TROPICAL ABEL-JACOBI THEORY
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ABSTRACT. Toa compact tropical variety of arbitrary dimension, we associate a collection
of intermediate Jacobians defined in terms of tropical homology and tropