3 x Z/2Z — Z/27 x Z/2Z. Since the
surjective composition

SOt(3,1;7) L5 S3x 7/27 *> 727 x 7 /27

lands in an abelian group, it factors through the abelianization of SO (3, 1; Z),
with the second map an isomorphism. It then follows that A1 (2) must be contained
in the commutator subgroup of SO* (3, 1; 2).

Furthermore, via the above identifications, A1 (2) must be isomorphic to a normal
subgroup of index 6 in PSL(2, Z[i]). By [6, Theorem 2] there is a unique normal
subgroup of index 6 in PSL(2, Z[i]) and it is the principal congruence subgroup
'(141i) (i.e., those elements in PSL(2, Z[i]) congruent to the identity modulo the
ideal (1+1)).

From [19, page 105], the group O" (3, 1; Z) is generated by the 4 reflections

0100 1000 10 00 0 -1 -11
ae 1000 b 0010 o 01 00 de -1 0 —-11
oo10}) 0roo0}f 00 -10Y -1 -1 0 1}
0001 0001 00 0 1 -1 -1 -12

and the subgroup SO™ (3, 1; Z) can be identified with the group PGL(2, Z[i]) via
the isomorphism defined by

1 -1 0 1 01
abr—>(1 0), acr—)(_i 0), adr—><1 0).

From [19, page 106] the group A(2) is generated by the reflections r; = abcba,
= bcb, r3 =c, r4 = abdcdba, rs = bdcdb, r¢ = dcd, and the subgroup AT (2)
can thus be identified with the group I"(1+1i) via the induced isomorphism defined by

I A T A A A & A W
172 i o1 ) T 0 ;o) s 0o i)
I s R A O B B
- i ) o1 )

As noted above, 1 (Y) < A(2) with quotient group (Z/27Z)3, so it follows that
m(Yt)<AT(2) =I'(1+i) with quotient group (Z/27)3.

Now I'(1 +i)/[T(1 + i), (1 +i)] = (Z/2Z)° (see the Magma [3] routine
following this proof). Since the map I'(1+i) — I'(1+i)/m (Y T) = (Z/2Z)3 goes
to an abelian group, the commutator subgroup [I"(1 + i), I'(1 4-i)] is sent to 1 and
it follows that [["(1 4i), ['(1 +i)]<m (Y ™).
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0*(3,1:2)
2
2/ 80%@3,1;Z) — =— PGL(2, Z[i])
2
A2) 12 PSL(2, Z[i])

22

a4+, ra+iq]

Figure 1. Lattice of subgroups.

Putting all of this together we obtain the lattice of subgroups shown in Figure 1.
We have the image group I' = 71 (Y1) as claimed. That the index in PSL(2, Z[i])
is 48 is clear from the lattice of subgroups above (or from volume consideration
discussed in [19, page 108]). O

Remark 3.2. The subgroup [['(1 4+ i), ['(1 4 i)] can also be identified as the
principal congruence subgroup I'(2 4 2i) (i.e., those elements in PSL(2, Z[i])
congruent to the identity modulo the ideal (2 + 2i) = (1 + i )3). This follows
from [1, Propositon 3.1] where the group I"(2 4 2i) is identified as a link group,
and arises as the normal closure in PSL(2, Z[i]) of the subgroup (1*u?, t*). Now
12u?,t* € (1 +1), and since I'(1 4+1)® = (Z/27), it follows that t>u> and t* are
both mapped trivially under the abelianization map I'(1 4+ i) — I'(1 +i)*®. Hence
(tPu, %y C [T +0), T(1+0)].

Now the subgroup [I"'(1 +i), I'(1 +i)] is a characteristic subgroup of I'(1 + i)
and hence is normal in PSL(2, Z[i]), and so it follows that the normal closure in
PSL(2, Z[i]) of the subgroup (t*u?, t*) is contained in [['(1 4+ i), T'(1 +0)]; i.e.,
rQ+2i c[I'd+i),I'(1+1i)]. However, both these groups have index 192
in PSL(2, Z[i]).

We now provide the short Magma [3] routine referred to in the proof of Proposition
3.1. Referring below, the group g is the group PSL(2, Z[i]), and the presentation
used is that given above. The group Nis I'(1 4 7).
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> g(a, 1, t,u) :=Group(a,1l,t,u| a?, 12, (a* 1)2, (t * 1)2, (u* 1)2, (a*t)s,
(uxax1)®, (t,w);

> h :=sub(g |t *xu, t2, u?);

> N := NormalClosure(g, h);

> printIndex(g, N);

6

> printAbelianQuotientInvariants(N);

[2,2,2,2,2]

3B. Generators for the fundamental groups of the cross-sections. Using the
description of each nonorientable cross-section from Lemma 2.1, the notation of
Section 2A together with the isomorphism described in the proof of Proposition 3.1,
we find generators for the fundamental groups of A, B, C, D and E as side pairings
of the 24-cell. We then use Magma to find generators for the orientation double
covers AT, BT, C*, D™ and E™ and also to eliminate redundant generators. The
generators are written below both as elements of PSL(2, Z[i]) and as words in the
reflections r;’s:

o =i =i (3 1—i) (1-2i —2—4i
(4 )_<<1+i —i ) (l—i—i —i )\ —2i —3-2i)
—1—4i —4+4\ (—2—5i —1409i
22 —1+4i) \=3-3i 2+7i
=(’”3"6r2r1,rl’”3"67'2’r2”175r3r4r3,"27'1’”5737'2"57’3"1,"27'1’”5”17'6"27’3"5"17’2),
3 —1—i\ (=240 1+i\ (142 2—2i
+) —
m1(B )_<(2—2i -1 >’<1+i —i )( 4i 5—2i>’

1+2i —1—i —2—i 1+i
444 =3-2 ) \—-1—i i

= (rirarera, r3rarara, (rsrary)?, Israrargrar i Fars, IsFrararirs),
1 —1—i —1 1+ 342 —2-2i 1 14
+y
m{c )_<(2—2i -3 ) (—2 1+2i>’ <2+2i —1—2i)’ (0 1 )
-3 5-3i
-2 3-2i
= (rarerari, rarsrary, (rirar)?, Frarerirary, Frarsrarirarary),
1 —-1-i —24+3i =2i 24i =2 241 =21
+y
71D )_<(2—2i -3 ) <—1+i —i)’ (l—i i>’ <3+i —31')’

342 4
—54i 542
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:(r2r6r2r1,r2r3r2r3r4r3r2r1r5r2, rr3rarararirsry, rprsrirr3rarararary,

rarsrirarerarsri),
1 —-1-i 3 -2 142i 2-2i —14+2i 2
+y
m(E )_<(2—2i -3 ) (2 —1)’< 4i 5—2i)’ (—4+2i 3+2i)’
342 —1—i
A+4i —1-2i
= (rargrary, rarsrarirars, (rsrsry)?, Fsrarirarsry, Israrrarerarars).

4. Fuchsian subgroups of the Picard group

To understand totally geodesic surfaces in Y, we recall from [16] that every
nonelementary Fuchsian subgroup of PSL(2, Z[i]) fixes a circle or straight line C
with an equation of the form: a|z|2+Ez+Bz'+c =0, witha, ceZand B € Z[i], and
vice versa. We caution the reader that the normalization of the equation of the circle
follows [13] (which we will use in the proof) rather than [16], the normalization
of [16] uses Bz + BZ.

Two such circles (or straight-lines) C and C’ are said to be equivalent if there exists
y € PSL(2, Z[i]) such that yC =C’. Define D = | B|*>—ac to be the discriminant of C.
This is preserved by the action of PSL(2, Z[i]), and hence equivalent circles have
the same discriminant (see [16]). If A < PSL(2, Z[i]) is a torsion-free subgroup
of finite index, then a A-equivalence class of circles and straight-lines can be
associated to a totally geodesic surface in H3/A and vice versa. Hence we can also
refer to the discriminant of the associated totally geodesic surface. When a #0, C is
a circle centered at —B/a, with radius ~/D/|a|. This is the case when the totally
geodesic surface is closed [13, Lemma 3.1]. Note that if the surface associated to a
circle C is closed and embedded in H?/A, then for every element § € A we must
have SC=Cor6CNC =@.

It is shown in [16] that every circle (or straight-line) as above is PSL(2, Z[i])-
equivalent to one of the following:

e Cp:|z>-D=0.

« Cp1:2lzP+z4+Z—1(D—1)=0(when D=1 (mod4)).

« Cpa:2|zlP+iz—iz—3(D—1)=0 (when D =1 (mod 4)).

« Cps:2zP+(1+i)z+ (1 —i)z—2(D—2) =0 (when D =2 (mod 4)).
The radius of the first circle listed above is /D and for the others it is \/5 /2.

Lemma 4.1. Let A be a normal subgroup of finite index in PSL(2, Z[i]), and
assume that S < H3/A is an embedded totally geodesic surface associated to
the circle C of discriminant D. Then there exists an embedded totally geodesic
surface S" associated to one of the circles Cp or Cp_j for one of j =1, 2, 3.
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Proof. Observe that, since C is associated to an embedded totally geodesic surface in
H3 /A, for any « € PSL(2, Z[i]), the circle aC is associated to an embedded totally
geodesic surface in H3/aAa~!. Since A is assumed to be normal in PSL(2, Z[i]),
the surface associated to aC is actually embedded in H3/A.

From the classification of circles given above there is an o € PSL(2, Z[i]) such
that aC is one of Cp or Cp ; for one of j =1, 2, 3. The result follows. O

Associated to the circle C with equation alz|> + Bz + BZ 4 ¢ =0 as above, is
the Hermitian matrix A = (1% f ) with an action of PSL(2, Z[i]) given by y*Ay,
where * denotes conjugate-transpose and the given action sends C to y ~!C. Here C
is the set of all points z € C such that A(7) - (f) = 0. Now [13, Corollary 3.3]
provides a criterion for a totally geodesic surface S associated to a circle C to be

embedded in H3/A or not; namely if y € A does not leave C invariant and satisfies
r(y*AyAThI <2,

then y ~!CNC # @ and S is not embedded. Furthermore, if S is closed, and y does
not leave C invariant, then y ~!C N C is two points.
We will make use of the following lemma.

Lemma 4.2. Let A be a subgroup of finite index in PSL(2, Z[i]) which contains the
group ['(1 +1i), (1 4+1i)], and let M = [|-|]3/A. If S — M is a closed embedded
totally geodesic surface (not necessarily orientable) associated to a circle C, then
there exists oo € PSL(2, Z[i]) such that aC = Ce 3.

Proof. Recall from Remark 3.2 that [["(1 + i), '(1 +i)] = I'(2 + 2i), and so
['(2+2i) C A by hypothesis. Therefore S gives rise to a closed embedded totally
geodesic surface associated to the circle C in the cover H?/ I"'(2 + 2i). Assuming
that C has discriminant D, there exists o € PSL(2, Z[i]) such that «C is one of Cp
orCp,jforj=1,2,3

Now I'(2 + 2i) «PSL(2, Z[i]), and Lemma 4.1 shows that one of Cp or Cp ;
for j = 1,2, 3 also gives rise to a closed embedded totally geodesic surface in
H3/ T (2 +2i).

Now the element ((l)zﬁz") is in T'(2 4 2i), and using this element, a simple
calculation shows that for the surface to be embedded, the radius of the associated
circle must be < /2. From above, the radii of the circles C porCp jforj=1,2,3
is +/D or \/5/2. Hence, amongst the circles Cp or Cp,j, j = 1, 2, 3, the only
possibilities are

Ci, C, Ci1, Ci2, C3, Csi1, Csp, Ce3

and the only one of these that can give rise to a closed surface is Cg 3 (see [16,
Lemma 8]).
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The upshot of this discussion is that if § < M is a closed embedded totally
geodesic surface with associated circle C, then there exists o« € PSL(2, Z[i]) such
thatC:ozC6,3. U

The proof of Lemma 2.4 will be completed in the sections below. To that end we
make some additional comments and introduce some notation. From Proposition 3.1
and Remark 3.2, we need to consider certain groups A with I'(2+2i)<A<I"(1+41i).

A complete system of (left or right) coset representatives for I'(1 + i) in
PSL(2, Z[i]) is provided by the following 6 matrices:

. 01 1 —1
10 1 1 0 -1
n=(G0) m=(o) m=00)

Using this and the normality of A in I'(1 4+ i) (see the proof of Lemma 4.1), it
follows that if C = «Cg 3 corresponds to a closed embedded totally geodesic surface
in H3/A then one of T;Cq 3 also corresponds to such a surface. Briefly, since C
corresponds to a closed embedded totally geodesic surface in H*/A, Co3 =a~!C
corresponds to a closed embedded totally geodesic surface in H3 /o~ Aa. Writing
o = yT; for some y € I'(1 + i), and using A <I'(1 + i) we deduce that Cg 3
corresponds to a closed embedded totally geodesic surface in H3/ Ti_] AT; from
which it follows that 7;Ce 3 corresponds to a closed embedded totally geodesic
surface in H3/A.

Using the action on the Hermitian forms described above, the action by the
matrices 7; is given by (Tl.*l)*ATlfl, which, since the entries of the matrices T;
are integers, is simply (Ti_l)tATl-_l. Hence, the circles T;C 3 fori =0,1,...,5
are represented by the matrices

21— —2 1 2 3
A_AO_<1+i —2)’ A‘_(—1+i 2 ) Az_(3+i 2 )
2 —1—i 2 3 21—
A3_(—1—|—i -2 ) A4_(—3+i -2 ) A5_<1+i 2 )

5. Proving no closed embedded totally geodesic surfaces

From Lemma 2.1 to prove Lemma 2.4 (i.e., that the link complements W53, W7y,
Wige1 and Wiggp do not contain a closed embedded totally geodesic hyperbolic
3-manifold), we are reduced to showing that the hyperbolic 3-manifolds A™, B,
C™, DT and E* do not contain a closed embedded totally geodesic surface (which
could be nonorientable).
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In what follows in each of the subsections below we list elements of the groups
T1(AT), T (BT), 7 (CT), m (D) and 7y (E™) that provide self-intersections of
the circles T;Ce 3. This is done using the matrix generators for each of 7 (A™),
7 (BY), m (CY), m; (DY) and 7y (E™) listed in Section 3B and the criteria of [13]
stated Section 4:

lr(y* Ay A7 D] < 2.

These calculations were performed in Mathematica [22] and the notebook is avail-
able from the authors upon request. For convenience, we shall simply denote the
generators for each of the groups 71 (A1), 71 (B*), 71 (C*), (D) and 1 (E™)
in Section 3B by g1, g2, ..., g5 in the order that they are listed. What is listed
below are the Hermitian forms A = Ag, Ay, ..., As and those elements y, written
in terms of gy, g2, ..., gs, for which |tr(y*A,~yAl._1)| < 2.

We will also make use of the element [ = (6 _Ol.), which being an element
of I'(1 + i) normalizes each of the groups m1(A"), 71 (BY), 7 (CT), m1 (D)
and 71 (E™) by Proposition 3.1. Additional explanation of elements that are not
visibly in the groups 7 (A™), 1 (BT), 71 (C*), m (D") and 7| (E™) is provided
when needed.

Finally, we remark that we also need to ensure that the elements do not leave
the circles in question invariant. This is clear if the elements are parabolic (since
the surface is closed) and when the trace is a nonreal complex number that is not
purely imaginary. In the cases where the element has trace that is pure imaginary
we check to see whether the circle is left invariant.

The manifold A™:
circle/form element |[trace value|
A 83 2/3
Ay g1 2/3
A 8184 2/3
Az 81 2/3
Ay 18171 2/3
As 83 2/3

Note that the element g; has trace —2i. However, a calculation shows that g; does
not leave invariant any of the circles T;C¢ 3 fori =0, 1,...,5. That 8 € 71 (A™),
can be checked by noting that

g (S8 1022\ ([ 1440142)  (2420)2-30)
&2 818P =\ 1846i 13—16i) ~ \(2420)(6—=3i) 1+43—4i)

By Remark 3.2 and Proposition 3.1, I'(2+2i) = [['(1 +i), T(1+i)] < 71 (A™).

)era+m)
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None of the elements g3, g1g4 and B (and hence also I8I~! € 7 (A™T)) have
purely imaginary trace.

The manifold B*:

circle/form element |trace value|
A 81 2/3
Ay g1 2/3
Az 9) 2/3
Aj 82 2/3
Ay lgl~1 2/3
As 81 2/3

From Section 3B, g; and g, are both parabolic, and as above Ig;I~! € 7y (B™T).

The manifold C*: In this case the parabolic element g4 works for all the forms
A, Ay, ..., As with trace value 2/3.

The manifold D™

circle/form element |trace value|
A g1 2/3
A 81 2/3
A g1~} 2/3
Az Igi17! 2/3
Ay lgil~! 2/3
As lgll_l 2/3

From Section 3B, g is parabolic, and as noted above lgll_1 e m (D).

The manifold E*: Since the parabolic element g; € ;1 (E™) is exactly the same
as for 71 (D™), the same table holds for E™ as that shown for D™.

Remark 5.1. From Remark 3.2 and Proposition 3.1 we know that H3/ I"(2 4 2i)
covers each of the manifolds A*, BT, C*, D*, and E*, which we have shown
do not contain a closed embedded totally geodesic surface. On the other hand, as
pointed out in [13] the link complement H?/ I"(2 4 2i) does contain a closed totally
geodesic surface of genus 3 associated to Cg 3.

Acknowledgements

This work began whilst the authors were both visiting the Institut de Mathématiques,
Université de Neuchatel, and we would like to thank the Insititut for its hospitality.



206 MICHELLE CHU AND ALAN W. REID

We also wish to thank A. Kolpakov, S. Riolo and L. Slavich for many helpful
conversations on topics related to this work. We are particularly grateful to a referee
who spotted some errors in the calculations in Sections 4 and 5 of the first version
of this paper, and made several helpful clarifying comments and suggestions.

References

[1] M. D. Baker and A. W. Reid, “Principal congruence link complements”, Ann. Fac. Sci. Toulouse
Math. (6) 23:5 (2014), 1063-1092. MR Zbl

[2] A. Basmajian, “Tubular neighborhoods of totally geodesic hypersurfaces in hyperbolic mani-
folds”, Invent. Math. 117:2 (1994), 207-225. MR Zbl

[3] W. Bosma, J. Cannon, and C. Playoust, “The Magma algebra system, I: The user language”, J.
Symbolic Comput. 24:3-4 (1997), 235-265. MR Zbl

[4] A. M. Brunner, Y. W. Lee, and N. J. Wielenberg, “Polyhedral groups and graph amalgamation
products”, Topology Appl. 20:3 (1985), 289-304. MR Zbl

[5] M. Chu and A. W. Reid, “Embedding closed hyperbolic 3-manifolds in small volume hyperbolic
4-manifolds”, Algebr. Geom. Topol. 21:5 (2021), 2627-2647. MR Zbl

[6] B.Fine and M. Newman, “The normal subgroup structure of the Picard group”, Trans. Amer.
Math. Soc. 302:2 (1987), 769-786. MR Zbl

[7] D. Gabai, R. Meyerhoft, and P. Milley, “Minimum volume cusped hyperbolic three-manifolds”,
J. Amer. Math. Soc. 22:4 (2009), 1157-1215. MR Zbl

[8] W. Hantzsche, “Einlagerung von Mannigfaltigkeiten in euklidische Riaume”, Math. Z. 43:1
(1938), 38-58. MR Zbl

[9] D.lIvansi¢, “Embeddability of noncompact hyperbolic manifolds as complements of codimension-
1 and -2 submanifolds”, Topology Appl. 120:1-2 (2002), 211-236. MR Zbl

[10] D. Ivansi¢, “Hyperbolic structure on a complement of tori in the 4-sphere”, Adv. Geom. 4:1
(2004), 119-139. MR Zbl

[11] D. Ivansié, “A topological 4-sphere that is standard”, Adv. Geom. 12:3 (2012), 461-482. MR
Zbl

[12] D. Ivansié, J. G. Ratcliffe, and S. T. Tschantz, “Complements of tori and Klein bottles in the
4-sphere that have hyperbolic structure”, Algebr. Geom. Topol. § (2005), 999-1026. MR Zbl

[13] J. Jung and A. W. Reid, “Embedding closed totally geodesic surfaces in Bianchi orbifolds”,
2020. To appear in Math. Research Letters. arXiv 2003.05427

[14] R. Kirby, “Problems in low-dimensional topology”, pp. 35-473 in Geometric topology (Athens,
GA, 1993), AMS/IP Stud. Adv. Math. 2, Amer. Math. Soc., Providence, RI, 1997. MR Zbl

[15] C.J. Leininger, “Small curvature surfaces in hyperbolic 3-manifolds”, J. Knot Theory Ramifica-
tions 15:3 (2006), 379-411. MR Zbl

[16] C. Maclachlan and A. W. Reid, “Parametrizing Fuchsian subgroups of the Bianchi groups”,
Canad. J. Math. 43:1 (1991), 158-181. MR Zbl

[17] W. Menasco and A. W. Reid, “Totally geodesic surfaces in hyperbolic link complements”, pp.
215-226 in Topology '90 (Columbus, OH, 1990), edited by B. Apanasov et al., Ohio State Univ.
Math. Res. Inst. Publ. 1, de Gruyter, Berlin, 1992. MR Zbl

[18] J. G. Ratcliffe and S. T. Tschantz, “Gravitational instantons of constant curvature”, pp. 2613—
2627 in Topology of the Universe Conference (Cleveland, OH, 1997), vol. 15, edited by G. D.
Starkman, 1998. MR Zbl


http://dx.doi.org/10.5802/afst.1436
http://msp.org/idx/mr/3294602
http://msp.org/idx/zbl/1322.57015
http://dx.doi.org/10.1007/BF01232240
http://dx.doi.org/10.1007/BF01232240
http://msp.org/idx/mr/1273264
http://msp.org/idx/zbl/0809.53052
http://dx.doi.org/10.1006/jsco.1996.0125
http://msp.org/idx/mr/1484478
http://msp.org/idx/zbl/0898.68039
http://dx.doi.org/10.1016/0166-8641(85)90096-3
http://dx.doi.org/10.1016/0166-8641(85)90096-3
http://msp.org/idx/mr/804041
http://msp.org/idx/zbl/0571.57032
http://dx.doi.org/10.2140/agt.2021.21.2627
http://dx.doi.org/10.2140/agt.2021.21.2627
http://msp.org/idx/mr/4334521
http://msp.org/idx/zbl/1478.57025
http://dx.doi.org/10.2307/2000868
http://msp.org/idx/mr/891646
http://msp.org/idx/zbl/0624.20031
http://dx.doi.org/10.1090/S0894-0347-09-00639-0
http://msp.org/idx/mr/2525782
http://msp.org/idx/zbl/1204.57013
http://dx.doi.org/10.1007/BF01181085
http://msp.org/idx/mr/1545714
http://msp.org/idx/zbl/63.0556.02
http://dx.doi.org/10.1016/S0166-8641(00)00050-X
http://dx.doi.org/10.1016/S0166-8641(00)00050-X
http://msp.org/idx/mr/1895493
http://msp.org/idx/zbl/1013.57015
http://dx.doi.org/10.1515/advg.2004.002
http://msp.org/idx/mr/2155369
http://msp.org/idx/zbl/1039.57012
http://dx.doi.org/10.1515/advgeom-2012-0004
http://msp.org/idx/mr/2994634
http://msp.org/idx/zbl/1272.57013
http://dx.doi.org/10.2140/agt.2005.5.999
http://dx.doi.org/10.2140/agt.2005.5.999
http://msp.org/idx/mr/2171801
http://msp.org/idx/zbl/1085.57013
http://msp.org/idx/arx/2003.05427
http://dx.doi.org/10.1090/amsip/002.2/02
http://msp.org/idx/mr/1470751
http://msp.org/idx/zbl/0892.57013
http://dx.doi.org/10.1142/S0218216506004531
http://msp.org/idx/mr/2217503
http://msp.org/idx/zbl/1090.57012
http://dx.doi.org/10.4153/CJM-1991-009-1
http://msp.org/idx/mr/1108918
http://msp.org/idx/zbl/0739.20020
http://msp.org/idx/mr/1184413
http://msp.org/idx/zbl/0769.57014
http://dx.doi.org/10.1088/0264-9381/15/9/009
http://msp.org/idx/mr/1649662
http://msp.org/idx/zbl/0939.53037

HYPERBOLIC 3-MANIFOLDS IN HYPERBOLIC LINK COMPLEMENTS OF TORI IN §* 207

[19] J. G. Ratcliffe and S. T. Tschantz, “The volume spectrum of hyperbolic 4-manifolds”, Experiment.
Math. 9:1 (2000), 101-125. MR Zbl

[20] H. Saratchandran, “Finite volume hyperbolic complements of 2-tori and Klein bottles in closed
smooth simply connected 4-manifolds”, New York J. Math. 24 (2018), 443-450. MR

[21] R. G. Swan, “Generators and relations for certain special linear groups”, Advances in Math. 6
(1971), 1-77. MR Zbl

[22] Wolfram Research, Inc., “Mathematica”, software, Champaign, Illinois, 2017. Version 11.2.

Received March 10, 2022. Revised August 14, 2023.

MICHELLE CHU

SCHOOL OF MATHEMATICS
UNIVERSITY OF MINNESOTA
MINNEAPOLIS, MN

UNITED STATES

mchu@umn.edu

ALAN W. REID

DEPARTMENT OF MATHEMATICS
RICE UNIVERSITY

HousToN, TX

UNITED STATES

alan.reid @rice.edu


http://dx.doi.org/10.1080/10586458.2000.10504640
http://msp.org/idx/mr/1758804
http://msp.org/idx/zbl/0963.57012
http://msp.org/idx/mr/3855634
http://dx.doi.org/10.1016/0001-8708(71)90027-2
http://msp.org/idx/mr/284516
http://msp.org/idx/zbl/0221.20060
mailto:mchu@umn.edu
mailto:alan.reid@rice.edu




PACIFIC JOURNAL OF MATHEMATICS
Vol. 325, No. 2, 2023

https://doi.org/10.2140/pjm.2023.325.209

INFINITE HOMOTOPY STABLE CLASS
FOR 4-MANIFOLDS WITH BOUNDARY

ANTHONY CONWAY, DIARMUID CROWLEY AND MARK POWELL

We show that for every odd prime g, there exists an infinite family {M;}7?, of
topological 4-manifolds that are all stably homeomorphic to one another, all
the manifolds M; have isometric rank one equivariant intersection pairings
and boundary L (2q, 1)#(S" x $?), but they are pairwise not homotopy equiv-
alent via any homotopy equivalence that restricts to a homotopy equivalence
of the boundary.

1. Introduction

In what follows a manifold is understood to mean a compact, connected, oriented,
topological manifold. Let W, := #g(S2 x §?) be the g-fold connected sum of
$? x §? with itself. Two 4-manifolds M and N with the same Euler characteristic
are stably homeomorphic, denoted M =g N, if there exists a nonnegative integer g
and a homeomorphism

M#W, = N#W,.

Surgery theory suggests two ways to classify 4-manifolds. The classical Browder—
Novikov—Sullivan—Wall [Wall 1999] approach is to classify up to homotopy equiv-
alence and then employ the surgery exact sequence. Kreck’s modified surgery
approach [1999] seeks to classify up to stable homeomorphism, and then attempt
to destabilise. A natural question then arising is to compare the homotopy and
stable classifications. To do this precisely for 4-manifolds with boundary we fix a
4-manifold M and define the homotopy stable class:

Si(M) := {N | N =y M}/homotopy equivalence of pairs.

Here, we understand a homotopy equivalence of pairs Ni >~ N; to be one that
restricts to a homotopy equivalence between the boundaries. When the manifolds
are closed, this recovers the usual notion of homotopy equivalence.

Using the equivariant intersection form Ay of N as an invariant, 8)'(M) can
be arbitrarily large: for example, one can use Freedman’s work [1982] to realise
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distinct positive definite symmetric bilinear forms with the same signature and
rank by simply connected closed 4-manifolds with identical Kirby—Siebenmann
invariant. For this reason, we study the homotopy stable class one intersection form
at a time and set

SZ" 2 (M) :={N|N =4 M, Ay = Ay}/homotopy equivalence of pairs.

If M is closed and has m;(M) =1, Z, or Z/n, or m; (M) is a solvable Baumslag—
Solitar group, then |S§f’ , (M)| = 1: stably homeomorphic manifolds with isometric
equivariant intersection forms are homeomorphic for 7; = 1 by [Freedman 1982],
for 1 = Z by [Freedman and Quinn 1990], for 71 = Z/n by [Hambleton and Kreck
1993, Theorem C], and for solvable Baumslag—Solitar group by [Hambleton, Kreck
and Teichner 2009, Theorem A]. On the other hand, Kreck and Schafer [1984] found
pairs of smooth closed 4-manifolds with finite 7 and isometric equivariant inter-
section forms that are stably diffeomorphic but not homotopy equivalent. When the
boundary is nonempty and 7| = 1, one can use work of Boyer [1993] to produce sim-
ply connected 4-manifolds M with boundary and arbitrarily large (but necessarily fi-
nite) SZ‘, ,,(M). Until now however, there have been no examples of 4-manifolds with
infinite SZ" ,,(M). For every odd prime g, our main result describes a 4-manifold M
with fundamental group Z and infinite SZ{ A2g (M), where the fixed Hermitian form is

Mgt ZUE T X 211 — Z17F' ], (x, y) e 2gxY.

Theorem 1.1. For every odd prime q, there exists an infinite family {M;}7°, of
4-manifolds with fundamental group Z that are all stably homeomorphic, and
all the manifolds M; have equivariant intersection pairing isometric to Ayq and
boundary L(2q, D)#(S' x §2), but they are pairwise not homotopy equivalent via
any homotopy equivalence that restricts to a homotopy equivalence on the boundary.
In other words,

85, (M) = o0.

For a fixed odd prime ¢, the manifolds in Theorem 1.1 all have fundamental
group Z, boundary
Y, := L(2q, D#(S' x §?),

equivariant intersection form isometric to A, and integral intersection form iso-
metric to
qu I xZ—7Z;, (x,y)r 2qxy,

but are distinguished by an invariant, first introduced in [Conway, Piccirillo and
Powell 2022] and inspired by [Boyer 1993], related to the Blanchfield form of Y.
While the manifold M is smooth, we cannot tell whether any of the other M; admit
smooth structures. Their construction uses surgery methods, in particular a recent
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realisation result from [Conway, Piccirillo and Powell 2022], which a priori only
works in the topological category.

Before giving more details and describing the main steps in the proof of Theorem
1.1, we briefly compare the study of the homotopy stable class in dimension 4 with
the situation in higher dimensions.

Remark 1.2. Kreck and Schafer [1984] found pairs of closed smooth 4k-manifolds,
for k > 1, that are stably diffeomorphic and have hyperbolic equivariant intersection
forms, but are pairwise not homotopy equivalent. In [Conway, Crowley, Powell
and Sixt 2023], we gave the first examples of simply connected, closed, smooth
4k-manifolds, for k > 2, with hyperbolic intersection form and arbitrarily large
homotopy stable class SZ"A. In [Conway, Crowley, Powell and Sixt 2021] for
k > 2, we produced smooth closed 4k-manifolds with fundamental group Z, again
with hyperbolic intersection form, and such that the homotopy stable class 82{ , 18
infinite. In those papers we were unable to obtain examples in dimension 4. In
[Conway, Crowley, Powell and Sixt 2023], in lieu of this we defined a spin version
of the stable class in dimension 4, and we showed that this spin® stable class can be
arbitrarily large. This article shows that a variation on those methods, with analogous
underlying algebra, does produce examples of 4-manifolds with nonempty boundary
and fundamental group Z that have infinite homotopy stable class.

Next we describe the main steps in the proof of Theorem 1.1. Fix an odd prime q.
The first observation is that if Ny, N, are 4-manifolds with integral intersection
forms isometric to )\gq, then there can be no orientation-reversing homotopy equiv-
alence between N;| and N,. For this reason, and for the purpose of proving our
main theorem, we restrict to orientation-preserving homotopy equivalences (o.p.
homotopy eq. for short) and therefore consider

SZQ’A(M) ={N|NZ4 M, Ay = Ay}/o.p. homotopy eq. of pairs.

We now restrict to 4-manifolds M with fundamental group Z such that the inclusion
dM C M induces a surjection ¢ : w1 (M) — 1 (M) =7 (we say that M has ribbon
boundary) and for which H;(dM; Z[t*") is a Z[t*']-torsion module. Here and
throughout the paper we assume that the fundamental groups of our 4-manifolds are
equipped with a preferred isomorphism to Z; to indicate this we write (M) = Z.

Given two such manifolds N; and N,, we write dN| =p dN, if there exists
an orientation-preserving homeomorphism f : dN; =, )N, that intertwines the
inclusion induced epimorphisms ¢; : w1 (dN;) — 71 (NV;) and, in the case that N,
and N, are spin, such that the union Ny Uy —N> is spin. The terminology =3 is
motivated by modified surgery theory [Kreck 1999], in which B is the standard
notation for the normal 1-type.
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Next, if N; and N, have fundamental group Z, dN; =p 0N, the same Kirby—
Siebenmann invariant, and Ay, = Ay,, then they are stably homeomorphic. Indeed,
N and N, must have isometric integral intersection forms (in particular with the
same type and the same signature) and the same Kirby—Siebenmann invariant, so
[Kreck 1999, Theorem 2] ensures they are stably homeomorphic; see Lemma 4.1
for details.

Put differently, if M is a 4-manifold with infinite cyclic fundamental group, then

{N|ON =p oM, (N)=2Z, Ay = Ay, ks(N) =ks(M)}
0.p. homotopy eq. of pairs )

Szt-%—,)b(M) =

This next step is to recast SZ&’ , (M) in terms of the group Aut(Blyy) of isome-
tries of the Blanchfield form Blyy (whose definition we recall in Section 3).
Firstly, as we recall in Section 5, the group hAut;f(aM ) of orientation-preserving
homotopy equivalences /i : dM =~ dM that intertwine the inclusion induced map
¢ m(0M) — m (M) = Z acts on Aut(Blyys). Secondly, as we also recall in
Section 5, the group Aut(A,s) of isometries of A also acts on Aut(Blyys), and the
two actions commute with one another. Quotienting out by these two actions leads
to an orbit set Aut(Blyss)/(Aut(ryy) X hAut;(aM )). Note that it need not be group.

In order to account for our 4-manifolds being spin, we will in fact need to work
with a smaller set of isometries. Namely, if M is spin, then Bly,; admits a quadratic
enhancement

{(beQ@)|b=0b)
la+a|aeZt*]}
and we write Aut(Blay, ts1,,,) € Aut(Blyy) for those isometries of Blyy, that also

preserve [upl,,,. Writing hAut(‘;’q(aM ) for those homotopy equivalences whose
induced map on the Alexander module preserves ugi,, leads to the orbit set

By @ H1(OM; Z[tF']) —

Aut(Blay, wal,y,)/(Aut(hy) x hAut}9(3M)).

One of the main steps in the proof of Theorem 1.1 is the following partial description
of Sitt , (M) for a large class of 4-manifolds M with infinite cyclic fundamental
group and ribbon boundary. As we will explain in Proposition 5.2, this result
follows fairly promptly from the machinery developed in [Conway, Piccirillo and
Powell 2022]. In the following proposition, and throughout the paper, spin refers to
a manifold that admits a spin structure compatible with the orientation.

Proposition 1.3. If M is a spin 4-manifold with ribbon boundary, wi(M) = Z, and
nondegenerate equivariant intersection form \yy, then there is a surjection

b: SZi’A(M) —» Aut(Blyas, By, )/ (Aut(dy) X hAut;f’q(BM)).

The surjection is described explicitly in Construction 5.1.
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Fix an odd prime ¢ and let X5, (U) denote the 2g-trace on the unknot U, i.e.
the smooth 4-manifold obtained from D* by attaching a 2g-framed 2-handle along
the unknot. The final part of the proof of Theorem 1.1, which is carried out in
Proposition 6.8, consists of proving that for M = X, (U)4(S 1'% D3), the set

Aut(Blyw, [tB1,,)/(Aut(hy) x hAut} 9(IM))

is countably infinite. Modulo this statement, we can now conclude the proof of
Theorem 1.1, which states that SZ" Azg (M) is infinite.

Proof of Theorem 1.1. Fix an odd prime g and consider M := qu(U)lq(S1 x D3).
This 4-manifold is spin, has ribbon boundary, admits an identification 77; (M) = Z,
and has nondegenerate equivariant intersection Ay = (2¢g). Since for any two
4-manifolds Ny and N, with integral intersection forms isometric to )gq, there is no
orientation reversing homotopy equivalence between them, S;‘f’ - (M) = SZ‘Jr, A (M).

We therefore prove that SZ&’ A (M) is infinite. To prove this we apply Proposition 1.3,

which implies that SIS;+ o (M) surjects onto the orbit set
sihaq

Aut(Bloy. i1y, )/ (Aut(hy) x hAut}9(9M))

and this latter set is countably infinite by Proposition 6.8. ([

Remark 1.4. The existence of M with infinite
Aut(Blay, Bl,y,)/(Aut(ry) x hAut9(dM))

is what makes it possible for us to obtain an example where the homotopy stable
class Szt’ , 1s infinite. While an analogue of Proposition 1.3 can be proved in the
simply connected case using results of [Boyer 1993], the corresponding algebra
always remains finite for trivial fundamental group.

All of the infinite sets we discuss are necessarily countable. Primarily, this has
to be the case because there are only countably many compact manifolds [Cheeger
and Kister 1970]. On the algebraic side it is also evident that the orbit set onto
which the homotopy stable class surjects in Proposition 1.3 is countable, essentially
because all the homology groups involved are finitely generated over Z[t*!].

Next we discuss a variation on Proposition 1.3 that may be of independent
interest. The surjection in Proposition 1.3 can be improved to a bijection if we
require the homotopy equivalences N >~ N, to restrict to homeomorphisms on the
boundarys; i.e. if we consider

{NIN=«M, Ay =2u}
0.p. homotopy eq. that restricts to a homeo. on the boundary

S, (M) =
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and change the target accordingly, i.e. consider
Aut(Blyy, wBiy,)/ (Aut(Ay) x Homeog’q(aM))

instead of
Aut(Blay, i1y, )/ (Aut(rar) x hAut) 4(dM)).
In fact, the same result is obtained with

{N|IN=gM, Ay =2y}
0.p. homeomorphism

8% (M) =

Proposition 1.5. If M is a spin 4-manifold with w\(M) = Z, ribbon boundary and
nondegenerate equivariant intersection form Ay, then there are bijections

834", (M) = Aut(Bloy. 1up1,,,)/ (Aut(y) x Homeo] (3M)),

Sik(M) = Aut(Blyyy, By, )/ (Aut(A ) x Homeo;f’q(aM)).

The bijections are induced by the map b that will be introduced in Construction 5.1.
For M = qu(U)u(S1 x D3), with q an odd prime, the sets above are countably
infinite.

Proof. The surjectivity follows from the same argument that we will use in
Proposition 5.2. We prove injectivity. If b(N) = b(N;), then [Conway, Piccirillo
and Powell 2022, Theorem 1.1] shows that the manifolds N; and N, are orientation-
preserving homeomorphic. Since the quotient with Homeo;q(aM ) replaced by
hAutg’q(aM ) is infinite, and since Homeo$ AoM) C hAut;f’q(aM ), it follows that
the sets in the statement are infinite. U

We now characterise M := Xa,(U)1(S" x D?) within 8% , (M) in terms of the
knottedness of the sphere 512 = {pt} x $? € ((S! x §?) \ Int(D?)) € M and the
connect sum sphere S> C M:

Theorem 1.6. For M = qu,(U)U(S1 x D3) and N € Si’/\(M), the following are
equivalent:

(1) N is homeomorphic to M.
(2) S? € AN bounds a locally flat D*> C N.
A3) SC2 bounds a locally flat D3 C N.
Proof. The implications (1) = (2) and (1) = (3) are immediate.
We prove the implication (2) = (1). Cut N along the D3 with boundary 512
to obtain a simply connected 4-manifold with boundary L(2¢, 1) and H, = Z.

Theorem 0.1 of [Boyer 1986] implies that such a manifold is homeomorphic
to X2, (U). Glue back the D3 x [0, 1] that we removed to recover N as M.
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Finally, we prove the implication (3) = (1). Cut N open along the separating D>,
resulting in a disjoint union of two 4-manifolds. The first is simply connected with
H, = 7 and boundary L(2g, 1) and is therefore homeomorphic to X, (U) [Boyer
1986, Theorem 0.1]. The second has 7 = Z, no H, and boundary St x §2: it is
thus homeomorphic to § ' D3 [Freedman and Quinn 1990, §11.6]. Glue back the
D3 x [0, 1] that we removed to recover N as M. ]

Organisation. In Sections 2 and 3, we review some facts about linking forms and
in particular the Blanchfield form. In Section 4 we give a criterion that implies
stable homeomorphism of 4-manifolds with fundamental group Z and nonempty
boundary. In Section 5, we prove Proposition 1.3. In Section 6 we show that for
M = qu(U)tl(S1 x D?), with ¢ an odd prime, the set

Aut(Blps, iy, )/ (Aut(Aar) X hAut;f 4(aM))
is infinite.

Conventions. We work in the topological category unless otherwise stated. All
manifolds are assumed to be compact, connected, based, and oriented. If a manifold
has a nonempty boundary, then the basepoint is assumed to be in the boundary.
For a 4-manifold M with fundamental group Z, we fix an identification an write
mi(M) = Z. We say that M is spin if M admits a spin structure compatible with
the orientation. We write p — p for the involution on Z[t*!] induced by ¢ > ¢!,
Given a Z[t*']-module H, we write H for the Z[t*!]-module whose underlying
abelian group is H but with module structure given by p -h = ph for h € H and
p € Z[t*']. We write H* := Homy+1;(H, Z[t*"]).

2. Linking forms and unions

Since a large part of this paper is concerned with the Blanchfield form and isometries
thereof, we start by recalling terminology related to the underlying algebra. In
Section 2.1 we recall symmetric and quadratic linking forms. In Section 2.2 we
recall how a Hermitian form has a boundary which is a symmetric linking form, and
the boundary of an even form has the additional structure of a quadratic refinement.
In Section 2.3 we recall how isometries of these linking forms can be used to glue
two linking forms together, and we show that the union of two even forms along an
isometry of their boundary quadratic linking forms is again an even form.

2.1. Symmetric and quadratic linking forms. Everything in this subsection is
the special case for Z[t*!] of a general theory for arbitrary rings with involution
developed by Ranicki [1981, §3.4].

Definition 2.1. A symmetric linking form over Z[t*'] is a pair (T, £), where T is a
torsion Z[t*']-module, and £ : T x T — Q(¢) / Z[t*'] is a Hermitian, sesquilinear,
nonsingular pairing.
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We write S := Z[t*']\ {0}, and set

_{beQ@) |b—beZ[*'])

- Z[til] ’

(beQ@t)|b=0)

la+al|aeZ[tE]Y

_{be Q)| b—b=a—a for some a € Z[t*']}
- Z[til]

< 0'@@)/zir*)).

ol Q/zir*'"

01(Z[t*"], §) :=

o'@irt1, 5)

For a symmetric linking form (7', £), we have that £(x, x) € 0 (Q@)/Z[t*"])
for all x € T. The symmetric linking form is called even if £(x, x) € o'z, )
for all x € T. We define a map

q: Q(Z["],8) - Q'ZI1*'1. S), bl [b].
Definition 2.2. A quadratic refinement of an even symmetric linking form (7', £)
is a function yu : T — Ql(Z[til], S) satisfying
() pu(rx) =rux)r e Qi(Z[t*"], S) for all x € T and for all r € Z[t*];
(i) (x4 y) = p(x) +pn(y) +€x, ) +€(x, y) € Q1 (Z[r*'], S) forall x, y € T;
(iii) g(u(x)) =£(x,x) € Q' (Z[t*"], S) forall x € T.

A triple (T, £, ) consisting of a symmetric linking form together with a quadratic
refinement is called a quadratic linking form over Z[t*!].

For aficionados of [Ranicki 1981], we emphasise that we are using the nonsplit
version of quadratic linking forms.

We will also need to consider isometries and automorphisms of symmetric and
quadratic linking forms.

Definition 2.3. Let (7, £) and (T, £') be symmetric linking forms over Z[t*!] and
let u: T — Q(Z[t*'],S) and ' : T' — Q1(Z[t*'], S) be respective quadratic
refinements.

(1) An isomorphism f : T — T’ is an isometry of symmetric linking forms if

Cf ), f() =Lx,y)
forevery x,y e T.

(2) The isometry of symmetric linking forms f is moreover an isometry of
quadratic linking forms, f : (T, €, u) = (T', ¢, ') if W' (f(x)) = u(x) for
everyx €T.
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3) If (T, £) =(T', ¢'), then f as in (1) is an automorphism of symmetric linking
forms. We write Aut(T, £) for the group of automorphisms.

@ If (T, ¢, uw)=(T',¢, 1), then f asin (2) is an automorphism of quadratic
linking forms. We write Aut(7', £, n) for the group of automorphisms.

Remark 2.4. Given a quadratic linking form (7, €, ;) over Z[t*'] with underly-
ing symmetric linking form (7, £), we note that Aut(7, £, u) € Aut(T, £). We
give an example showing that this can be a proper inclusion: multiplication by 3
induces an isomorphism Z[t*!]/8 — Z[t*']/8 that preserves the linking form
L(x,y)= %xi but does not preserve the quadratic refinement p(x) = %xi . Indeed
w3 = % =+ % = (1) € Qi1(Z[t*"], S) because 1 cannot be written as a + a
with a € Z[t*'].

2.2. Boundaries of quadratic forms. We recall some terminology about Hermitian
forms. A Hermitian form refers to a pair (H, A), where H is a free Z[t*']-module
and A : H x H— Z[t*']is a sesquilinear Hermitian pairing. Given a Hermitian
form (H, A) over Z[t*'], weuse A : H — H* = =: Homyy,=11(H, Z[til]) to denote
the linear map defined by A(y) (x) = k(x v). We often refer to A as the ad]omt
of A. We say that X is nondegenerate if A is injective and nonsingular if A is an
isomorphism. We also recall that a Hermitian form (H, A) is called even if for all
x € H, there exists a € Z[t*'] such that A(x, x) = a +a.

We describe how a nondegenerate even Hermitian form over Z[¢t*'] determines
a quadratic linking form, following [Ranicki 1981, p. 243].

Definition 2.5. The boundary symmetric linking form of a nondegenerate Hermitian
form (H, 1) over Z[t*!] is the symmetric linking form (coker(i), dA), where dA
is defined as

) : coker(X) x coker(h) — Q@1)/Z[+*'1,  (Ix], [y]) — %(y(z)),

where, as coker(i) is Z[t*']-torsion, there exists s € Z[t*!] and z € H such that
SX = )A»(z).

If (H, A) is additionally assumed to be even, then its boundary quadratic link-
ing form is the quadratic linking form (coker(X), dA, py), where the quadratic
refinement of dA is

o s coker() > QLI S), D> (),

with s € Z[r*'] and z € H such that sy = )A»(z).

We assert that dA is independent of the choices involved, and is nonsingular,
sesquilinear, and Hermitian. These can all be verified directly. To enable us to
give a reference to existing literature, note that the boundary symmetric linking
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form is the linking form on H!(C*) associated with the 1-dimensional Q(¢)-acyclic
symmetric Poincaré complex (Cy, @) over Z[t*!] given by

C'=H 2~ C'=H*
wo=Id wo=Id
C,=H =~ Cy= H*

In [Powell 2016, Propositions 3.3, 3.4, and 3.8] it was shown that such a linking
form is well-defined, nonsingular, sesquilinear, and Hermitian.

The next proposition is implicit in [Ranicki 1981, p. 243]. As far as we know
such a proof has not appeared in the literature, so we provide the details of the proof.

Proposition 2.6. The function [y is a well-defined function coker(W)—01(Z[+*1], S),
and is a quadratic refinement of the boundary symmetric linking form o\ of (H, 1),
i.e. Ly satisfies the requirements of Definition 2.2.

Proof. First we show it is well-defined. Let y, z, and s be as in Definition 2.5.
Express X as a Hermitian matrix A = AT over Z[t*'] with respect to some basis
of H. Then A is invertible over (0(¢) because A is nondegenerate, so det(A) # 0.
We have wy(y) = yTAfly. Therefore

() =pa’ = GTAH T =yTa1T5=yT( A" '5=yTA7 5 = 11y (»).

Hence wy(y) € Q1(Z[1*'], S).

Next we show that the choices of z and s do not change py(y). Let y € H and
let y € coker(i), s € Z[t*T'], and z € H be as in Definition 2.5, with )A»(z) = sy.
Let s’ € Z[t*!] and 7’ € H be another pair of choices, such that A(z') = s’y. Since
wa(y) € Qi(Z[t*"], S), we have

1 1
=y ==y(@).
N N
The difference between the two computations of 3 (y) yields
1 1 1 1 1 s 1 5
Sy@) = —y(E) ==y@) — Sy(@) = -y@)= — S y(@)3
N N A\ N N S N N

— Lot -Lenei =10l -Liow!
S S N S S S S S

L ni-Liani=oe i@ .
R S S S

Next we show that 135 does not depend on the representative y for the class in
coker(k) Replace y € coker(k) by another representative y +)\(u) for some u € H.
Then A(z 4 su) = s(y + A(u)). Therefore

(v +50) = L0+ A @ +51) = 1y(@) + L@@ + ¥ ) + A @),
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We have

AW (2) = Mz, u) = Au, 2) = @) W) = (5) ) = y()s = sy(u).

Substituting, we obtain that

A ‘l RS
ro(y +Aw)) = -y(@) +y@) +y@) + @, u).
The last term is symmetric over Z[¢*!], which implies it is of the form a +a. Hence
up to terms of the form a + a, we have

Ha(y +50) = 1y(@) = s ),

as desired.

Now we know that ©j is well-defined, we prove that it satisfies the conditions
in Definition 2.2 for it to be a quadratic refinement of the boundary symmetric
linking form 9. For (i), let y € coker(i), let r € Z[t*'], and let z € H be such that
A(z) =sy. Then A(rz) = rsy = sry. Thus

Ha(ry) = () r2) = EG@)F = rus (0)F,

as desired. Next, aiming for (ii), we compute uy(x + y), for x,y € coker()i).
Let r,s € Z[t*'] and w, z € H be such that A(w) = rx and A(z) = sy. Then
Asw+ry)=srx+rsy=rs(x+y). Hence

Ha(x +3) = 2= (6 + 3w +72) = 1x(W) + (@) + ¥ () + 1 x(2)

=pa(x) + pmy(y) +0Ar(x, y) + 9r(y, x).

Since dX is Hermitian, this proves (ii). Condition (iii) is immediate from the
formulae. O

Remark 2.7. We note for later use that an isomorphism F : Hy — H; induces an
isomorphism F~* := (F*)~!: H§ — H{ and that if additionally the isomorphism F
is an isometry, then F~* descends to an isomorphism

dF := F~* : coker(hg) — coker(i;)

which determines an isometry of quadratic linking forms. Hence Aut(A) acts both on
Aut(coker(A), 1) and on the subset Aut(coker(X), dA, dpuy) by F-h=hodF ™.

2.3. Algebraic unions. We recall the definition of the union of two Hermitian
forms along an isometry of their boundary linking forms. The definition appears for
the ring Z in [Crowley 2002, Lemma 3.6] and was generalised to the ring Z[t*!] in
[Conway and Powell 2023, Construction 2.7]. The goal of this section is to prove that
if the isometry preserves the quadratic refinements, then the union is an even form.
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Construction 2.8. Let (Hy, Ag) and (Hj, A1) be nondegenerate Hermitian forms
over Z[t*!], and let /1 : (coker(Ag), o) — (coker(r;), dA;) be an isometry of their
boundary symmetric linking forms. Consider the pair (Ho U, Hy, Ao Uy, —A1) with

Hy U, H| :=Kker (hm) —m :Hfy @ H — coker(il))
1 1

20U =2 (1), () = Sy0o) = S 3 € QQ),
0 1

X1 Y1

where, since coker():[) is torsion, there exists s; € Z[t*!] and z; € H; such that
SiX; = )A\,- (z;). Since the Hermitian forms Ag and A; are nondegenerate, it is not
difficult to prove that the pairing Ao U, —A; does not depend on the choice of
50, S1, 20, Z1- One verifies that Ao U, —A; is a sesquilinear, Hermitian form and
takes values in Z[t*!]; see [Conway and Powell 2023, Proposition 2.8]. This pairing
will be referred to as the algebraic union of Ag and A;.

Lemma 2.9. Let (Hy, Ao), (Hy, A1) and (H, 1) be nondegenerate Hermitian forms
over Z[t*'], and let h : (coker(rg), drg) — (coker(r;), dA;) be an isometry of the
boundary linking forms. If F : Ao = A\ is an isometry, then there is an isometry

A Up —A1 Z A1 Upogp-1 —Aq.
Proof. See [Conway and Powell 2023, Proposition 2.8]. (]

Lemma 2.10. Let (Hy, Ag) and (Hy, A1) be two nondegenerate even Hermitian
forms over Z[t*]. Suppose that F : (Hy, o) = (Hy, M) is an isometry and that

h : (coker(o), dhro, (11a)0) = (coker(i1), i1, (1a)1)

is an isometry of quadratic linking forms. Then the algebraic union iAo U, —Aq
is even.

Proof. Using Lemma 2.9 we can assume without loss of generality that Hy = H,
and A9 = Ay and (uy)o = (uy)1. Write them both as (H, A, uy). This means
composing i with d F, but since d F is an isometry of quadratic linking forms too,
this does not affect the argument. We abuse notation and without loss of generality
use & to denote the new isometry of boundary quadratic linking forms.

It thus suffices to check that for every xo, x; € H* such that & o 7o (xg) = 71 (x1),
the self-intersection A Uy —A((xo, x1), (xo, xl)) is of the form a + a for some
a € Z[t*).

Pick zo, 21 € H and sy, 51 € Z[t*'] such that soxo = A(zo) and s1x1 = A(z1). This
implies both that

pa (i (xi) =+ (3 (20) € Q1 @1, 9)
and that
2 Un =2 ((x0, x1), (0, 1)) = ixm) = ixl(m) e zir*"].
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Passing to Q1(Z[t%1, S), by the definition of wj this equals

wa (o (x0)) — o (1 (x1)) = py(mwo(xo)) — py(h o mo(xp)) = 0.

The first equality used 4 o wo(x9) = 71 (x1). The second equality used that 4 is an
isometry of quadratic linking forms.

Now we just have to note that the indeterminacy in Q1 (Z[t*'], S) consists entirely
of even elements {a +a | a € Z[t*']}, and therefore A Uy, —)L((xo, x1), (xo, xl)) -
{a+a|aeZ[tT"]). It follows that A U;, —A is even, as desired. O

3. The Blanchfield form

In Section 3.1 we review the definition of the Blanchfield form and how it is related
to the equivariant intersection form of a 4-manifold with fundamental group Z.
Then in Section 3.2 we review isometries of Blanchfield forms. In Section 3.3 we
prove promised the spin gluing result, which demonstrates how isometries of the
Blanchfield form together with a quadratic refinement can be used to ensure that
the union of two spin 4-manifolds is again spin.

3.1. The Blanchfield form. We recall the definition of the Blanchfield form Bly
of a closed 3-manifold Y equipped with an epimorphism ¢ : 7r;(¥Y) — Z and how,
if M is a 4-manifold with ribbon boundary, then Bl is related to the equivariant
intersection form Ay, of M.

Construction 3.1. Let Y be a closed 3-manifold and let ¢ : 771 (Y) — Z be an epimor-
phism. Assume that the Alexander module H;(Y; Z[t*")) is torsion so that, in par-
ticular, the Bockstein homomorphism BS : H'(Y; Q(¢)/Z[t*']) — H?(Y; Z[t*])
is an isomorphism. Consider the composition of Poincaré duality, the inverse
Bockstein homomorphism and the evaluation homomorphism:

~

@ H(Y: Z[rF']) 222 gy, Z[F') BELE B (v Q@ /zE)

<> Hom(H; (Y5 Z[t*1), Q(1) /Z[t=1).

Using the universal coefficient spectral sequence, one can check that the evaluation
map is an isomorphism, and thus so is ®. Thus the pairing (x, y) — ®(y)(x) is
nonsingular. It is straightforward to see that this pairing is sesquilinear. It is also
Hermitian; see e.g. [Powell 2016].

Definition 3.2. Let Y be a closed 3-manifold and let ¢ : 7;(Y) — Z be an
epimorphism such that the Alexander module H;(Y; Z[t*')) is torsion. The
Blanchfield form

Bly : Hi(Y; Z[t*")) x H\(Y; Z[+*']) — Q@) /Z[+*"]

is the sesquilinear, nonsingular, Hermitian form defined by Bly (x, y) = ®(y)(x).
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Let M be a 4-manifold with ; (M) = Z, nondegenerate equivariant intersec-
tion form A and ribbon boundary (meaning that the inclusion induced map
m1(0M) — m (M) is surjective). We now outline why the symmetric boundary
linking form dXj, (that was described in Section 2.2) is isometric to —Bljy,.

As explained in [Conway and Powell 2023, Remark 3.3], the connecting homo-
morphism § in the long exact sequence of the pair (M, dM), together with Poincaré
duality and the evaluation map, determines an isomorphism

Dy : coker(hy) = H;(OM; Z[t*']), [x]+> §oPDoev !(x)

that fits into the following commutative diagram:

0 — Hy(M; Z[t*']) - Hy(M: Z[t*'])* —— coker(hp) ——— 0

(1 =l EJPD oev™! ;lD )

0 — Hy(M: Z[t*"]) 1= Hy(M, 0M: Z[1*']) —5= H, (M Z[1*']) — 0

Proposition 3.3 [Conway and Powell 2023, Proposition 3.5]. Let M be a 4-manifold
with w1(M) = Z, whose boundary is ribbon and with torsion Alexander module.
The isomorphism Dy induces an isometry of symmetric linking forms

Dy : (Ha(M; Z[t£"), apr) = (coker(hp), drn) => (H (M Z[1E']), — Blyy).

Construction 3.4. Suppose M is a spin 4-manifold with 7t (M) = Z, whose bound-
ary is ribbon and with torsion Alexander module. Since M is spin, the equivariant
intersection form of M is even. Then Blyy, admits a preferred quadratic refinement

WBlLy,  HIOM; Z[1*']) — Q1(Z[1*'], S), x> ua(Dy, (x)).

Here recall from Definition 2.5 that uy refers to the quadratic refinement of the
symmetric linking form dAy; it exists because Ay is even.
By construction

Dy : (coker(hpr), dhwr, wa) = (Hy(OM; Z[1*'1), —Blanr, —upiyyy)
is an isometry of quadratic linking forms.

3.2. Homotopy equivalences and isometries of the Blanchfield form. Given 3-
manifolds Yy, Y7 equipped with epimorphisms ¢; : 71 (Y;) — Z, we recall when
homotopy equivalences of 3-manifolds induce isometries of the corresponding
Blanchfield forms. We then apply these considerations to boundaries of 4-manifolds
with 7, = 7.

Proposition 3.5 [Conway and Powell 2023, Proposition 3.7]. Let Yy, Y be 3-
manifolds equipped with epimorphisms @; : w1 (Y;) — Z and assume that the resulting
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Alexander modules are torsion for i =0, 1. If an orientation-preserving homotopy
equivalence f :Yy— Y| satisfies @10 f. = @o on w1 (Yy), then it induces an isometry
between the Blanchfield forms

for Hy(Yo: ZIt*']) — Hy(Yy: Z[1+1)).
The proof of Proposition 3.5 is fairly straightforward: the condition that

@10 fu =¢o

ensures that f lifts to the infinite cyclic covers, and the required isometry is then
obtained by taking the induced map on H;(—; Z[t*']).

Remark 3.6. Let M and N be 4-manifolds with fundamental group Z, whose
boundaries are ribbon and with torsion Alexander modules.

» A consequence of Proposition 3.5 is that an orientation-preserving homotopy
equivalence f:90M — dN that intertwines the epimorphisms 71 (0M) — (M)
and 7 (0N) — m(N) induces an isometry f; : Blyy = Blyy. However, in
general f; need not preserve the boundary quadratic refinements.

» Consider the group hAut;f(aM ) of orientation-preserving homotopy equiva-
lences f : dM — oM that satisfy g o f, = fi : m1(0M) — Z. We write

hAut}-9(dM) C hAut) (dM)

for the subset consisting of homotopy equivalences such that f, preserves
WUBl,, - Proposition 3.5 implies that hAut;ﬁ (0M) acts on Aut(Blyys) and that
hAut;4(3M) acts on Aut(Blaas, ugiy,) S Aut(Blyy).

« In fact Aut(Blyys) and Aut(Blyys, gy, ) also admit actions of Aut(A). In
more detail, we can use Dy, to transport the action on Aut(di,s) (recall
Remark 2.7) to an action on Aut(Blyy): the action of F on h € Aut(Blyy) is
by F-h:=ho(DyodFo D;,,l). Since 0 F also preserves uj it follows that
Aut(0A ) also acts on Aut(Blyys, wsi,,,) S Aut(Blyy).

e Remark 2.4 leads to an example where upi,,,, the quadratic refinement of
the Blanchfield form, depends on the choice of coboundary M. Consider the
4-manifold M := (52X sD?)1(S! x D3), where S X g D? denotes the total space
of the D?-bundle over S?> with Euler number 8. Multiplication by 3 induces an
automorphism of the symmetric linking form of M = L(8, 1)#(S % §?) that
is not induced by Aut(Xjs) nor by Homeo;f(aM ). Hence [Conway, Piccirillo
and Powell 2022] implies there is a nonhomeomorphic 4-manifold M’ with
the same boundary and intersection form as M. The quadratic refinements of
Blyy induced by M and M’ do not even lie in the same Homeo(‘;(aM ) orbits,
and so depend strongly on the choice of coboundary.
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It is an interesting question whether it is possible to define the quadratic
refinement on Bly,, intrinsically, using only the spin structure M induces
on dM. An analogue of this result is known for the standard linking form on
oM see [Deloup and Massuyeau 2005, §2.4 & 2.5]. We leave this problem
for later work.

3.3. Unions of spin 4-manifolds. We describe how the union construction from
Section 2.3 and quadratic isometries of the Blanchfield form can be used to ensure
that certain unions of spin 4-manifolds with fundamental group Z remain spin.

In order to cut down on notation, we identify (Hy (dM; Z[t*']), —Blapr, — By,
with (coker(): M), OAp, iy) i.e. we temporarily omit the isometry D), mentioned in
Proposition 3.3 from the notation. In particular, given an isometry 4 : Blyy = Blyy,
we allow ourselves to write Ay Up —AN.

The next proposition recalls how the algebraic union can be used to understand
the equivariant intersection form of a union of two 4-manifolds with fundamental
group Z.

Lemma 3.7 [Conway and Powell 2023, Proposition 3.9]. Let M and N be two 4-
manifolds with fundamental group 7, nondegenerate equivariant intersection forms,
and whose boundaries are ribbon. If there is an orientation-preserving homeo-
morphism f : My = 0M that intertwines the inclusion-induced epimorphisms
w1 (0My) — w1 (Mg) and w1 (0M) — (M), then there is an isometry

Jowtg U =y = Dty —u,

Note that the intersection form being nondegenerate implies that the Alexander
modules are Z[¢*!]-torsion, via the long exact sequences of the pairs (M, dM) and
(N, dN) with Z[t*'] coefficients.

Proposition 3.8. Let M and N be spin 4-manifolds with fundamental group Z,
nondegenerate equivariant intersection forms, and whose boundaries are ribbon. If
Ay E Ay and f:0M = 0N is a homeomorphism that induces an isometry between
the boundary quadratic linking forms of M and N, then M Uy —N is spin.

Proof. Pick an isometry F : Ay = Ay. Applying successively Lemma 3.7 and
Lemma 2.9 we obtain

)‘MUj—N =iy Uf,, —AN EAn Uf*an_l —AN.

Since f, and 9 F preserve the quadratic linking forms, so does fi 0 9 F~!.

As N is spin, it follows that Ay is even. Lemma 2.10 implies that so is
Ay U FonF-! —Apn. Therefore AMU,—N is even. Since the fundamental group of
MUy;—N is Z (see e.g. [Conway and Powell 2023, Proposition 3.8]) and therefore
has no 2-torsion, this implies that M Uy —N 1is spin, as required. (]
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4. Stable homeomorphism

In this section, we collect some facts about stable homeomorphism of 4-manifolds
with fundamental group Z and nonempty boundary. We then focus on the case of
4-manifolds whose boundary is ribbon and has torsion Alexander module.

Given two 4-manifolds M and N with fundamental group 7;(M) =7 = (N)
that are either both spin or both nonspin, we call a homeomorphism f : dM = 9N
a B-compatible homeomorphism if the diagram

m@OM) —L s 7(ON)

l |

7'[1(M) ;Z;T[l(l\’)

commutes, and if, in the case that M and N are spin, the union M U; —N is spin.
We write dM =g dN if such a homeomorphism exists, and say that 0M and 0N
are B-homeomorphic.

The terminology ““B-compatible” and “B-homeomorphic” is motivated by our
use of modified surgery below, where B is shorthand for the normal 1-type of the
manifolds involved.

Lemma 4.1. Let M and N be two 4-manifolds with fundamental group 7 and
nonempty B-homeomorphic boundaries. Suppose that M and N have the same
Kirby-Siebenmann invariant and isometric equivariant intersection forms. Then M
and N are stably homeomorphic.

In particular, there is an equality

{N|ON =Zp M, m1(N) =2, ANy = Ay, ks(N) =ks(M)}
0.p. homotopy eq. of pairs )

Proof. Theorem 2 of [Kreck 1999] ensures that M and N are stably homeomorphic
if and only if there is a B-compatible homeomorphism f : 9M => 3N such that the
union MUy —N vanishes in the bordism group QZTOP(S Y=7®Z, (when M and N
are nonspin) or QIOPSpm(S 'Y= Z (when M and N are spin). In the nonspin case,
this bordism group is detected by the signature and Kirby—Siebenmann invariant
whereas in the spin case, it is detected by the signature alone. Since Ay = Ay, we
deduce that M and N have the same signature and Wall additivity implies that the
union M Uy —N has vanishing signature. The fact that M U; —N has vanishing
Kirby—Siebenmann invariant follows from the additivity of this invariant; see e.g.
[Friedl, Nagel, Orson and Powell 2019, Theorem 8.2]. O

SZtJr’)\(M) =

Given a 4-manifold M with (M) = Z, nondegenerate equivariant intersection
form and ribbon boundary, as we will describe below, the methods of [Conway,
Piccirillo and Powell 2022] produce 4-manifolds N with 7{ (V) = Z, ribbon bound-
ary, Ay = Ay, ks(M) =ks(N) and a preferred identification g : 9M = dN. Since
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Ay = Ay and 1 (M) = Z = 71 (N) has no 2-torsion, either M and N are both
spin or both nonspin. By Lemma 4.1, in order to prove that M and N are stably
homeomorphic, it therefore suffices to know that in the spin case, the union MU, —N
is spin, for which we use Proposition 3.8.

Proposition 4.2. Let M and N be spin 4-manifolds with fundamental group Z,
nondegenerate equivariant intersection forms, and whose boundaries are ribbon. If
Av E AN, and g : 0M = 0N is a homeomorphism that induces an isometry between
the boundary quadratic linking forms of M and ON, then M and N are stably
homeomorphic.

Proof. Proposition 3.8 implies that the homeomorphism dM = dN is B-compatible
and the result therefore follows from Lemma 4.1. (]

5. From stable homeomorphism to isometries of the Blanchfield form

In this section, M denotes a spin 4-manifold with an identification w;(M) = Z,
ribbon boundary (the inclusion induced map ¢ : 71 (dM) — w1 (M) is surjective),
and nondegenerate equivariant intersection form ;. As we recalled in Section 3,
since Ay is nondegenerate, the Alexander module H,(dM; Z[t*!]) is torsion and
supports the Blanchfield form,

Blay : Hi(OM; Z[t=']) x H{(dM; Z[t*']) — Q(t)/Z[t*'],

which is nonsingular, sesquilinear, and Hermitian. The goal of this section is to
describe in more detail the set Aut(Blay, ugi,,)/(Aut(Ay) x hAut)9(dM)) that
was mentioned in the introduction and then to prove Proposition 1.3.

We start by recalling the aforementioned actions of hAut:g'q(E)M ) and Aut(Ayy)
on the group Aut(Blyy, g, ) of isometries of the quadratic refinement of the
Blanchfield form of dM induced by the even form A ;. Here recall that hAut;f’q(aM )
denotes the group of orientation-preserving homotopy equivalences f : oM — oM
that satisfy ¢ o fi, = fi : m1(0M) — Z and preserve upi,,,, while Aut(i7) denotes
the set of isometries of A,;.

¢ We recall the action of hAut:g’q(aM ) on Aut(Blyys, upl,,, ). Since any homo-
topy equivalePce fe hAut;f(E)M ) satisfies @ o fi = f, it lifts to a homotopy
equivalence f on the Z-covers that induces a Z[t*!]-linear map on homology;
we denote this map by f* Since f is orientation-preserving, so is f and it
follows that f* is an isometry of the Blanchfield form. The action of f on
h € Aut(Blyy, upy,,) is then by f-h = f, oh.

» We describe the action of Aut(A ) on Aut(Blyy, usi,,, ). Recall from Section 3
that the even Hermitian form A,; determines an adjoint map

Ay Ho(M; Z[1EY)) — Ho(M; Z[1E1))%,
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and a Q(r)/ Z[t*']-valued quadratic linking form
o dxp : coker(hy) x coker(hy) — Q1) /Z[r");  drp(x], [y]) = y(2)/p,
[ty : coker(hy) — 04 (Z[1*'], S); 1o ([x1) = x(2)/ p.

Here p € Z[t*'] and z € Ho(M; Z[t*1)) satisfy px = ):M(z). In Section 3 we
also recalled the definition of the isometry

DM . —8)LM = BlaM,

and that an isometry F' € Aut(A ) induces an isometries d F : —Ay = — Blyy
and 3 F : uy = —pupy,, by noting that the isomorphism (F*)~! descends to an
isometry on the cokernels. The action of F' on i € Aut(Blyy, uni,,,) is then
by F-h:=ho(DyodFoD".

Note that the actions commute, because one acts by precomposition and the other
acts by postcomposition. We obtain an action of the product Aut( ;) thut;f*q(aM)
on Aut(Blyys, upi,,, ). Now that we have made sense of the orbit set

Aut(Bloyy., iy, )/ (Aut(hy) x hAut! (M),

we describe its relation to the homotopy stable class of M. Recall from Lemma 4.1
that

{N|ON =pdM,1(N) =2, Ay = Aum, ks(N) =ks(M)}
o0.p. hom. equiv. of pairs )

3) 8L, (M)=

In order to relate 8}, ,

Aut(Blyys, 1y, )/ (Aut(hy) x hAut:9(aM)),

(M) to the orbit set

we recall a construction from [Conway, Piccirillo and Powell 2022, Construction 1]
which has its origins in [Boyer 1993].

Construction 5.1. We describe a map
b: SZtJr’A(M) — Aut(Blypr)/(Aut(dpy) x hAut;f(aM)).

Given a 4-manifold N € S;Er’ , (M), pick a homeomorphism g : 9N = 9dM and an
isometry F : Ay = Ay. Since N € 82&1 , (M), it also has ribbon boundary and torsion
Alexander module, thus ensuring that the isometry Dy : —dAx = Blyy is defined.

Now set
b(N) :=g,oDyodF € Aut(Blyy)/(Aut(Ayr) X hAut;f(aM)).

One verifies that b(N) is independent of the choices of F, g and the orientation-
preserving homotopy equivalence class of (N, dN). See [Conway, Piccirillo and
Powell 2022] for details.
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Suppose that in addition we assume the homeomorphism g is such that the
induces homomorphism g, : H{(dN; Z[t*']) — H,(dM; Z[t*"]) intertwines the
quadratic refinements wgy,, and ugi,, . To see that such a homeomorphism exists,
restrict a stable homeomorphism @ : M#W, = N#W, to the boundaries: this will
intertwine the quadratic refinements because stabilising a Hermitian form by (? (1))
does not affect the boundary quadratic linking form. Since both Dy and o F' preserve
the quadratic refinements, it follows that b in fact defines a map

b: 8y (M) — Aut(Blyy, i, )/ (Aut(hy) x hAut]4(IM)).
The next proposition proves Proposition 1.3 from the introduction.

Proposition 5.2. If M is a spin 4-manifold with 7(M) = Z, ribbon bound-
ary and nondegenerate equivariant intersection form lyy, then the map b from
Construction 5.1 defines a surjection

b8, (M) — Aut(Blay, 1tB1,,)/ (Aut(hy) X hAut,(IM)).

Proof. According to [Conway, Piccirillo and Powell 2022, Theorem 1.15], after
fixing one choice of isometry dly = — Blyy (we will use Dy) every element
Aut(Blyys)/ Aut(ryy) is realised by a 4-manifold N with 7y (N) = Z, ribbon bound-
ary d N homeomorphic to 0M via a homeomorphism g : 9N = dM, equivariant inter-
section form A isometric to A,y via an isometry F : Ay = Ay, and ks(N) =ks(M).
In particular we can realise every element

b € Aut(Blys, i1, )/ (Aut(rar) X hAut)9(dM))

by such a manifold N.

As indicated in [Conway, Piccirillo and Powell 2022, Proof of Proposition 4.14],
we have b = g, 0o Dy 0o dF. Since b, Dy, and 9 F are isometries that preserve
quadratic refinements, so does g.

Proposition 4.2 now ensures that M and N are stably homeomorphic. We have
therefore produced N € SZ&’ , (M) with b(N) = b, as required. O

6. Infinite automorphism sets
In this section, we conclude the proof of Theorem 1.1 by showing that
Aut(Blays, 1By, )/ (Aut(Ay) x hAut(j'q(aM))
is countably infinite when
M = X5, (U)i(S" x DY),

with g an odd prime. Here X, (U) denotes the 2g-trace on the unknot U, i.e. the
smooth 4-manifold obtained from D* by attaching a 2¢-framed 2-handle along the
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unknot. The plan is to first study Aut(Blyas, iB1,,,)/ Aut(Ays) and then to consider
the action by the self-homotopy equivalences of dM. In fact we will show in
Lemma 6.3 that Aut(Blyy, ugi,, )/ Aut(dy) = Aut(Blyys)/ Aut(Ays). So first we
will consider the latter set, ignoring quadratic refinements for a moment.

To study Aut(Blyas)/ Aut(Ayy), recall from Section 5 that Blyy, is isometric to
the linking form dA,; defined in (2), at the start of Section 5. In particular, the
isometry Dy : —dAy = Blyy, induces a bijection

Aut(Blyy)/ Aut(Ay) = Aut(ddy)/ Aut(Ayy).

For rank one forms (such as (H>(M; Z[tF']), A yp) = (Z[tF], A24)), this set admits
a particularly convenient description.

Given a ring R with involution x — X, the group of unitary units U (R) refers
to those u € R such that uu = 1, with the group operation given by restricting the
multiplication on R. For example, when R = Z[¢*!], all units are unitary and are
of the form #¢* with k € Z. In what follows, we make no distinction between
rank one Hermitian forms and symmetric Laurent polynomials. The next lemma
follows by unwinding the definition of Aut(dA); see also [Conway and Powell 2023,
Remark 1.16; Conway, Piccirillo and Powell 2022, Lemma 7.1].

Lemma 6.1. If A € Z[t*'] is a symmetric Laurent polynomial, then
Aut(dr)/ Aut(r) = U (Z[rT"/0) /U Z[+*1).
Proposition 6.2. Given an odd prime q, the map
©:75 UZt")2¢)/ U@t ]), n— (g—Di"+¢q
is a group isomorphism.

Proof. One verifies that (g—1)¢" + ¢ is a unitary unit by using that g(¢g—1) =
0 mod 2¢ (recall that g is odd). We then check that ® is a homomorphism:

n+mi— (q—D1" +q)((g=Dt" +q) = (=D +q(g—D)(" +1") + ¢
~—(g=Di"" —q
~(g—Dr" ™" +q.
Here the penultimate equivalence uses that (q—l)2 =qg—1)—(g-1)=—-(g-1
mod 2¢q and g = ¢ = —q mod 2q. The last equivalence uses that —1 € U (Z[t*]).
Next we show that @ is injective. If (g—1)t" + g were trivial, we would have
(g—Dt" + g = +1* € Z[t*"']/2q for some k, but this is true only if n = 0.

Now we show that ® is surjective. An explicit verification shows that the
following map is an isomorphism:

UZ[t*1/2) x U@t /q) — U@ItF'1/29),  (a,b) > ga — (g—1)b.
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To see this one should check that (ga — (¢g—1)b)(ga — (q—l)l;) = 1 when aa =
1 = bb, which implies that the map lands in the claimed target. The inverse
is given by x — ([x]2, [x],), i.e. considering the coefficients modulo 2 and ¢
respectively. Checking that this is the inverse homomorphism implies that the map
is an isomorphism as asserted.

The units of Z[¢*!] /2 are of the form " for m € Z. On the other hand, since ¢
is an odd prime, the unitary units of Z[t*']/g are of the form +¢" for n € Z. It
follows that

UZ[t5"/29) = {gt" + (g—Det" |n,m € Z, ¢ € {+1}}.

Passing to the quotient by U (Z[t*']) yields the required isomorphism, because once
we can multiply by £¢* for any k € Z, we have gt + (g—1)et" ~ (g—1)et" ™" +q.
Also

—(q=D"" g~ =(@g=Di"" =g~ (g=Di"" +q,

so we can ignore the &, and every element of U(Z[t*']/2¢) is of the form (g—1)t*+¢
for some k € Z. So © is indeed surjective, which completes the proof that ® is an
isomorphism. ([

Lemma 6.3. Given an odd prime q € Z, for the Hermitian form A = 2q € Z[t*'],
one has
Aut(ox, py)/ Aut(A) = Aut(or)/ Aut(r).

Proof. The inclusion Aut(dA, uy)/ Aut(r) € Aut(dr)/ Aut(d) always holds. So,
thanks to Proposition 6.2, the lemma reduces to proving that for every n € Z
multiplication by (¢ — 1)t" + ¢ as a map Z[t*']/2qg — Z[t*']/2q preserves the
quadratic refinement

Mo (x) = im
Writing g = 2k + 1, a direct calculation in 01(Z[t*"], S) now shows that
1 _ 1 1 _
5o @=D"+ )@= D" +g) = 5-(@ =D +47) +5- (g = D" +17")
q 2q 2q
1 _ 1
=—42 n M= _—,
2 +2k+k(t"+17") 2

This concludes the proof of the lemma. U

For g an odd prime, the combination of Lemma 6.1, Proposition 6.2, and
Lemma 6.3 implies that for M = X, (U)(S' x D*) we have

Aut(Blyyy, l‘LBlaM)/ Aut(Ayr) = Aut(Blyy )/ Aut(hy) = Z.

We now study the effect of factoring out by hAut;’q(aM ).
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Remark 6.4. Our strategy will be to determine hAut(‘;r (M) and show that the
effect of its action on Aut(Blyys)/ Aut(Ayy) is given by multiplication by elements
of the form £¢", n € Z. This will automatically imply that hAut(j’q(aM ) also acts
on Aut(Blyys, ip1,,, )/ Aut(iy) by multiplication by elements of the form +¢".

In fact we will make this argument in a slightly more general setting. Con-
sider the 3-manifold Y := N#(S' x $?), where N is a 3-manifold with finite
fundamental group. We fix an identification H;(S' x §?) = Z, an identification
m1(Y) =m(N) * Z, and consider the finite abelian group A := T H(Y) = H;(N).
Letg:m(Y) — H(Y)/T H(Y)=Z be the canonical projection onto the free part
of H,(Y). In what follows, to distinguish H; (S' x $2) = 7 from the free Z-factor
of m(Y) = 1 (N) % Z, we will exclusively write H;(S! x §?) as (t).

Summarising the notation, we have

A:=TH(Y)Z H|(N), ¢:m () (1),
6 : 7 (N) 2 Hy(m(N)) = Hi(N) = A.

The example we have in mind is Y, = dM = L(2q, D#(S' x §%), where M =
ng(U)uS1 x D3, so that A = 7/2q and ¢ : m1(Yy) — (t) coincides with the
inclusion induced map 7y (M) - m (M) = Z.

Returning to the more general setting where ¥ = N#(S' x $?) with N a
3-manifold with 7{ (N) finite, the epimorphism ¢ : 71 (Y) —» (¢) induces an infinite
cyclic cover Y with

H (Y®) = H(Y; Z[t*']) = H (ker(p)).

Our goal is now to describe the isomorphism type of this Z[t*!']-module (this is the
content of Construction 6.5 and Lemma 6.6 below) and to then deduce the effect of
the action of hAut;(Y) on H;(Y; Z[t*']) in Proposition 6.7.

In what follows, we write A[¢*!] for the abelian group of Laurent polynomials
with coefficients in the finite abelian group A.

Construction 6.5. We construct a group homomorphism W : A[t*'] — H| (ker(¢)).
Elements of A[t*!] are of the form Y, a;t' witha; € A. Asthe map ¢ : 71 (N)xZ—Z
is surjective, we can write each ¢’ as ¢(g;) =t for some g; € 71 (N) xZ. The
abelianisation 6 : 71 (N) — A = H, (7t (N)) is also surjective, so we can write each
ae€ Aasa=0(p)forsome p € 71 (N). We can therefore write an element of At
as ), 0(pi)p(gi). Since p; € m(N), g; € m(N) xZ and A C ker(¢), we can con-
sider the element g; p[gi_] as an element of ker(¢) C 7 (N)*Z and use [gip,-gi_l] €
H(ker(p)) to denote its image in the abelianisation. Define the map W as

WAl = Hitker(p)),  Yait' =Y 0(p)e(g) = Ylgipig; ']
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We show that W does not depend on the choice of the p; and the g;. First we argue
that the definition of W does not depend on the choice of the p;. It suffices to show
that if 0(p) = 6(p"), then W(O(p)p(g)) = W(O(p)p(g)) for every g € w1 (N) x Z.
Since 0(p(p’)~") = 0, we know that pp’~' lies in the commutator subgroup
71 (N)D = [71(N), 1 (N)]. Therefore, since 71(N)D is normal, gpp’~'g~! =
(gpg (gp "¢ e mi(N)D for all g € 7 (N) * Z. Since 1 (N) < ker(gp), it
follows that 771 (N)( C (ker(¢))(, and therefore (gpg_l)(gp/_lg_l) e (ker(p)) D,
from which it follows (gpg_l)(gpl_lg_l) = 0 € Hy(ker(p)). We deduce that

[gpg~'1=1[gp'g~ "1 € Hi(ker(p)) and thus
VO(p)p(g) =lgpg '1=1gp'g 1= V(O )¢(g)) € H(ker(p)).

This proves that ¥ does not depend on the choice of the p;.

Next, we argue that the definition of W does not depend on the choice of
the g;. This time, it suffices to prove that if ¢(g) = ¢(g’) and p € 71 (N),
then W(O(p)p(g)) = V(O (p)e(g)). This latter equality holds if and only if
[gpg g p~'¢~'1=0€ H,(ker(¢)), which in turn, by conjugating with g ', holds

if and only if [pg—'g'p~'g' 'g]l = 0 € H,(ker(¢)). But since pg~'g'p~'¢' 'g

is a commutator of p and g~'g’, which both lie in ker(¢), we indeed obtain
[pg~'g'p~'g' " g1 =0 € Hi(ker(p)).

This concludes the verification that W does not depend on any of the choices we
made. One also verifies readily that W is a group homomorphism. This completes
Construction 6.5.

As in Construction 6.5, for each 1 € (t), we fix a g € w1 (N)*Z such that ¢(g) = h.
This choice will be used again in the next lemma which establishes that the map W
is an isomorphism.

Lemma 6.6. The map ¥ : A[t*T'] — H(ker(¢)) from Construction 6.5 is an
isomorphism.

Proof. We construct an inverse ® : Hj(ker(p)) — AT to . A word w €
ker(¢) € w1 (N)*Z representing an element of H;(ker(¢)) is a product of elements
of m(N) and Z.

By introducing cancelling pairs of the type g; l¢; in between each occurrence
of a p; € m1(N) in w, we can arrange that for some elements g € 1 (N) * Z and
Py € m(N), the word w is of the form

w = 1;[ gepidr

Here it is crucial to use that w € ker(¢). For example if w = p\n; pjn,pin3, for
pi € m(N) and n; € Z, then since w € ker(¢) we know that n3 = (niny)~ ' =
(nan1)~'. Therefore we can express w as w = pinlp’znl_l (nlnz)pg(nlnz)_l.
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As was mentioned before the lemma, we fixed a preferred g; € 7 (N) *x Z with
¢(g;) = ¢(gx). Arguing as in Construction 6.5 (when we showed that the choice
of the g; is immaterial), up to commutators in [ker(¢), ker(p)], we can replace
gkp,gg,;l with g; p,/cgj_l. Next, working in Hj(ker(¢p)) = ker(¢),» and collecting
terms with the same conjugating element g;, we obtain an element of the form
Zj[gjpjgj_l], where pj = [T p@0=p(,)) Pk- We can therefore define a map

©: Hi(ker(p)) — A1, [wl=> 2 0(p)e(g))-
J

One checks that the map ® is a homomorphism and is the inverse to W. Thus W is
an isomorphism. U

We are now able to describe the action of hAut;r(Y yon Hi(Y; Z[t*]).

Proposition 6.7. Let at® € H,(Y; Z[t*']) = A[¢*']. The action of f € hAut] (Y)
sends at® +— a't**t, for some k € Z and for some element a’ € A having the same
order as a.

Proof. As in Construction 6.5, we can represent any element of A[t*!] as a sum of
0(p)p(g), where p e m(N) and g € m1(N) % Z. We will describe f,(0(p)p(g)).
In fact, since we have the commutative diagram of isomorphisms

A[*1] —— Hi(ker(p))

b

A[t*'] —— Hi(ker(p))

it is equivalent to describe W' o f, o W(O(p)e(g)). First, the definition of ¥
implies that W (0(p)e(g)) = [gpg~'1 € H,(ker(p)). Applying f,, we then obtain
[£:(8) f«(p) fx(g) "] € Hi (ker(¢)). ~

But now, under an isomorphism 71 (N)*Z => w1 (N)*Z, every element of 1 (N)
is sent to an element of finite order, since 71 (N) is finite. This implies that for every
p € m(N), we have that f,(p) = hp’h~' € 1 (N) % Z for some p’ € 71(N) and
some h € w1 (N) x Z. This follows by considering the cyclic subgroup generated
by f.«(p) and applying the Kurosh subgroup theorem, which implies that a finite
subgroup of a free product of nontrivial groups is a conjugate of a finite subgroup
of one of the factors.

Next, since f; is an isomorphism, [ fi(p)] = [hp’ h~!'1 has the same order as
[p] in Hj(ker(¢)). Since they are conjugate, in 71 (N) * Z, we know that hp’h*1
and p’ have the same order. We claim that [hp’h~!] has the same order as [p'] in
H, (ker(¢)).

To prove the claim, suppose that ord([p']) = k. Then [(p")¥] =0 € H (ker(¢)),
i.e. (p))* e ker(p)V. Since ker(¢) is normal, for every x € ker(¢) we have that
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hxh=' e ker(¢), and therefore since h|x, y]h_1 = [hxh~ !, hyh_l], for every z €
ker(p)" we have that hzh ™! e ker(¢)V. Thus h(p")*h=' = (hp’h~")* e ker(p) DV,
and therefore ord([hp’h~']) <k =ord([p']). Since p’ is also a conjugate of hp'h~!,
by symmetry we also have ord([p']) < ord([Ap’h~']), and so we have equality.
This completes the proof of the claim.

The claim implies that in H; (ker(¢p)) we have

ord([p']) = ord([hp'h~"]) = ord([ fx(p)]) = ord([ p)).

Returning to the main arc of the proof, so far we have

Feo WO (P)e(@) = [£:(2) f:(p) £ (@) 1= fu(@hp'h ™ fu(e) ™"

and it remains to apply W~!. The effect of W~ is 8(p")p(h)@(fi(g)) € A[tT!].
Since f € hAut(‘;(Y ), we have ¢ o f, = ¢ and therefore

Fe@(P)p() =¥ o fio WO (P)e(2)) =6(pe(e(g) € Alr*'].

We can now calculate f, (at®). Pick gem(N)*Z and p € m(N) such that we

have ¢(g) =t and 6(p) = a. Now f.(at*) = f.(0(p)p(g)) =6(p))p(h)t", so the
lemma follows by writing ¢(h) = t* and a’ := 0(p’). Then since [p’] has the same
order as [p], it follows that a’ has the same order as a. |

We can now prove the main result of this section.

Proposition 6.8. Fix an odd prime q. For M = X,,(U)u(S U'x D3), the sets

Aut(Blay)/(Aut(hy) x hAut; (IM)),
Aut(Blay, uBl,y, )/ (Aut(ry) x hAut)9(dM))

are countably infinite.

Proof. Fix identifications 71 (M) = Z and (Hy(M; Z[t*']), Am) = (Z[1£'], Xag).
Lemma 6.1 implies that Aut(Blyy)/ Aut(ry) = U(Z[tT11/29)/U(Z[t£']). We
know from Proposition 6.2 that U (Z[t*']/2¢q)/ U (Z[t*']) = Z, every element of
which is of the form (g—1)t" 4+ g with n € Z. We will now show that there is a
bijection of sets

Aut(Blyps)/(Aut(Ay) X hAut:;(aM)) =7.

In the notation of Proposition 6.7, we have N = L(2¢, 1) with m (L (2q, 1)) =7Z/2q
aswellas A= Hi(m(N)) =m(N)=2/2q.

Using Proposition 6.7, we will argue that any automorphism of the group
H(0M; Z[t*']) = (Z/2q)[t*"] induced by a homotopy equivalence f € Aut;f(aM)
is of the form p(t) — &% p(1), for some k € Z. To see this, given p(t) € (Z/2¢)[t*'],
by Z[t*']-linearity of f, we have f.(p(t)) = p(t)f.(1). By Proposition 6.7,
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fi(1) =a-t*, for some k € Z and some a € Z/2q. We need to show that a = +1.
Since f, is an isometry of Bly,s, we also know that a’>=1e7[t*"] /2q; this holds
because

;—ql =Blyp (1, 1) = Blop (fu (1), fi(1))
=Blyy(a-t* a-t*) = ‘2—‘; € Q) /Z[+*",

which implies that a®> = 1 € Z[t*']/2g. Then since a € Z/2q we have that a*> =
1 € Z/2q. Here we used that Blyyy = —dAy, to compute the Blanchfield form
[Conway and Powell 2023, Proposition 3.5].

However the only elements of A = 7Z/2g with a> = 1 are +1 € Z/2q. Indeed
such an a belongs to U (Z/2q) = U(Z/q) x U(Z/2). However U(Z/2) is trivial,
so in fact U(Z/2q) = U(Z/q). We will show that U(Z/q) = {£1}. To see this,
recall that for ¢ an odd prime the units (Z/¢)™ is a cyclic group of order g — 1,
and in such a group there is precisely one element of order 2. Taken together with
the trivial element there are therefore precisely two solutions to x> =1 € (Z/q)*,
namely +1. So we see that U(Z/2q) = U(Z/q) = {£1]}. It follows that a = 1 and

f(p@®) = p(t) fu(1) = £t* p(1),

as asserted above. In particular, observe that the action of a homotopy equivalence
f €hAut (3M) is the same as the action by an element of Aut(Ay) = U (Z[t*']).
We deduce that

Aut(Blyy)/(Aut(iy) x hAutgj(aM)) = Aut(Blypr) /Aut(hys).
But in Proposition 6.2 we computed the latter set to be
Aut(Blyy)/Aut(hy) = UZ[tE1/29)/ U Z[1E ) = 7.

The inverse of these isomorphisms sends n € Z to the automorphism given by
multiplying by (¢—1)#" + ¢. Since the action of an element of hAut;r (0M) is the
same as the action by an element Aut(Ay) = U (Z[t*']), the same can be said
for elements of hAut:g’q(aM ) C hAut:;(aM ). As we mentioned in Remark 6.4,
Lemma 6.3 now implies that

Aut(Blays, 41,,,)/ (Aut(iyy) x hAut} 9 (8M)) = Aut(Blay)/(Aut(h.pr) x hAut} (9M)).

The second assertion in Proposition 6.8 therefore follows from the first. U
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COUNTEREXAMPLES TO THE
NONSIMPLY CONNECTED DOUBLE SOUL CONJECTURE

JASON DEVITO

A double disk bundle is any smooth closed manifold obtained as the union
of the total spaces of two disk bundles, glued together along their common
boundary. The double soul conjecture asserts that a closed simply connected
manifold admitting a metric of nonnegative sectional curvature is necessarily
a double disk bundle. We study a generalization of this conjecture by drop-
ping the requirement that the manifold be simply connected. Previously,
a unique counterexample was known to this generalization, the Poincaré
dodecahedral space S3/I*. We find infinitely many 3-dimensional counter-
examples, as well as another infinite family of flat counterexamples whose
dimensions grow without bound.

1. Introduction

Suppose B_ and B, are closed smooth manifolds and that DB — B are disk bun-
dles over them, possibly of different ranks. Suppose in addition that the boundaries
0 DB4 of DBy are diffeomorphic, say via a diffeomorphism f : dDB_ — dDB..
Then we may form a smooth closed manifold M = DB_ Uy DB,. A manifold
diffeomorphic to one obtained from this construction is called a double disk bundle.
For example, R P2 is a double disk bundle, for it is a union of a disk and a closed
Mobius band. That is, RP? is a union of a trivial 2-disk bundle over a point together
with nontrivial 1-disk bundle over S'.

Double disk bundles arise naturally in many diverse fields of geometry and
topology. We refer the reader to the introduction of [DeVito et al. 2023] for
numerous examples of this. Our main interest stems from Grove’s double soul
conjecture [2002].

Conjecture 1.1 (double soul conjecture). Suppose M is a closed simply connected
manifold which admits a Riemannian metric of nonnegative sectional curvature.
Then M is a double disk bundle.
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Evidence for this conjecture includes the fact that cohomogeneity one manifolds
(and free isometric quotients by a subaction of the cohomogeneity one action
[Wilking 2007]), which are one of two main building blocks for nonnegatively
curved manifolds, admit such a structure [Mostert 1957; Galaz-Garcia and Zarei
2018]. In addition, Cheeger [1973] showed that the connect sum of two compact
rank one symmetric spaces (CROSS) admits a metric of nonnegative sectional
curvature. As a CROSS with a small open ball removed has the structure of a disk
bundle, these manifolds also verify the double soul conjecture. In addition, Cheeger
and Gromoll’s soul theorem [1972] gives an analogous theorem for noncompact com-
plete Riemannian manifolds of nonnegative sectional curvature. The conjecture has
also been verified for many other examples, including all known simply connected
positively curved manifolds [DeVito et al. 2023, Theorem 3.3], simply connected
biquotients in dimension at most 7 [Gonzélez-Alvaro and Guijarro 2023], and
simply connected homogeneous spaces of dimension at most 10 [Gonzalez-Alvaro
and Guijarro 2023]. We recall that a biquotient is the quotient of a Riemannian
homogeneous space by a free isometric action, and comprise the other main building
block of nonnegatively curved manifolds.

The conjecture also implies some classification results. For example, if true, then
it would follow that our known list of nonnegatively curved simply connected 4
and 5-dimensional manifolds is complete [Ge and Radeschi 2015, Theorem 1.1;
DeVito et al. 2023, Theorem B].

Grove [2002] noted that the natural generalization of Conjecture 1.1 to nonsimply
connected manifolds is false: the Poincaré dodecahedral space S3/I* admits a
positively curved Riemannian metric, but does not support a double disk bundle
structure. However, this was previously the only known counterexample to the
generalized conjecture. As such, it is natural to search for more, with various
topological and geometric properties. Our main result supplies infinitely many
counterexamples to the generalized conjecture, on opposite ends of the nonnegative
curvature landscape.

Theorem 1.2. There are infinitely many closed Riemannian 3-manifolds of positive
sectional curvature which are not double disk bundles. In addition, there are
infinitely many closed flat manifolds which are not double disk bundles.

The 3-manifold family consists of infinitely many nontrivial isometric quotients
of a round S3. The homogeneous spaces S3/I*, S3/0*, S3/T*, where I*, O*,
and 7™ are the binary icosahedral, octahedral, and tetrahedral groups are among
these examples.

In fact, S3/I*, $3/0*, and S3/T* are the only homogeneous spaces among
our examples. It is thus natural to wonder if there are more. This leads to the
obvious question:
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Question 1.3. Are there infinitely many homogeneous spaces which are not double
disk bundles?

Given that the three homogeneous examples of Theorem 1.2 are quotients of S3,
one is tempted to answer Question 1.3 by looking at homogeneous quotients of
spheres of higher dimension. However, we prove that S*/I*, S*/0*, and §3/T*
are the only homogeneous quotients of a sphere, in any dimension, which are not
double disk bundles; see Proposition 4.9.

The other infinite family, the closed flat manifolds, are precisely those with trivial
first homology group. The construction of such flat manifolds is rather abstract,
so we have been unable to determine which dimensions these examples appear.
However, we can show they exist in arbitrarily large dimensions.

We stress that all of our examples have nontrivial fundamental groups, so the
double soul conjecture remains open. In fact, all of our examples have nonnilpotent
fundamental groups, so the generalized double soul conjecture is still open for
nilpotent manifolds.

We now give an outline of the proof of Theorem 1.2, beginning with the
3-dimensional examples. We first prove that if M> has a metric of positive sectional
curvature and is a double disk bundle, then it must have a double disk bundle
structure where the common boundary d DB_ = d DB, is diffeomorphic to a
sphere S or to a torus 72. We then classify all disk bundles whose total space
has boundary diffeomorphic to S? or T2, and then consider all possible ways of
gluing these together. The double disk bundle decomposition lends itself to the
use of the Seifert—van Kampen theorem, so we are able to compute presentations
for all the resulting fundamental groups. The end conclusion is that a positively
curved M? admits a double disk bundle decomposition if and only if it is a lens
space or a particular Z/27 quotient of a lens space, a so-called prism manifold.
From the known classification of fundamental groups of spherical 3-manifolds
[Wolf 2011, Section 7.5], we obtain infinitely many examples which are not
double disk bundles. It is worth noting that the examples we find are the only
3-dimensional counterexamples to the double soul conjecture, even under the weaker
assumption that M has a Riemannian metric of nonnegative sectional curvature;
see Remark 4.3.

For the flat examples, enumerating all the possibilities for the common bound-
ary 0 DB_ = 9 DB, is not feasible, so we proceed differently. We first show in
Proposition 3.6 that for any manifold covered by a contractible manifold, any double
disk bundle decomposition must have both disk bundles of rank 1. On the other
hand, we also establish (Proposition 3.2) that if a manifold admits a double disk
bundle structure with at least one double disk bundle has rank 1, then the manifold
must have a nontrivial double cover, which in turn implies that the first homology
group surjects onto Z/2Z. Thus, any flat manifold with trivial first homology group
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cannot be a double disk bundle. Such flat manifolds have been constructed by Igor
Belegradek [2022], providing the examples.

An outline of the paper follows. In Section 2, we cover the required background
and set up notation. Section 3 contains general results on the topology of double
disk bundles especially in the case where at least one disk bundle has rank 1. In
Section 4, we classify the nonnegatively curved 3-manifolds which are double disk
bundles, finding that some positively curved examples are not double disk bundles.
Finally, Section 5 contains the results concerning flat manifolds.

2. Background and notation

Suppose B_ and B, are closed manifolds and that D***! — DB, — B. are disk
bundles. We assume their boundaries are diffeomorphic, say by a diffeomorphism
f:90DB_ — dDB,. Then we can form the closed manifold M = DB_U; DB,
by gluing DB_ and DB, along their boundary. A manifold obtained via this
construction is called a double disk bundle.

Restricting the projection maps to their respective boundaries, we obtain sphere
bundles S — dDBy — B.. The numbers £ > 0 will always refer to the
dimension of these fiber spheres. We will use L to denote the diffeomorphism
type of the common boundary. We will borrow language from the field of sin-
gular Riemannian foliations, and refer to L as the regular leaf and the By as the
singular leaves.

As was shown in [DeVito et al. 2023, Proposition 4.1], if a connected closed
manifold M admits a double disk bundle decomposition, then it necessarily admits
one where both By are connected. Thus we can and will always assume that in any
double disk bundle decomposition, both singular leaves B are connected. Using
the sphere bundles St — [ — B, the condition that both By are connected
implies that L has at most 2 components, and that L is connected unless B_ and B
are diffeomorphic, £ =€, =0,and L= 5" x B_ =S x B,.

The decomposition of M into two disk bundles is ideal for applying the Mayer—
Vietoris sequence in cohomology, as well as the Seifert—van Kampen theorem for
fundamental groups, at least when L is connected. In this context, we note that
contracting the fiber disks in either DB, provides a deformation retract of DBy
to B, and the inclusion map L = d DBy C DB, becomes homotopic to the sphere
bundle projection L — B4 under this deformation retract.

3. Some general structure results for double disk bundles

In this section, we will collect several needed facts regarding the relationship
between the fiber sphere dimensions £+ and coverings. We begin with some general
structure results where at least one £4+ = 0.
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Lemma 3.1. Suppose S° — L — B is a sphere bundle with £ = 0 and B a
connected smooth manifold. There is a smooth free involution o : L — L with L /o
diffeomorphic to B.

Proof. Because S° consists of two points, the sphere bundle is nothing but a double
cover. If L is disconnected, it follows that L = S° x B and the required involution
o simply interchanges the two copies of B.

On the other hand, if L is connected, the covering L — B is characterized by an
index 2-subgroup of 7 (B), which is necessarily normal. Hence, the covering is
regular, so the deck group is isomorphic to Z/2Z. Then one can take o to be the
nontrivial element of the deck group. ([

Proposition 3.2. Suppose M is a connected manifold and M = DB_Uy; DB isa
double disk bundle with £_ = 0. Then M admits a nontrivial double cover of the
form M = DB, Ug DB for some diffeomorphism g : L — L. That is, M has a
double disk bundle decomposition where each half is a copy of DB+..

Proof. Because {_ = 0, Lemma 3.1 gives a free involution o : L — L with
quotient B_. We now form M as the union

M = (DB x {—=1}) Ugos L x [—1, 11Uy (DB x {1}),

where DB x {—1}is gluedto L x {—1} and DB, x {1} is glued to L x {1}. From
[Kosinski 1993, Chapter VI, Section 5], the union (DB x {—1}) Usor L x [—1, 1]
is diffeomorphic to DB, so M is diffeomorphic to a double disk bundle with both
halves a copy of DB...

Thus, we need only show that M is a double cover of M. To that end, we define
a free involution p on M whose quotient is M. Given (x, +1) € DB, x {%1}, we
define p(x, 1) = (x, F1). In other words, p interchanges the two copies of DB
on the “ends” of M. In addition, we define the action of p on L x[—1, 1] by mapping
apoint (y, t) to (o (y), —t). Itis easy to verify that this is the required involution. []

If both ¢+ = 0, then applying Proposition 3.2 gives a double cover which again
has both £ = 0. Hence, we can iterate this procedure. This shows that a manifold
can only admit a double disk bundle decomposition with both £, = 0 if (M) is
infinite. In fact, while it will not be needed in the remainder of the paper, it turns
out that a double cover of M fibers over S'.

Proposition 3.3. Suppose M is a connected manifold which admits a double disk
bundle structure with both £_ = €, = 0 and regular leaf L. Then (M) is infinite,
and M has a double cover M which fibers over S' with fiber L.

Proof. We have already proven the first statement, so we focus on the second. By
assumption, we may write M = DB Uy DB_ for some diffeomorphism f : L — L.
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As both £1 =0, Lemma 3.1 gives a pair of free involutions oy : L — L with
L /o4 diffeomorphic to B1. Both o extend to involutions on L x [—1, 1] defined
by (v, t) — (0+(y), —t). The quotient (L x [—1, 1]) /o4 is clearly diffeomorphic
to DB4.

Now, take two copies of L x [—1, 1], which we will refer to as the left copy and
right copy. We glue (y, 1) in the left copy to (f(y), 1) in the right copy, and we
glue (y, —1) in the left copy to (o (f(o—(y))), —1) to form the manifold M.

From [Kosinski 1993, Chapter VI, Section 5], if we only do the gluing of (y, 1)
to (f(y), 1), the resulting manifold is diffeomorphic to L x [—1, 1]. Thus, M has
the structure of a mapping torus for some self diffeomorphism of L, so is a bundle
over S! with fiber L.

It remains to see that M is a double cover of M. To that end, we define a free
involution p on M with quotient M as follows. On the left copy of L x [—1, 1], p
acts by (y, t) — (0_(y), —t). On the right copy, p acts by (y, t) — (0+(y), —1).
Once again, it is easy to verify this has the desired properties. ([

Remark 3.4. In Proposition 3.3, if L is disconnected, then M itself fibers over S!.
On the other hand, if L is connected, passing to a double cover is sometimes
necessary to obtain the bundle structure. For example, if M = RP"#RP" with
n > 3, then M has a double disk bundle structure with both £+ = 0. Indeed, RP"
with a ball removed is a diffeomorphic to the total space of the disk bundle in
the tautological bundle over RP"~!. But M does not fiber over S' because its
fundamental group 7y (M) = (Z/27) * (Z/27) has abelianization (Z/27) & (Z/27),
so does not surject onto Z.

The next proposition describes how double disk bundles act with respect to
covering maps.

Proposition 3.5. Suppose M is a connected manifold which admits a double disk
bundle structure with both £+ > 1. If p : M' — M is any nontrivial covering (in
the sense that M' is connected), then M’ is a double disk bundle with regular leaf
L' :=p~ (L), singular leaves B!, := p~'(B+), and with €', = £+ In addition, each
of L', B/ , and B_ are connected.

Proof. Since a covering map is a submersion, everything except the connectedness
of L', B/, is a direct consequence of [DeVito et al. 2023, Proposition 3.1d]. Thus,
we need only show the connectedness of L" and B/,.. As both B/, are the continuous
image of the sphere bundle projections L' — B/, it is sufficient to show that L' is
connected.

So, we now show that L’ is connected. Because p is a covering, sois p|; : L' — L.
In addition, since at least one £+ > 1, L must be connected. Thus, to show L’ is
connected, it is sufficient to select x € L, and show that any pair of points in p~! (x)
can be connected by a path in L’. Let x, xp € o~ ().
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Because M’ is connected, we may connect x| and x, by a path ' : [0, 1] — M’
in M’. Then y := p oy’ is aclosed curve in M.

We claim that y is homotopic rel endpoints to a closed curve « lying entirely
in L. To see this, note that y represents an element of (M, x), so we need to
show the map 71 (L, x) — w1 (M, x) induced by the inclusion L — M is surjective.

The Seifert—van Kampen theorem applied to the double disk bundle decompo-
sition of M shows that any curve in M is, up to homotopy rel endpoints, a finite
concatenation of curves in DB, and DB_. Because both £ > 1, the long exact
sequence in homotopy groups implies the maps 71 (L) — 71 (DB+) = 71 (B4) are
surjective, so each curve in DBy or DB_ is homotopic rel end points to one lying
entirely in L. In particular, y is homotopic rel end points to a curve « in L.

Now, since p : L' — L is a covering, it is, in particular, a fibration. As y has a
lift to M’, & must lift to a curve &’ : [0, 1] — M’. Since the homotopy from y to «
fixed the end points and the fiber of p is discrete, ' must have the same endpoints
as y’. That is, o’ is a curve connecting x; and x; with image in L’. This completes
the proof that L’ is connected, and thus, of the proposition. ([

In the special case that M is aspherical, i.e., the universal cover of M is con-
tractible, we can completely characterize the possibilities for the fiber sphere
dimensions £ for any double disk bundle structure on it.

Proposition 3.6. Suppose M is an aspherical manifold which admits a double
disk bundle structure. Then both £_ = £ = 0. That is, both fiber spheres are
0-dimensional.

Proof. We assume for a contradiction that M has a double disk bundle decomposition
with say, £_ > 0. This implies that the regular leaf L is connected. If £, = 0, then
Proposition 3.2 implies that M has a double cover admitting a double disk bundle
structure with both ¢4 > 0. Noting that the double cover of an aspherical manifold
is aspherical, we may therefore assume that both £4. > 0.

In this case, we consider the universal cover p : M’ — M. From Proposition 3.5,
we obtain a double disk bundle structure on M’ with regular leaf L" and singular
leaves B, connected. We will conclude the proof by showing that M’ has no such
double disk bundle structure. Specifically, we will show that H“++¢-)(L'; 7/27)
is nontrivial for all # > 0, contradicting the fact that L’ is a finite-dimensional
manifold. Set R = Z/27 for legibility.

Because M’ is contractible, the Mayer—Vietoris sequence for the double disk
bundle decomposition of M’ yields isomorphisms

Y HY(B_; R)® H*(B/; R) — H*(L'; R)

for each k > 1 (and that v is surjective). Recalling that iy is nothing but the
difference in the maps induced by the sphere bundle projections L' — B/, it
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follows that each map H*(B/; R) — H*(L’; R) must injective. Since both B/,
are connected, we have Gysin sequences associated to L' — B!, ; injectivity of
H*(B; R) - H*(L'; R) then implies via the Gysin sequence that the R-Euler
classes ey of both bundles L’ — B/, are trivial. In more detail, in the sequence

HO(BL: R) =% H**\(BL; R) > H*T! (L R),

the first map has image generated by e4 while the while the second map is injective.
Exactness at the middle term then forces e;. = 0. We thus have group isomorphisms

H*(L'; R)= H*(B,; Y ® H*(S"*; R) = H*(B_; R) @ H*(S""; R),

where the inclusions H*(B/ ; R) - H*(B/; R)® H*(S%*; R) are the obvious ones.

We will now prove that H'“~+¢)(L’; R) # 0 for all ¢+ > 0 by induction. The
base case is clear, as it is simply the assertion that H(L'; R) # 0.

Now, assume that H’(Z—H”(L’; R) is nonzero for some ¢ > 0. Since v for
k :=1t(£4 + £_) is surjective, there must therefore be a nonzero element x in at
least one of H k(BQE; R). We assume without loss of generality that x € H k(B : R).
If y+ € H%*(S%; R) = R is the nonzero element, then the element x ® y, €
H*%(L’; R) is nonzero, and not in the image of H*+¢+ (B ; R). Since Yy,
is surjective, it now follows that H*T¢+ (B’ ; R) # 0. Suppose z € H*T*+ (B’ ; R)
is such a nonzero element. Then the element z® y_ € HUTDE-+E) (L7 R) is
nonzero, completing the induction. O

We will also need a proposition regarding orientability.

Proposition 3.7. Suppose M is a double disk bundle and that M is orientable. Then
so is the regular leaf L.

Proof. Because L is the boundary of both disk bundles, L must have trivial normal
bundle. Then TM|;, =T L &1 with 1 denoting a trivial rank 1 bundle. Computing
the first Stiefel-Whitney class using the Whitney sum formula, we find

0=w (TM[) =wi(TL)+wi (1) =w(TL).

Thus w{(T L) =0, so L is orientable. O

4. 3-dimensional examples
The goal of this section is to prove the following theorem.

Theorem 4.1. Suppose M3 is a closed manifold admitting a metric of positive
sectional curvature. Then M is a double disk bundle if and only if M is S, a lens
space L(p, q), or a prism manifold.
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By definition, a lens space L(p, g) (where gcd(p, q) is necessarily 1) is the
quotient of S by a free isometric action by the cyclic group Z/pZ < §' < C
acting on 3 C C? via W (z1,22) = (Uz1, 922). Also, by definition, a prism
manifold is an isometric quotient of a round §3 with fundamental group isomorphic
to (a, b |aba~'b=1, a* =b*), where gcd(cr, ) = 1. Prism manifolds include the
homogeneous spaces S/ Dj,, where Dj, is the order 4n group generated by eri/n
and j in the group Sp(1) of unit length quaternions.

From, e.g., [McCullough 2002, Table 1], the homogeneous 3-manifolds which
are covered by S3 consists of precisely the lens space L(p, 1), the prism manifolds
S3/D*n, and the spaces S3/T*, S3/O*, or S3/I*, where T*, O*, and I* are the
binary tetrahedral, octahedral, and icosahedral groups respectively. In addition,
from e.g., [Wolf 2011, Section 7.5], the product of any of these fundamental groups
with a cyclic group of relatively prime order is again the fundamental group of a
positively curved 3-manifold. Thus, Theorem 4.1has the following corollary.

Corollary 4.2. There are infinitely many positively curved 3-manifolds which do
not admit a double disk bundle structure. These examples include precisely three
homogeneous examples: S3/T*, S3/0*, and S3/I*, where T*, O*, and I* are the
binary tetrahedral, octahedral, and icosahedral groups respectively.

Remark 4.3. By using work of others, it is easy to extend Theorem 4.1 to nonneg-
atively curved 3-manifolds. Hamilton [1982, main theorem; 1986, Theorem 1.2]
showed a closed 3-manifold M admitting a metric of nonnegative sectional curvature
is covered by §3, §2x S!, or T3. If M is covered by S? x S!, then M is diffeomorphic
to S2 x S!, RP2 x S!, RP3#RP3, or to the unique nontrivial S2 bundle over S’
[Tollefson 1974]. Clearly for each of these possibilities, M is a double disk bundle.
If M is covered by T3, then from [Scott 1983, p. 448], M is a double disk bundle.

We now work towards proving Theorem 4.1. For the remainder of this section,
M denotes a 3-manifold of positive sectional curvature. From [Hamilton 1982,
main theorem], M is finitely covered by S, so has finite fundamental group. A
simple application of the Lefschetz fixed point theorem implies that M must be
orientable. From Proposition 3.3, at least one of £1 > 0, which, in particular, implies
that L is connected.

Proposition 4.4. Suppose M is a closed orientable 3-manifold which admits a dou-
ble disk bundle decomposition with at least one fiber sphere of positive dimension.
The regular leaf L must be diffeomorphic to either S* or T>.

Proof. Assume without loss of generality that £, > 0. This implies that L is
connected. Since L is 2-dimensional and an S*+-bundle over B, , we must have
¢, €{1,2}. If £, =2, the fiber inclusion map S? — L is an embedding between
closed manifolds of the same dimension, hence a diffeomorphism. If £, =1, then
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the Euler characteristic x (L) = x(S!) x (B4+) =0, so L must be 72 or a Klein bottle.
But L must be orientable from Proposition 3.7. U

We will proceed by breaking into cases depending on whether L = §% or L = T2.
We will classify all disk bundles whose boundary is diffeomorphic to L, and then
classify ways of gluing the corresponding disk bundles. Using a collar neighborhood,
it easy to see that if two gluing maps are isotopic, then the corresponding double disk
bundles are diffeomorphic. The following lemma provides another circumstance
where the double disk bundles are diffeomorphic.

Lemma 4.5. Suppose X and Y are manifolds with boundary and f : 0X — 0Y is
a diffeomorphism. Assume in addition that G : X — X is a diffeomorphism with
g:=Glyx :0X — 0X. Then the manifolds XU 7Y and XU, Y are diffeomorphic.

Proof. We define a diffeomorphism ¢ : X Uy, ¥ — X U, Y by mapping x € X
to ¢(x) = G(x) and mapping y € Y to ¢(y) = y. It is obvious that ¢ is a diffeo-
morphism, if it is well defined.

We now check that it is well-defined. If we first identify x € d X with f(g(x))
and then apply ¢, we obtain the point f(g(x)). On the other hand, if we first
apply ¢ and then identify with dY, we get ¢ (x) = G(x) = g(x) ~ f(g(x)). O

Proposition 4.6. Suppose M is a double disk bundle with regular leaf L = S°.
Then, M is diffeomorphic to S3,RP3, or RP3#RP3.

Proof. To begin with, note there are precisely two isomorphism types of sphere
bundles with total space S°: they are S — > — {p}, and S” — $> — RP2. Since a
diffeomorphism of either S or S! extends to a diffeomorphism of the corresponding
disk, both of these extend uniquely to disk bundles. Moreover, Diff(S%) deformation
retracts to O(2) [Smale 1959], so we may assume our gluing map is either the
identity or the antipodal map. Both options extend to a diffeomorphism of the
3-ball B3, so by Lemma 4.5 the choice of gluing map is irrelevant if either B = {p}.

If we have By = B_ = {p}, then M is obtained by gluing two 3-balls along
their boundary S2, so M is diffeomorphic to S° in this case. If we have By = {p}
and B_ = RP?, then gluing gives RP3. Finally, if we have B, = B_ = RP?, we
obtain RP3# 4+ RP3. But RP3 admits an orientation reversing diffeomorphism, so
RP3# — RP3 is diffeomorphic to RP31RP3. O

We now classify all double disk bundles with regular leaf L = T2 and with at
least one £ > 0, which completes the proof of Theorem 4.1.

Proposition 4.7. Suppose M admits a double disk bundle structure with regular
leaf L = T? and with £ > 0. Then either (M) is abelian, or M is a prism
manifold.
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Remark 4.8. The classification of 3-manifolds with 771 (M) abelian is well known
[Aschenbrenner et al. 2015, Section 1.7, Table 2]. The only such examples which
are covered by S3 are the lens spaces L(p, q). Each of these is well-known to
be a double disk bundle, e.g., they are all quotients of S3 via a subaction of the
well-known cohomogeneity one action of T2 on S3. The examples which are not
covered by S3 are covered by S% x S!, so are all double disk bundles by Remark 4.3.

Proof. The assumption that £, > 0 implies that £, =1, so By = S'. An S'-bundle
over S! is determined by an element of o (Diff(S 1Y). Since Diff(S') deformation
retracts to O(2), there are precisely two S'-bundles over S'. Of course, one has
total space K, the Klein bottle. Thus, there is a unique S' bundle over ' with total
space T2, the trivial bundle.

If £_ =2, the fiber inclusion S> — T2 must be an embedding, giving an obvious
contradiction. Hence, £_ € {0, 1}. Of course, if £_ = 1, then the bundle L — B_
must be the trivial bundle as in the previous paragraph. On the other hand, if £_ =0,
then L — B_ is a 2-fold covering, so B_ is diffeomorphic to either T2 or K.

Each of these S'-bundles extends to a disk bundle in a unique way. In addition,
Diff(T?) deformation retracts to Gl,(Z) [Farb and Margalit 2012, Theorem 2.5], so
we can always assume our gluing map lies in G/,(Z). Moreover, the diffeomorphism
[ %] of T2 = 3(D? x S") extends to a diffeomorphism of DB, = D? x S, so
Lemma 4.5 implies that we may assume our gluing map lies in Gl;r (2).

Applying the Seifert—van Kampen theorem to the double disk decomposition of
M, we note that since £ = 1, the map (L) — m(B4) is surjective. This implies
that 7t (M) is isomorphic to a quotient of 7;(DB_) = m(B_). Thus, if B_ # K,
then 1 (M) is necessarily abelian.

So, we assume B_ = K, and that the gluing map is determined by a matrix

[;‘ ﬂ e Gl (2).

We have presentations
T(SH = (a), 1 (T*) Z (b, c|[b,c]=1), and 711 (K) = (d, e | ded " 'e = 1).

The unique abelian index 2 subgroup of 71 (K), which is isomorphic to 7{(7?),
is generated by {d?, e}. Therefore, by picking a new generating set for 7;(T?) if
necessary, we may assume the map 7 (7%) — 71 (K) maps b to d* and c to e.

We claim that, in addition, we may choose the projection map 72 — S' to map b to
a and c to the identity. We begin with the standard projection onto the second factor
p2:T?=S"x 8" — S!. This maps (1, 0) € 71 (T?) = Z? to the identity and (0, 1)
to a. Since {b, ¢} generates 1 (T?), there is an element of f € Gl»(Z) ~ Diff(T?)
which maps ¢ to (1, 0) and b to (0, 1). Then the composition p o f : T2 - Slis
a (trivial) fiber bundle with fiber S' which maps ¢ to the identity and b to a.
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Note that under the gluing map [;f g], the map

ap
71(T?) M 1 (T?) — 71 (S

is therefore given by b — b%c? +— a*, and ¢ bPcd +— af, where we have used
multiplicative notation rather than additive for both 7| (T?) = 7% and 7 (SH) = 7.
Thus, the Seifert—van Kampen theorem gives

m(M)=Z(a,d,e|ded 'e=1,a" =d? af =e).
We claim that this is isomorphic to
(d,e|ded 'e=1,d* =¢%),

so that M has the fundamental group of a prism manifold.
To that end, we first note that the generator a in the first presentation is unnec-
essary. Indeed, we have «é — By =1, so

al — aaéfﬁy — (aa)é(aﬂ)fy — dZSefy.

Thus, we need only demonstrate that the relations in the first presentation are
consequences of the relations in the second, and vice versa.

So, assume initially that both a* = d? and a? = e. Raising the first relation to
the power of 8, and the second to the power of «, we obtain

dZﬂ — aaﬂ = e,
so the relations in the first presentation imply those in the second. Conversely,

assuming d*# = e®, noting that d> commutes with everything, and setting a =d*’e~7,
we find

a% = d2a8e—ya
= J20+By) p—ve
=d*d*) ()77
=d*(e")" ()7
=d?
and likewise, we find that a? = e.
Thus, 7r1(M) is isomorphic to the fundamental group of a prism manifold, as
defined above. Since such manifolds are classified up to diffeomorphism by their

fundamental group [Aschenbrenner et al. 2015, Theorem 2.2], M must be a prism
manifold in these cases. ]
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We conclude this section by proving that the three homogeneous examples S3/T*,
§3/0*, and S3/I* of Corollary 4.2 are the only homogeneous examples in any
dimension which are covered by a sphere but are not double disk bundles.

Proposition 4.9. Suppose M is a closed homogeneous space which is covered by
a sphere. Then M admits a double disk bundle decomposition, except when M is
diffeomorphic to one of S°/T*, S3/0*, or S/ I*.

Proof. From [Wilking and Ziller 2018, Table 2], we see that the homogeneous
spaces nontrivially covered by a sphere are

(a) real projective spaces,
(b) homogeneous lens spaces, or

(c) quotients of S**~! C H”" by a nonabelian finite subgroup of Sp(1) acting
diagonally.

Here, a homogeneous lens space is a quotient S***!/(Z/mZ), where Z/mZ =
{(z,z,...,2) € C"1: 2" =1}, and H denotes the skew-field of quaternions.

We have a uniform description of these actions: let K € {R, C, H} and set
k =dimg(K). Let G denote any finite subgroup of O (1), U(1) or Sp(1) respectively.
Then G acts freely on S¥"~! C K" via the diagonal action in each coordinate and
the cases (a), (b), and (c) above correspond to the choice of [K.

We first claim that if n > 2 then all such quotients S"*~!/G admit a double disk
bundle decomposition. Indeed, one can simply observe that the block action by
On—1)x01),U(n—1)xU(),orSp(n—1)xSp(1) on Skl c k" = K" oK
is cohomogeneity one, and G acts via a subaction of the block action.

This leaves the case n = 1, which gives the manifolds S°/G, S'/G, or $°/G.
Of course, the first is 0-dimensional, and any quotient S'/G is diffeomorphic to S',
and thus admits a double disk bundle decomposition. The final case S3/G is given
by Corollary 4.2. O

5. Flat examples

The goal of this section is to prove the following theorem.

Theorem 5.1. There are infinitely many closed flat manifolds, in arbitrarily large
dimension, which are not double disk bundles.

We begin with a proposition which allows us to recognize when a flat manifold
does not admit a double disk bundle decomposition.

Proposition 5.2. Suppose M is a closed flat manifold with H)(M) finite of odd
order. Then M cannot admit a double disk bundle decomposition.
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Proof. Assume for a contradiction that M admits a double disk bundle decomposi-
tion. Since M is flat, the Cartan-Hadamard theorem implies that M is aspherical.
Thus, Proposition 3.6 applies: any double disk bundle decomposition on M must
have both ¢4 = 0. Then, from Proposition 3.2, M admits a nontrivial double cover.
In particular, 771 (M) must have an index 2 subgroup, so admits a surjection to Z/27.
Since H;(M) is the abelianization of (M), this surjection must factor through
Hy(M). But no finite group of odd order admits a surjection to Z/27Z, giving a
contradiction. ]

In order to prove Theorem 5.1, we need only establish the existence of infinitely
many flat manifolds M in arbitrarily large dimensions with first homology group
H (M) finite of odd order. In fact, we will find examples with H; (M) trivial. As
H\ (M) is the abelianization of m{ (M), we are thus tasked with finding an infinite
family of flat manifolds for which 7;(M) = [7;(M), 71 (M)] is perfect. These
examples are furnished by the following theorem.

Theorem 5.3. Suppose ¢ is any finite perfect group. Then there is a closed flat
manifold My for which Hy(My) = 0 and for which My has holonomy ¢.

Recall that the alternating group on rn letters, A,, is perfect if n > 4. We claim
that for n > 7, that dim M4, > n — 1, so Theorem 5.1 immediately follows from
Proposition 5.2 and Theorem 5.3. Indeed, the holonomy group of an n-manifold
is a subgroup of the orthogonal group O(n), and for n > 7, the smallest non-
trivial representation of A, occurs in dimension n — 1 [Fulton and Harris 1991,
Problem 5.5].

Thus, to prove Theorem 5.1, we need only to prove Theorem 5.3. We do this
using an argument due to Igor Belegradek [2022].

We will use the following characterization of the fundamental group of a closed
flat manifold.

Theorem 5.4 [Bieberbach 1911; Auslander and Kuranishi 1957]. An abstract
group 1 is the fundamental group of a closed flat n-manifold if and only if both of
the following conditions are satisfied:

(1) m is torsion free.
(2) m fits into a short exact sequence of the form 0 — 7" — m — ¢ — 0, where ¢

is a finite group.

The finite group ¢ is called the holonomy of 7 as it is isomorphic to the holonomy
group of the flat manifold n-manifold with fundamental group 7.
We need a lemma, which is [Holt and Plesken 1989, Proposition 2.3.13].
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Lemma 5.5. Suppose a group m fits into a short exact sequence of the form
0>72"—>7—¢—0,

where ¢ is a finite group. Then the commutator subgroup ' = [, 7] also fits into
a short exact sequence of the form

07" —>n" — ¢ =[¢p,¢]— 0.
In addition, if ¢ is perfect, then so is ’.
We may now prove Theorem 5.3.

Proof of Theorem 5.3. Let ¢ denote any finite perfect group. From [Auslander and
Kuranishi 1957, Theorem 3] there is an abstract group 7 satisfying both conditions
of Theorem 5.4. The commutator 7" = [, ] is a subgroup of the torsion free
group 7, so is torsion free. From Lemma 5.5, 7’ is also perfect, and satisfies the
second condition of Theorem 5.4 with finite quotient ¢’ = [¢, ¢] = ¢. Hence, by
Theorem 5.4, there is a flat manifold My with fundamental group 7’. Since 7’ is
perfect, Hi(My) = 0. O
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THE FUNDAMENTAL GROUP OF AN EXTENSION IN
A TANNAKIAN CATEGORY AND THE UNIPOTENT RADICAL
OF THE MUMFORD-TATE GROUP OF AN OPEN CURVE

PAYMAN ESKANDARI AND V. KUMAR MURTY

In the first part, we give a self-contained account of Tannakian fundamental
groups of extensions, generalizing a result of Hardouin (2008; 2011). In the
second part, we use Hardouin’s characterization of Tannakian groups of
extensions to give a characterization of the unipotent radical of the Mumford-
Tate group of an open complex curve. Consequently, we prove a formula that
relates the dimension of the unipotent radical of the Mumford-Tate group of
an open complex curve X \ S with X smooth and projective and S a finite set
of points to the rank of the subgroup of the Jacobian of X supported on S.

1. Introduction

Let X be a smooth complex projective curve and S C X (C) a finite nonempty set
of points. There is an exact sequence

(1) 0— HY(X) = H'(X\8) =2 @=1)S-1 = ¢

of (rational) mixed Hodge structures, where the first arrow is induced by the
inclusion X \ § C X. In connection to a new proof of the Manin—Drinfeld theorem
for modular curves, Deligne proved in the 1970s that this sequence splits (or
equivalently, H'(X\ S) is semisimple) if and only if the rank of the subgroup of the
Jacobian of X supported on § is zero (see [7, Section 10.3] and [8, Remarque 7.5],
and also [11] for another argument).

To any mixed Hodge structure H, one associates an algebraic group called the
Mumford-Tate group of H, which we denote by M7 (H). This group can be
defined in at least two equivalent ways: In the original definition, due to Mumford
(and then refined by Serre) in the pure case, M7 (H) is the subgroup of GL(Hg)
(where as usual, Hg denotes the underlying rational vector space of H) which fixes
all Hodge classes of weight zero in finite direct sums of objects of the form

H®" @ (H")®" (m,neZs).
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The second definition, which is somewhat more natural and more conceptual, is in
terms of Tannakian formalism: M7 (H) is the fundamental group of the Tannakian
subcategory (H) of the category of mixed Hodge structures generated by H (see
Section 2 for a brief reminder on Tannakian fundamental groups; see [1] for the
equivalence of the two definitions). This means that one has a canonical equivalence
of categories between (H) and the category of finite-dimensional representations
of MT(H).

The unipotent radical of M7 (H) measures how far H is from being semisimple.
In particular, H is semisimple if and only if the unipotent radical of M7 (H) is
trivial. Thus Deligne’s result about H'!(X \ S) can be paraphrased as follows: the
unipotent radical of M7 (H'(X\S)) is trivial if and only if the rank of the subgroup
of the Jacobian of X supported on § is zero.

The unipotent radical of the Mumford—Tate group of a 1-motive (of which
the Mumford—Tate group of H!(X \ S) is an example) has been studied in great
generality by Bertolin [3; 4] and Jossen [18]. On his path to prove the main theorem
of [18], Jossen gives a characterization of this unipotent radical in Theorem 6.2 of
the same article.

In the case of H'(X \ S), Jossen’s characterization is the following: Suppose
S={po, ..., pn}. Let P be the identity connected component of the Zariski closure
of the subgroup generated by

(PI_PO,---»Pn_PO)

in Jac(X)", where Jac(X) is the Jacobian of X. Then P itself is an abelian subvariety
of Jac(X)". Jossen’s theorem asserts that the Lie algebra of the unipotent radical of
MT(H'(X\ S)) is canonically isomorphic to H;(P). In particular, the dimension
of the unipotent radical of M7T (H L(X\ 8)) is twice the dimension of P.

To get a more concrete description (one that does not involve the Zariski closure)
of the dimension of the unipotent radical of M7 (H 1(X\ S)), one can note that
linear relations between the points p; — po, ..., pn — po With coefficients in the
endomorphism algebra of Jac(X) cut down the dimension of P.

One of the main results of this paper gives a more explicit description of the unipo-
tent radical of M7 (H'(X\ S)) that avoids the Zariski closure (see Theorem 4.9.1).
As a consequence, in the case where Jac(X) is simple, we get the following clean
formula for the dimension of the unipotent radical (see Theorem 4.9.2(b)):

Theorem A. Let X, S, and Jac(X) be as above. Let g, E, and UHNX \ S)) be
respectively the genus of X, the endomorphism algebra End(Jac(X))®Q of Jac(X),
and the unipotent radical of the Mumford—Tate group of H' (X \ S). Suppose that
Jac(X) is simple. Then the dimension on/{(Hl(X \ S)) is equal to 2g times the
E-rank of the E-submodule of Jac(X)(C) ® Q generated by the subgroup supported
on S.
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In the general case where Jac(X) is not necessarily simple, for every division al-
gebra in End(Jac(X)) ® @ we get an upper bound for the dimension of U/ (H L(X\S))
(see Theorem 4.9.2(a)).

Let us put this discussion on hold for the moment and go to the abstract setting
of (neutral) Tannakian categories. Let T be a Tannakian category over a field K of
characteristic zero, and w a fiber functor over K (the example relevant to the earlier
discussion being the category of mixed Hodge structures and the forgetful functor
H +— Hg). Suppose we have an extension

2) 0O—-L—>M-—>N-—=>0

in T. Denoting the Tannakian fundamental groups of objects with respect to w
by G(—), we have a natural surjection

g(M)— G(L®N).

Let U(M) be the kernel of this map (if N and L are semisimple, then /(M) is the
unipotent radical of G(M)). By Tannakian formalism, there is an object

Lie(t/(M)) C Hom(N, L),

whose image under w is the Lie algebra of U/(M). The question of characterization
of Lie(/(M)) has been studied and answered earlier by Hardouin and Bertrand in
the case where N =1 and L is semisimple: A theorem of Hardouin [15, Theorem 2]
(see also [14]) asserts that in this case, Lie({/(M)) is the smallest subobject of

Hom(1, L) =L
such that the pushforward of (2) along the quotient map
L — L/Lie@(M))

splits. The result was earlier proved by Bertrand [5, Theorem 1.1] in the setting of
D-modules.

The case of arbitrary semisimple N (with L continued to be semisimple as well)
can be deduced from Hardouin’s result. In this case, the characterization becomes
as follows: If v is the extension of 1 by Hom(N, L) corresponding to (2) under the
canonical isomorphism

Ext(N, L) = Ext(1, Hom(N, L))

(where Ext means the Yoneda Ext! group in T), then Lie(¢/(M)) is the smallest
subobject of Hom(N, L) such that the pushforward of v under the quotient map

Hom(N, L) — Hom(N, L)/Lie(U(M))
splits.
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The goal of this paper is twofold. Our first goal, to which the first part of the paper
is devoted, is to give a self-contained and general treatment of Tannakian groups
of extensions in characteristic zero. More precisely, in the general setting of the
extension (2) in a Tannakian category, in Theorem 3.3.1 we give a characterization
of Lie(Ud(M)) as a subobject of Hom(N, L), without assuming that N or L is
semisimple. In the semisimple case, the result simplifies to Hardouin’s characteri-
zation (see Corollary 3.4.1). We also discuss a dual variant of the characterization
of Lie(U/(M)) (Theorem 3.5.1 and in the semisimple case, Corollary 3.5.2), which
is more convenient in some settings.

We should point out that the generalization to the nonsemisimple situation is
indeed useful in practical applications: extensions as in (2) with nonsemisimple L
and N arise naturally, for example, in a nonsemisimple Tannakian category with
a weight filtration, e.g., the category of mixed motives. In fact, in [12] we build
on Theorem 3.3.1 to refine a result of Deligne from [18, Appendix] on unipotent
radicals of Tannakian fundamental groups in a Tannakian category with a weight
filtration, and then give applications to mixed motives which have “large” unipotent
radicals of motivic Galois groups (see the aforementioned paper for more details).

The second goal of the paper, to which the second part of the paper is devoted, is to
apply the method of the first part to study the unipotent radical of the Mumford—Tate
group of an open curve. Here we take T to be the category of mixed Hodge structures
and apply results about Tannakian groups of extensions to the extension (1). This
approach leads to a characterization of the unipotent radical of the Mumford—Tate
group of an open curve (see Theorem 4.9.1). The dimension formula and upper
bounds mentioned above follow from this characterization of the unipotent radical
(see Theorem 4.9.2).

The proof of Theorem 4.9.1 has two ingredients: The first ingredient is the
semisimple case of Theorem 3.3.1 due to Hardouin (or more precisely, its dual
variant given in Corollary 3.5.2). This gives a characterization of L_ie(Z/{ (H'(X\S )))
as follows: if w is the element of

Ext(H'(X)!SI71, 1)
corresponding to (1) under the canonical isomorphisms

Ext(@(=DP H(X0) -
omcare duality
=Ex(H;(X) @01y = T ExH (X)),

then the orthogonal complement (see Section 3.5) of Lie@/(H'(X \ S)) is the
largest subobject of H'(X)!SI=! on which p restricts to a split extension. The
second ingredient of the argument is now the calculation of the restrictions of the
extension u along different maps HY(X)— H'(X)ISI-1,
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Theorem 4.9.1 can be deduced alternatively from Jossen’s general characteriza-
tion of the unipotent radical of the Mumford—Tate group of an arbitrary 1-motive
given in [18, Theorem 6.2]. Although Theorem 4.9.1 is weaker than Jossen’s [18,
Theorem 6.2], we hope that the reader might find some value in the simplicity
of our approach and exposition, which solely rely on the general material on
Tannakian groups and the calculation of the relevant extensions in the category of
mixed Hodge structures. This approach can be applied to any situation where the
relevant extensions can be calculated and described nicely. It is also hopefully more
accessible to some audiences.

The paper is organized as follows. In the next section, we recall some basic
generalities about Tannakian categories. In Section 3 we prove the characterizations
of Lie(iY(M)) in a general Tannakian category and for general L and N (with
notation as above). A reader not familiar with the language of Tannakian categories
but familiar with properties of the category of mixed Hodge structures may assume
in Sections 2 and 3 that T is the latter category and w is the forgetful functor. In
Section 4, we come back to the problem of studying the unipotent radical of the
Mumford-Tate group of an open curve, and prove Theorems 4.9.1 and 4.9.2.

2. Preliminaries

In this section we briefly recall a few facts and constructions about Tannakian
categories. For any commutative ring R, let Modyr denote the category of R-
modules. Throughout, K is a field of characteristic zero. The categories of groups
and commutative K-algebras are respective denoted by Groups and Alg, . For an
affine group scheme G over K, let Rep(G) be the category of finite-dimensional
representations of G over K. We use the language of [10] for the theory of Tannakian
categories. Our Tannakian categories are all neutral.

2.1. Let T be a Tannakian category over K with unit object 1; thus T is a K-linear
rigid abelian tensor category with the identity 1 of the tensor structure satisfying
End(1) = K, for which there exists a fiber functor, i.e., a K-linear exact faithful

tensor functor
T — Modg.

Let w be such a functor. Let
Aut® (w) : Alg; — Groups
be the functor that sends a commutative K-algebra R to

Aut®(w ® 1g) := the group of automorphisms of the functor
w® lR : T — Mod R
respecting the tensor structures.
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The fundamental theorem of the theory of Tannakian categories [10, Theorem 2.11]
asserts that Aut®(w) is representable by an affine group scheme G(T, w) over K
(so that Aut® (w) is the functor of points of G(T, w)), and that the functor

T — Rep(G(T, w))

sending
M +— oM

(with the natural action of G(T, @) on @M) is an equivalence of tensor categories.
We call G(T, w) the fundamental (or the Tannakian) group of T with respect to w.

If T is also a Tannakian category over K, a tensor functor ¢ : T" — T gives rise
to a morphism

" : G(T, w) > G(T', wo )

of group schemes over K, sending an automorphism of w®1 for any K-algebra R to
the obvious automorphism induced on (w® 1g)o¢p = (wop) ®1g. The morphism "
is surjective (or faithfully flat) if and only if ¢ is fully faithful and moreover, satisfies
the following property: for every M € T’, every subobject of ¢ (M) is isomorphic
to ¢ (L) for some subobject L of M (see [10, Proposition 2.21], for instance).
In particular, if T’ is a full Tannakian subcategory of T which is closed under
taking subobjects, then the inclusion T C T gives rise to a surjective morphism
G(T, w) — G(T', w|1), where w|y is the restriction of w to T’.

2.2. Let M be an object of T. Let (M) denote the full Tannakian subcategory
of T generated by M, that is, the smallest full Tannakian subcategory of T that
contains M, and is closed under taking subobjects (or subquotients). Set

G(M, w) :=G(M), ®|m)) = Aut® (@|(m));

we refer to this group as the fundamental (or the Tannakian) group of M with
respect to w. Starting with M and 1, we can obtain every object of (M) by finitely
many iterations of taking direct sums, duals, tensor products, and subquotients. It
follows that the natural map

GM,w)— GLy,y, ooy

(restricting to the action on wM) is injective, so that, indeed, G(M, w) is an al-
gebraic group over K. (Here, complying with the standard notation for natural
transformations, o : oM — @M is how o acts on wM.) Often we will identify
G(M, w) as a subgroup of GL,, via the injection above.

Since (M) is closed under taking subobjects, the natural map G(T, w) - G(M, w)
(induced by the inclusion (M) C T) is surjective. The kernel of this map consists of
all o € G(T, w) such that o) is identity (then by functoriality, oy is also identity
for every N € (M)).
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2.3. For any algebraic group G, let Lie(G) be the Lie algebra of G. Let A/ be a
normal subgroup of G(M, w). Consider the adjoint representation

3) Ad: G(M, w) — GLLic(v) -
In view of the equivalence of categories
“) (M) — Rep(6(M, w)), A wA,
there is a canonical object Lie(N) in (M) with
wLie(NV) = Lie(N),

such that the natural action of G(M, ) on wLie(N) (through the definition of
G(M, w) as the group of tensor automorphisms of the functor w) coincides with
the adjoint representation (3).

3. The fundamental group of an extension

The goal of this section is to study the fundamental group of an extension in a
Tannakian category. As before, let T be a Tannakian category over a field K of
characteristic zero. Fix a fiber functor @ : T — Modg. We shall drop w from the
notation for fundamental groups, and simply write G(M) (for M an object of T).
We use the notation /4 for the identity map on an object A of a given category. We
use an unadorned Hom to denote a Hom group in a category of modules, with the
coefficient ring understood from the context. In T or any category of modules, the
dual of an object A is denoted by A".

3.1. Let L, M and N be objects of T given in an exact sequence
(5) 0—>L-> M- N-0,

where (as indicated in the diagram) the morphisms L — M and M — N are
respectively denoted by i and ¢.
The inclusion ¢ : (L @ N) C (M) induces a surjective morphism

*:G(M) — G(L®N).

Let U4(M) be the kernel of this map; it consists of those o € G(M) which act
trivially on wL @ wN, or equivalently, on both wL and wN (i.e., o = I, and
oy = I,n). Note that while for simplicity we did not incorporate L and N in the
notation for U/ (M), in general, U (M) will also depend on L and N. Our goal in
this section is to study the group U (M).

First, let us describe the map /* more concretely. Use the map i (see (5)) to
identify wL as a subspace of wM. Moreover, once and for all, choose a section of
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the surjection wq : oM — wN to identify

oM =wlL & wN
(as vector spaces). Then the functor @ applied to the sequence (5) gives
(6) 00— wL — owLdwN — oN — 0,

where the second and third arrows are the inclusion and projection maps.
Let o be an element of G(M). Since o is an automorphism of the functor w, we
have a commutative diagram

0 > wl > wL®wN —— oN —— 0
l/UL lO'M \LGN
0 > wlL s oL wN —— oN —— 0

It follows that
oy = <UOL G]:v) € GLyreon
for some f € Hom(wN, wl). Let
G(M) C GLyLgwN

be the subgroup consisting of the elements which stabilize wL. Regarding G(M)
as a subgroup of GL,yy = GL, g0y (Via 0 > o3y), we have

G(M) C G(M).

Similarly, for any o in G(L & N),

or O
OLeN = ( OL 0N> € GLyrgwn -

Thinking of G(L & N) (resp. GL,r x GL,y) as a subgroup of GL, g,n Via
o = orgn (resp. the diagonal embedding), we have

G(LHN) CcGL,. xGL,y .
The map (* is then the restriction of

¢:G(M)— GL,r x GL,N
g * g 0 /

U(M) :=ker(p).

Let
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Thus U (M) is the subgroup of GL,1q.n consisting of the elements of the form

1, wl ¥
0 I,n)’
and in particular, is an abelian unipotent group. We have a commutative diagram

1 —— UM) —— G(M) ‘—#> GLEN) —— 1

) l l

1 —— UM) —— G(M) —%— GLy xGLyy — 1
where the injective arrows are inclusion maps and the rows are exact. Thus
UM)CcUM).

Being a subgroup of an abelian unipotent group, /(M) is abelian and unipotent.
As discussed in Section 2.3, the adjoint representation of G(M) gives a canonical
object Lie(U/(M)) of (M) whose image under w is Lie(/(M)). Since U(M) is
abelian, the action of G(M) on Lie(¢/(M)) factors through an action of G(L & N),
so that indeed, the object Lie(I/(M)) belongs to the subcategory (L & N).
The Lie algebra of U (M) can be identified with

Hom(wN, wL)
(with trivial Lie bracket). The exponential map
exp : Lie(U(M)) = Hom(wN, wL) - U(M)(K)

(with its inverse denoted by log) is given by

®) exp(f) = ("gL ,fN) .

Let Hom(N, L) denote the internal hom object in the category T. We identify
o (Hom(N, L)) = Hom(wN, wL)

via the canonical isomorphism between the two.
The following observation is standard.

Proposition 3.1.1. The inclusion map

Lie{/(M)) — Hom(wN, wL)

is w of a morphism
Lie(/(M)) — Hom(N, L).

(In other words, Lie(U(M)) can be identified as a subobject of Hom(N, L).)
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Proof. In view of the equivalence of categories (4), it is enough to show that the
natural actions of G(M) on Lie(/(M)) and Hom(w N, wL) are compatible. In other
words, we need to show that for any commutative K-algebra R and o € G(M)(R),

we have
OLieU(M)) = OHom(N, L) |Lie@(M))g

where for any vector space V over K, we denote Vi := V ® R. We may identify
(wHom(N, L)) g = Hom((wN)g, (@L)R))

(Hom in R-modules). Considering the evaluation map N ® N¥ — 1 and the
canonical isomorphism Hom(N, L) = NY ® L (which after applying w, are the
corresponding maps in linear algebra), one easily sees that the map oxom(n, 1) 18
given by

fr>opofooy' (f € Hom((wN)g, (wL)g)).

We now calculate the map ovriew/(m)). By definition, the action of G(M) on
Lie(/(M)) is the restriction of the adjoint representation of G(M) to Lie(U/(M)).

Let
© f eLieU(M))g C Lie(U(M))g = Hom((wN)g, (wL)R).

Then oLie@(m)) (f) is characterized by

exp(oLiewmy (f)) = om exp(f)oy,',

where exp is the isomorphism between Lie(U/(M)) and U (M) as varieties over K,
and via the inclusion U (M) C U (M), is given by (8) (with coefficients extended

to R). Writing 5
oM = < 0 O'N> ’

where h € Hom((wN)g, (wL)g), we have

-1_ (0oL h LiwL)g f GL_I _Gl‘_IOhOOIGI
oMeXp(f)U _<0 UN)( 0 I(wN)R 0 01;1

I(a)L)R O'LOfOO'IV1> -1
= =exp(opo foay ).
< 0 Lwh)g plorefooy

Thus B
oLieuum)(f) =oLo fooy’,

as desired. O

Remark 3.1.2. (1) The embedding
Lie@{(M)) Cc Hom(wN, wL)

is independent of the section of wg used to identify oM = wL & wN. Indeed, if
we had chosen a different section of wg and hence a different identification of w M
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as wL @ wN, then the resulting embedding G(M) < GL, g,y Would differ from
the previous one by conjugation by an element of U (M). Since U (M) is abelian,
the two embeddings agree on U (M). Thus our identification of Lie(U/(M)) as a
subobject of Hom(N, L) is independent of the choice of the section of wgq.

(2) If L and N are semisimple, then /(M) is the unipotent radical of G(M), and
in particular will only depend on M (and not on the choices of L or N). (Recall
that L and N are semisimple if and only if the category (L @ N) is semisimple if
and only if G(L & N) is reductive.)

3.2. Before we proceed any further, let us recall a categorical construction. The
extension (5) gives an element of

Ext(N, L),
where Ext denotes the Yoneda Ext! group in T. Recall that one has a canonical
isomorphism
) Ext(N, L) = Ext(1, Hom(N, L)).

Let
v € Ext(1, Hom(N, L))

be the extension class corresponding to (5) under the canonical isomorphism (9).
Then v is the class of the extension obtained by first applying Hom(N, —) to the
sequence (5):

0 — Hom(N, L) - Hom(N, M) — Hom(N, N) — 0,
and then pulling back along the canonical morphism
e:1— Hom(N, N)
characterized by the fact that
we(l) € wHom(N, N) = Hom(wN, wN)

is the identity map. Going through this procedure, assuming N # 0, we see that v
is the class of the extension

(10) 0 — Hom(N, L) — Hom(N, M)" — 1 — 0,
where
e Hom(N, M) is the subobject of Hom(N, M) characterized by

wHom(N, M)"
= Hom(wN, M)’
:={f € Hom(wN, wM) : (wg) o f = A(f)1d,y for some A(f) € K},

« after applying w, the injective arrow is f — (wi) o f, and
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« after applying w, the surjective arrow is the map f +— A(f), where A(f) € K is
as in the definition of Hom(N, M)™ above.

If N (and hence Hom(N, L)) is zero, then v is the trivial extension
0—-0—>1—>1-—0.

For convenience, we set Hom(N, M)" := 1 in this case.

3.3. We are ready to give the characterization of the subobject Lie(/(M)) of
Hom(N, L). To simplify the notation, we identify Hom(/N, L) with its image under
the injection Hom(N, L) — Hom(¥, M)

Theorem 3.3.1. Let A be a subobject of Hom(N, L). Then A contains Lie(U(M))

if and only if the quotient
Hom(N, M)’/ A

belongs to the subcategory (L @& N). (Thus Lie(U(M)) is the smallest subobject of
Hom(N, L) with this property.)

Proof. The theorem is trivial if N =0, so we may assume N #=0. An object X of (M)
belongs to the subcategory (L & N) if and only if the subgroup U(M) of G(M)
acts trivially on wX. Thus the assertion in the theorem can be paraphrased as that
A contains Lie(U/(M)) if and only if the action of &/ (M) on w (Hom(N, M)T/A) is
trivial.

Leto e G(M)(K). Let A C Hom(N, L). The morphism

Hom(N, M)" — Hom(N, M)T/A

gives rise to a commutative diagram

Hom(wN, woM)" ——— Hom(wN, oM)"/wA
lUM(N"W lc’muv,mw
Hom(wN, woM)" ——— Hom(wN, oM)"/wA

Thus
OHom(N, M)t/ A (f + @A) = Otiomv, Myt (f) + @A

for every f € Hom(wN, oM)T.
As before, we use our fixed section of wg :wM — wN to identify oM =wLBwN.
Then we have

Hom(wN, wM) —— Hom(wN, wL) ® Hom(wN, wN)

(11 T T

Hom(wN, oM)" === Hom(oN,wL)® K - I,y
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Suppose o € U(M)(K). Then oy, and o are both identity, and the action of o on
the G(M)-invariant subspace Hom(wN, wL) of Hom(wN, oM )" is trivial. Thus

OHom(N,M)"/A = THom(wN,0oM)' jwA
if and only if
Otom(N, M)A Ton + @A) = I,n + 0A,

where here, as well as in the rest of this argument except in (12) below, I,y is
considered as an element of Hom(wN, wM)" via the decomposition (11). This is
equivalent to

OHom(N, M)t (IwN) —I,N € wA.

Note that ogom(v,m) (and hence oyomy, a7 is given by
fr>omofoay' =omof (f €Hom(wN,wM)).
We have

1,1 log(o
(12) ow= ("5 14O € OLsaun ),
oN

where log(oys) € Hom(wN, wL). Then

OHom(N, M)t UoN) = om0 Iyn =log(oy) + Ly,
so that
Ttom(N, Myt ({on) — Loy =10g(o).

We have shown that any element o € /(M) (K) acts trivially on w (Hom(N, M )/A)
if and only if log(os) is in wA. The group U (M) is unipotent and hence U (M )(K)
is dense in U (M). It follows that /(M) acts trivially on o (Hom(N, M YT /A) if
and only if for every o € U(M)(K), we have log(oy) € wA, i.e., if and only if
Lie(d(M) C wA. This completes the proof. ([l

3.4. For every subobject A of Hom(N, L), pushing extensions forward along the
natural map Hom(~N, L) — Hom(N, L)/ A we have a map

Ext(1, Hom(N, L)) — Ext(1, Hom(N, L)/A).

We denote the image of v under this map by v/A. Theorem 3.3.1 has the following
corollary:

Corollary 3.4.1. (a) If A is a subobject of Hom(N, L) such that v/A is trivial,
then Lie(U(M)) C A.

(b) Suppose L and N are semisimple. Then v/Lie(U(M)) is trivial (and hence
Lie(UU(M)) is the smallest subobject of Hom(N, L) with this property).
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Proof. We may assume N # 0. Suppose v/A is trivial. Then
Hom(N, M)"/A ~Hom(N, L)/A®1,

and hence Hom(N, M)/ A belongs to the subcategory generated by L and N. Thus
(a) follows from Theorem 3.3.1.

As for (b), the theorem implies that Hom(/V, M)"/Lie(U(M)) is in (L & N),
which is a semisimple category by the hypothesis of semisimplicity of L and N.
Thus v/Lie(Ud(M)) splits. [l

Remark 3.4.2. The semisimple case of Corollary 3.4.1 is originally due to Hardouin
(see Theorem 2 of [15] as well as Théoreme 2.1 of [14]). Hardouin shows that when
L and N are semisimple, Lie(U/(M)) is the smallest subobject of Hom(N, L) such
that v/Lie(/(M)) is trivial. The same statement was earlier proved by Bertrand
[5, Theorem 1.1] in the special case where T is the category of D-modules over a
differential field of characteristic zero. (Both Hardouin and Bertrand take N =1,
but one can deduce the case of arbitrary (semisimple) N from that.)

3.5. Consider the canonical nondegenerate pairing
(13) (L"® N)® Hom(N, L) — 1
given (after applying w) by

(¥ ®x)® f = y(f(x)).

For any subobject A of Hom(N, L) (resp. LY ® N), we denote by A the subobject
of LY ® N (resp. Hom(N, L)) orthogonal to A with respect to the above pairing.
It is clear that A can be recovered from A+ by A+ = A.

In particular, we have a subobject

Lied(M)t c L' ® N.

In this subsection we shall give a dual variant of Theorem 3.3.1 which characterizes
this object. In some situations (such as the application in Section 4), this variant
might be more convenient to use than the original version.

Let
nweExt(LY®N,1)

be the extension class corresponding to the defining extension of M (i.e., (5)) under
the canonical isomorphism

(14) Ext(N,L) = Ext(LY® N, 1).
The extension class u is obtained as follows. Let

ev:L"QL—1
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be the evaluation pairing between L and its dual. Then pu is the class of the
pushforward of the extension

I, v®i I;v
0 >L'0L 2 1veoM 22 1o N =0

(obtained by tensoring (5) by L") through the morphism ev. More explicitly, when
L is not zero, u is given by the extension
(15) 01— (LM - L"®@N — 0,
where
e (LY® M)T is the quotient of LY ® M by (I;v ®i)(ker(ev)),
« the injective arrow is the composition

>~ induced by ev induced by I; v ®1
—_—

1 (L"® L)/ ker(ev) (L"®M)", and

« the surjective arrow is induced by I;v ® gq.

If L =0, then p is given by the extension
0->1—-1—-0-—0.

For convenience, in this case we set (LY @ M)T := 1.

We shall use the following notation for restrictions of extensions. For every
subobject B of LY ® N, let u|p be the restriction of w to B (i.e., the pullback of
along the inclusion map B — LY ® N).

We can now state the dual variants of Theorem 3.3.1 and Corollary 3.4.1.

Theorem 3.5.1. Let B be a subobject of LY @ N. Then

B C LieU(M))™
if and only if the preimage of B under the surjective arrow in (15) belongs to the
subcategory (L ® N).

Proof. One can prove this directly, similar to the proof of Theorem 3.3.1, by
calculating the action of /(M) on (LY @ M )T (and its subobjects) explicitly. We
shall instead use a few categorical considerations to show that the statement is
equivalent to Theorem 3.3.1. Let T be an object of T. For any subobject A of T,
denote by A the orthogonal complement of A with respect to the evaluation pairing

T"QT — 1.

Dualizing the exact sequence

0-A—>T—>T/A—0,

we get
0> (T/A)Y —-T"— A" — 0.
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Use this to identify

(by definition)

At ker(TV — AY) = (T/A)".

There is a commutative diagram

dualizing,~

Ext(1, T) Ext(T", 1)

pushforwardl lpullback

dualizing, ~

Ext(1, T/A) ———— Ext(A+, 1)

where the horizontal maps dualize extensions. Apply this with 7 = Hom(N, L),
and use the pairing (13) to identify LY ® N as T (so that (13) becomes simply the
evaluation pairing between 7" and 7). It is easy to see that v and p are duals of one
another, with the isomorphism between (LY Q@ M )" and the dual of Hom(N, M)"
defined by the pairing

(LY@ M)" @ Hom(N, M)T — 1,
which after applying w is given by

g§®x® f > g(M(H)x — f(0q)(x))).

(Here g ® x is the image of g ®@x € w(LY) ® oM in w(L" ® M)T, and f is in
Hom(wN, wM)".) Thus by the above diagram, for any subobject A of Hom(N, L),
we have an isomorphism between

(Hom(N, M)/ A)’
and the preimage of A1 under the surjective arrow in (15). The equivalence of
Theorems 3.3.1 and 3.5.1 is clear from this. ([
The argument also gives the following dual variant of Corollary 3.4.1:

Corollary 3.5.2. (a) If B is a subobject of LY ® N such that | is trivial, then
B C LieU(M))*.

(b) Suppose L and N are semisimple. Then the restriction of i to Lie(U(M))*
is trivial. (Hence Lie(U(M))™* is the largest subobject of LY ® N with this
property.)

4. The unipotent radical of the Mumford-Tate group of H'! of an
algebraic curve

Let MHS be the category of rational mixed Hodge structures. The category MHS
is a neutral Tannakian category over Q. The forgetful functor wp : MHS — Modg
sending an object to its underlying rational vector space is a fiber functor. For any
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rational mixed Hodge structure M, the group G(M) with (T, w) = (MHS, wp) is
called the Mumford-Tate group of M. In this section, we will use the results of the
previous section to study the unipotent radical of the Mumford-Tate group of the
degree one cohomology of a smooth complex projective curve minus a finite set of
points.

4.1. Notation. By a mixed Hodge structure we always mean a rational one. As
usual, Q(—n) denotes the Hodge structure of weight 2n with underlying rational
vector space (271)~"Q, with its complexification identified with C via

Qri) " @1+ 2mi)™".

The unit object 1 is Q(0). For any object M of MHS, we denote by Mg the
underlying rational vector space of M. If R is a commutative (Q-algebra, Mz
denotes Mg ® R.

Given a pure Hodge structure H of weight —1, we denote by JH the intermediate

Jacobian He

JH = —————,
FOHC =+ H@

where F" is the Hodge filtration.

Given any smooth complex variety X, by H'(X) we mean the mixed Hodge
structure on the degree i Betti cohomology of X (with underlying rational vector
space H'(X, @)). We shall identify H(X)c = H' (X, C) with H},(X) (= smooth
complex de Rham cohomology) via the isomorphism of de Rham. By H;(X) we
mean the dual of H/(X); it is a mixed Hodge structure with underlying rational
vector space H; (X, Q).

All the Ext (= Yoneda Ext') groups in this section are in MHS.

4.2. Carlson [6] gives an explicit description of Ext groups in MHS. We briefly
recall this description here in a special case that is of interest to us.
Let A be a pure Hodge structure of weight 1. Carlson gives a canonical isomor-
phism
Ext(A, 1) — J(AY),

where A" is the dual Hodge structure to A. The isomorphism is functorial in A.
See [6] for details. (Carlson [6] proves the analogous result for integral mixed
Hodge structures. The proof of the rational case is identical.)

4.3. From this point on, let X be a smooth complex projective curve. We denote the
Jacobian variety of X by Jac(X). Let CH(?"m (X) be the group of divisors of degree 0
on X modulo the subgroup of principal divisors. (In other words, CH(I)10m (X) is the
homologically trivial subgroup of the Chow group CHy(X).) The group CHé“’m(X )
is the group of complex points of Jac(X).
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Set CH{*™(X)q := CH}™(X) ® Q. The Abel-Jacobi map on X gives an
isomorphism
AlJx : CH)™(X)g — JH (X),

sending the class of p — ¢, with p, g € X, to the class of the functional fqp on the
space of harmonic 1-forms on X. (See, for instance, [2, Chapter 1]. Note that here,
said integral means the integral over any path from ¢ to p. The choice of the path
will not matter in JH;(X).)

Composing AJx with Carlson’s isomorphism we get an isomorphism

(16) Ext(H'(X), 1) = CH!*™(X)q.
We shall identify these two groups to simplify the notation.

4.4. Let S be a finite nonempty set of (complex) points of X. We identify H'(X)
as a subobject of H 1(X\ S) via the map induced by the inclusion (X \ S) C X. The
reader can refer to Deligne’s [7, Section 10.3] for a thorough study of the mixed
Hodge structure H L(x\9).

Since X \ S is affine, every element of H!(X \ S)¢ can be represented by a
meromorphic differential form on X with possible singularities only along S, and has
a well-defined residue at every p € X. Indeed, if ¢ = [w] with w a meromorphic form,
setres, (c) :=res,(w) (= the residue of w at p, which is 1/(2mi) times the integral
of w along a small positively oriented loop around p). The subspace H!(X)c of
H'(X \ S)c consists of the cohomology classes with zero residue everywhere (in
other words, classes of differentials of the second kind).

For any vector space or mixed Hodge structure V, we denote by (V5)’ the kernel
of the map

VS >V, (Wp)pes > Y Vp
pes

(where the v, are in V).
One has a short exact sequence of mixed Hodge structures

resg

(17 0— H'(X) > H'(X\S) — (@(-1)%) =0,

where the injective arrow is inclusion and resg : H'(X \ S)c — (C%)' is the map
¢t (res,(c))pes.

4.5. We shall apply the results of Section 3.3 to the exact sequence (17). The
Hodge structure H L(X) is polarizable and hence semisimple (see, for instance, [19,
Section 7.1.2] and [9, Proposition 3.6]). Thus the group

UH' X\ S)) :=ker(GH'(X\ S)) = GH'(X) ® Q(-1)))
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is the unipotent radical of the Mumford—Tate group of H'(X \ S). In view of
Section 3.5, the determination of the group U (H 1(X'\ §)) amounts to finding

Lie(U(H'(X\ $))" c H'(X) ® (@(-1)%).
We use the Poincaré duality isomorphism

PD:H' (X)(1) > H' (X)", [~ %/M—’
TlLJX

where 7 is a closed smooth 1-form on X and the isomorphism

H'X)(D® @(=D5 > (H' (X)), ¢®@p)pes — (@pc) pes

to identify Lo s LS
H (X) ®(@(=1)") = (H (X))

Following the notation of Section 3.5, we let
w e Bxt((H' (X)), 1)
be the element corresponding to the sequence (17) under the canonical isomorphism
(18) Ext(@(—D%), H'(X)) ZExt(H'(X)" ® (Q(-1%), 1)
=Ext((H'(X)"Y, 1).
By Corollary 3.5.2 (and on recalling that H!(X) is semisimple), we have that

L_ie(Ll(H1 (X\ S)))L is the largest subobject of (H'! (X)S)/ with the property that
the restriction of u to it is trivial.

4.6. Let us consider the restrictions of u to some obvious subobjects of (H N(x )S)/ .
Foreach p € §,1lett,: H '(X)—> H'(X )S be the embedding into the p-coordinate.
Given p, g € S, we have a morphism

—tg HY(X) = (H' ()
(which is an embedding if p # g).
Proposition 4.6.1. Let p, g € S. Via the identification (16), we have
(tp—1)" W) =p—q

(Where (1, — t14)* () is the pullback of u along 1, — 1,4, and with abuse of notation
the class of p — q in CHS"”" (X)q is also denoted by p — q).

Proof. This is a reformulation of a well-known result about Hodge theory of open
curves, which in turn is a special case of general results about equivalence of various
definitions of the Abel-Jacobi map (see the remark below). With abuse of notation,
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let ¢, also denote the embedding of Q(—1) as the p-coordinate of Q(—1)5. Then
we have a commutative diagram

Ext((@(—1)%Y, H'(X)) ™" Exe(@(~1), H'(X))

;l l;

Ext((H' (X)), 1) — 27 Bxi(H'(X). 1)
where the vertical isomorphisms are given by (14) and Poincaré duality. Under
the isomorphism on the left (i.e., (18)), u and (17) correspond to each other. The
pullback of the extension (17) along ¢, —t, : Q(—1) — (Q(—1)%) is the extension

0— H'(X) — (ress) "} ((1p — 1)(@Q(=1))) =5 Q(=1) - 0
(19) H

H'(X\{p.,q)
This extension corresponds to p — ¢ under
(20)  Ext(Q(—1), H' (X)) = Ext(H'(X), 1) = JH,(X) = CH*™(X)q.
See, for example, Sections 9.0-9.2 of Jannsen [17]. O

Remark 4.6.2. The fact that the extension (19) corresponds to p — g under (20)
is already stated in Section 4.3 of Deligne’s [8]. The same paragraph outlines a
motivically inspired definition of the Abel-Jacobi map, which naturally takes values
in Ext groups in any suitable cohomology theory. Via this approach and in the
case of Hodge theory (or more precisely, cohomology with values in MHS), the
Abel-Jacobi image of p —gq is by definition the extension (19) (in other cohomology
theories, by definition the Abel-Jacobi image is the analogous extension). A detailed
description of this motivic approach towards the Abel-Jacobi map for any smooth
complex variety can be found in Sections 9.0 and 9.1 of Jannsen’s book [17]. The
fact that for Hodge theory the Abel-Jacobi map defined in terms of extensions
coincides with the classical (Griffiths) Abel-Jacobi map with values in intermediate
Jacobians is asserted in Lemma 9.2 of [17] and follows from the works [16] and [13]
of Jannsen and Esnault—Viehweg. (See Section 9.2 of [17] for more details.)

4.7. We now calculate the slightly more complicated restrictions of u. Let
E = End’(Jac(X)) := End(Jac(X)) ® @
be the endomorphism algebra of the Jacobian of X. We have an (anti-) isomorphism

E — End(H (X)), fr~ f*,
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where for any element f of the endomorphism algebra of Jac(X), by f* we mean
the pullback map on cohomology.! This induces an isomorphism

@) (E% - Hom(H'(X), (H'(X)")), Uppes= X tp7-
pe

Consider the composition

(22) Hom(H'(X), (H'(X)"Y)

bt (16)
P2V Bxt(H'(X), 1) = CHY™(X)g = Jac(X)(C) ® Q.

Since every simple subobject of (H'(X )S)’ is the image of a morphism
H' (X) > (H'(X)"Y
(because (H'(X)) is semisimple), the following corollary of Proposition 4.6.1 can
be used to describe all restrictions of u.
Corollary 4.7.1. Let (f,)pes € (ES)'. Then
k
(Suf)u=% fHv-o.
peS peS
where e is any point in X.

Proof. Let (f)) pes € (E®) and e € S. Since ZpES fp =0, we have
> tpfy = >y —te) fp-

peS pes
Thus
(S uh)r=X - n= X ap-tn= 3 f(p-e)
pesS pesS peS pesS

where in the last line we used Proposition 4.6.1 together with the commutativity of
the diagram

Ext(H'(X), 1) = JH (X) +—"— CH*™(X)q =Jac(X)(C) ® @

(f*)*l lf
Ext(H'(X), 1) = JH(X) ¢—7— CH""(X)a =Jac()(©®Q O

For any (f))pes € (E®)', the value of Zpes fp(p — e) does not depend on the
choice of e € X. To simplify the notation, let us denote this common value by

Z fp(P)'

pES

'We use the symbol * for pullback of extensions and the symbol * for pullback of cohomology
induced by morphisms of varieties.
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Note that if So S
(fp)pes € (Q%) C(E”),

then > pes Jp(p) defined above agrees with the other possible interpretation of the
notation (i.e., the image of the divisor ) pes Jpp of degree zero with coefficients
in @ in CHI*™(X)q).

4.8. Having computed the restrictions of u, we return to the problem of determina-
tion of U(H (X \ S)).

Proposition 4.8.1. Let (f},) pes € (E 8Y. The following statements are equivalent:
(i) The restriction of | to the image of ) pestp f splits.

(i) Y es fp(p) is zero in CH}™ (X)q.

(iii) The image of Zpes tp [ is contained in L_ie(Z/I(Hl(X \ S)))l.

Proof. Recall that by Corollary 3.5.2, L_ie(u (H'(X\S )))L is the largest subobject
of (H (X )S)’ with the property that the restriction of u to it splits (see Section 4.5).
This gives the equivalence of statements (i) and (iii) of the proposition. The
equivalence of (i) and (ii) follows from Corollary 4.7.1, on noting (by weight
considerations) that for any quotient B of H 1(X), the canonical map

Ext(B, 1) — Ext(H'(X), 1)

is injective. O

In particular, the proposition recovers the following well-known result, originally
due to Deligne (see the remark below), which gives an arithmetic criterion for when
UH' (X \ S)) is trivial (or equivalently, for when the sequence (17) splits):
Corollary 4.8.2. The group U(H' (X \ S)) is trivial if and only if the subgroup of
the Jacobian of X supported on S has zero rank.
Proof. Note that Lie(U/(H' (X \ S)))L — (H'(X)®) if and only if Im(t,, — ) is
contained in L_ie(U (H'(X\ S)))L for every p, g € S, which in turn is equivalent
to p — g being zero in CHglom(X)@ for every p,q € S. (|
Remark 4.8.3. Corollary 4.8.2 is originally due to Deligne, implicit in [7] and

announced explicitly in [8, Remarque 7.5], in relation to a new proof of the Manin—
Drinfeld theorem on modular curves. See [11] for a more detailed discussion of this.

4.9. We are ready to give the main result of this part of the paper. The results gives
a characterization of Lie(U/(H' (X \ S)))L (and hence U(H' (X \ S))).

Theorem 4.9.1. Let A be the subobject of (H' (X )S)’ which is the sum of the images
of all the maps of the form

3 1,3 € Hom(H' (X), (H'(X)°)),
pes
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with (f,) pes € (ES) and ZpeS fp(p) =0 (see Section 4.7). Then
A =Lie(U(H' (X \ $))".

Proof. The inclusion
) A C Lie((H (X \ $))*

is immediate from Proposition 4.8.1. To see the reverse inclusion, first note that since
(HY(X)) is semisimple, L_ie(L{(Hl(X \ S)))L is a direct sum of simple subobjects.
Let B be a simple subobject of Lie(t/(H" (X \ S)))L. Then B is the image of a
map HY (X)) —> (HI(X)S)’. Any such map is of the form ZpES Lpf; for some
(fp)pes € (ES)'. By Proposition 4.8.1, for the image of such a map to be in
L_ie(Z/{(H1 (X\ S)))L we must have

Z fp (p)=0

peS
in CH{°™(X)q. Thus B C A. O
We end the paper by deducing the following result about the dimension of
UH'(X\ S)) (note that part (b) is Theorem A of the introduction).
Theorem 4.9.2. Let g be the genus of X. Recall that E is the endomorphism
algebra of the Jacobian Jac(X).

(a) Suppose D is any division algebra contained in E. Then the dimension
of UUHY (X \ S)) is at most 2g times the D-rank of the D-submodule of
Jac(X)(C) ® Q generated by the subgroup supported on S.

(b) Suppose H'(X) is simple. Then the dimension of U(H' (X \ S)) is equal to
2g times the E-rank of the E-submodule of Jac(X)(C) ® Q generated by the
subgroup supported on S.

Proof. Let A be as in Theorem 4.9.1.

(a) For any subalgebra R of E, let A be the composition

(RS > (E5) 2% Hom(H'(X), (H'(X)"Y) 2 Jac(X)(©) ® Q.

This is R-linear by Corollary 4.7.1. The image of Ay is the R-submodule of
Jac(X)(C) ® Q generated by the subgroup supported on S. Let Ag be the subobject
of (H'(X)5)" which is the sum of the images of the maps ZpES tp [, with (fp) pes
inker(Ag),sothat Agx CAand Ap =A. If = {(f;’))pes}lsrfd is an R-spanning
set for ker(A ), then A is the sum of the images of ZpeS Lp(fpr))* forl <r <d.
Moreover, if R = D is a division algebra and B is D-linearly independent, then
Ap is the direct sum of the images of the previous d maps. Since each of these
images is then a copy of H 1(X) (because D is a division algebra), we have

dim Lie(U(H' (X \ S)))L = dim(A) > dim(Ap) = 2g -dimp(ker(Ap))
=2g(|S| — 1 —dimp Im(Ap)).
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Taking orthogonal complements we get the desired bound.

(b) Since H!(X) is simple, E is a division algebra. Taking D = E, by the proof of
part (b) we have

dim(A) = dim(Ag) = 2g(|S| — 1 — dimg Im(A £)).

The claimed formula follows. O
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THE SIZE OF SEMIGROUP ORBITS MODULO PRIMES

WADE HINDES AND JOSEPH H. SILVERMAN

Let V be a projective variety defined over a number field K, let S be a
polarized set of endomorphisms of V all defined over K, and let P € V (K).
For each prime p of K, let m, (S, P) denote the number of points in the
orbit of P mod p for the semigroup of maps generated by S. Under suitable
hypotheses on S and P, we prove an analytic estimate for m (S, P) and use
it to show that the set of primes for which m, (S, P) grows subexponentially
as a function of Nk g p is a set of density zero. For V = P! we show that this
holds for a generic set of maps S provided that at least two of the maps in S
have degree at least four.
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1. Introduction

A general expectation in arithmetic dynamics over number fields is that the dynam-
ical systems generated by “unrelated” self-maps f1, f> : V — V should not be too
similar. For example, they should not have identical canonical heights [16], they
should not have infinitely many common preperiodic points [2; 8; 11], their orbits
should not have infinite intersection [10], and arithmetically their orbits should
not have unexpectedly large common divisors [15]. It is not always clear what
“unrelated” should mean, but in any case it includes the assumption that f and f>
do not share a common iterate.

Similarly, we expect that the points in semigroup orbits generated by all finite
compositions of “unrelated” maps f; and f, should be asymptotically large [4; 13]
when ordered by height, where now unrelated means that the semigroup is not
unexpectedly small. For example, the semigroup is small if it contains no free
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subsemigroups requiring at least 2 generators; cf. [3].

In this note, we study the size of semigroup orbits over finite fields. In particular,
we show that, under suitable hypotheses, a free semigroup of maps defined over a
number field generates many large orbits when reduced modulo primes. See [1; 6;
7; 21] for additional results in this vein.

Definition 1. We set notation that will remain in effect throughout this note.

K/Q a number field
V/K a smooth projective variety defined over K
r>1 an integer
S=A{f1,..., f;} asetof morphisms f; : V — V defined over K
di,...,d, real numbers satisfying d; > 1 fori =1,...,r
L € Pick(V)®R line bundles satisfying f*£ = £®%
Mg the semigroup generated by S under composition
Orbs(P) the orbit { f(P): f € Mg} of apoint P € V

The following property will play a crucial role in some of our results.
Definition 2. A point P € V is called strongly S-wandering if the evaluation map
ey Ms—V, [ f(P),
is injective.

Remark 3. If V = P! and S is any sufficiently generic set of maps as described
in Section 3, then the set of points that fail to be strongly S-wandering is a set of
bounded height. In particular, it follows in this case that all infinite orbits contain

strongly wandering points, and this weaker condition is sufficient for our orbit
bounds.

Our goal is to study the number of points in the reduction of Orbg(P) modulo
primes. We set some additional notation, briefly recall a standard definition, and
then define our principal object of study.

Ry the ring of integers of K
Spec(Rk) the set of prime ideals of Rg
Np the norm of p € Spec(Rg), that is, Np :=#Rg /p.

Definition 4. Let p € Spec(R), and let Ry, denote the localization of Ry at p, and
let k, = Ry /p Ry denote the residue field. A finite K-morphism f : V — V has
good reduction at p if there is a scheme V, /R, that is proper and smooth over Ry,
and there is an Ry-morphism Fj, : V, — V, whose generic fiberis f : V — v.!

1Intuitively, this means that we can find equations for V and for f that have coefficients in R,
and so that when we reduce the equations modulo p, the reduced variety V mod p is non-singular and
the reduced map f : V — V is a morphism having the same degree as f. Of course, when we say
“find equations”, this needs to be done locally on an appropriately fine cover by affine neighborhoods.
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We write 17,, = V) XRg, ky for the special fiber of V. Properness implies that each
point Q € V(K) extends to a section Qy € V,(Rp), and the reduction Qp € f)p (kp)
of Q modulo p is the intersection of the image of Q) with the fiber f/p, ie.,

{0p} = Op(Spec Ry) N V.

Similarly, the reduction fp of f modulo p is the restriction of F} to the special
fiber V.

Remark 5. Continuing with notation from Definition 4, we note that if f has good
reduction at p, then reduction modulo p commutes with evaluation,

7(0)y = Fo(0p)-

Further, composition commutes with reduction for good reduction maps. In other
words, if f and g have good reduction at p, then

(J/C\O_Tg)p = fp ng'

Definition 6. Let p € Spec(Rk). Continuing with notation from Definition 4,
let fi,..., fr : V.= V be maps that have good reduction modulo p, and let P €
V(K). Then the reduction of the S-orbit of P modulo p is the set

Orbs(P mod p) := { fo(Py) : f € Ms}.

We define
my :=my(S, P) = #Orbg(P mod p)

to be the size of the mod p reduction of Orbg(P). (If any of the maps f1, ..., f;
has bad reduction at p, then we formally set m, = 00.)

Our main result is an analytic formula that implies that m, is not too small on
average.

Theorem 7. Assume that My is a free semigroup, that P € V(K) is a strongly
S-wandering point, and that r = #S > 2. Then there exists a constant C| =
Ci(K,V,S, P) such that, for all € > 0,

log N
2 > s B =0
peSpec(Rx) pemy(S, P)

Remark 8. The principal result of the paper [21] is an estimate exponentially
weaker than (2) in the case that r =#S = 1, while a principal result of the paper [17]
is an estimate that exactly mirrors (2) with my, equal to the number of points on the
mod p reduction of the multiples of a point on an abelian variety. Thus the present
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paper, as well as the papers [4; 13], suggest that the analogy

arithmetic of points arithmetic of points in orbits
of an abelian variety of a dynamical system

described in [5] and [22, §6.5] may be more accurate when the dynamical system
on the right-hand side is generated by at least two non-commuting maps, rather
than using orbits coming from iteration of a single map.

Estimate (2) can be used to show that there are few primes p for which m (S, P)
is subexponential compared to Np. We quantify this assertion in the following
corollary.

Corollary 9. Let S, Ms and P be as in Theorem 7, and let § and § denote the (upper)
logarithmic analytic densities on sets of primes as described in Definition 12.

(a) There is a constant Cr = Co(K, V, S, P) such that
8({p € Spec(Rk) : my(S, P) < Np"}) < Cay
holds for all 0 <y < 1.

(b) Let L(t) be a subexponential function, i.e., a function with the property that

L(t
lim Q:O forall u > 0.

t—oo M
Then
3({p € Spec(Rg) : my(S, P) < L(Np)}) =0.

In the special case that V = P!, we show that the conclusions of Theorem 7 and
Corollary 9 are true for generic sets of maps. In the statement of the next result, we
write Rat, for the space of rational maps of P! of degree d > 2, so in particular Rat,
is an affine variety of dimension 2d + 1; see [20, §4.3] for details.

Theorem 10. Letr > 2, and let dy, ..., d, be integers satisfying
di,dy>4 and ds,...,d >?2.
Then there is a Zariski dense subset
U=U,...,d) S Raty x---xRatg,

such that the inequality (2) in Theorem 7 and the density estimates in Corollary 9 are
true for all number fields K /Q, all S eU(K), and all P € P! (K) for which Orbg(P)
is infinite.

The contents of this paper are as follows. In Section 2 we build upon prior

work [17; 21] of the second author to prove Theorem 7 and Corollary 9. Then in
Section 3 we use results from [10; 13; 23] to construct many sets of maps on P!
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for which the bounds in Section 2 apply. The key step is to construct a point in
every infinite orbit that is strongly wandering. The construction is explicit, and in
particular, Theorem 15 describes an explicit set ¢/ for which Theorem 10 is true.

2. The size of orbits modulo p

We start with a key estimate.

Proposition 11. Let S, Ms and P be as in Theorem 7. For each m > 2, we define
an integral ideal

(3) Dm)=Dm: K. V.S.P):== [] »

peSpec(Rk)
my (S, P)<m

There are constants C; = C; (K, V, S, P) fori = 3, 4 such that the following hold:
(@) If r =#S =1, then
loglogN®(m) < Csm  forallm > 2.

(b) Assume that S generates a free semigroup, that P € V(K) is strongly S-
wandering, and that r =#S > 2. Then

loglogN®D(m) < Cslogm  forallm > 2.
Proof. (a) This is [21, Proposition 10].

(b) Next, since V and § are polarized with respect to some line bundle £, we may
choose N > 1 and an embedding V € PV such that the f; extend to self-morphisms
of PV . Next, for notational convenience, we write my, for my(S, P) and use the
standard combinatorics notation [r] = {1, 2, ..., r}. Also to ease notation, we write
fi=fiof,o0---0fy for i=C(y,...,i) elrl.
Let

m=>1 and k=k(m):= Fog(m——l—l)—‘

log r

For each good reduction prime p, we consider the map that sends a function f; to
the image of P under reduction modulo p,

4) [r]* — Oz(P modp), i+ fi(P)( modp).

If
my <m, then k> my by our choice of k,

so the map (4) cannot be injective (pigeonhole principle) and there exist

I #jin (r1* satisfying  f; (P) = f;(P) ( mod p).
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Sine we have assumed that P is strongly wandering, i.e., that the map
Ms— V(K), [ f(P),
is injective, it follows that the global points are distinct,
fi(P) # [ (P),

so the ideals generated by their “differences” are non-zero.

More formally, [21, Lemma 9] says that there is an integral ideal € = €x C Ry
with the property that every point Q € PV (K) can be written with homogeneous
coordinates

0 =lag,...,an]
satisfying?
o, ...,y € Rg and (agRg +---anyRg) } Ck.
Applying [21, Lemma 9] to our situation, for the given P € V(K), we can write
fi(P) =[Ao(@). ... An()]

with Ag(i), ..., Ay(i) € Rk and such that the ideal
5) A(I) := Ag(i)Rg +---+ Ay(i)Rg divides the ideal €.
Then for p € we have

fi(P) = fj(P) (mod p)

— A,NDAY)=A,0)A,(j) (mod p) forall0 <u,v <N.

We define a difference ideal

B, j) = Y (A®AG) — A @DA))Rk,
0<u,v<N
and the product of the difference ideals
'my:= [] BGJ.
i jelrt iz
Then
ptC€andmy,<m = p|D'(m),

and hence
D(m) | €D (m).

21f Rk is a PID, then we can take €x = R, so ged(ey, - . ., ap) = 1. Thus [21, Lemma 9]
provides a weaker version of this ged result that holds for all Rg.
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Since € depends only on K, it remains to estimate the norm of ©'(m).
Let /(- ) denote the logarithmic Weil height on PV, and let (i) for i € [r1¥ be
the ideals defined by (5). Then, using [21, Proposition 7], we find for all i and j

that
1 NB(, j)

lo
(K:Q] 8 N2AG)-NAG)
where Cs is an absolute constant. Since N2((i) and N2((j) are smaller than NC,
this implies that

< h(fi(P))+h(f;(P))+Cs,

! .
T PENBG ) S RUP) + RSP+ Co.

Next we apply the height estimate

k
h(fi(P) < C- ] [ di,

u=1

which is a weak form of [12, Lemma 2.1]. This yields

k k
logNB(i, j) < C7-[ [ di, + C1-[ [ dj, + Cs.

u=1 u=1

[K : Q]
This gives
log®'(m) = Z logB(, j)

i jelrlt, i#j

k k
< > (C7-]_[diu+c7-]_[dju+c6)

i jelrlt, i%j u=1 u=1

k
<Cs-rk. Z l_[diu

ielr]k u=1

log(m+1)

I+ logr

Hence
loglog ®'(m) < Cyg-log(m + 1) + Cy;.

Since m > 2, we can absorb Cy into Cjg, although we remark that if we leave
in C11(K,V,S, P), then we can take Cjo to depend on only the degrees of the
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maps in S,
Clo=Crod.....dy) =1+ 22 ;:gr ),
This completes the proof of Proposition 11. O
Proof of Theorem 7. To ease notation, we let
logt 1
2(1) = Tg and G() = —.

We start with two elementary estimates. First, the mean value theorem gives

©®  Gm—Gm+)< sip —-G()= sup ——=—o

m<t<m-+1 m<t<m+1 tl+e  mlte

Second, an easy integral calculation gives
* log x 1
) Zg(m)G(m)Efl o ax=
m>1

We use these and our other calculations to estimate

Z log Np
Np - mj,

peSpec(Rk)
= > gNp)-G(my) (by definition of g and G)
peSpec(Rk)
=> Gm) > g(Np)
m>1 peSpec(Rk)
mp=m
= Z(G(m) —G(m+ 1)) Z g(Np) (Abel summation)
m>1 peSpec(Rk)
mpfm
€
=D 2 8w (from (6))
m=>1 peSpec(Rk)
mpfm
€ ..
=> e > g(Np) (by definition (3) of D (m))
m>1 peSpec(Rk)
pID(m)
€
<) i (Craloglog®(m)+C13)  (from [17, Corollary 2.3])
1
"= € ..
<Cyis Z vl logm (from Proposition 11(b))
m>1
=Clg-€- Z g(m)-G(m) (by definition of g and G)
m>1

<Cise! (from (7)). O
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Definition 12. Let P C Spec(Rg) be a set of primes. The upper logarithmic
analytic density of P is

log Np

8(P) := lim sup(s — 1)2

s—11 peP p

Similarly, the logarithmic analytic density of P, denoted §(P), is given by the same
formula with a limit, instead of a lim sup.

Proof of Corollary 9. (a) For any 0 <y < 1, we let

= {p € Spec(Rk) : my < Np”}.

Then
C logN
hiiPS Z g P (from Theorem 7)
€ Np - my,
peSpec(Rk)
log Np .
> Z (summing over a smaller set)
Np - my
peP,
log Np definit; ¢
¥ > Z W (by definition of P, ).
pePy

This allows us to estimate the upper logarithmic density of P, by

log Np
Np*

8(P,) =limsup(s — 1) Z

s—1t pE’PV

= limsup ye Z Np 1+y€ (setting s =14 ye)

e—0t

C
<limsup ye - et (from (8))
€

e—0t

=C1)/.

This completes the proof of Corollary 9(a).

(b) We let
= {p € Spec(Rg) : my, < L(Np)}.

The assumption that L is subexponential means that for all u > O there exists a
constant C16(L, ) depending only on L and pu such that

L) <t* forallt > Cig(L, ).
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We also note that

pePr <= my<L(Np)
9) = myp < (Np)* forall Np > Cis(L, p).

We now fix a u > 0 and estimate

log Np

8(Pr) =limsup A Z le

A—0F pePL

logN
= limsup A Z o %P (since u is fixed, so we can discard
A—>0F peP,

finitely many terms
Np=>Ci6(L, 1) y Y )

logN 1
<limsup X Z Oﬁl P —7 (from (9))
a=0t 5, Pomy

Np>Ci6(L,u1)

log Np 1
<limsup X
A—0t Z N]J Q/M

peSpec R

5\ !
<limsupix-Cj- <—) (from Theorem 7)
I

A—>01

=Ciu.
This estimate holds for all © > 0, so we find that
5(PL) < ;ggcl -n=0,
which completes the proof that 6 (P) = 0. O

3. Orbits of generic families of maps of P!

In this section, we show that there are many sets of endomorphisms of P! for which
Theorem 7 holds. To make this statement precise, we need some definitions.

Definition 13. Let f be a non-constant rational map of P! defined over Q. A
point w € P (Q) is a critical value of fif f ~I(w) contains fewer than deg(f)
elements. It is a simple critical value if

#f (w) =deg(f) — 1.

The map f is critically simple if all of its critical values are simple.

Definition 14. Let f and g be non-constant rational maps of P! with respective
critical value sets CritVal y and CritVal,. We say that f and g are critically separated
if

CritVal N CritVal, = @.
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Our first result says that the conclusions of Theorem 7 and Corollary 9 hold for
certain sets S that contain a pair of critically simple and critically separated maps
and initial points P with infinite orbit.

Theorem 15. Let K /Q be a number field, let S be a set of endomorphisms of P!
defined over K containing a pair of critically simple and critically separated maps
of degree at least 4, and let P € P'(K) be a point with infinite S-orbit. Then there
is a constant C17 = C17(K, S, P) such that for all € > 0,

log N
Z - og Sppefcw'eil'
pespectrr) P Mp(S, P)

Remark 16. In particular, there is a constant C1g(S) such that Theorem 15 holds
for all P € P'(K) satisfying h(P) > C;3(S); see Lemma 18.

We start with a definition and some basic height estimates. In what follows, we
fix an embedding V € P and extend the maps f; to self-morphisms of PV; here
we use our assumption that S is polarizable with respect to some line bundle L.
Moreover, /(-) denotes the logarithmic Weil height on PV,

Definition 17. A point P € V is moderately S-preperiodic if
go f(P)= f(P) forsome f,ge Mg with g # 1.

Lemma 18. Let V/Q be a variety, and let S = {fi, ..., f,} be a set of polarized
endomorphisms as described in Definition 1. Then there exists a constant C19 =
C19(S, V, L) such that the following statements hold for all Q € V (Q):

(a) If Q is moderately S-preperiodic as described in Definition 17, then h(Q) <Cjo.
In particular, this is true if Orbg(Q) is finite.

(b) If h(Q) > Ch9, then
h(f(Q)) = h(Q) forall f € Ms.

Proof. These estimates are proven in [4, Lemma 2.11]. ([

We combine Lemma 18 with the techniques in [13; 19] to obtain the following
result for pairs of maps that are critically simple and critically separated.

Proposition 19. Let f and f> be endomorphisms of P! of degree at least 4, let S =
{f1, f2}, and suppose that f| and f, are critically simple and critically separated.
Then the following statements hold:

(a) The semigroup My is free.

(b) Let P € P1(Q) be a point whose S-orbit Orbg(P) is infinite. Then there exists
a point Q € Orbs(P) such that Q is strongly S-wandering as described in
Definition 2.
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Proof. (a) See [13, Proposition 4.1].

(b) We fix a number field K over which P, fi, and f, are defined. Letting A C
P! x P! be the diagonal, we define three curves

L= (fi x fi)~'(A) fori=1,2,
Fi2i=(fix )7(A).

Then the main results in [19] (see also [13, Proposition 4.6]) imply that the curves I';
and I'y are each the union of A and an irreducible curve of geometric genus > 2,
while I'; 5 is itself an irreducible curve of geometric genus > 2.

More specifically, the assumption that f; and f; are critically simple implies
from [19, Corollary 3.6] that C; . A and C; . A are irreducible, while the assump-
tion that f; and f> are critically separated implies from [19, Proposition 3.1] that

C1.2 is irreducible. It then follows from [19, pages 208 and 210] that the geometric
genera of these curves are given by the formulas

genus(I'; N A) = (deg(ﬁ) — 2)2 fori=1,2,
genus(I'; 2\ A) = (deg(f1) — D(deg(f2) — D).
In particular, the assumption that f; and f, have degree at least 4 ensures that these
genera are at least 2.

We now invoke Faltings’s theorem [9], [14, Theorem E.0.1] to deduce that the
set

Yi=T12K)UT N ANK)U (2N A)K)
is finite. We note that the definition of ¥ says that for all P, Q € P'(K), we have
P#Q and fi(P)=fi(Q) = (P,0)eX

10) P#Q and fo(P)=f(Q) = (P,Q)eX
HP)y=H(Q) = (P,QeX

Let 771, > : P! x P! — P! be the two projection maps, and let
Cao:=max({h(P): P e 1 (T)}U{h(P): P € m(2)})

be the maximum of the heights of the coordinates of the finitely many points in X.
We then set

C21 ;= max{Cg, Cyo},

where Cy9 is the constant that appears in Lemma 18.
The fact that Orbg(P) € P'(K) is infinite, combined with Northcott’s theo-
rem [18] saying that P!(K) has only finitely many points of bounded height,
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implies that there exists a point Q € Orbg(P) satisfying

(11) h(Q) > C21.
We claim that Q is strongly wandering for S. To see this, suppose that
(12) ﬁlO”'Of\in(Q):fjlo”'of]’m(Q)’

where without loss of generality we may assume that n > m. Our goal is to prove
that m =n and iy = ji forall 1 <i <n.
To ease notation, we let

(13) F=f,o---ofi, and G=fjo0---0f;
be the compositions with the initial map omitted. Thus (12) and (13) say that
(14) £ (F(@) = £ (G(Q)).

It follows from (14) and (10) that one of the following is true:
() i1 =jiand F(Q) = G(Q).

(i) i1 = ji and F(Q) # G(Q) and (F(Q), G(Q)) € =.

(iii) i1 # ji and (F(Q), G(Q)) € =,

On the other hand, we know that

(F(Q),G(Q)ex = h(F(Q))<Cu<h(Q)

by (11). But this contradicts Lemma 18. Hence (ii) and (iii) are false, so (i) is true.
We recall that m < n, so repeating this argument, we conclude that

iy = jk forall 1 <k <m.
If m < n is a strict inequality, then we see that

Jing 00 fi,(Q) = Q.

But then Lemma 18 implies that #(Q) < C19 < C»1, and we obtain a contradiction
of (11). Thus m =n and iy = ji for all 1 < k <n, which completes the proof that O
is a strongly S-wandering point. U

We now have the tools in place to prove Theorem 15.

Proof of Theorem 15. Let S be the given set of endomorphisms of P!, and let f
and f, be the given maps in S that have degree at least 4 and that are critically
simple and critically separated. We let

S'={f1, fo}.
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We are given that the point P € P! (K) has infinite S-orbit, and hence by Northcott’s
theorem [18], there are points of arbitrarily large height in Orbg(P). We choose a
point

Q' € Orbg(P) satisfying h(Q") > C1o(S'),

where C19(S’) is the constant associated to the set S” appearing in Lemma 18. In
particular, it follows from Lemma 18(b) and Northcott’s theorem that Orbg (Q")
must be infinite. Then Proposition 19 implies that Mg is free and that there is a
point

Q € Orby (Q') S Orbs(P)

that is strongly S’-wandering. Applying Theorem 7 to the set S” and the point Q,
we deduce that

logN logN
Z N - g(Spp)e = Z Np - g(SfJ 0)¢ < Ciye”!
peSpec(Ry) P MRS pespec(Rg) P MR (5%

for some constant Cy7 depending on S, Q (and so P) and K. For this last conclusion,
we have also used the fact that

mp(S/5 Q) = mp(Sa P)y
which is immediate from the inclusion Orbg' (Q) € Orbg(P). ([l

Proof of Theorem 10. We recall that Rat; denotes the space of rational maps of
degree d. Then it follows from Theorems 1.1-1.4 in [19] that if d;, d» > 4, then
the set

L _ f1 and f> are critically simple
Vir.a, 7= :(f 1> J2) € Ratg, x Ratg, : and critically separated

is Zariski dense in Rat,, x Ratg,. Then for any ds, ..., d, > 2, the set
uw,,...,d):= Va4, .4, X Ratg, x -+ x Raty,

is Zariski dense in Ratg, X - - - x Ratg , and Theorem 15 gives us that the desired
inequality (2) for every S generated by a set of maps

(i, f)eU(d, ... d). O

We conclude with a variant of Theorem 15 in which the maps are polynomials.
We start with a definition.

Definition 20. A polynomial f(x) € Q[x] is power-like if there exist polynomi-
als R(x), C(x), L(x) € Q[x] such that

f=RoColL,deg(L)=1,deg(C) > 2,

C(x) = a power map or a Chebyshev polynomial.
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Theorem 21. Let K /Q be a number field, let S be a set of endomorphisms of P!
defined over K , and let P € P! (K) be a point such that Orbg(P) is infinite. Suppose
further that S contains polynomials f|(x), f>(x) € K[x] having the following
propetrties:

(1) Neither f| nor f, is power-like; see Definition 20.
(2) Forall g € @[x] satisfying deg(g) > 2, we have

J1# faog and fo# fiog.

Then there is a constant Cyy = Cx» (K, S, P) such that for all € > 0,

log N
Z —N 8P <Cp- 6_].
peSpec(Rx)

The proof of Theorem 21 is similar to the proof of Theorem 15, except that we
use [10; 23] instead of [13; 19]. As a first step, we need the following result, which
is a polynomial analogue of Proposition 19.

Proposition 22. Let f| and f, be polynomials satisfying the hypotheses of Theorem
21, and let S = { f1, f2}. Then the following statements hold:

(a) The semigroup My is free.
(b) Let P € P! (@) be a point whose S-orbit Orbg(P) is infinite. Then there exists
a strongly S-wandering point Q € Orbg(P).
Proof. (a) See [13, Proposition 4.5].

(b) The proof is very similar to the proof of Proposition 19, so we just give a brief
sketch, highlighting the differences. We note that we have picked a coordinate
function x on P!. We let co € P! be the pole of x and let Al = P! < {o0}.
Replacing P with another point in Orbg(P) if necessary, we may assume that P 7 0o
is not the point at infinity. We choose a set G of primes of K so that the ring of G-
integers Rk @ satisfies

PeA'(Rxes) and fi(x), fo(x) € Rk slx].

We use the map f| x f>: A2 — A? to define three affine curves,

Tii=(fix ) (A, Tai=(fHxfH)(A), Tiz:i=(fixfH)7(A).

Then [13, Proposition 4.5], itself a consequence of the main results of [10; 23],
tells us that these are geometrically irreducible curves of geometric genus at least 1.
(This is where we use the assumptions (1) and (2) of Theorem 21 on f; and f>.)
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The Siegel-Mabhler theorem for integral points on affine curves [14, Theorem D.9.1]
then implies that

I''(Rk.e), T'2(Rke), and I'12(Rg.e) are finite sets,
and hence that

X :=T12(Rg,s) U1 NA)(Rg,s) U2\ A)(Rg,e)

is finite.
The remainder of the proof of Proposition 22 follows the proof of Proposition 19,
starting with the three possibilities described in (10). O

Proof of Theorem 21. The proof of Theorem 21 is identical to that of Theorem 15.
We first use Lemma 18, Proposition 22, and the fact that Orbg(P) is infinite to find
a point Q € Orbg(P) that is strongly wandering for S" = { f1, f2}. We then apply
Theorem 7 to the point Q and the set S’ = {f1, f>} to deduce the desired result
for P and S. ([l
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TROPICAL LAGRANGIAN MULTISECTIONS
AND TORIC VECTOR BUNDLES

YAT-HIN SUEN

We introduce the notion of tropical Lagrangian multisections over a fan
and study its relation with toric vector bundles. We also introduce a “SYZ-
type” construction for toric vector bundles which gives a reinterpretation of
Kaneyama’s linear algebra data. In dimension 2, this “mirror-symmetric”
approach provides us a pure combinatorial condition for checking which
rank 2 tropical Lagrangian multisections arise from toric vector bundles.

1. Introduction

Toric geometry is an interaction between algebraic geometry and combinatorics.
Difficult problems in algebraic geometry can usually be simplified in the toric
world. Toric geometry also plays a key role in the current development of mirror
symmetry. It provides a huge source of computable examples for mathematicians
and physicists to understand mirror symmetry [1; 2; 4; 5; 6; 8; 12; 13; 14]. The
famous Gross—Siebert program [18; 19; 20] applies toric degenerations to solve
the reconstruction problem in mirror symmetry, which is often referred to as the
algebro-geometric SYZ program [27].

In this paper, we study the combinatorics of toric vector bundles. The study of
toric vector bundles can be dated back to Kaneyama’s classification [21] using linear
algebra data and also Klyachko’s classification [23] using filtrations indexed by rays
in the fan. Payne [25; 26] studied toric vector bundles and their moduli in terms
of piecewise linear functions defined on cone complexes. Motivated by the work
of Payne, the notion of tropical Lagrangian multisections was first introduced by
the author of this paper in [28] and generalized to arbitrary 2-dimensional integral
affine manifolds with singularities in a joint work with Chan and Ma [9].

We begin by recalling some elementary facts about toric varieties and toric vector
bundles in Section 2. In Section 3, we introduce the notion of tropical Lagrangian
multisections over a complete fan ¥ on Ng =R". A tropical Lagrangian multisection
L over X is a branched covering map = : (L, X, n) — (Nr, %) of connected cone
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complexes' (i : £, — Z. is the weight or multiplicity map) together with a
piecewise linear function ¢ : L — R. We will introduce three more concepts,
namely, combinatorial union, combinatorial indecomposability and combinatorial
equivalence. These concepts allow us to break down a tropical Lagrangian multisec-
tion into “indecomposable” components. Moreover, these components enjoy some
nice properties, for instance, the ramification locus of a combinatorially indecom-
posable tropical Lagrangian multisection lies in the codimension 2 strata of (L, X;)
(Proposition 3.23). Such indecomposability is also related to indecomposability of
toric vector bundles as we will see in Section 4 (Theorem 4.7).

In Section 3A, we follow [26] to associate a tropical Lagrangian multisection L¢
to a toric vector bundle £ on X'5. Section 4 will be devoted to the converse. Namely,
given a tropical Lagrangian multisection L over a complete fan X, we would like
to construct a toric vector bundle on Xy. We call this the reconstruction problem.
One should not expect L to completely determine a toric vector bundle due to its
discrete nature, and Payne has already proved in [26] that L¢ only determines the
total equivariant Chern class of £. Therefore, we need to introduce some continuous
data (Definition 4.1), which are the linear algebra data given by Kaneyama [21].
The set of all such data on L modulo gauge equivalence will be denoted by IC(L).

A fundamental question that this paper would like to answer is: When is
K(L) # @7 In Section 4B, we give a “SYZ-mirror-symmetric” approach to solve
this problem. First of all, SYZ mirror symmetry [27] suggests that if a symplec-
tic manifold admits a Lagrangian torus fibration, its complex mirror is obtained
by taking the dual torus fibration. Furthermore, the SYZ program also suggests
that holomorphic vector bundles are mirror to Lagrangian multisections. Given a
Lagrangian multisection whose underlying covering map is unbranched, its SYZ
transform was defined in [7; 24]. However, the covering map can be branched over
the base of the SYZ fibration. The SYZ program then suggests we first construct
the semiflat bundle, which is obtained by the usual SYZ transform with the branch
locus removed. However, the semiflat bundle would receive nontrivial monodromies
around those fibers above the branch locus and thus cannot be extended to the whole
mirror space. To perform extension, we need to cancel these monodromies by
remembering the ramification locus. The SYZ program suggests that the ramification
locus should be remembered by the holomorphic disks bounded by the multisection
and certain SYZ fibers. The exponentiation of the generating function of these
holomorphic disks is the so-called wall-crossing automorphism. A good local
example was given by Fukaya [15, Example 4.4]. Moreover, he also pointed out in
[15, Section 6.4] that, when the rank is 2, the semiflat bundle needs to be twisted by
a nontrivial local system in order to carry out the monodromy cancellation process.

I [28], we assume the domain L is a topological manifold. We extend the definition here by
allowing L to be a cone complex, which is not necessarily a manifold.
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Going back to our tropical world, we restrict our attention to combinatorially
indecomposable tropical Lagrangian multisections. This assumption implies the
ramification locus is contained in the codimension 2 stratum L"~2 of (L, ;)
(Proposition 3.23). Following the idea of the SYZ program and Fukaya’s proposal,
the reconstruction program should consist of two steps. The first step is to equip
L\L"=2 with a suitable C*-local system £. Then we construct in Section 4B1
the semiflat mirror bundle £ (L, £) of (L, £), which is a rank r toric vector bundle
defined on the 1-skeleton

= U X
tex(n—1)
of Xy. In general, the semiflat mirror bundle cannot be extended to Xy due to
the presence of monodromies of & : L — Ng around the branch locus § C Ng.
In order to cancel these monodromies, we will introduce a set of local automor-
phisms © := {0 (®)}rex(n—1).w'cs in Section 4B2 to correct the transition maps
of £(L, £) so that it can be extended to X. If there exists a C*-local system £
on L\L"=? and a collection of factors ® that satisfy the consistency condition
(Definition 4.15), the tropical Lagrangian multisection is called unobstructed
(Definition 4.17 and see Remark 4.18 for the terminology). Being unobstructed
allows us to define a 1-cocycle {G4,0,}0,,00ex(n) and gives a toric vector bundle
E(L, L, ®) over Xy. It turns out that all Kaneyama data arise from this construction.

Theorem 4.21. Suppose L is combinatorially indecomposable and admits a
Kaneyama data g. Then there exists a C*-local system £ on L\L"? and
consistent © such that E(L, L, ®) =E(L, g).

The factors {©;(w')} should be thought of as wall-crossing automorphisms as
described above, which are responsible for Maslov index 0 holomorphic disks
bounded by a Lagrangian multisection and certain fibers of the torus fibration
T*Nr/M — Ng. Hence our reconstruction program can be regarded as a “tropical
SYZ transform”.

In the last section, Section 5, we apply our “SYZ construction” to study the
unobstructedness of combinatorially indecomposable tropical Lagrangian multi-
sections of rank 2 over a complete fan on Ng = R?. First of all, not all such
objects are unobstructed (Example 5.1). Therefore, we need extra conditions to
guarantee unobstructedness. We will define a slope condition (Definition 5.8), which
is completely determined by the combinatorics of the piecewise linear function
¢ : L — R of L. It turns out this combinatorial condition completely determines
the obstruction of L.

Theorem 5.9. A combinatorially indecomposable rank 2 tropical Lagrangian multi-
section L over a 2-dimensional complete fan ¥ is unobstructed if and only if it
satisfies the slope condition.
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From the proof of Theorem 5.9, we can deduce an interesting inequality, bounding
the dimension of moduli spaces of toric vector bundles with fixed equivariant Chern
classes by the number of rays in X.

Corollary 5.10. If L is a combinatorially indecomposable rank 2 tropical La-
grangian multisection, then we have the inequality dimc (IC(L)) <#X(1) — 1.
2. Toric varieties and toric vector bundles

We first recall some basics in toric geometry. Standard references are [10; 11; 17].
Throughout, we denote by N a rank n lattice and M := Homgz (N, Z) the dual lattice.
We also set Ng := N @z R and MR := M ®z R. A fan ¥ in Ny is a collection of
rational strictly convex cones in Ng such that

(1) if o € ¥ and t C o is aface, then T € ¥ and
2) if 01,00 € X, thenojNoy € X.

Denote by X (k) the collection of all k-dimensional cones in X. For each cone
o € X, one can associate the corresponding dual cone oV in Mg, which is defined by

oV ={xeMg:(x, &) >0 V& €o)}.
It is also a strictly convex rational cone. For T C o, we have 0¥ C tV. Define
U (o) := Spec(Clo¥ N M)).
There is a (C*)"-action on U (0), given by
A=A,

form e 0¥ N M. For T C o, we have an open embedding U (t) — U (o). The toric
variety Xy associated to X is defined to be the direct limit

Xy :=1limU (o).
The (C*)"-actions on affine charts agree and so induce a (C*)"-action on Xy.

Definition 2.1. Let X5 be an n-dimensional toric variety. A vector bundle £ on Xy
is called toric if the (C*)"-action on Xy lifts to an action on £ which is linear
on fibers. Equivalently (see [21]), for each A € (C*)", there is a vector bundle
isomorphism A*E = £ covering the identity of Xy.

Given a toric vector bundle £ on Xy, the (C*)"-action constrains the transition
maps of €. Let G, : E|y) — U(o) x C" be an equivariant trivialization and

Gooy ' =Go,0G, ' :U(01N02) x C" = Uy Noy) x €
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be the transition map from the affine chart U (o) to the chart U (o2). We can always
choose the trivialization G, : £|ye) = U (o) x C" so that (C*)" acts diagonally

on fibers, that is, the action on C[c¥ N M]®c Cl1t, ..., t,] is of form
A (Z’nv tlv ) t}") = ()"mzmv )\'m(l)(a)tlv R )“m(r)(a)tr)
for some m (o), ..., m") (o) € M. Since this action extends to X, we must have

G(aﬂ) (Z) — g((;?gz)zm(a)(nl)_m(ﬂ) (‘72)

0102

for some gf,‘fé; € C so that gf;j‘{i; # 0 only if m®@ (01) —m® (o) € (61 Nm)V NM.

3. Tropical Lagrangian multisections

In this section, we introduce the notion of tropical Lagrangian multisections. We
begin by reviewing some basics about cone complexes. We follow [26] with some
small notational changes.

Definition 3.1 [26, Definition 2.1]. A cone complex consists of a topological
space X together with a finite collection X of closed subsets of X and for each
o € X, a finitely generated subgroup M (o) of the group of continuous functions
on o, satisfying the following conditions:

(1) The natural map ¢, : 0 — (M(0) ®z R)" given by
x = (ur>u(x))

maps o homeomorphically onto a convex rational polyhedral cone.

(2) The preimage of any face of ¢, (o) is an element of ¥ and
M(z) ={m|. |m € M(o)}.
(3) The topological space X admits the decomposition

X = || Int(o),

geEX

where Int(o) denotes the relative interior of o.

A cone complex (X, ¥) is said to be connected if the topological space X is
connected. The space of piecewise linear functions on (X, X) is defined to be

PLX,2Z)={p: X—>R|¢ple e M(oc) Vo € X}.

Remark 3.2. The connected components of X are parametrized by minimal cones
in X. See [26, Remark 2.6].
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Definition 3.3 [26, Definition 2.9]. A morphism of cone complexes f: (X', Tx/) —
(X, x) is a continuous map f : X’ — X such that for any o’ € Xx, there exists
o € X such that f(¢') Co and f*M(c) C M(c').

Definition 3.4 [26, Definition 2.16]. A weighted cone complex consists of a cone
complex (X, X) together with a function u : X — Z.¢ such that for any o € X,
Mmt(o) 1s constant. We simply write (o) for p|imi(o)-

If (X', ¥x) is weighted by ., for a surjective morphism f: (X', x/) — (X, Xx),
we can define Trs(u) : X — Z.¢ by

Try(u)(x):= > wk),
x'ef=1(x)
called the trace of u by f.

Definition 3.5 [26, Definition 2.17]. Let (B, X) be a connected cone complex and
(L, 21, ) be a connected weighted cone complex. A branched covering map
mw:(L, X, n) — (B, X) is a surjective morphism of cone complexes such that

(1) for each o’ € ¥, m maps o homeomorphically to 7 (o) € %,

(2) for any connected open set U C B and connected V C 7~ (U), the function
Try), (u) : U — Z- is constant.

The morphism 7 : (L, £1, u) — (B, X) is said to be ramified along " € ¥ if
w(t’) > 1. The number Tr; (w) is called the degree of 7 : (L, X1, u) — (B, X).
The subset
S :=S5(L) = U ' CL
veXpiu(t)>1
is called the ramification locus of = and § := S(L) := 7 (S’) is called the branch
locus of 7.

Definition 3.6. Let 7y : (L1, X1, n1) = (B, X), 12 : (L2, Ep,, 2) — (B, ¥)
be branched covering maps of the same degree. We write | < m, if there exists
a surjective morphism of cone complexes f : (L2, X1,) — (L1, Xr,) such that

myo f=mp and Try(uz) = p1.
Definition 3.7 [26, Definition 2.26]. A branched covering map = : (L, Xz, ) —

(B, X) is called maximal if it is maximal with respective to the partial ordering
given in Definition 3.6.

Given a cone complex (L, X1 ), we define

1=k — U ' C L.

t'eXcodim(t)=k

the codimension k stratum of (L, ¥;). Payne showed in [26, Proposition 2.30]
that if X is a complete fan in N, the ramification locus of any maximal branched
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covering map « : (L, X1, ) — (Nr, 2) lies in the codimension 2 stratum L=
of (L, ¥1). Now we focus on B = Ng =R" and X is a complete fan on Ng. In this
case, B carries a natural affine structure and X turns (B, X) into a cone complex.
If 7 : (L, 2L, u) — (B, X) is a branched covering map, then for any o’ € X, (n),
we have 7*M =n*M (o) = M(0') as |, : 0’ — o is an isomorphism. Hence we
can identity M (c") with M via 7* naturally. We can then define

Lin(L) :={f € C%L,R) :3m € M such that f|,, =m Vo' € .},

to be the space of linear function on L. It is clear that Lin(L) C PL(L, X).
Moreover, as L is assumed to be connected, it is clear that Lin(L) = Lin(B) = M.

Definition 3.8. Let X be a complete fan on Ng. A tropical Lagrangian multisection
of rank r over X is a quintuple L := (L, ¥, u, 7, ¢), where

(1) (L, X1) is a connected cone complex weighted by u,
2) m: (L, X, u) > (Ng, X) is a branched covering map such that Tr, (i) =r,

(3) ¢ is a piecewise linear function on (L, Xy ).

The number r is called the rank of L and is denoted by rk(L). The underlying
branched covering map of L is denoted by . A tropical Lagrangian multisection L
is said to be maximal if L is maximal.

Remark 3.9. In [28], the author provided a definition of tropical Lagrangian
multisections over integral affine manifolds with singularities whose domain of
the branched covering map is a topological manifold. While in [9], the authors
gave a definition of tropical Lagrangian multisections over 2-dimensional integral
affine manifolds with singularities equipped with polyhedral decomposition, where
they also assumed the domain is also a topological manifold equipped with a
polyhedral decomposition that is compatible with the covering map. Of course, if
we restrict our attention to the case where the affine manifold is R> with polyhedral
decomposition being a fan X, Definition 3.8 extends Definition 3.6 in [9] because
we don’t assume L is a topological manifold here.

Remark 3.10. In [2], Abouzaid used the terminology “tropical Lagrangian section”
to stand for an honest Lagrangian section of the torus fibration Log : (C*)" — R".
The term “tropical” in this paper stands for a combinatorial/discrete replacement
for Lagrangian multisections, which are supposed to be mirror to vector bundles
on Xy. However, it is not hard to show that a tropical Lagrangian section (r = 1)
in our combinatorial sense always produces a tropical Lagrangian section in the
sense of Abouzaid by smoothing the piecewise linear function ¢ : || — R suitably.
Thus our definition is somehow a generalization of Abouzaid’s one. Nevertheless,
we apologize for any possible confusion with the use of the terminology here.
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Definition 3.11. Let L, L, be tropical Lagrangian multisections of the same rank.
We write L} <L, if L; <L, via some f such that f*¢; = ¢».

Definition 3.12. Let L, L, be tropical Lagrangian multisections over a fan X. We
write Lp ~. L if rk(L;) =rk(L;) and there exists a tropical Lagrangian multisection L
over X such that L <L; forall i =1, 2. We say L, is combinatorially equivalent
to L, if there exists a sequence of tropical Lagrangian multisections L, L5, ..., L;
such that I} =1, =l and I | ~ L} foralli=1,...,k—1.

Remark 3.13. The relation ~, is only reflexive and symmetric. The notion of combi-
natorial equivalence is the transitive closure of ~. and hence, an equivalence relation.

Now we define an important class of tropical Lagrangian multisections.

Definition 3.14. A tropical Lagrangian multisection L = (L, Xy, u, 7, ¢) is said to
be k-separated if it satisfies the following condition: For any v € X (k) and distinct
lifts 7@, t® ¢ %, (k) of 7, we have ¢|,@ # ¢|,». Note that k-separability
implies K-separability for all K > k. A tropical Lagrangian multisection is said to
be separated if it is 1-separated.

Remark 3.15. Definition 3.14 holds vacuously for all rank 1 tropical Lagrangian
multisections.

We can always “separate” a tropical Lagrangian multisection in the following
sense.

Proposition 3.16. For any tropical Lagrangian multisection L over X, there exists
a separated tropical Lagrangian multisection sy over ¥ such that Lgp < L. In
particular, every tropical Lagrangian multisection is combinatorially equivalent to
a separated one.

/
sep

lifts 0@, 0 € ¥ of o are identified if and only if ¢|, @ = ¢|,®. We denote the
quotient map L — L, by ¢g. The set of cones is given by

Proof. We define a cone complex (Lgep, X¢.,) as follows. Let o0 € . Two

Yep i =1lg(@) | o' e 1}
The projection map 7 : L — Np factors through ¢ and hence descends to a projection

Tsep  Lsep = Nr. Define pugep :=Tr, (). It is clear that mep : (Lsep, E;ep, Msep) —
(N, X) is a branched covering map. We define ¢gep : Lsep — R by

Qoseplq((r/) = @lgr.

Itis clear that ¢geply (o) is independent of the choice of 0" € X and ¢y, is continuous.
It also follows from construction that g*gsep = ¢. Hence L, < L. O

Example 3.17. Given a tropical Lagrangian multisection [ as shown in Figure 1,

its canonical separation L is given by gluing oD, 0(52) over oyp.
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Figure 1. The canonical separation L, of L.

Definition 3.18. The tropical Lagrangian multisection [sp constructed in the proof
of Proposition 3.16 is called the canonical separation of L.

Construction 3.19. There are three natural operations on tropical Lagrangian
multisections. As we will see in Proposition 3.26, they correspond to algebraic
operations of toric vector bundles.

(1) GivenlL=(L, X7, u, w, @), weput —L:=(L, X, u, w, —¢), called the dual
of L.

(2) Given two tropical Lagrangian multisections L, L, with rank ry, rp, respec-
tively, we can construct another tropical Lagrangian multisection L; U, L, by
gluing v’ € X1, " € ¥J whenever 771 (t") =7 (t") =t and ¢; |, =1 |». The do-
main of LU, [, is denoted by LU, L, and the quotient map L{ULy — L{U.L>
is denoted by g. The set of cones is given by

YU i={q(0") | o' e Z{u )}
and the multiplicity map is given by

(1 Ue o)) := > wi(o)) + > w2(03).

o€ :q(0])=0" 0,€%5:q(0)=0"
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In particular, the rank of L U, L, is r; + rp. Finally, the piecewise linear
function is given by

piler  ifgo]) =0" € q(X)),
(01 Ue )]s = . o, ,

a2l ifg(oy) =0" € q(%)).
It follows from the definition of ¢ that ¢; U, ¢, is well-defined and continuous.
We call the tropical Lagrangian multisection L; U, L, the combinatorial union

Of |]_1, l]_z.

(3) We define the tropical Lagrangian multisection L; x5 L, of rank rir, with
domain L x x| Lo, the set of cones X| xx ¥, the multiplicity map

o) X 05 > (o) u2(02)

and the projection o] X, 03 > o. The piecewise linear function is given by

(x1, x2) = @1(x1) + @2(x2).

Finally, denote the canonical separation of L x|x| Ly by L; X, L, called the
combinatorial fiber product of L1, L,.

Note that L; U, L, L; x. L, are always separated by construction.

Definition 3.20. Let L, L, L, be tropical Lagrangian multisections over X. We
say L is combinatorially decomposable by L1, L, if L is combinatorially equivalent
to L; Ue L. A tropical Lagrangian multisection is said to be combinatorially
indecomposable if it is not combinatorially decomposable for all pairs of L, L,.

Every tropical Lagrangian multisection can be combinatorially decomposed into
a union of indecomposable ones. However, such decomposition is not unique most
of the time.

Example 3.21. Figure 2 shows a combinatorial indecomposable tropical multi-
section over the fan of P2. It is also separated as the piecewise linear function
has different slopes along distinct lifts of every ray. This tropical Lagrangian
multisection is in fact the associated branched covering map of cone complexes
of Tp2. See [26].

Example 3.22. Figure 3 shows a combinatorial indecomposable tropical Lagrangian
multisection over the fan X, of the Hirzebruch surface [F;. The notation Uy stands
for gluing the two cone complexes (both are (R?, Xf,), but decorated by two
different piecewise linear functions) on the left at the origin 0 € Ng. Again, it is
easy to see that this tropical Lagrangian multisection is also separated.

As Example 3.21 suggests, there is a relation between combinatorial indecom-
posability and separability.
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Figure 2. A combinatorially indecomposable tropical Lagrangian
multisection over the fan of P?

(0,1) (0,1) (0,1)
& (1,1) (1,1)
—£
™
(~1,0) Up (-1,0) (-1.0)
-& & ‘
(0,-1) (0,-1)
L 2

Figure 3. A combinatorially decomposable tropical Lagrangian
multisection over the fan of [

Proposition 3.23. Suppose L is combinatorially indecomposable. Then L is (n—1)-
separated and the ramification locus of w : L — Np lies in the codimension 2
strata L2 of (L, £1). When dim(Ng) = 2, the converse is true with the stronger
assumption that L is maximal.

Proof. We first prove combinatorial indecomposability implies (n—1)-separability
under the assumption §’(L) ¢ L"~2. Suppose L is not (n—1)-separated, that is,
there exists T € X (n — 1) and distinct lifts 7@, t®®) € ¥ such that Ol = @lep-
Choose a loop y : [0, 1] - Nr\S(L) so that y(0) = y (1) € Int(r) and it goes into
the interior of each maximal cone once and transverse to the codimension 1 strata.
By concatenating y with itself and using the path lifting lemma, we obtain a lift
Y 10, 11— L\S'(L) of y so that '(0) € Int(t®) and y’(1) € Int(z?)). Let

(O) R . ’ / 7O . _ ’
Ey, ={o' e X :Int(c") Ny # o}, L, = U o' CL.

U’GZ‘),/(n)
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Then there is a cone complex (L( RaD> L) obtained by gluing 1@ 7# Denote
Y’
the quotient map by ¢ : L(l) L(l) By considering

T2 = (ZAD) U@, o)

and gluing 7®, #), we obtain another cone complex (L;Z,), 3, @) and a quotient
. . . Y
map ¢». There are two obvious projections

(l) L(l) N N

) s into branch covering maps. The function

We take @) :=Try, (;/,|L<Vt>) to make ny,
0| L“) descehds to L(’) and turn them into two tropical Lagrangian multisections I]_( )
and [L(Z) It is then clear that L = I]_(l) I]_(Z)

Now we handle the general case. Suppose S'(L) ¢ L™2_ Then there is a
codimension 1 cone 7 € £ (n — 1) such that T C S(L). Pass to a cover f : ' — L
such that S’ (L") lies in the codimension 2 strata of (L', ¥;/). Then 7 has two distinct
lifts 7@, 7 € %7/ (n — 1) such that f*¢|,« = f*¢|,». Hence L’ is not (n—1)-
separated and hence combinatorially decomposable. But L’ is combinatorially
equivalent to L and so L is also combinatorially decomposable.

For the converse, note that 1-separability of L implies any covering morphism
of the form L — L’ is an isomorphism. Indeed, if f : L — L’ is not injective,
there exists distinct 7@, 7® e ©;(1) so that f(¢ @) = f(c¢®). This implies
@l = @lyp. As T@ £ B this contradicts separability. However, maximality
of L also implies all covering morphism of the form " — L is an isomorphism.
Therefore, if L is combinatorially decomposable, say by L, L, then L =1 U, L,,
which violate maximality. ([

Remark 3.24. The converse of Proposition 3.23 is not true without the maximality
assumption. For example, let ¥ be the fan of P? and ¢y, ¢ be the piecewise
linear functions correspond to Op2, Op2 (D1 + Dy — 2Dy), where Dy, Dy, D, are
invariant divisors. Then L; := (N, Z, 1, idyg, ¢i), i =0, 1 are tropical Lagrangian
multisections. Then it is easy to see that Lo U, L; is separated with the zero cone
being the only ramification point. It is obvious that Ly U, L; is combinatorially
decomposable by Lo, L;.

3A. From toric vector bundles to tropical Lagrangian multisections. Let Xy be
the associated toric variety of X. Given a rank r toric vector bundle £ on Xy, we
can associate a rank r tropical Lagrangian multisection ¢ over X by following the
construction in [26].
Let 0 € ¥ and U (o) be the affine toric variety corresponding to o. The toric
vector bundle splits equivariantly on U (o) as
Eluem= B Lune:

m(o)em(o)
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where m(c) C M(c) := M/(c* N M) is a multiset and Lm (o) 1s the line bundle
corresponds to the linear function m(o) € M (o). We define L¢ as follows. Let
|2| — X be the map given by mapping x € | X| to the unique cone o € X such that
x € Int(o). Equip ¥ with the quotient topology. Define

Ye:={(o,m(0)) |0 € X, m(0o) e m(o)}
and let ¥¢ — X be the projection
(o,m(0)) — o.

We emphasize that although m (o) is a multiset, X¢ is not. Equip X¢ a poset
structure

(01, m(01)) = (02, m(02)) <= o1 C 0z and m(02)|e, = m(o1)
and equip it with the poset topology, namely, a subset K C X is closed if and only if
{(o1,m(01)) | (01, m(01)) < (02, m(02))} C K
for all (0», m(0,)) € K. Define
Le = |2 xx Z¢.

Let the set of cones on Lg be ¥ Xy Xg¢ = X¢. The multiplicity ug : Le — Z~g is
defined by

ue(o, m(o)) := number of times that m (o) appears in m (o).

The projection map mg : Lg — |X| then induces a rank r branched covering map
of cone complexes 7¢ : (Lg, g, e) = (NR, X). The piecewise linear function
e : Le — R is tautologically given by

Pel(o.m(0)) = Tgm (o).
This gives a tropical Lagrangian multisection L¢ := (Lg, X¢, e, e, @¢).
Proposition 3.25. The tropical Lagrangian multisection L ¢ is separated.

Proof. By construction, if @@, 0P e T¢ are distinct lifts of some w € X, then
O¢ | p@ F el @ . In particular, slopes on different codimension 1 cones are different.
([

Proposition 3.26. Let £, &1, & be toric vector bundles on Xx. Then
(1) Lex = —Lg,
(2) |]—51€952 = ﬂ_gl UC |]—527

(3) |]—51®52 = ﬂ—fl Xe [LSZ'
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Proof. They follow from the induced equivariant structure

A f =7,
AV D) =R -v) B (A-12),
AV @) i=(A-v) ®(A-vy),

wherefeE*,veé’,vlegl,vze&. O
The assignment £ — L¢ is not injective as the following example shows.

Example 3.27. Consider the toric vector bundles

2
E1 =P Op2(D;) and & :=Tp> & Opa.

i=1

Via the Euler sequence

2
0— Op2 - P Op2(D;) = Tp2 — 0,
i=1

&1, & share the same equivariant Chern class and hence L¢, =L¢, by Proposition 3.4
of [26]. This example also shows that combinatorially indecomposable components
are not unique. Indeed, L¢, = ”‘Opz (Do) Ye ”‘Opz ) Ye I]_op2 (Dy)s Le, = I]_(g[p2 U, ”—sz’
and it is easy to see that L7, is maximal and separated, hence combinatorially
indecomposable.

4. Kaneyama’s classification via SYZ-type construction

4A. Kaneyama’s classification. We first rewrite Kaneyama’s classification result
in terms of the language of tropical Lagrangian multisections. By doing so, some
properties of toric vector bundles can be read off from the tropical Lagrangian
multisections.

In [21], Kaneyama classified toric vector bundles by both combinatorial and linear
algebra data. We can rewrite and refine these data in terms of the language of tropical
Lagrangian multisections. Let L = (L, ¥, i, , ¢) be a tropical Lagrangian multi-
section over X. For a maximal cone o’ € X}, we use the notation m(c’) to denote
the slope of ¢ on o’, which is an element in M. We also count lifts of a maximal
cone with multiplicities (recall that each cone ¢’ € ¥ has a multiplicity (o).

Definition 4.1. Let L be a tropical Lagrangian multisection of rank r over . A
Kaneyama data of L is a collection g := {g5,0, }o1,00e3, (n) C GL(r, C) such that

(G1) for any o € X(n), we have g,, =1d,
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(G2) for any 01, 0y € X(n), the («, B)-entry 8, @5 8 of g5,4, 1s nonzero only if
(O’) N 02 ) £ & and

m(al(a)) m(oz’g)) e(c1No)'NM,
(G3) for any o1, 03, 03 € X(n), we have

80102802035 = 8oj03-

We denote by K(L) the set of Kaneyama data on L. Two Kaneyama data
g, g € K(L) are said to be equivalent if for any o € X (n), there exists h, :=
(hy@q®) € GL(r, C) such that

(H1) hy@q® # 0 only if
mic@)—m@c®)ec¥NM,
(H2) for any o1, 03 € X (n),

h02g0102 = gc/nazhm'
We denote by (L) the set of equivalence classes of Kaneyama data on L.

Remark 4.2. In Kaneyama’s work [21, pages 74—75], conditions (i) and (i’) there
are equivalent to continuity of ¢, condition (ii) is equivalent to (G1), (G2), (G3)
and condition (iii) is equivalent to (H1), (H2).

Theorem 4.3 (a reformulation of [21, Theorem 4.2]). Let L be a tropical Lagrangian
multisection over X. If L admits a Kaneyama data g, then there is a toric vector
bundle E(L, g) over X5, such that Lgq g) < L. Two Kaneyama data g, g' € IE([I_)
are equivalent if and only if E(L, g) = E(L, g') as toric vector bundles.

Proof. The (C*)"-action on the toric vector bundle &, = @;: 1 Loy on U(o)
is given by

ey - (py 1@ @) 1= (- p, 2@ 1@ @),

where p € U(c) and 1(c®) is an equivariant holomorphic frame of £, . It is
straightforward to check that this action is compatible with the transition maps

r a) B)
Gmo'z . l(O'l(a)) = ﬂzl gol(a)gz(ﬁ)zm(al )—m( )1( (ﬂ))

To prove that L¢q ) <L, we define

for 10" = (o)) x {m(c)}.
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By continuity of ¢, { fo},/cx, can be glued to a continuous map f : L — Lg g)
which maps cones in X to cones in Xg( ) homeomorphically. By definition,
f*pe.g) = ¢ and for any o x {m (o)}, we have

Try(w)(o x {m@))= Y w@)=#mem(o):m=m(o)}
o":p|,,=m(o)
= perg) (o X {m(o)}).
Hence Lg(,g) < L via f. The last assertion follows from condition (iii) in [21]. [J

Suppose L admits a Kaneyama data g. The composition
L= &0, g)— Lew,g

may not be the identity map. For instance, suppose 7 : L — Np is a 2-fold cover
conjugate to the square map z — z> on C. Let ¥ be the fan of P?>. Then there
is a natural collection of cones X’ on L. Equip L with the 0 function. Then, the
Kaneyama data g there gives a rank 2 toric vector bundle, which is just ngz with the
trivial equivariant structure. But it is clear that the associated tropical Lagrangian
multisection of (’)D?z2 is given by (Ng, X, i, idyg, 0), with w(o) = 2. Nevertheless,
the map 7 : L — Np gives a branched covering of cone complexes that preserve
the function. More generally, we have the following:

Theorem 4.4. Let L1, L, be tropical Lagrangian multisections of the same rank r.
If Ly, Ly are combinatorially equivalent, then there exists a bijection f, : KK(L;) —
K(Ly) such that E(Ly, g1) = E(Ly, fi.(g1)) as toric vector bundles. Conversely,
if £E(Ly, g1) = £y, g2) for some Kaneyama data, then 1y is combinatorially
equivalent to L.

Proof. 1t suffices to prove that if L, <1, via some f, then any Kaneyama data of L;
gives a Kaneyama data of L, such that their associated toric vector bundles are the
same and vice versa. Let o{, 0} € X|(n) be maximal cones. By the assumption
f*p2 = @1, we have

m(f(01)) —m(f(03) = m(oy) —m(c3).

Moreover, counting with multiplicity, f induces a permutation of the index set
{1, ..., r}, which parametrizes lifts of a maximal cell. Thus if g is a Kaneyama
data of L, then we can simply define

(f48) (6@ p (o) = 8op s

() _(B)
1 9%

where o are preimages of f (01(“)), f (02(’3 )) such that

m(f(o ) =m@®), m(f @) =mc").
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Although the lifts crl(“), 02(’3 ) are not unique, the slopes are and hence f,g is well-
defined. It is straightforward to check that f.(g) := {(f«&)o,0,} 1S @ Kaneyama
data for L, and any two choices of preimages above differ by a permutation of
the equivariant frame {1(o (a))};:1 and the torus action is preserved. It is then
easy to see that there is an isomorphism £(L, g) = £(L,, f«(g)) of toric vector
bundles. By pulling back, Kaneyama data on L, induces a Kaneyama data on L;.
Modulo equivalence, we obtain the desired bijection. The converse follows from
Theorem 4.3. (I

Remark 4.5. Theorem 4.4 has the following analog in mirror symmetry. Non-
Hamiltonian equivalent Lagrangian branes in a symplectic manifold may give rise
to the same mirror object as they can still be isomorphic in the derived Fukaya
category. For example, in [7, Example 5.5] gives a Lagrangian immersion and a
Lagrangian embedding in a symplectic 2-torus that shares the same mirror sheaf.

Proposition 4.6. Suppose that L = Ly U, L,. Then there exists an embedding
KLy) x K(Ly) — K£(L).

Proof. The embedding is given by taking the direct sum of matrices. U

Every tropical Lagrangian multisection can be combinatorially decomposed into
combinatorially indecomposable ones. By Proposition 4.6, to obtain Kaneyama
data on a general tropical Lagrangian multisection, it suffices to consider its combi-
natorially indecomposable components.

Theorem 4.7. If L is combinatorially indecomposable, then E(L, g) is indecom-
posable for any Kaneyama data g of .. The converse is also true if | can be
decomposed into a combinatorial union of two tropical Lagrangian multisections
Ly, Ly that admits Kaneyama data.

Proof. 1If £(L, g) is decomposable for some g, say by &, &, then Lgq g) =
Le, Ue Lg,. Since Lgqg) < L by Theorem 4.3, L is also combinatorially de-
composable. Conversely, suppose L = L; U, L, for some unobstructed L, L,.
Let g1, g» be some Kaneyama data of L, L, respectively. Denote the image
of (g1, g2) under the embedding /C(L;) x K(L,) — K(L) by g. Then we have
EWL, g) =&ML, g1) ®EL, g2). U

Since sections (r = 1) always admit Kaneyama data, we have the following:

Corollary 4.8. A rank 2 tropical Lagrangian multisection L is combinatorially
indecomposable if and only if E(L, g) is indecomposable for any Kaneyama data g
of L.

Remark 4.9. The converse of Theorem 4.7 or Corollary 4.8 is not true if we

just ask for £(L, g) to be indecomposable for some g. For instance, take any
indecomposable toric vector bundle £ that contains a toric subbundle. Then L¢ is
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combinatorially decomposable since £ fits into an exact sequence of toric vector
bundles. A concrete example is given by the tangent bundle of the Hirzebruch
surface [F;, which is indecomposable. But it contains a line bundle as a toric
subbundle. See Corollary 4.1.2 of [22].

4B. A mirror symmetric approach. Now we go into one of the main themes
of this paper. We would like to interpret Kaneyama’s result in terms of mirror
symmetry. We assume from now on all tropical Lagrangian multisections are
combinatorially indecomposable and hence by Proposition 3.23, they are separated
and the ramification locus S’ always lies in the codimension 2 strata of (L, ).

4B1. The semiflat bundle. For a tropical multisection L = (L, X, u, 7, ¢), we
have denoted the ramification locus by S’ and the branch locus by S. Both of them
are assumed to be contained in the codimension 2 strata. We define the 1-skeleton
of Xx:

= U X.=x:\ U U.

tex(n—1) dim(w)<n—1

The semiflat bundle is a locally free sheaf on X (21 ) To construct it, we first provide a
good open cover for L\L"~?. For each ¢’ € £ (n), choose a small neighborhood
Vs € L\L"~? contains o'\ L"~? such that Voi NV, # @ if and only if o/ Noj €
Y1 (n —1). See Figure 4. Choose any C*-local system £ on L\L"~? . Denote the
transition map on Vor N Vi by

sf
Ly > gﬂf”z’l"ﬁ’

where o, € X (n) is the unique lift of o, such that of N0, € X7 (n —1). For
acone o € X, let V(o) :=U(o) N X(El). If o C S, then V(w) = &. Thus,
{V(0)}sexm) forms an open cover of Xg) such that if oy Nop € X(n— 1), we have
g #V(eNoy) C X(El). For a maximal cone o € X (n), we put

-
Eo = @ ‘Cm(o<’1>)’
a=1

which is a toric vector bundle defined on U(c). For o1, 07 € X(n) such that

o1 Noy € X(n—1), we define Gf,flgz 2, 1V(e1noy) = €|V (61n0y) DY

s (o) sf @y (P (B)
GZIUZ : 1(0'1 )P-)g;l(a)az(ﬂ)zm(m )—m(o, )1(0'2 ),

where 02(ﬂ ) s uniquely determined by the conditions & # crl(a) n 02(’3 > r(n—1)

and 71(02('6 )) = 0y. Since we have no triple intersections, {gfrf,o,} immediately
. " 172

satisfies the cocycle condition.
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Figure 4. The space L\L"~? and the neighborhoods V1, V.

Definition 4.10. Let L = (L, X', u, 7, ¢) be a tropical Lagrangian multisection
over ¥. Equip L\L"~? with a C*-local system £. The vector bundle £%(L, £) is
called the semiflat bundle of (L, L).

4B2. Wall-crossing factors. After constructing the semiflat bundle (L, £) of
(L, £), we would like to extend £5'(L, £) to the whole space Xx. To do this, we
may need to correct Gf,fm by certain factors. Let t € X(n — 1) and 01, 0 € X (n)
be the unique maximal cones so that o1 Noy = 7. For each o’ € X, we define
a bundle map N (') : &, lu@) = Eolur) so that with respective to the frame

{1 (crl(“) )}, the (a, B)-entry is given by

(@) B) .
ng?laﬂl) (w/)zm(al )=m©@) if ol 0_1(06) ﬂO’l(ﬂ), a#B
NP (') = and m (o) —m(o\P) e v N M,

7,01

0 otherwise
for some n®f) (') € C. Note that Nyo (@) =0if o’ ¢ S'. Put
S (1) = {0 NP | me?) —mP) € (61 No2)” N M}.

By assumption, cones in S, are of codimension > 2. Furthermore, there is a
natural bijection S, (01) = S, (02). Indeed, for o{* No P € S., there exists unique
02(“/), 02(3) € X7 (n) such that al(“) ﬂaz(‘”‘/), 01(’3) ﬂaz(ﬁ/) € Xy (n—1). Then

m(o

) = miey")

= (o) =m@) = (@) =m(@() + (m(o(*) = m(@")).

The first two terms of the right-hand side are in T N M by continuity and the last

term is in TV N M by definition. Hence 02(“/) 002(’3 Ve S.. As 02(“/), 0’2(‘3 ) are uniquely

determined by o, o# and vice versa, the assignment ¢(*’ N # 1 02(“/) NoP )
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gives the desired bijection. Now we define

Nr,al = Z N‘L’,O’] (w/)

W' €S, (o1)

Remark 4.11. Note that the change of frame from {1(01(0’))} to {l(az(a))} is com-
(oB)

patible with the bijection S, (o) = S. (02), namely, by choosing suitable nr.q, ('),
we have G;fm ro (@) o Gf,fzm = N¢.o,. As Ny 4, Ny, are related by a change

of frame, to simplify our notation, we simply write N; (') for N¢ 4 (') and N
for N »,. We will also write Ny, for N; when we want to emphasize the maximal
cones o1, 0y so that oy Noy, = T.

Lemma 4.12. For any t € X(n — 1) and o' € X, N (') is nilpotent and
for any distinct lifts o', 0" € X of w € X, N.(@")N(0") = 0. In particular,
[N: (@), N: (@")] =0 for any lifts o', ®" € X1 of w.

Proof. We show that N, («')f = 0 has zero diagonal entries, for all k > 1. The case
k =1 is by definition. Assume N; (o’ )¥ has zero diagonal entries for some k > 1.
If there exists o such that

T (N (@) P NP (o) 20,
p=1

there must exist 8 % « such that

(N (") @P) N (') £ 0,

as both N (a)/ )k, N (") have zero diagonal entries. This implies both z’”(c’l “)=mei”)

and z’"("l N-m@) are regular functions on the affine chart U (7). Therefore
m("(m) m(o|") must be invertible on U (t) and so m (o (a)) m(a(ﬂ )) € t+, which
means m (o, @y, = m(olﬂ ))|;. This violates (n—1)-separability. Hence N, (a)/ Ykl
has zero diagonal entries too. By induction, we are done.
For the last part, we have

Z P () ynBY) (o) @ =me”),

p=1
This sum is nonzero only if @’ C a(“) ﬂa(ﬂ) and 0" C 01’3) ﬂaly) for some B. Then
we must have o’ = ' as 01(’3 ) can only contain one lift of w. U

Once a choice of {nr (’f) (')} is fixed, Lemma 4.12 allows us to define the product
of matrices

@) Or:= [] 0:(0):= [] exp(N:()

/ 4 / 4
w'€S], w'€S],
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unambiguously. Moreover, we have det(®;) = 1 and so ®; is invertible over
CltVnM].

Definition 4.13. For o’ € ¥, the factors {®; (@) }rex 1) are called wall-crossing
automorphisms associated to o'

Remark 4.14. Similar to the notation Ny, q,, we write ®,,, for ®; when we want
to emphasize the unique maximal cones o, 0, so that oy Noy = 7.

Now for t € X(n — 1), put
Goyor i= G 0040,

0107
where o1, 0 € X (n) are uniquely determined by 7 = o1 Noy. If we express Go,q,

in terms of the frames {l(ol(a))}, {l(oz(y))}, we have

r X @y_ ()
Goo, 1(‘71(a)) = er(aﬁ)g;f(ﬂ>a<y>zm(al )= )1(‘720/))'
1 2

B=1
In particular, it is easy to choose ng,ofg;’s such that
-1
GUZUI = Galdz'

We haven’t defined G, 4, for general o1, 02 € X (n). To do this, given any o1, 02 €
Y (n) such that t := o1 N oy, we consider a sequence of maximal cones o] =
or,0%,...,0r =03 € X(n) such that T C oy and oy No(;41y € X(n — 1) for all i.
Such a sequence always exists since the branch locus S is of codimension at least 2.
Then we put

Goo, = Ga(,,l)r(r,r |U('L’) G---0 Galrazr |U(r)’

which is defined on U (7). We need to ensure G, o, is independent of the choice of
such a sequence of maximal cones.

Definition 4.15. Given a combinatorially indecomposable tropical Lagrangian
multisection [ and a C*-local system £ on L\L"~?), a collection of wall-crossing
automorphisms ® := {0, (@) }rexn—1).'cs defined by (2) is said to be w-consistent
if for any cycle of maximal cones

01,02,...,0], OZ+1 =01
such that w C 0; and 0; No; 4| € X(n — 1) for all i, the composition
(3) Goolu © 0Go0lUW)  EalU@) = EoilU)

equals to the identity map on &, |y (). A collection of automorphisms © is said to
be consistent if it is w-consistent for all w € X.

Proposition 4.16. A collection of wall-crossing automorphisms © is consistent if
and only if it is w-consistent for all w € X (n —2).
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Proof. Fix w € ¥. For each cycle of maximal cones
01,02,...,01,0]+] = 0]

that satisfy the condition in Definition 4.15, there is aloop y : [0, 1] = N\ | X (n—2)|
such that y (0) =y (1) € Int(o01), intersecting the codimension 1 cones Int(o; N o4 1)
transversely for all i. Note that the corresponding composition defined by (3)
only depends on the homotopy class of y. As ;1 (Nr\|XZ(n —2)|) is generated by
loops around codimension 2 strata of (Ng, X), we may write y in terms of these
generators

Y =Vi*- %Yk

By choosing sufficiently generic y;’s, each of them determines a cycle of maximal
cones that satisfies the condition stated in Definition 4.15. As the compositions
correspond to y;’s equal to the identity, the composition corresponds to y also equal
to the identity. Hence codimension 2 consistency implies consistency. The converse
is trivial. ([

It is clear that if ® is consistent, then G, is well-defined for all o1, o2 € X (n)
and the cocycle condition holds on arbitrary triple intersections. Let’s make the
following definition.

Definition 4.17. A combinatorially indecomposable tropical Lagrangian multi-
section L is called unobstructed if there exists a C*-local system £ on L\L"~?
and a collection of consistent wall-crossing automorphisms ®. If L is unobstructed,
we denote by £(L, £, ®) the vector bundle associated to the data (L, £, ®).

Remark 4.18. The notion of (weakly) unobstructed Lagrangian submanifolds
was introduced in [16] and [3] for the immersed case. The main feature of an
unobstructed Lagrangian submanifolds is that its Floer cohomology is well-defined
and hence defines an object in the Fukaya category. In particular, unobstructed
Lagrangian submanifolds should have the corresponding mirror objects. As the
existence of Kaneyama’s data or the data (£, ®) are equivalent to the existence of
toric vector bundles, we should think of the tropical Lagrangian multisection can be
“realized” by an unobstructed Lagrangian. Thus, we borrow the terminology here.

In defining Gf,fm, we have chosen a 1-cocycle to represent the local system L.

When L is unobstructed, £(L, £, ®) is independent of such choice as the following
proposition shows.

Proposition 4.19. For any isomorphism L' = L of local system on L\L"~?, there
is an isomorphism E(L, L, ®) = E(L, L', ©®') of toric vector bundles, for some
consistent ®'.
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Proof. Let f : L — £’ be an isomorphism of local systems. It induces an iso-
morphism F : 7,L — m,L of rank r local systems. Locally, F is given by a
constant matrix and thus can be regarded as a toric automorphism on a chart
U(o) C Xx. We also have

Fs, o0 GY =G o Fy,.

0102 0102

If © is a consistent data, we simply define ®’ by conjugation by F, that is,

! R —1
® = F5,005,5,0 F, .

0102

Then it is by definition that

’
F020G0102=G OFO’19

o102
which means £(L, £, ®) = E(L, £/, ®) as toric vector bundles. O

Combinatorial indecomposability implies the following relation between £ (L, £)
and £(L, L, ®).

Theorem 4.20. If L is combinatorially indecomposable, then ©g,s,| 1) = 1d, for
)y

any 01,07 € X(n) so that oy Noy ¢ S. In particular, if L is unobstructed, then
EWL, L, O) 0 =ML, L)
z

Proof. Lett:= 0y Noy € £(n —1). For m(@®) —m(a”) e t¥n M, (n—1)-
separability implies that there exists a ray p C 7 so that

m(a) —=m(@P))(w,) > 0,

. o (B) . ..
where v, is a generator of p. Hence z’”("l( H=m@") yanishes along the divisor
U(r) N X, and in particular, vanishes on U(7) N X.. Hence O |y)nx, = Id and
this proves E(L, £, ®)] o) = EX(L, L£). O

z

By definition, unobstructedness implies the existence of Kaneyama data. It turns
out all Kaneyama data arise from our construction.

Theorem 4.21. Suppose L is combinatorially indecomposable and admits a
Kaneyama data g. Then there exists a C*-local system £ on L\L"? and
consistent © such that E(L, L, ®) = E(L, g).

Proof. The transition maps of £(L, g) are of form

r (OONE B)
1) > L BT o).
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Consider two distinct maximal cones o7, 0> € X(n) such that T :=o;Nor € X(n—1).

For each lift az(ﬂ ) of oy, let al(a/) be the unique lift of o such that al(a/) N 02(5 ) ¢

Srn—1). 0 No” c § then a # o' and

) Zm(0.(0‘))—m(<72(ﬁ))Zm(rfz(ﬁ))—m@7

Zm(al(a))—m(al(a/) l(a/))
. . . #) (COTN A
is a regular function since z”°2 )~ ) is nowhere vanishing on U (7). As be-
e . . (@ @) .
fore (n—1)-separability implies the monomial z”©1 )= vanishes completely
on V(7). Hence the transition map of £(L, g)|,u on V(1) is given by
z

0102

(@)y_ (B)
GSf = G010'2|V(T) . 1(0_1(01)) = gofmg;ﬂ)zm((’] )=m(e )1(0_203))’

where f is determined by « as before. Then with respect to the cover {Vy/}orex, ()
of L\L"™"™?, {g_w_®} gives a C*-local system £ on L\L"~?. For o1 Noy ¢ S,
we define b

O := (G 5,) " 0 Gy

o102

The diagonal entries of ®g,,, are all equal to 1 and (n — 1)-separability implies
Og,0, — Id is nilpotent (see Lemma 4.12). This allows us to define
& k—1 (60102 - Id)k

NG]O'Z = 10g<®0'10'2) = log(Id+(®010'2 - Id)) = kzl(_l) k

With respect to the frame {l(ol(a))}, the (a, B)-entry of Ny,q, is given by

N@B) —

0102

@ @y .
{nf,ofggzm("l )=m©@1) if o # B and m(al(“))—m(crl(’s)) € (o1Nor)VNM,
0 otherwise,

which can be decomposed as

Noloz = Z Na’lﬁz(wl)'

/ !
13} eS"l"z

The collection {®,,,} is obviously consistent so that E(L, £, ®) = E(L, g). [l

Example 4.22. We look at the 2-fold tropical Lagrangian multisection L, j . over
the fan of P2, Here a, b, ¢ > 0. See Figure 5. Choose L to be the local system
on L\7~1(0) = R?\{0} that has monodromy —1 around the minimal cone. Let
z; :=Z;/Z ; be the inhomogeneous coordinates on U (o;)NU (o) C P2. The semiflat
mirror bundle & (L, p ., £) on the P!-skeleton of P? is given by the transition maps

1 1 1
——0— 0 0 0
st . (Z(l))‘Hb st . (Z%)a st . (Zg)b
TO] — 1 ) 1'12 — 1 ) ‘[20 = 1 0

G @ G
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7b§1
a2
o)
a& N\ /, c&-&)
T oy Y
(1) a1
(2)
a& SN ela - @) o
—c2
La,b,c ZIP’Z

Figure 5. The tropical Lagrangian multisection L, ; . over Xp:.

We choose the wall-crossing factors to be

1 0 | @ 1 0
o= | () .k O = @], Oy:= _ @y
(2P 0 1 (@)

One can see that the resulting toric vector bundle £(L, p.¢, £, ®) is actually isomor-
phic to E, ., the toric vector bundle introduced by Kaneyama in [21] using the
exact sequence

0— Op2— O@@Dy) @ OBD) B O(cDy) = Eyfpc — 0.

Remark 4.23. From the symplectic point of view, we may think of ©; (') as the
exponentiation of the generating function of holomorphic disks emitted from the
ramification locus «’, bounded by the Lagrangian multisection and certain SYZ
fibers of p : T*Nr/M — Nr. The exponent m(al(“)) — m(al(ﬂ)) in ©, (') should
be regarded as the direction of a wall if we use the polytope picture in M. See [28]
for a more detailed discussion in dimension 2.

5. Unobstructedness in dimension 2

In this final section, we would like to determine when L is unobstructed when L
is a combinatorially indecomposable tropical Lagrangian multisection over a 2-
dimensional complete fan. In this case, the ramification locus §’ = L©® = 7~1(0) is
a singleton and L\7 ~!(0) = R?\ {0} topologically. First of all, not all such tropical
Lagrangian multisections are unobstructed.

Example 5.1. Consider the tropical Lagrangian multisection L depicted as in
Figure 6. It is easy to see that L is maximal and separated, which implies combina-
torial indecomposability by Proposition 3.23. However, one checks easily that the
matrices Gy, , Go,0, are all upper-triangular while G,,,, must have two nonzero
off-diagonal entries. Thus L must be obstructed.
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& o
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51 ”gn ® 51 52 T
aé’l) o) \ a1
& N\ &—& o0
&
L Sy

Figure 6. The tropical Lagrangian multisection L over Xp..

Therefore, we need an extra assumption on the piecewise linear function ¢ to
ensure unobstructedness. We begin with two lemmas.

Lemma 5.2. Suppose L is a combinatorially indecomposable rank r tropical
Lagrangian multisection over a complete 2-dimensional fan X. Let 0 € X(2)
and p C o be a ray. Then for a # B, either m@@) —m@®) e p¥ N M or
m(@®) —m(@@) e p’VNM.

Proof. Since p ¢ S, by separability, m(c@)|, # m(c®)|, if « # B. In par-
ticular, m(c @) — m(c®) % 0. Note that p" is a half plane in Mk, we have
m(oc @) —m(o®) or m(c®) — m(c®) lies in p". Separability implies neither
can lie in p. Hence only one of them can lie in p". ([

Being unobstructed also restricts the choice of the local system L.

Lemma 5.3. If L is an unobstructed combinatorially indecomposable rank r trop-
ical Lagrangian multisection over a complete 2-dimensional fan X, then L is the
unique local system on L\S' that has monodromy (—1)" ' around the unique
ramification point of w : L — Np.

Proof. Since G5' G are all diagonal, by taking the determinant of (3),

0102 *° Ok—10k
we have
+1 k—1 r
.
(=1 H g <a> a+D) H H g (a) @ = L.
i=1 a=1 z l+]

Hence the monodromy of £, which is given by the cyclic product of all g_w ® ’s,
is equal to (—1)" +1. As we are in dimension 2, the monodromy around the ramlﬁ-
cation point uniquely determines the local system. (]

Remark 5.4. When r = 2, the choice of the local system £ has appeared in the
construction of the semiflat bundle in [15, Section 6.1]. Fukaya pointed out in [15,
Remark 6.4] that there should be a Floer theoretic explanation of this local system
based on the orientation problem of holomorphic disks. Believing the monomial
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term n'2P zm@“)=m@?) corresponds to holomorphic disks, our calculation in
Lemma 5.3 suggests that the present of £ is due to the fact that a holomorphic disk
only propagates in only one direction; m(c @) —m(@e®) or m(c®) — m(c@)
but not both. The number n%ﬂ ) will then be the weighted count of holomorphic

disks (with extra boundary deformations if necessary, see Remark 5.6).

Therefore, to obtain unobstructedness, it is necessary for us to choose L to be
the unique local system on L\S’ that has monodromy (—1)"*!. In particular, by
Proposition 4.19, we may choose the transition maps of £ to be

¥ =1 foralli<k, a=1,....r
i 0it1
and
f 1 f
g(sfk(r)a]m = (-1, gcsr,f‘”)o,(‘““ =1 fora <r.
We put
0-.-0 (_1)r+1
f
gz'ko'l = s, : : )
0---1 0

which is the monodromy of the rank r local system 7,.£ on Ng\{0}. The consistency
condition then becomes

sf

90k01 0901(71&71( S O90102 = 80101°

where 05,5, 1s obtained by deleting the monomial part of ©,
Og,0;,, 18 of the form Id +N,,

i0i41°

o141~ Recalling that
we may write the above equation as

k
4) [13d +n4,0,.,) = 85 ..
i=1

Thus unobstructedness of [ is equivalent to solving n,q,,,’s subordinated to the
conditions

(N1) ngs), =0,
(N2) S8 0 only if m(0®) —m(c”) € (0; N0y 1) N M.

Note that (N2) gives a combinatorial constraint on ¢ for solving (4) as expected
by Example 5.1. Although (4) is not easy to solve for general r, it has the following
interesting consequence.
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Theorem 5.5. Let L be combinatorially indecomposable rank r tropical Lagrangian
multisection over a complete 2-dimensional fan X.. Then

dime(K(L) < 3r(r — 1) -#2(1),

where KC(L) is the moduli space of toric vector bundles with equivariant Chern
classes determined by .

Proof. The number of n,,q,,,’s is exactly the number of rays in ¥ and each ng,,, |
has at most %r(r — 1) free variables. By Theorem 4.21, our construction extracts
all the possible Kaneyama data up to equivalence. The inequality follows. U

Remark 5.6. The moduli space (L) is parametrized, up to the equivalence defined
in Definition 4.1, by the variables nf,i‘ﬁfﬂ, which only depend on Ny,q,,, or O, -
As was discussed in Remark 4.23, these parameters are related to holomorphic disks
bounded by a Lagrangian multisection and some SYZ fibers. One should expect that
these variables are actually mirror to the moduli parameters of A,-deformations of

the Lagrangian multisection.

Finally, we give an explicit description of the combinatorial obstruction for
solving (4) in the case r = 2. This condition is particularly easy to check. Let’s recall
Lemma 5.2. In the rank 2 case, it means for any o, 0, € X(2) that intersect along
an edge, we are always allowed to put 3 nonzero entries in the 2 x 2 matrices G, 4, -
Without loss of generality, we may arrange 01(1), 02(1), R ok(l), 01(2), 02(2), R ak(z)
in an anticlockwise manner such that the matrix G, is of form

me)=mo") _ me?)-m(")
)
) 0

ZzM (o,f]))—m (0

and all the remaining G,.,,, are either upper-triangular or lower-triangular.

Oi+1

Definition 5.7. Let L be a tropical Lagrangian multisection over a complete fan X.
The slope matrix My,,, associated to o1, 02 € 2 (n) is the matrix given by

gjoy °

@B) ._ {m(gl(a)) - m(%(ﬂ)) if m(Gl(a)) — m(%(ﬂ)) €(o1Nor)"NM,
00 otherwise.

One associates to the slope matrix My,,, the monomial matrix

Z(Olﬂ) -

0102 *

() B .
{Zm(a' =m@) g m(a]m)) — m(oz(’s)) €(o1No)"NM,
0 otherwise.

We call a slope matrix upper-triangular (resp. lower-triangular) if the associated
monomial matrix is upper-triangular (resp. lower-triangular).
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By Lemma 5.3, the local system £ needs to be chosen to have monodromy —1
around the ramification point. With the above choice of arrangement convention,
it is necessary that the coefficient matrix of the composition G4, 5, 0 -0 Ggy0,
takes the form

® (i)

Definition 5.8. A combinatorially indecomposable rank 2 tropical Lagrangian
multisection L over a complete 2-dimensional fan ¥ is said to be satisfying the
slope condition if under the above arrangement convention, one of the following
conditions is satisfied:

(1) If M,,_,, is upper-triangular, there is at least one i < k — 1 such that M, ,
is lower-triangular.

(2) If My,_,o, is lower-triangular, there exists some i, j with 1 <i < j <k—1,
such that Moo, is upper-triangular and M, ., , is lower-triangular.

Theorem 5.9. A combinatorially indecomposable rank 2 tropical Lagrangian multi-

section L over a 2-dimensional complete fan X is unobstructed if and only if it

satisfies the slope condition.

Proof. If L is unobstructed and G, ,, is of upper-triangular type, then it is clear
that we need a lower-triangular type matrix to bring it into the required form (5).
Suppose G, 0, 18 of lower-triangular type. There must be some j < k — 1 so that
Gojoji ois1 18 Of
lower triangular type, the composition G4, ¢, © - - 0 G4,4, Will then take the form

(DG6D-(2)

which can never have the required form (5). It remains to prove the converse.
In the upper-triangular case, let i < k — 1 be the first index for which M, is
lower-triangular. Then

1 a 10 14+ab a
(Goy 10, ©Gop 1o, 0770 Gﬁi+10i+2) o G0i0f+1 = (0 1) (b 1) = < b 1>’

is of upper-triangular type. If there are no i < j for which Gy,

Oi+1

and by choosing a = —1, b = 1, we obtain (5). Then we simply choose the
remaining matrices to be the identity to obtain G4, 5, 0 -0 G0, = G;kl(,]. For

the lower-triangular case, let i < j <k — 1 be the first index for which M, is

upper-triangular and M, is lower-triangular. Then we have

Oj+1

i0i+1

10\ /1b\[/1O0 14+bc b
Gak1ak°"'°Gojoj+1°"‘OGo,m+1:<a 1) (0 1) (c 1>:<a+c+abc 1>.
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Choose b = —1,c =1 and let a be arbitrary. Then the triple product is equal
to (5). Again, by choosing the remaining matrices to be the identity, we obtain
Gor 10,0 0Go0, =G, L. O

The proof of Theorem 5.9 also sharpens the inequality in Theorem 5.5.

Corollary 5.10. Suppose that L is a combinatorially indecomposable rank 2 tropical
Lagrangian multisection over a complete 2-dimensional fan . Then we have
dime (K(L)) <#X(1) — L.

Proof. In the proof of Theorem 5.9, the equation 14 ab = 0 in the upper-triangular
case or 1 4+ bc = 0 in the lower-triangular case cut down the dimension by 1. By
Theorem 4.21, our construction extracts all the possible toric structures with fixed
equivariant Chern class, which is determined by L. Hence dim¢ (IC(L)) <#X(1)—1.

O
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SOME EFFECTIVITY RESULTS FOR PRIMITIVE DIVISORS
OF ELLIPTIC DIVISIBILITY SEQUENCES

MATTEO VERZOBIO

Let P be a nontorsion point on an elliptic curve defined over a number
field K and consider the sequence {B,},cn of the denominators of x (nP).
We prove that every term of the sequence of the B, has a primitive divisor
for n greater than an effectively computable constant that we will explicitly
compute. This constant will depend only on the model defining the curve.

1. Introduction
Let E be an elliptic curve defined by the equation
y2 +aixy+azy = x4+ a2x2 + asx + ag,

with coefficients in a number field K. Let P € E(K) be a nontorsion point and
let Ok be the ring of integers of K. Let us define the fractional ideal

Ay
(h (x(nP))Okg = ==

By,
with A, and B, two relatively prime integral Og-ideals. We want to study the
sequence of integral Ok -ideals {B,},en. These are the so-called elliptic divisibility
sequences. In particular, we want to study when a term B, has a primitive divisor,
i.e., when there exists a prime ideal P such that

PJ[Ble---Bn_l but P|B,.

Silverman [1988, Proposition 10] proved that, if E is defined over Q, then B, has a
primitive divisor for n large enough. This result was generalized for every number
field K in [Cheon and Hahn 1999], where the following theorem is proved.

Theorem 1.1 [Cheon and Hahn 1999, main theorem]. Let E be an elliptic curve
defined over a number field K and let P be a nontorsion point in E(K). Consider
the sequence {B,}n,en of integral Ok-ideals as defined in (1). Then B, has a
primitive divisor for all but finitely many n € N.
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The previous theorem is not effective. Indeed, the proof relies on Siegel’s
ineffective theorem about integral points on elliptic curves. The aim of this paper is
to make the work of [Cheon and Hahn 1999] effective. Indeed, we will explicitly
compute a constant C so that B, has always a primitive divisor for n > C.

Theorem 1.2. Let E be an elliptic curve defined over a number field K and let P be
a nontorsion point in E(K). Consider the sequence { B, },en of integral Ok -ideals
as defined in (1). There exists a constant C(E /K, M) > 0, effectively computable
and depending only on the curve E over the field K equipped with a model M also
defined over K, such that B, has a primitive divisor for

n>C(E/K, M).
In Section 8, we explicitly compute such a constant C(E /K, M) (see (13)).

Remark 1.3. The dependence on the model M is necessary. Indeed, given a nontor-
sion point P on an elliptic curve E and a positive constant C, it is easy to show that
we can find a model of E such that B, does not have a primitive divisor for alln < C.

Remark 1.4. It is conjectured that, in the case when M is minimal, the constant
C(E/K, M) should depend only on the field K. In [Ingram and Silverman 2012,
Theorem 1] it is proved that the number of terms without a primitive divisor of an
elliptic divisibility sequence can be bounded by a constant that does not depend
on E and P, in the case when E is given by a minimal model, K = @, and assuming
the abc-conjecture.

Remark 1.5. We believe that the techniques used in this paper can be applied also
to a generalization of elliptic divisibility sequences. Let O be the endomorphism
ring of E and, given o € O, define B, as the denominator of (x(xP))Ok. The
sequence { By }oco 1S a sequence of ideals and one can give a definition of primitive
divisors also for these sequences (see [Streng 2008, Section 1]). It has been shown
in [Streng 2008, main theorem] that also in this case there are only finitely many
terms that do not have a primitive divisor (see also [Verzobio 2021b]). In the
case when End(E) = Z this is a trivial corollary of Theorem 1.1, but in the case
End(E) # Z (i.e., when E has complex multiplication) this is far from being easy.
We believe that using the techniques of this paper one can find an explicit upper
bound for the degree of « such that B, does not have a primitive divisor, in the
case when End(E) is a maximal order and it is a principal ideal domain.

2. Notation
The curve E is defined by the equation
y2 +aixy+azy = x3 —|—a2x2 +asx +ae

with coefficients in the number field K.
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The following notation will be used during the paper:

A is the discriminant of the equation defining the curve.
AE/k 1s the minimal discriminant of the elliptic curve.
j(E) is the j-invariant of the curve.

D = [K : Q] is the degree of the number field K.

Ok is the ring of integers of K.

Ak 1is the discriminant of the field K.

fE/Kk 1s the conductor of the curve.

og/k =10g|Ng,o(AEg/k)|/10g|Nk,a(fe/x)|, where Ng g is the norm of the
field extension, is the Szpiro quotient; if £/K has everywhere good reduction
(and then fg,x = 1), we put og g = 1.

If x € Ok is nonzero, then gpf(x) is the greatest rational prime p so that
OI‘dp(NK/@(X)) > 0.

If n € N is nonzero, then w(n) is the number of rational prime divisors of .

If x € K*, define m(x) = maxp{ordp(x)}, where the maximum runs over all
primes in Ok.

3. Preliminaries

Let Mg be the set of all places of K, take v € Mk, and let | - |, be the absolute value
associated with v. Let n,, be the degree of the local extension K, /Q,. We normalize
the absolute values as in [Silverman 2009, Section VIILS5, after Example VIIL.5.1].
If v is finite, then |p|, = p~!, where p is the rational prime associated to v. If v is
infinite, then |x|, = max{x, —x} for every x € Q). Thanks to this choice, we have
the usual product formula, i.e.,

ny _
[T el =1
veMg

for every x € K*. Define M as the set of infinite places of K and MIO( as the set
of finite places.

Now, we define the height of a point on the curve; more details can be found in
[Silverman 2009, Chapter VIII]. Given x € K*, define

hy(x) := max{0, log|x|,}

and

1
h(x):= Q] Z nyhy (x).

veEMgk
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For every point R # O of E(K), define

hy(R) := hy(x(R))
and the height of the point as

h(R) := h(x(R)).

So, for every R € E(K)\ {0},

1
h(R) = T Z nyhy(R).

veMk

Finally, put
h(0) =0,

where O is the identity of the curve.
Given a point R in E(K), define the canonical height as in [Silverman 2009,
Proposition VIIL.9.1], i.e.,

WR) = 1 5 h(2V R)
ToNDe 4N
We recall the properties of the height and of the canonical height that will be

necessary for this paper.

« It is known that the difference between the height and the canonical height can
be bounded by an explicit constant. In particular, we will use the following

result. Let

_h(J(E)) | h(A)
==t t214

If E is defined by a Weierstrass equation in short form and with integer
coefficients, then, for every R € E(K),

Cg

|h(R) = 2h(R)| < Ck.
This is proved in [Silverman 1990, equation 3].
o The canonical height is quadratic, i.e.,
h(nR) = n*h(R)
for every R in E(K) and n € N.

« For every nontorsion point R € E(K),

h(R) > 0.
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There exists a positive constant Jg, effectively computable and depending only
on E and K, such that
Je < h(P)

for every nontorsion point P € E(K). Thanks to [Petsche 2006, Theorem 2],
we can take
_ log|Ng/a(Ag/k)|

105 D30p  1og*(104613Do; )

JE

where Nk g is the norm of the field extension, D = [K : Q], and
_log|Ng,o(Ag/k)l
log|Nk o (fE/x)|

If fp/xk =1, we put og,x = 1. The conductor fg,g is defined in [Silverman
2009, beginning of Section VIIL.11].

OE/K

In order to prove that B, has a primitive divisor for all but finitely many terms,
Silverman [1988] and Cheon and Hahn [1999] used a theorem of Siegel that says
hy(nP)

im =

for every v € Mg, as is proved in [Silverman 2009, Theorem IX.3.1]. This result
is not effective and hence their results are not effective. We will use some results
that tell us effectively how this limit goes to 0. As we will show later, for the finite
places we will use some results on the formal group of the elliptic curve, and for the
infinite places we will use the work in [David 1995]. The idea of using the result of
David to study primitive divisors of elliptic divisibility sequences was introduced,
as far as we know, by Streng [2008, Section 3].

We conclude this section by showing that we can focus only on the case when E
is defined by a Weierstrass equation in short form and with integer coefficients. We
will do that in Lemma 3.2. In order to prove that lemma, we need the following.

Lemma 3.1. Let E be an elliptic curve defined over K by a Weierstrass equation
with integer coefficients and let P € E(K). Let v € MY, P be the associated prime,
and p be the associated rational prime. There exists

V(A(

E))
k<p 12 (2Ng,g(P)+ 1) max{4, ordp(j (E)™")}
such that v(x(kP)) < O.

Proof. Let Ep be a minimal model for the elliptic curve over Kp and let Pp be the
image of P under the change of variables from E to Ep. So, x(P) = u%x(Pp) +rp
for some up, rp € Kp. By [Silverman 2009, Proposition VII.1.3.d], v(up) > 0
and v(rp) > 0. Note that 12v(up) = V(A(E)) — v(A(Ep)) < v(A(E)) and so
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v(up) <v(A(E))/12. There exists a multiple k Pp with k <max{4, ordp(j (Ep)~H}
such that k Pp is not a singular point in Ep(Fp) (see [Silverman 2009, Corol-
lary C.15.2.1]). Observe that Fp has Ng,o(P) elements and then the group of
nonsingular points in Ep(Fp) has at most 2Nk ,q(P) + 1 elements. So, the order
of kPp in the group of nonsingular points modulo P is at most 2Ng ,q(P) + 1.
Hence, there exists

np(Pp) < 2Ng/q(P) + 1) max{4, ordp(j (Ep) ")}

such that np (Pp) Pp reduces to the identity modulo P. Given a point Q in E(K), it
is easy to show that Q reduces to the identity modulo P if and only if v(x(Q)) < 0.
Therefore, v(x(np(Pp)Pp)) < 0.
From a classic result on formal groups,
v(x(p"“Pnp(Pp)Pp)) < —2v(up).

For more details on formal groups, see Lemma 5.2 or [Silverman 2009, Corol-
lary IV.4.4]. Using that v(up) > 0 and v(rp) > 0, we have

v(x(p"“Pnp(Pp)P)) = v(upx(p"“"np(Pp) Pp) + rp)
= v(x(p""“"'np(Pp) Pp)) + 2v(up)
< 0.
We conclude recalling that v(up) < v(A(E))/12. U
Lemma 3.2. Let E/K be an elliptic curve defined over K by a Weierstrass model M.

Then, there exists an elliptic curve E' defined over K by a short Weierstrass
model M’ with integer coefficients that is isomorphic over K to E, and a positive
rational integer s(E /K, M) such that: if Theorem 1.2 holds with C(E'/K, M)
for E', M, then it holds with

C(E/K, M) =max{C(E'/K, M), s(E/K, M)}
for E, M. The constant s(E /K, M) is effectively computable and will be defined
during the proof (see (2)). It depends only on E and M.

Proof. Recall that E is defined by the equation
y2 +a1xy+azy = x3 +a2x2 4+ asx + ae.
Let u be the smallest positive rational integer such that, after the change of variables,
2
N a @ ) 3( a1 a3 ))
(x,y) = (', y) (u (x+12+ WA i

we have that E is isomorphic to a curve E’ of the form y? = x> +ax’ 4 b with a
and b in O. Let P’ be the image of P under this isomorphism. So, x" = u?x +r
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foru € Z4p and r € K. Let g be the integral Ok -ideal such that, for every v e M 9,

v(g) = max{|v(u?)|, —v(r)}.

If r = 0, we take g such that v(g) = |v(u?)| for every v € M,O<. Note that g depends
only on E and M. Let B), be the elliptic divisibility sequence associated with E’
and P’.

Let v be the absolute value associated with a prime P coprime with g. We have
v(u?) =0 and v(r) > 0. If P divides B,, then v(x(nP)) <0 and

v(uzx(nP) +r)= v(uzx(nP)) =v(x®mP))=—v(B,) <O0.

Therefore,
v(B)) =v(B,) > 0.

In the same way, if P divides B/, then
v(B)) =v(By,) > 0.

So, if P is coprime with ¢, then P divides B, if and only if it divides B,.

Let
@) s =max{pHrTrEENE AN o (P) + 1)(max{4, ordp (j(E) D)},

q

where p is the rational prime associated with P.

Assume n > s. We will show that, if P is a primitive divisor of B, then P is a
primitive divisor also for B,,.

Let P be a primitive divisor of B;,. Suppose that P divides ¢. By Lemma 3.1,
there exists

k< ptAEM/Z Nk o(P) + 1) (max (4, ordp (j (E) ™))
= plI2 O AEN/2 N o (P) + 1) (max{4, ordp(j (E) ™))

<s

such that v(B;) > 0. But, since P is a primitive divisor of B, we know that k > n.
Hence, n < s and this is absurd since we assumed n > s. So, P does not divide q.
Since P is a primitive divisor of B, and P is coprime with ¢, then P divides B,
and does not divide By for k < n. Therefore, it is a primitive divisor for B,,.

In conclusion, if n > max{C(E’/K, M’), s}, then B, has a primitive divisor P.
As we showed, P is also a primitive divisor for B,,. Therefore, B, has a primitive
divisor for all n > max{C(E'/K, M), s}.

Observe that s depends on j(E’), A(E), u, r, and g. It is easy to show these five
values depend only on E and the model defining the curve. So, we are done. [J
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From now on, we will assume that E is defined by a short Weierstrass equation
with coefficients in Ok of the form

Y =x7 = (g2/Hx — (g3/4).

Once we prove Theorem 1.2 under this assumption, then we can prove it in general
using Lemma 3.2. It is useful to have E in this form in order to apply the work in
[David 1995], as we will do in Section 6.

4. Structure of the proof

We start by recalling the structure of the proof of Cheon and Hahn of Theorem 1.1.

(1) If P is a nonprimitive divisor of B,, then P divides B,/, for g a prime divisor
of n. Moreover, if v is the place associated to P, then £, (nP) and h,, (%P) are
roughly the same.

(2) If B, does not have a primitive divisor, then, for every v € MIO(, we have

hy (nP) < Zhu(gp) +0(logn),
qln

using Step (1). Therefore,
hy(nP) < m(2P) OIOn).
UEZM%U( ) ZM(qu + O(logn)
(3) For every v infinite, &, (nP) is negligible compared to A (nP). In particular,
> hy(@P) = o).
veMy
(4) Putting together the inequalities of (2) and (3), we obtain
2n2h(P) = 2h(nP)
=hnP)+ O(1)
== Y P+ Y P+ 0)

veM% veMy

< Zh(gP) ton?)

qln

2
=20(P) Y :l? +on?)

qln

- 2n2fz(P)<<Z q_12) +0(1)).

qln
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Note that one can use even sharper arguments using a complete inclusion-
exclusion to find better inequalities (see for example [Streng 2008, Proof of
the main theorem]).

(5) For every n we have ) qin g2 < 1 and then the inequality of (4) does not hold
for n large enough. So, B,, does not have a primitive divisor only for finitely
many n € N.

In order to make this proof effective, we need to make Steps (1) and (3) effective.
In Section 5, we bound %, (nP) —h,((n/q)P) as in Step (1). In Section 6, we make
effective Step (3).

5. Finite places

Take P a prime over a valuation v € MIO(. Let p be the rational prime under P.
Recall that E is defined by a Weierstrass equation with integer coefficients. The
group of points of E(Kp) that reduce to the identity modulo P is a group that is
isomorphic to a formal group, as proved in [Silverman 2009, Proposition VII.2.2].
Observe that, in the hypotheses of this proposition, there is the requirement that E is
in minimal form. Anyway, the proof works in the exact same way only requiring that
the coefficients of E are integers in Kp, that is our case. Let Q € E(Kp) and, using
the equation defining the elliptic curve, it is easy to show that 3v(x(Q)) =2v(y(Q))
and therefore

3) 2v<§ig;> — —v(x(Q)) > 0.
Define
x(Q)
Y ko
z2(Q) y(Q)e P

Lemma 5.1. Take v € MIO< and let P be the associated prime. Define np as the
smallest integer such that np P reduces to the identity modulo P. Then, k P reduces
to the identity modulo P if and only if k is a multiple of np. Moreover, v(x(kP)) <0
if and only if k is a multiple of np.

Proof. Let E,s(Fp) be the group of nonsingular points of the curve E reduced (with
respect to the given model) modulo P. Suppose by contradiction that k P reduces
to the identity but & is not a multiple of np. Take ¢ and r the quotient and the
remainder of the division of k by np. Since np does not divide k, we have that
0<r <np. So,

rP=nP —kqP =0 -0 =0 modP
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and this is absurd since np is the smallest positive integer such thatnp P = O mod P.
Vice versa, if k = gnp, then

kP=qnpP)=q0 = 0 modP.
Now, we conclude by observing that a point Q reduces to the identity modulo P if
and only if v(x(Q)) < 0. ]

Lemma 5.2. Let Q € E(K) be such that v(z(Q)) > 0. Recall that p is the rational
prime such that v(p) > 0. Then v(z(p¢Q)) > e+ v(z(Q)). In particular, if p¢ | n,
then v(z(nQ)) > e.

Proof. By [Silverman 2009, Corollary IV.4.4], v(z(pQ)) > 1 + v(z(Q)). Now,
we proceed by induction. The case e = O is trivial. Assume that we know that
v(z(p~'Q)) = e—14v(z(Q)). Put Q' = p¢~' Q and for the observation at the
beginning of the proof we know v(z(pQ’)) = 1+ v(z(Q")). Therefore,

v(z(p° Q) =v(z(pQ)) = 1+v(z(Q)) = 1 +v(z(p*~' Q) > e+ v(z(Q)).

Now, we deal with the second part of the lemma. Let n = p°n’ and, by Lemma 5.1,
v(z(n' Q)) > 0. For the first part of the lemma, v(z(nQ)) > e+ v(z(n'Q)) > e. O

Lemma 5.3. Let Q € E(K) be such that v(z(Q)) > v(p)/(p — 1). Then,
v(z(nQ)) = v(z(Q)) +v(n)

foralln > 1.
Proof. This follows by [Silverman 1988, Theorem IV.6.4, Proposition VIL.2.2]. [J

Definition 5.4. Let S be the set of finite places of K such that v |2 or v ramifies
over Q. Observe that this set is finite.

Corollary 5.5. Let Q € E(K) be such that v(z(Q)) > 0. If v & S, then
V(z(nQ)) =v(z(Q)) +v(n)

foralln > 1.
Proof. Sincev¢ S, wehavev(p)=1and p—1>2. So,v(z(Q))>1>v(p)/(p—1)
and we apply Lemma 5.3. ([

Proposition 5.6. Let E be an elliptic curve defined over a number field K and let
P € E(K) be a nontorsion point. Take v € M IO(, let P be the associated prime, and
p be the rational prime under P. Recall that np is the smallest positive integer such
that np P reduces to the identity modulo P. Assume that np | n and np # n. Then,
one of the following hold:

o There exists a prime q | n such that v(z((n/q) P)) > 0 and

v(z(nP)) = v(z(gp)) +v(q).
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e veSand "
vip)

n<npppr-l .

Proof. Assume v ¢ S and let Q = npP. Since n/np is an integer greater than 1,
there is a prime ¢ that divides it. By Corollary 5.5,

s (7)) =1 ((0) (50

= v(%) - v(anP) =v(q).

So, we focus on the case v € S. Assume that there exists g # p such thatg |n/np.

Then,
v(z(nP)) = v(z(%P))

by [Silverman 1988, Corollary IV.4.4] and we are done since v(g) = 0. Assume
now that there is no g # p such that g |n/np. So, n = p°np with e > 1 (since
n # np) and recall that we defined Q =npP.

Assume thate—1>v(p)/(p —1). Then, by Lemma 5.2, v(z(plQ) >e—1>
v(p)/(p — 1). Therefore, by Lemma 5.3,

VnP) = vzt 0) = v ) +v(p) = (2( P)) +v(p).

It remains the case e — 1 < v(p)/(p — 1). In this case,
v(p)
n=npp’ <nppr-t' . O
Remark 5.7. To explicitly compute v(z(nP)) in the second case of the previous
proposition one can use [Stange 2016, Lemma 5.1].

Lemma 5.8. Let v € S, P be the associated prime, and p be the associated rational
prime. It holds that

v(p) m(Ag)

nppr1 T <gpfRAk) 2 max{4,m(j(E)")}(2gpf2Ax)P+1)gpf(RA k)Pt

See Section 2 for the definition of the constants involved.

Proof. Recall that we are working with an elliptic curve E defined by a Weierstrass
equation with integer coefficients. By Lemma 3.1,
V(A(E))

np<p 12 (2Ng,q(P)+ 1) max{4, ordp(j(E) ")}

Since P is a prime over a place in S and the primes that ramify divide the discriminant
of the field Ak, we have Ng ,o(P) < gpf(2A x)P. Therefore,

V(A(E))
12

np < gpf2Ak) max{4, m(j (E)~)}2gpfRAk)® +1).
Moreover, p < gpf(2Ak) and v(p)/(p — 1) <v(p) < D. O
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Definition 5.9. Define
m(Ag)
12

C) = gpfQAk) max{4, m(j(E)")}2 gpfQAx) +1) gpf(2A k)P T

Proposition 5.10. Let E be an elliptic curve defined over a number field K and let
P € E(K) be a nontorsion point. Take v € M ,0( and let P be the associated prime.
Assume that np | n, that np # n, and that n > Cy. Then, there exists a prime q | n
such that

hy(nP) = hv(gp) +2h,(q7Y).

Proof. Observe that we are in the hypotheses of Proposition 5.6. By Lemma 5.8
we know that, since n > Cj, we cannot be in the second case of Proposition 5.6.
Therefore, there exists a prime ¢ | n such that

v(z(nP)) = v(z(%P)) +v(q).

Observe that, given Q € E(K) with v(x(Q)) < 0, then by (3),

o x(Q)
y(Q)

(27

6. Infinite places

hy(x(Q)) =log|x(Q)|, = =2lo = —2log|z(Q)l,.

v

Therefore,

h,(nP) = —2log|z(nP)|, = —21log

:hv<§P>+2hv(C[—1)~ O

v

We know that 2n2fz(P) is close to 2(nP) and that

h(nP):% Z hv(nP)—I—% Z h,(nP).

veM?< veMy®

Thanks to the previous section, we know how to bound %, (nP) for v finite in the case
when B,, does not have a primitive divisor. Now, we need to bound &, (nP) for v
infinite. We show that, for n large enough, £, (nP) is negligible compared to n2h(P).

Recall that we are working with an elliptic curve E defined by the equation
y2 =x3 — (g2/4)x — (g3/4) with g,, g3 € Ok. Fix an embedding K — C and
consider the group of complex points E(C). We briefly recall the properties of E(C).
For the details see [Silverman 2009, Chapter VI]. There is a unique lattice A € C
such that C/A is isomorphic to E(C) via the map ¢ : z — (9 (2), 9'(2)/2, 1) (see
[Silverman 2009, Theorem VI.5.1]). Thanks to [Silverman 1994, Proposition 1.1.5],
we can take w; and w; two generators of A such that T = w,/w; € C is in the
fundamental domain. In particular, It > +/3/2, where 37 is the imaginary part
of 7. We need to make this choice in order to use [David 1995, Theorem 2.1].
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Before proceeding, we need to define some constants. Let
h =max{l, h(1:g>:g3), h(j(E))},

where (1 : g : g3) is the usual height on P2 (for a definition see [Silverman 2009,
Section VIIL.5]). Let

log Vi = max{h, (3m)/(D - 3I1)},
log V> = max{h, 37 |w2|*)/(|lo1|* - D - 37)}.

Let ¢; :=3.6- 10*!, that is the constant ¢; of [David 1995, Theorem 2.1] evaluated
in k = 2. Define

(€)) C3; = max{30, eh,log V /D, log V,/D, D},

) Cy=54-c;-D%log V; log V5.

Proposition 6.1. Let E be an elliptic curve defined by the equation
V2= — (g2/)x — (3/4)

for g2, g3 € K and take P € E(K). Let z € C be so that ¢(z) = P and suppose
logn > C3. If 0 <my,ny,mp, np <nwithny, ny #0, then

m m
7— —la)l — —20)2 > —anl/z.
ni

log s

Proof. David [1995, Theorem 2.1] proved that, for all integers 0 <m, ny, my, np <n
with ny, ny # 0, we have

m m
log z——1w1 ——2w2
na

p > —c1 D%(log BD)(loglog B+1+1log D+h)*log V; log Va,
1

where
log B := max{eh, logn,log Vi/D,log V,/D}.

Since logn > C3, we have logn > D, logn > eh > h+1, and logn =log B. Hence,
c1D%(log BD)(loglog B + 1 +1log D +h)*log Vi log V5 < C; log* n.

Moreover, since logn > 30, we have

10g4n <n'/?

and then
mi mp 2

loglz — —w; — —=wy| > —Cznl/ . O
n ny
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7. Proof of Theorem 1.2

Define
1
pm) =3 —
pln p

and w(n) as the number of prime divisors of n. It is easy to prove, by direct

computation, that
1 1

p prime
Recall that C; is defined in Definition 5.9.

Lemma 7.1. Let n > C. If B, does not have a primitive divisor, then there exists
an embedding K — C such that

max{log|x(nP)|, 0} > 24(P)n*(1 — p(n)) — 2logn — Cg(w(n) + 1),

where with |x(nP)| we mean the absolute value in the embedding and Cg is defined
in Section 2.

Proof. Suppose that B, does not have a primitive divisor and take v finite. Let P
be the associated prime and assume v(B,) > 0. Hence, np | n but n # np since B,
does not have a primitive divisor. So, using Proposition 5.10, there is a prime g, | n
such that

hP) =hy( 7P )+ 2@ ).

v

Let MIO(’" be the set of finite places v such that 4, (nP) > 0. Therefore,

Y mhyaP)= Y nyhy(nP)

veMy veMy"
< 3 m([0P) +2mohtarh)
veM%" Y
< Dh(ﬂp)+2Dh(q—‘)).
(Do

Here we are using that /,(kP) > 0 for all v € Mg and all kK > 1. Thus,
1 1
5 > nohy(nP) =h(nP)— 5 > nuhy(aP)
veMp veM?{

> 2h(nP) — Cpy —Z(h(gP) +2logq)

qln
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~ ~(n
> 2h(nP) — Cg —2logn — (2h(—P) + CE)

= 212(P)n2<1 -3 %) —2logn — Ce(w(n) +1)

qln
=2h(P)n*(1 — p(n)) —2logn — Ce(w(n) + 1).

Since h, (nP) > 0 for all v € Mg and Z%M? n, = D, at least one of the &, (nP),
for v e My, is larger than the right-hand side. Recalling that

hy,(x(P)) = max{log|x(nP)|,, 0}
we conclude that
max{log|x(nP)|, 0} > Zfz(P)nZ(l —pn))—2logn — Cg(w(n) +1). O

We briefly recall the hypotheses that we are assuming. As we said in the previous
section, we are assuming that £(C) = C/A with the lattice A generated by the
complex numbers w; and w,. Moreover, we are working with an elliptic curve
defined by a Weierstrass equation with integer coefficients and in short form. Recall
that C; is defined in (5) and define

Ca =2 max {max{|x(T)|, | T € E(K)[2]\ {O}}}).

Proposition 7.2. Assume that
©6) 2h(P)n’(1 — p(n)) —2logn — Cp(w(n) +1) > 0,

that n > Cy, and that logn > C3, as defined in (4). If B, does not have a primitive
divisor, then

(7) h(P)n*> <n'?(2Cy +4+2Cg +1og Cy).

Proof. Fix the embedding K < C of Lemma 7.1. Since B, does not have a
primitive divisor, we have

8) log|x (nP)| > 2h(P)n*(1 — p(n)) —2logn — Ce(w(n) + 1)

thanks to Lemma 7.1 and the assumption in (6). Consider the isomorphism
C/A = E(C) as in Section 6 and take z € C in the fundamental parallelogram
of the period lattice of E such that ¢(z) = P. Assume

|x(nP)| = C4
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and let § be the n-torsion point of C/A closest to z (if it is not unique, we choose
one of them). Then,

©)] log|x(nP)| < —2log|lnz — ndé| +1log8

thanks to [Ingram 2009, Lemma 8] (here we are using the assumption |x (nP)| > Cy).
This lemma is stated for K = (2, but the proof works in the exact same way for K
number field. Since § is an n-torsion point, we have

m
= —wi —I——2w2
n

for 0 < mj, my < n. Using Proposition 6.1 and the assumption that logn > Cs,

we have

log|z — 8| =log|z — %wl — %a)z > —Cznl/z.

Applying inequalities (8) and (9) we have
(10)  log8+2Cn'/? > —2log|z — 8| +log 8
= 2log|n| —2log|lnz — nd| +log 8
> —2log|nz —nd| +log8
> log|x(nP)|
> 2h(P)n*(1 — p(n)) —2logn — Cg(w(n) + 1).
Observe that w(n) <log, n and (1 — p(n)) > 0.5. Thus, rearranging (10), we have
h(P)n* < 2h(P)n*(1 = p(n))
<2logn+ Cg(w(n)+ 1) +log 84+ 2C;n'/?
<n'2Q2C;+4+2Cp).

Here we are using that n!/? > logn thanks to the hypothesis logn > C3. Recall
that we obtained this inequality assuming |x(nP)| > Cy. If |x(nP)| < C4, applying
again (8), we have

log C4 > log|x (nP)|
ZZfz(P)nz(l —p@m)) —2logn — Cg(w(n)+1).

Therefore, one can easily show that, both in the case |x(nP)| < C4 and in the case
|x(nP)| = C4, we have

h(P)n> <n'>(2Cy+4+2Ck +10g Cy). O

We are now ready to prove our main theorem. We will show that (7) does not
hold if » is large enough.
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Proof of Theorem 1.2. Define
Cs = J5'(2C2+4+2Cg +1log Cy)
and take
(11) n > max|Ci, C37°, Vi, Va, exp(D), (exp(eh)), e*°}.

We want to show that B, has a primitive divisor.
Observe that, thanks to the assumption in (11) and the definition of C3 in (4),
we have logn > C3. Moreover,

n¥? > Cs=J;'(2C, +4+2Cg +1log Cs) > h(P) ™' (4 +2CE)

and then
n?>logn-h(P)~'(4+2Ck).

Therefore, equation (6) holds. Finally, n > C;. Hence, we are in the hypotheses of
Proposition 7.2.

We assume that B,, does not have a primitive divisor and we find a contradic-
tion. Since B, does not have a primitive divisor, we know that we can apply
Proposition 7.2 and (7) must hold. But

n3? > J- 120, +4+2CE +1og Cy)
- 2C, +4+2Cg +1logCy
h(P)
and then (7) does not hold. Therefore, we find a contradiction and then B,, must

have a primitive divisor.
In conclusion, define

(12)  Ce(E/K, M) =max{C}, Vi, V2, exp(D), exp(eh), ¢**, C2}

and B, has a primitive divisor for n > Cs(E /K, M). Observe that every constant
involved in the definition of C¢(E /K, M) does not depend on P and it is effectively
computable (we will give more details in the next section). So, we are done.
Recall that we are working under the assumption that E is defined by a short
Weierstrass equation with integer coefficients. In order to conclude for the general
case, one has to use Lemma 3.2. ([

8. Explicit computation

Now, we explicitly write a constant C (E /K, M) such that Theorem 1.2 holds. We
assume that E is defined by a short Weierstrass equation with integer coefficients,
the general case can be done using Lemma 3.2. Recall that we defined many
constants in Section 2.
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First of all, we show how to bound |z, as defined at the beginning of Section 6.
Recall that we are working under the assumption that 7 is in the fundamental
domain. Hence, we know |[Nt| < 1/2 and then we study Jt, the imaginary part of
7. Put ¢ = ¢?™'" and then

273t

lgl =e

So,
loglg| = 27 3t.

Thanks to [Silverman 1990, Lemma 5.2.b], we have

‘log|q|’ < 5.7+ max{log|j (E)], 0}.

Therefore,
ey - Nloglal] _ 5.7+ max{logl ()], )
S 2w T 2 '
We obtain
1 (57 log|j (E)|, 0}\?
4 2
Let

log V{ = max{h, (2v/37)/D},

. 2
log Vz/ = max{h, (2\/571 (i + (5.7+max{21:)Tg|](E)|, 0}) ))/D},

C,=54-c;-D%log V| log V5.

By the definitions of Vi, V;, and C, given at the beginning of Section 6, we have
V] =V, V; > Vs, and C} > C. Hence, by (12), Theorem 1.2 holds for

13) C(E/K, M)

2C5 +4+2CE +1log C4\**
:max{Cl, V|, Vs, exp(D), exp(eh), e>°, < 2 7 - : 4) }
E

where

h=max{l,h(1:g2:g3),h(j(E))}, ¢ =3.6-10*,

m(A

C1 = gpf2AK) " max(d, m(j(E)")) 2 gpf@Ax)P + 1) gpf2A )P+,
log V| = max{h, (2v/37)/D},

. 2
log VZ/ = max{h, (2\@7( (% + (5.7+max{21§)1g|J(E)|, 0}) ))/D},
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C,=54-c;-D%log V| log V;,
_ hG(E)) " h(A)
4 6
Cy=2max{|x(T)| | T € E(@)[2]\{0}},
_ log|Nk/Q(AE/k)
105D36 5 4 10g*(104613D0F 1)

Cg +2.14,

JE

9. Examples

We apply our main theorem to a couple of examples.

Example 9.1. Let E be the rational elliptic curve defined by the equation y? =
x3 —4x + 4. In this case, D = Ax = 1, h ~ 10.23, J(E) = —=27648/11,
Ap/xk =—2816, ok ~ 1.78, and C4 ~ 4.76. Using (13), we have

C(E/K, M)~5.88-10” <6-10%.

With our methods, even if we optimize all the estimates in the proof, we cannot
hope to find a constant for Theorem 1.2 much smaller than the one of Example 9.1.
Indeed, in the definition of ¢; and of Jg appear constants that are very large
(namely 10*! and 10'3) and so, even if the other constants involved are small, we
cannot find a constant much smaller than 103, In order to find better constants,
one would need to have better constants in the bound of canonical height and in
logarithmic approximation.

Now, we present another example where we show the techniques that one can
use to find the terms without a primitive divisor.

Example 9.2. We focus on the elliptic curve y2=x3—2xand P = (2,2) € E(Q).
The first terms of the sequence are By = 1, B, =22, By =1, B4 = 2% (3%)(7%),
and Bs = (17)2(19)2. Hence, B; and B; do not have a primitive divisor. For
the terms that have very large indexes, we can use Theorem 1.2. So, we apply
Theorem 1.2 with C(E /K, M) as defined in (13). In the definition of C(E /K, M)
we substitute Jg with 0.3. Indeed, for every rational nontorsion point of E, we
have fz(P) > 0.3 and Jg is a constant such that Jg < fz(P). The minimum of the
canonical height of the rational nontorsion points of E is computed in [LMFDB],
where the canonical height is defined as the double of our canonical height. By
Theorem 1.2 we have that, for n > 2- 103!, B, has a primitive divisor.

To deal with the terms with indexes smaller than 2-103!, we can use the following
techniques. By [Voutier and Yabuta 2012, Theorem 1.3] and [Verzobio 2021a], B,
has a primitive divisor for n even. So, we focus on the terms with odd indexes. As
an easy corollary of [Voutier and Yabuta 2012, Lemma 3.4], we have that if B,
does not have a primitive divisor, then log B, < 0.181n%. So, we can compute the
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values of B, and check if the inequality holds (this is much faster than computing
the factorization of the terms). As far as we know, the faster way to compute B, is
to use [Verzobio 2022, Theorem 1.9], where it is proved that, for k > 9,

_ biabi—6b} — b}_4beb)

(14) bi
bi—sbs

where by, = 4+/By for an appropriate choice of the sign (for more details, see
[Verzobio 2022, Definition B]). One can check that log B,, > 0. 1812 for4 <n < 10°
using PARI/GP [2018] and then B, has a primitive divisor for 4 <n < 10°. So, our
bound is too large to be computationally useful and then new methods are needed
to bridge the gap.
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POISSON MANIFOLDS OF
STRONG COMPACT TYPE OVER 2-TORI

LUKA ZWAAN

We construct a new class of examples of Poisson manifolds of strong compact
type. In particular, we show that all strongly integral affine circles and
two-dimensional tori appear as the leaf space of a Poisson manifold of strong
compact type.

1. Introduction

Like symplectic geometry, Poisson geometry started from the mathematical formal-
isation of classical mechanics. Roughly speaking, a Poisson manifold is a smooth
manifold equipped with a Poisson bracket on its space of smooth functions, which
allows one to formulate Hamiltonian dynamics. Examples of Poisson manifolds
include symplectic manifolds and duals of Lie algebras, an early glimpse into
the deep connection with symplectic geometry and Lie theory. Unlike symplectic
manifolds, Poisson manifolds are very flexible in nature. For instance, every
manifold admits a Poisson structure and there is no local classification of Poisson
structures. For this reason it is common to restrict one’s attention to specific
classes of Poisson manifolds, where one can formulate deep results about their
geometry. In this paper we are concerned with Poisson manifolds of compact
type (PMCTs). PMCTs are the “compact objects” in Poisson geometry. They
were first introduced in [Crainic and Fernandes 2005] and their role in the theory
is analogous to the one played by compact Lie algebras in Lie theory. Just as
there is the special class of compact semisimple Lie algebras among compact
Lie algebras, there is an important distinguished class among PMCTs, namely
that of Poisson manifolds of strong compact type (PMSCTs). A simple class
of examples of PMSCTs is given by compact symplectic manifolds with finite
fundamental group, but it is difficult to construct examples that are not symplectic.
The first such example was given in [Martinez Torres 2014], building on work of
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[Kotschick 2006]. There a regular PMSCT is constructed whose symplectic leaves
are all diffeomorphic to a K3 surface and whose leaf space is diffeomorphic to a
circle. One can form new PMSCTs by taking products of the aforementioned
examples, but apart from these no other examples are known. In this paper
we use the construction of [Martinez Torres 2014] to obtain new examples of
PMSCTs. It is known that the leaf space of a PMSCT must be a compact integral
affine orbifold and in the example of [Martinez Torres 2014] this is the “standard”
integral affine structure on the circle. In this work we show that all strongly
integral affine circles and two-dimensional tori can appear as the leaf space of
a PMSCT.

In order to explain our main result, recall that a Poisson structure on a manifold M
is a Lie bracket on C°°(M) which is a derivation in each entry. Equivalently, a
Poisson structure is a bivector = € X¥2(M) satisfying [, w]=0. This is the definition
we work with in this paper. Every Poisson manifold has a partition into symplectic
manifolds. This symplectic foliation can be viewed as a singular foliation integrating
the (singular) distribution 7#(7*M) C T M. If  has constant rank, this is actually
a regular foliation. In this case the Poisson manifold is called regular.

The “global” objects in Poisson geometry are the so-called symplectic groupoids.
A symplectic groupoid is a Lie groupoid G = M carrying a multiplicative symplectic
form Q € Q%(G). A Poisson manifold (M, ) is called integrable if there exists some
symplectic groupoid (G = M, 2) for which the target map ¢ : (G, Q) — (M, 7)
is a Poisson map (see [Crainic et al. 2021]). PMCTs are defined as those Poisson
manifolds that are integrated by a source connected, Hausdorff symplectic groupoid
having a certain compactness property. Contrary to the case of Lie groups and Lie
algebras, there are multiple notions of compactness for Lie groupoids, namely a
Lie groupoid G == M is called

« proper if the anchor map (s, t) : G — M x M is proper;
e source proper, or s-proper, if the source map is proper;

o compact if the space of arrows G is compact.

Accordingly, we say that (M, i) is of proper/source proper/compact type if it admits
a source connected, Hausdorff symplectic groupoid of proper/source proper/compact
type, respectively.

The types just defined depend on the choice of integration of (M, 7). However,
just like for Lie groups, there is a unique “largest” integration, namely the one with
1-connected source fibres. This is often called the Weinstein groupoid. We say that
an integrable Poisson manifold has strong proper/source proper/compact type if its
Weinstein groupoid is Hausdorff and has the corresponding type. As mentioned
above, we will focus here on Poisson manifolds of strong compact type.
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Unlike general Poisson manifolds, PMCTs have a rich geometry transverse to
their associated symplectic foliation. For example, the leaf space of a regular PMCT
inherits the structure of an integral affine orbifold. Roughly speaking this means
that the leaf space has an orbifold atlas where the transitions are integral affine
maps. The precise statement can be found in [Crainic et al. 2019a; 2019b], where
many other properties of PMCTs are discussed.

As mentioned above, the first example of a PMSCT that is not symplectic was
given in [Martinez Torres 2014]. The construction there is inspired by [Kotschick
2006], where nontrivial results on the geometry of K3 surfaces are used to construct
a free symplectic circle action with contractible orbits. The orbit space of such
an action is a PMSCT with smooth leaf space a circle endowed with its standard
integral affine structure (that is, the one it inherits as a quotient of R by Z acting
by translations). In general, it is not known whether any compact integral affine
orbifold can appear as the leaf space of a PMSCT. On the one hand constructing
strong PMCTs is a difficult problem on its own, and on the other not much is
known about the classification of compact integral affine manifolds in dimension
greater than two. The integral affine structures on a circle are easily classified, and
the classification of integral affine structures on compact 2-dimensional manifolds
was obtained in [Mishachev 1996; Sepe 2010]. The main result of this paper is
the following.

Main theorem. Any strongly integral affine circle or two-dimensional torus can be
realised as the leaf space of a PMSCT.

Here by a strongly integral affine structure we mean an integral affine structure
with integral translational part (see [Sepe 2013, Remark 5.10] and Remark 4.2).

Our strategy to prove this result is as follows. Using the geometry of K3 surfaces
one constructs a universal family of marked Kihler K3 surfaces (see Section 3) to
which one can apply a general method from [Crainic et al. 2019b] to obtain PMSCTs.
Using this construction together with the classification of integral affine 2-tori from
[Mishachev 1996], one obtains examples of PMSCTs for all isomorphism classes
of strongly integral affine 2-tori.

This paper is organised as follows. In Section 2, we provide some background
on PMCTs and we recall the general method of constructing regular PMSCTs from
[Crainic et al. 2019b]. In Section 3 we recall the relevant results on K3 surfaces
that are needed for our construction. The resulting examples of PMSCTs have
symplectic foliation a fibration over S' or T2 with typical fibre the smooth manifold
underlying a K3 surface. The symplectic structures on the fibres vary in a controlled
fashion which ensures that the Weinstein groupoid is a compact symplectic groupoid.
Finally, Section 4 is dedicated to the actual constructions, which includes some
lengthy computations. We treat the circle case first and this includes the original
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example from [Martinez Torres 2014]. Lastly, we construct the PMSCTs with leaf
space the strongly integral affine 2-tori.

2. Background & general construction of PMSCTs

The construction we give below is based on two results on PMCTs:

(a) The leaf space carries an integral affine orbifold structure (see [Crainic et al.
2019b, Section 3]).

(b) The linear variation theorem (see [Crainic et al. 2019b, Sections 4-5]).

We briefly recall these results before giving the general construction. Here we
only need to consider the case of 1-connected leaves. In this case the leaf space
is smooth, since this assumption implies that the monodromy groupoid of the
symplectic foliation is proper and has trivial isotropy groups. Then both (a) and (b)
above simplify significantly.

2A. The integral affine structure on the leaf space. Recall that an integral affine
structure on a manifold B is given by an atlas whose transition functions are integral
affine maps. Equivalently, it is specified by a lattice A C T* B locally spanned by
closed 1-forms.

Consider a regular, s-connected, proper symplectic groupoid (G, Q) = (M, 7).
As mentioned above, we assume that the associated symplectic foliation 7, has
1-connected leaves so that the leaf space B is a smooth manifold. We obtain a
lattice A C v*(Fy;) as follows:

(1) For each x € M, the kernel of the exponential map g, — G, gives a lattice in g,.

(2) The isomorphism g, = v} (F;) induced by €2 allows us to transport it to the
conormal space.

This lattice descends to an integral affine structure A C 7*B on B.

2B. The linear variation theorem. We assume now in addition that (G, Q) =
(M, m) is source proper. Denoting the symplectic leaf corresponding to b € B by
(Sp, wp), we form the vector bundle

H2:= | | H*(S,,R) > B

beB
and the lattice
M7 = || im(H*(Sp, Z) — H*(Sp, R))

beB
inside it. Associated to this we have the Gauss—Manin connection V on H?, uniquely
determined by requiring the sections of H% to be parallel. Note that 7 gives us a
section @ € ['(H?), b +— [wp)].
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The Gauss—Manin connection allows us to study the variation of w: parallel
transport makes H? into a IT; (B)-representation and we define the variation map
var : I[1;(B) — H? to be

2
[y 1= v(@y0) € Hy 1)
On the other hand, we also have the linear variation map Varg1 : TB — H? given by

vi—> Vo
and the affine variation map var’ := o> + varlin,

The linear variation theorem relates the variation and affine variation maps by
means of the developing map associated to the integral affine manifold (B, A).
Associated to the lattice A* C TB we have a canonical flat connection on 7B (not
to be confused with V above). This makes TB into a TB-representation, and since
the connection is torsion-free the identity map 7B — TB is an algebroid cocycle.
The developing map is defined to be the groupoid cocycle dev : I1;(B) — TB
integrating it.

Remark 2.1. One can show that after fixing b € B and a basis of A, this boils
down to the classical notion of developing map defined on the universal covering
space (see [Crainic et al. 2019b, Section 4.2]):

devy, : B — T,B ~R?.
We can now state the linear variation theorem as follows.

Theorem 2.2 [Crainic et al. 2019b, Theorem 4.4.2]. One has a commutative diagram

Var,,

I1,(B) H?

aff
dev /%

TB

This rather abstract formulation can locally be made explicit. Let bg € B and
choose an integral affine chart (U, ¢) centered at by such that ¢(U) is convex and
such that M — B trivialises over U. This induces a trivialisation ® : H2|y =
UxH 2(S;,O, R). The chart induces an identification 75, B = R? and allows us to
consider “straight line” paths from b € U to by. Restricting to such paths the above
diagram becomes

b 0}
U = & ([wp]) HZ(ShO, R)

X Awbo] + >, vic

R4
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where ¢; € H 2(Sbo, Z) are the Chern classes of the torus bundle s~ (x) — Sho>
where x € Sp, (see [Crainic et al. 2019b, Corollary 4.4.4]). This local formulation
i1s reminiscent of the linear variation theorem from [Duistermaat and Heckman
1982]. In other words, Theorem 2.2 can be viewed as a global formulation and
generalisation of the classical Duistermaat—-Heckman theorem.

2C. The construction. The construction we describe in this section yields a PMSCT
with 1-connected symplectic leaves, whose leaf space is a complete integral affine
manifold. This means that the leaf space is a quotient of R? by a free and proper
action of a discrete group of integral affine transformations. Note that if the Markus
conjecture holds true, then in fact every compact integral affine manifold is of
this type (see [Goldman 2022, Section 8.6]). This allows us to give an explicit
formulation of the linear variation, similar to the discussion following Theorem 2.2.
The setup is as follows.

Let E — RY be a fibre bundle with typical fibre S, a compact 1-connected
manifold, and assume that E admits a Poisson structure 7 whose symplectic
leaves are precisely the fibres of this bundle. As in Section 2B we have

(i) the vector bundle H> — RY whose fibres are the degree two cohomology
groups of the symplectic leaves,
(ii) the lattice 7—[% C H? of integral cohomology,
(iii) the associated Gauss—Manin connection V and
(iv) the section @ € I'(#?) induced by 7.

Next, letI' C Affz(R?) ={x+— Ax+v | A eGL(q, Z), veR?} be a discrete group
of integral affine transformations acting freely and properly on R?, and assume
that there is a Poisson action of I' on (E, mg) making the projection £ — R?
equivariant. Then setting M := E/T" and B := R?/T", we get a (smooth) fibre
bundle p: M — B, again with typical fibre S, and a Poisson structure 7 on M whose
leaves are the fibres of p. In other words, (M, ) is a regular Poisson manifold
with leaf space B. Note also that B, being a quotient R?/ I", naturally inherits an
integral affine structure.

We can now state the general method of constructing PMSCTs. It is a reformula-
tion of [Crainic et al. 2019b, Proposition 4.4.6].

Proposition 2.3. Let (M = E/ ', ) be constructed as above. Assume that there

exists a V-flat section s € ['(H?) and linearly independent sections c1, ..., c, €
F(H%) such that

q .
2-1) w =5+ pr-c,

i=1
where pr' : R? — R denotes projection onto the i-th coordinate. Then (M, 1) is of
strong s-proper type and the induced integral affine structure on B agrees with the
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one coming from the quotient R/ I'. In particular, if B is compact then (M, 1) is
a PMSCT.

Proof. Pulling back the integral affine structure on B along p : M — B yields a
transverse integral affine structure on the symplectic foliation F7, i.e., a lattice in
its conormal bundle. We denote this lattice by AC v*(Fz). The main point is that
for all x € M, the monodromy group N, (M, r) is equal to the lattice Ay. In fact,
using the description of the monodromy groups for regular Poisson manifolds as
the variation of symplectic areas (see [Crainic and Fernandes 2004, Section 6]) this
follows directly from (2-1). The integrability criteria for Poisson manifolds then
imply that (M, ) is integrable. Furthermore, since S has trivial fundamental group,
the isotropy groups of the Weinstein groupoid X (M, m) fit into the exact sequence

oo (8, %) B VE(Fy) > S (M, ) — 0,

where 9, is the monodromy map at x. Therefore, from our previous discussion, it
follows that X, (M, ) ~ v} (f,,)/Kx, i.e., that the isotropy group at x is compact.
Since this holds for all x € M and since S is also compact, this shows that the
Weinstein groupoid is s-proper.

Finally, since A C v¥(F,) is closed, Hausdorffness of the Weinstein groupoid
follows from [Alcalde-Cuesta and Hector 1995, Theorem 1.1]. O

3. Background on K3 surfaces and the Poisson structure
on the universal family

We start by listing some definitions and results concerning K3 surfaces, after which
we describe the moduli spaces and universal families for K3 surfaces. These results
can be found in [Barth et al. 1984]. Finally, following [Martinez Torres 2014], we
use the Calabi—Yau theorem to turn the universal family into a Poisson manifold
and the strong Torelli theorem to establish a Poisson action on it, setting us up to
apply our construction.

Definition 3.1. A K3 surface is a compact, 1-connected complex surface with trivial
canonical bundle.

Every K3 surface is Kihler (see [Siu 1983]). All K3 surfaces have the same
underlying smooth manifold S (see [Barth et al. 1984, Corollary VIII.8.6]); this
will be the model fibre used in Proposition 2.3. The intersection form on H2(S, Z)
turns it into a lattice and this lattice is isomorphic to the aptly named K3 lattice,
which we denote by (L, (-, -)). It is the unique even, unimodular lattice of signa-
ture (3, 19) (see [Barth et al. 1984, Proposition VIII.3.2(ii)]). Explicitly, we have
L =U® @ (—Eg)®, where U = Z%? with form given by ((1)(1)) and Eg = 798
with form given by the Cartan matrix of Eg; it is important for us that this form is
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positive definite. We also set L := L ® R and L¢ := L ® C; note that these are
models for the real and complex cohomology, respectively.

3A. The Torelli theorem.
Definition 3.2. Let X, X’ be K3 surfaces. A Z-module isomorphism H?*(X', Z) —
H?(X,7) is a Hodge isometry if

(1) it preserves the intersection form;

(i1) its C-linear extension preserves the Hodge decomposition.

A Hodge isometry is called effective if its R-linear extension maps some Kéahler
class of X’ to one of X.

Effectiveness of a Hodge isometry is equivalent to requiring it to map the Kéhler
cone of X’ to that of X (see [Barth et al. 1984, Proposition VIIIL.3.10]).

Theorem 3.3 (Torelli [Barth et al. 1984, Corollary VIII.11.4]). Let X, X' be K3
surfaces. Then for any effective Hodge isometry ¢ : H* (X', 7) — H?*(X, Z) there
exists a unique biholomorphism f : X — X' such that f* = ¢.

This result is ultimately used to obtain the action in Proposition 2.3.

3B. Moduli spaces and universal families. There are two moduli spaces and
corresponding families for K3 surfaces: one takes into account the Kihler structure
and the other only considers the complex structure. We start now with the latter.

Definition 3.4. A marked K3 surface is a pair (X, ¢) consisting of a K3 surface X
and a marking @, i.e., an isometry ¢ : H>(X, Z) — L. Two marked K3 surfaces are
equivalent if there is a bihomolorphism between them intertwining the markings.
The moduli space of marked K3 surfaces is the set of equivalence classes:

M :={(X, )}/ ~.

It follows immediately from the definition that any K3 surface admits, up to
scalar multiplication, a unique nowhere vanishing holomorphic 2-form. In fact, one
can show that, again up to scalar multiplication, there is a bijection between complex
structures on S and closed, complex 2-forms o € Q%(S, C) satisfying 0 Ao =0
and o Ao > 0. This motivates the following definitions. We will use the same letter
to denote a marking ¢ : H?*(X,Z) — L and the induced maps ¢ : H*(X,R) — Ly
and ¢ : H*(X,C) — Lc.

Definition 3.5. The period domain is given by
Q:={loc]eP(Lg) | (0,0)=0, (0,0) > 0}.
We define the period map t; : M| — Q by
(X, @] [p(ox)],

where oy is a nowhere vanishing holomorphic 2-form on X.
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Theorem 3.6 [Barth et al. 1984, Theorem VIII.12.1]. The moduli space M| admits
the structure of a 20-dimensional complex manifold such that the period map
71 : M| — Q becomes a surjective local biholomorphism. Furthermore, there exists
a universal family U — M of marked K3 surfaces.

Remark 3.7. Recall that a family is universal if any other family is locally the
pullback of it by a unique map (see [Barth et al. 1984, Section 1.10]). The fibre
of the universal family ¢/ — M| over any ¢t € M, is a marked K3 surface (X;, ¢;)
such that [(X;, ¢;)] = t. Furthermore, these markings vary smoothly in the sense
that they induce local trivialisations of the bundle | J,, wm H 2(X,, R).

There are still some inconveniences present here. It can be shown that M| is
not Hausdorff, and that the period map t; is not injective (see [Barth et al. 1984,
Remark VIII.12.2]). These problems disappear when taking into account the Kéhler
structure.

Definition 3.8. We define M> to be the subset of the bundle
Ll #*(X,,©)

teM,
consisting of all Kéhler classes.

It can be shown that M5 is a real-analytic manifold of dimension 60 (see [Barth
et al. 1984, Lemma VIIL.9.3] and its proof). One should think of a point in M; as
an equivalence class of marked K3 surfaces together with a specified Kéhler class.
Note that there is a projection map pr: M, — M.

Inspired by some analysis of the Kihler cone of K3 surfaces (see [Barth et al.
1984, Sections VIII.3 and VIII.9]) one makes the following definitions.

Definition 3.9. Set
KQ:={(k,[c]) e Lp x Q| (k,k) >0, (k,0) =0}.
The refined period domain is then given by
KQ:={(k, [0]) € K| (k,d)#0 for all d € L such that (d, d)=—-2, (d, 0)=0}.
The refined period map t> : My — K QU is defined as

(t, k) = (@i (k), T1(2)).
Theorem 3.10 [Barth et al. 1984, Theorems VIII.12.3 and VIII.14.1]. The refined

period map is a diffeomorphism.

We set KU = (prot, 1)*?/{ . This is a real-analytic family (i.e., fibre bundle) over
K QO with extra data attached: the fibre over (k, [0]) is a triple (X, ¢, w) consisting
of a K3 surface X, a marking ¢ : H?*(X,Z) — L and a Kihler class w € H*(X, R)
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such that p(w) = k. These markings vary smoothly in the same sense as before,
and hence so do the Kéhler classes.

The family K/ — K QO is universal for real-analytic “marked Kihler K3 fam-
ilies”, i.e., real-analytic families of K3 surfaces equipped with smoothly varying
markings and Kéhler classes.

3C. The Poisson structure. Recall the following special version of the Calabi—Yau
theorem (see, e.g., [Barth et al. 1984, Theorem 1.15.1]).

Theorem 3.11. Let X be a compact complex manifold with vanishing first Chern
class. Then for any Kdihler class w € H>(X, R) there exists a unique Ricci flat
Kihler metric whose Kdhler form belongs to w.

This theorem applies in particular to K3 surfaces, and thus we can use it to endow
the fibres of KU/ — K QU with smoothly varying Kahler forms, turning it into a
Poisson manifold (see also [Martinez Torres 2014, Section 2.1.3]).

Corollary 3.12. The family KU admits a regular Poisson structure mgy whose
symplectic leaves are the fibres of KU — K QU. Moreover the symplectic form on
the fibre X over (k, [o]) with marking ¢ is the Kdihler form associated to the unique
Ricci flat Kéihler metric on X with Kéhler class ¢~ (k).

3D. The action. We will construct an action on K U by the group O (L) of isometries
of the K3 lattice. Note that there is an obvious induced action of O (L) on K Q.

Proposition 3.13. There is a Poisson action of O(L) on (KU, k) with respect
to which the projection KU — K QU is equivariant.

Proof. Fix y € O(L) and p € KQ'. Using the notation from above, denote the
triple over p by (X, ¢,, w,) and similarly for y (p). It is easy to see that

(p;‘ oy Yo, HX(Xy(p), Z) — H*(X,, 7)

is an effective Hodge isometry, so that by Theorem 3.3 we obtain a biholomorphism
£+ X, = X, (p). The universality of the family then gives neighbourhoods U
and V of p and of y (p) respectively and an isomorphism (¥, ¥) : KU|y — KU|y
extending f: through the biholomorphism f;, KU becomes a deformation of X »
at two basepoints, p and y(p). Since KU is universal, these two deformations
are locally isomorphic. Writing ¥, : X, — Xy, for the fiberwise maps, it then
follows that for all ¢ € U we have that

=g oy ogyq  H Xy, 2) > H* (X, D).

This implies first of all that / = y |y, from which it follows that ¥, = fﬁ , since
biholomorphisms of K3 surfaces are uniquely determined by their induced maps on
degree 2 integral cohomology (see [Barth et al. 1984, Proposition VIII.11.3]). Thus
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these fibrewise biholomorphisms f, p € K Q0, together form an automorphism
F, : KU — KU. It is immediate from the above construction that Fig = id, and
from the uniqueness part of Theorem 3.3 it follows that F),, = F), o F,/ for
all y, ¥’ € O(L), meaning that we have an action of O(L) on K. This action
makes KU — K QU equivariant by construction. Finally, from the uniqueness part
of the Calabi—Yau theorem it follows that each f; preserves the symplectic forms
on the fibres, meaning that the action is by Poisson maps. ([

4. The examples

From our work in Section 3 we have a Poisson manifold (KU, wgy) with leaf
space K Q" such that

(i) the cohomology classes of the symplectic forms on the leaves are described in
terms of the leaf space K Q" (Corollary 3.12);

(ii) the natural action of O(L) on K QU lifts to a Poisson action on (KU, 7xy)
(Proposition 3.13).

In order to apply the construction described in Section 2, we need to find a suit-
able embedding R? < K QC and a suitable subgroup I' C O(L). We rephrase
Proposition 2.3 in the current setting in order to make this more precise. For a
different version of this result see also [Martinez Torres 2014, Theorem 1].

Corollary 4.1. Assume that we have an embedding f : R? — K Q° and a subgroup
' € O(L) such that

(i) there exist a € Lg and linearly independent ay, ...,a,; € L such that the
Ly-component of f has the form

q
(X1, ..., Xg) > a+ ) xia;;
i=1

(i) the action of T on K Q° preserves the image of f;
(iii) the induced action on R? is free, proper and by integral affine maps.

Then M := f*KU/T with the Poisson structure induced from g is a Poisson
manifold of strong s-proper type with leaf space B := R/ T". If B is compact, M is
a PMSCT.

Remark 4.2. We can now explain why our construction leads to PMSCTs with
strongly integral affine leaf spaces. On the one hand, because of Theorem 2.2, we
are forced to consider embeddings with integral variation, i.e., the a¢; must lie in the
integral lattice L. On the other hand, to apply Theorem 3.3 we need to consider
isometries of integral cohomology, i.e., we need to act by elements of O(L). These
two technical limitations together only allow for strongly integral affine leaf spaces
in the examples.
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Remark 4.3. At the level of the symplectic groupoid, one can see that the leaf
space being strongly integral affine implies that the restriction of the symplectic
form to the identity component of the isotropy (a torus bundle) lies in the integral
cohomology. See [Sepe 2013, Remark 5.10].

We now recall the classification of strongly integral affine structures for §' and T2.

Theorem 4.4. The strongly integral affine circles are, up to isomorphism, the
quotients R/Z where the Z-action is generated by x — x + p, for a fixed p € Z>,.

Proof. 1t is easy to see that all integral affine circles are complete. Hence, it suffices
to classify, up to conjugation, embeddings Z — Affz(R) inducing free and proper
actions. These are precisely the actions generated by x +— x 4+ a with a > 0.
Restricting to strongly integral affine circles yields the result. ([

Theorem 4.5. The strongly integral affine 2-tori, up to isomorphism, are quotients
R? /72, where the Z*-actions fall into one of the following types:

(I) An action generated by (x, y) — (x + p, y) and (x, y) — (x, ¥y +q), where
p.q € Z>1 and plq.

(I) An action generated by (x,y) — (x + p,y) and (x,y) — (x +ny,y +q),
wheren, p,q € Z>.

Proof. The classification of all integral affine structures on 2-tori is given in
[Mishachev 1996, Theorem A]. Restricting to strongly integral affine structures
and using the Smith normal form for matrices with integer entries to simplify the
possibilities from type (I) yields the above classification. O

Remark 4.6. The integral affine 2-tori of type (I) are (isomorphic to) products of
integral affine circles. Thus to find examples of PMSCTs with leaf space of this
type one can simply take products of PMSCTs with leaf space S!, constructed
in Section 4A. This yields Poisson manifolds of dimension 10 whose leaves are
products of K3 surfaces. However, the examples we construct in Section 4B are
six-dimensional Poisson manifolds with K3 surfaces as symplectic leaves and thus
result in “smaller” examples.

Remark 4.7. Continuing the previous remark, note that by taking products we
can also realise some higher-dimensional integral affine tori as the leaf space of
a PMSCT, namely those that are isomorphic to a product of some of the integral
affine circles and 2-tori classified above.

Before we move on to the examples, we establish some notation. Recall that
L = U @ (—Eg)®2. We denote the standard bases of the three copies of U
by {u, v}, {x, y} and {z, ¢}, so that (u,v) = (x,y) = (z,t) = 1 with all other
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combinations yielding zero. Recall also that —Eg is even and negative definite.
Finally, let {ey, ..., eg} be a set of real numbers such that the set

2 2 2
{1’ €l,...,€8, e]seleZ’ sy 87, eres, es}

consisting of 1, ey, ..., eg and their pairwise products is linearly independent over
the integers, or equivalently the rationals. The existence of such a set is guaranteed
by [Mordell 1953]. We then set e := (ey, ..., eg) € (—Eg)g, scaling if necessary
such that |(e, e)] < §, and we seta := (0, €), b := (e, 0) € (—E3)2° C Lg.

Let us outline the strategy for the examples below. In each case, we start by defin-
ing f and I'. Itis fairly straightforward to check items (ii) and (iii) from Corollary 4.1
and that the image of f is contained in K. It then remains to show that it is

actually contained in K Q°. This is the more involved part of the computations.

4A. The PMSCTs with leaf space the circle. We will construct a PMSCT whose
leaf space is a strongly integral affine circle, i.e., we want the action of Z on R
generated by x = x 4+ p with p € Z-;. The case p = 1 is the one treated in
[Martinez Torres 2014] and the computations carried out below for general p are
an obvious generalisation of the computations there.
Consider the map f : R — Lr x P(L¢) defined by
s > (2u+v—|—sy, [x —su—|—2y—|—a+i(z+2t+b)])

and the map ¢ : L — L defined by u +— u, v+~ v+ py, x — x — pu, y — y on the
first two copies of U and as the identity on the other summands of L. It is easily
checked that ¢ is an isometry and that

- fs)=f(s+p).

This implies that the image of f is invariant under the action of I" := (¢), and also
that the induced action on R is the one we need.

To show that the image of f is contained in K €2, let s € R. Setting fi(s) =
2utv+sy, fo(s) =x —su+2y+a and f3(s) = z+ 2t + b, we see that

(f2(5), f2(8)) = (x —su+2y +a,x —su+2y+a)
=4(x,y)+(a,a)
=4+(e,e)=1>0,

(f3(s), f3(s)) = (z+2t+b,z+2t+b)
= 4(z. 1) + (b, b)
:4—|—(e,e)z%>0,

(f2(5), f3(s)) = (x —su+2y+a,z+2t +b)
=0.
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These computations imply that [ f>(s) +if3(s)] € 2. Since
(f1(5), f1(s)) = Qu+v+sy, 2u+v+sy) = Qu,v) + (v,2u) =4 >0,
(f1(s), 25)=Qu+v+sy,x —su+2y+a)
=—s,u)+s(y,x) =—s+s5s=0,
(fi(9), f3(s) =Qu+v+sy, z+2t+b) =0,

we see that f(s) € KQ.
It remains to check that f(s) € KQU for all s € R.

Proof. Assume that we have d € L such that (d,d) = —2 and (d, fi(s)) =
(d, f2(s)) =(d, f3(s)) =0. We need to find a contradiction. Let us write

d=Au+Bv+Cx+Dy+Ez+ Ft+d| +d>,

with A, ..., F € Z and d; in the i-th copy of —Eg. Since Ejy is even and positive
definite, we can write (d;, d;) = —2n;, for n; € Z-¢. The above conditions then
translate into three equations:

4-1) AB4+CD+EF =n;+ny—1,
4-2) 2B+ A+Cs =0,
4-3) D —Bs+2C+(d2, e) =0,
(4-4) F+2E+(d,e)=0.
This is where the seemingly strange choice of e comes in. There existy, ..., kg €
Z such that (dy, e) = Zi kie; and since {1, ey, ..., es} is linearly independent over

the integers by choice of e, it follows from (4-4) that we must have F +2E =k =
--- = kg = 0. Since the bilinear form on —Eg is nondegenerate, it follows that
dy = 0 and thus that n; = 0.

Case C = 0: Equation (4-2) yields 2B + A =0, and (4-1) becomes
2B*+2E*=1—ny.
This implies that B = E = 0 and n, = 1. But then d, # 0 and (4-3) becomes
D+ (d,e) =0,
which together with dy 7~ 0 contradicts the “linear independence” assumption on e.
Case C # 0: From (4-2) we get

2B+ A

s = ,
C

and substituting this into (4-3) yields
AB+CD = —-2C*-2B*—(dy, ¢).
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Combining this with (4-1) gives
2B?>+2C?+2E*+ C(dr, e) =1 —ns.

From the properties of e we get Cd, = 0, implying that d> = 0 and thus also that
ny = 0, so that we are left with

2B +2C? +2E% =1,
which is absurd since B, C, E € Z. O

4B. The PMSCTs with leaf space a torus of type (I). Here we construct a PMSCT
with leaf space the torus T2 with an integral affine structure of type (I). This
means that we want the action of Z2 on R? generated by (x, y) — (x + p, y) and
(x,y) > (x,y+gq), with p,q € Z~,.

Consider the map f : R? — Lg x P(L¢) defined by

(s,r) — (2u—|—v+sy—|—rt, [x—su—|—2y+a—|—i(z—ru+2t—|—b)]),

the map ¢ : L — L as in the previous example and the map ¢ : L — L defined
byur>u,vi—>v+qt,x — x,y+—> Yy, 2+ 7 —qu,t > t on two copies of U
and as the identity on the other summands of L. It is easily checked that these are
isometries and that

- f(s,r)=f(s+p,r),

w'f(S,”)=f(S»”+Q)-
This implies that the image of f is invariant under the action of I" := (¢, ¥), and
also that the induced action on R? is as desired.

To show that the image of f is contained in K2, let fi, f2, f3 be the three
“components” of f, as before, and let (s, r) € R2. We compute

(fa(s, 1), fals, 1)) =(x —su+2y+a,x —su+2y+a)
=4(x,y) +(a,a)
=44+ (e,e) > % >0,

(f3(s,1), f3(s,7) = (@ —ru+2t+b,z—ru+2t+b)
=4(z,t)+ (b, b)
=4+ (e,e) =3 >0,

(fa(s, 1), f3(s,r) = (x —su+2y+a,z—ru+2t+b)
=0
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and conclude that [ f(s, ) +if3(s, r)] € Q. Also,
(fiGs,r), fis,r)=Qu+v+sy+rt,2u+v+sy+rt)
= Qu,v)+ (v,2u) =4 >0,
(fi(s,r), fo(s,r) = Qu+v+sy+rt,x —su+2y+a)
=—su,v)+sx,y)=—s+s5s=0,
(fiGs,r), f3(s,r)) = QRu—+v+sy+rt,z—ru+2t+b)
=—r(u,v)+r(z,t)=—r+r=0

implies that f(s,r) € KQ.
It remains to check that f (s, r) € KQO for all (s, r) € R2.

Proof. Let d € L such that (d,d) = —2 and (d, fi(s,r)) = d, fo(s,r)) =
(d, f3(s,r)) =0 and as before write

d=Au+Bv+Cx+Dy+Ez+ Ft+d, +d>,

and (d;, d;) = —2n; for n; € Z>y. We need to find a contradiction. The relevant
equations now become

(4-5) AB+CD+EF =nj+ny—1,
(4-6) 2B+ A+Cs+Er=0,
4-7) D — Bs+2C + (dp, €) =0,
(4-8) F— Br+2E+(dy, e) =0.

Case B = 0: The assumptions on e, together with (4-7) and (4-8), imply that
D+2C=F+2E =0and d; =d, =0, so that n; =n, =0. But then (4-5) becomes

2C% +2E* =1,
which is impossible.
Case B # 0: From (4-7) and (4-8) we get

D +2C+(dy, e) F+2E+(d,e)
s = , r= .
B B
Substituting this into (4-6) gives

AB+CD+EF = —2B?>—2C?—2E*—C(dr,e) — E(d,, ¢),
and combining this with (4-5) we obtain

2B>+2C*4+2E*+ C(dr, e) + E(d1, €) =1 —nj —ns.
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The assumptions on e imply that Cd, 4+ Ed; =0, so that this becomes
2B*+2C*+2E*=1—n; —n,.
This is impossible under the assumption B # 0, since n; € Z»y. ]

4C. The PMSCTs with leaf space a torus of type (II). In this example we will

construct a PMSCT whose leaf space is a torus with an induced integral affine

structure of type (II), namely one induced by the action of Z on R? generated by

(x,y) = (x+p,y)and (x,y) = (x +ny,y+q), where n, p,q € Z>;.
Consider the map f : R> - Ly x P(L¢) defined by

(s,r)
— (2u—|—v+sy+rt, [gx+nr’—qs)u—nrz+2gy+a+i (z—ru—|—2q2t—|—2nqry+b)]),

the map ¢ : L — L defined as before and the map v : L — L defined by u +— u,
V> v+gt, X+ Xx —nz4+qnu,y+— Yy, Z+ z—qu, t — t+ ny on the copies
of U and the identity on the other summands of L. It is easily checked that these
are isometries and that

- fls,r)=f(s+p,r),
v-f(s,r)=f(@s+nr,r+q).

This implies that the image of f is invariant under the action of I' := (g, ¥), and
also that the induced action on R? is the desired one. To show that the image of f
is contained in K €2, denote once more by fi, f2, f3 the “components” of f, and
let (s, r) € R?. Since

(fa(s,r), fa(s,r)) = (qx+(nr2—qs)u—nrz+2qy +a, qx+(nr2—qs)u—nrz
+2gy+a)

=4q*(x,y)+(a,a)
=4q”+(e.e)= 3 >0,

(fa(s,r), f3(s,r))=(z—ru —I—2q2t+2nqry +b, Z—ru+2q2t+2nqry+b)
=44%(z,1)+ (b, b)
=4 +(e,) > 3 >0,

(fols,r), f3(s,7)) = (qx+(nr2—qs)u—nrz+2qy+a, Z—ru +2q2t+2nqry +b)
=2ng*r(x,y)—2nq°r(z,t) =2nq*r—2nq*r =0,
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we get that [ f>(s, r) +if3(s, r)] € Q. The computations

(fis,r), fi(s,r) = Qu+v+sy+rt,2u+v+sy+rt)
= Qu,v)+ (v,2u) =4>0,

(fi(s,r), fo(s,r))=Qu+v+sy+rt,gx+ (nr2 —gs)u—nrz+2qy+a)
= (nr* — qs)(u, v) +qs(x, y) —nr’(z, 1)
=nr’—gs+qs—nr’ =0,

(fi(s. 7). fa(s.r)) = Qu+v+sy+rt, z—ru+2q"t +2nqry +b)
=—ru,v)+r(z,t)=—r+r=0

show that f(s,r) € K.

It remains to show that £ (s, r) € KQU for all (s, r) € R%.
Proof. Letd € L such that (d,d) =—2and (d, fi(s)) =, f2(s))=(d, f3(s))=0.
Like before we write

d=Au+Bv+Cx+ Dy+Ez+ Ft+d +dy,

and we set (d;, d;) = —2n; with n; € Z>¢. The goal is to find a contradiction. The
main equations are now

(4-9) AB+CD+EF =n;+ny—1,
(4-10) 2B+ A+Cs+Er=0,
(4-11) Dq + B(nr? —gs) — Fnr +2Cq + (d», €) =0,
(4-12) F —Br +2Eq*+2Cnqr+ (d;, e) =0.

Case B —2Cng = 0: Equation (4-12) tells us that d; = 0 and F + 2Eq2 =0.
Subcase C = 0: This implies that B = 0, so that (4-9) becomes

2E2q2 =1—ns.
This is only possible if £ =0 and n, = 1, but then also ' =0 and (4-11) becomes
Dq + (d», ¢) =0,
which would imply that d, = 0, contradicting n, = 1.
Subcase C # 0: Equation (4-10) tells us that

2B+ A+ Er
§=——
C
and with (4-11) we obtain

2Cn%qr? —2Fnr 4+ 2Ang®> + C(8n*q® +2¢) + Dq + (ds, e) = 0.



POISSON MANIFOLDS OF STRONG COMPACT TYPE OVER 2-TORI 371
Since C, n, q # 0 and r € R, we must have that
F?>2Cq [2Anq2 +C8n*q® +2q) + Dq + (d3, e)].
But F = —2Eg? and B = 2Cng, so combining this with (4-9) yields
g(1—n2) = C*(8n*q” +29) + C(dy, ).

Since C # 0, this is certainly impossible when C and (d», e) have the same parity.
So let us assume that they have opposite parity, so that the equation becomes

(4-13) q(1 —np) > C*8n*q> +2¢) — |C| - |(da, e)|.

Now both d; and e lie in the same copy of —Eg, and since (-, -) is negative definite
on —Eg we can use the Cauchy—Schwarz inequality to obtain

[(da, €)| < V/|(d2, )| - (e, €)| = /2 (e, €)|n2 < \/n2,

using that we chose e such that |(e, e)| < % Now, in order for (4-13) to hold we
certainly must have

C*(8n’q> +2q) — /n2 - |Cl+qna—q <0

and it is easily seen that this is not possible for 0 # C € Z.
Case B —2Cng # 0: We immediately distinguish two cases: B =0 and B # 0.

Subcase B =0: We claim that F # 0. Indeed, if we had F = 0, equation (4-11)
would become

Dqg+2Cq + (dy, e) =0,
meaning that d, =0, so n, =0, and D + 2C = 0. But then (4-9) becomes
2C* =1-n,
which can only hold if C =0 and n; = 1. But then (4-12) becomes
2Eq* +(dy, e) =0,

which implies d; = 0, contradicting n; = 1. So we see indeed that F' # 0. But
then (4-11) and (4-12) yield

_F+2Eq2+(d1, ¢)  Dq+2Cq+(dy,e)
2Cng N Fn ’

ryr =
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This becomes
2CDng* +4C*ng* +2Cnq(dr, €) + F2n+2EFnqg* + Fn(d,, ¢) = 0,
and the assumptions on e imply that 2Cqd, + Fd; = 0 and
2CDng* +4C%*ng> + F*n+2EFng* =0.

Since B = 0, combining this with (4-9) we obtain

4C2nq2 + F?n = 2nq2(1 —ny —ny).
Both C and F' are nonzero, meaning that this is impossible.

Subcase B # 0: We can write

F+2Eq2+(d1,e) Dq+Bnr2—Fnr+2Cq+(d2,e)
r= , s = .
B —2Cng Bq

This yields
o (B—2Cnq)*(2Cq + Dq + (dp, €)) + Bn(F +2Eq* + (di, €))?
N Bg(B —2Cng)?
Fn(B —2Cnq)(F +2Eq*+ (d;, ¢))
Bq(B —2Cngq)?

and substituting this into (4-10) and using the assumptions on e (actually, finally
using them to their full potential), this reduces to

0=2B%q(B—2Cnq)*+ABq(B—2Cnq)*
+C((B—2Cnq)*(2Cq+Dq)+Bn(F+2Eq*)*—Fn(B—2Cnq)(F+2Eq?))
+BEq(B—2Cnq)(F+2Eq¢>).

Some rewriting turns this into

0=q(B —2Cng)*(2B>+2C*+ AB + CD) + BCn(F +2Eq*)*
— CFn(B —2Cnq)(F +2Eq*) + BEq(B —2Cnq)(F +2Eq¢?),

and some easy computations show that the second line is equal to
EFq(B —2Cng)*+2q(BEq + CFn)?,
so that altogether we obtain
q(B —2Cnq)*(2B*+2C*+ AB+CD+ EF) +2q(BEq + CFn)* =0.
Combining this with (4-9) we get
2((B —2Cnq)*(B*+ C*) + (BEq + CFn)*) = (B —2Cng)*(1 —nj —ny).
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But this is impossible, since B —2Cnqg # 0, B # 0 and n{, n, > 0, giving us the
desired contradiction. |
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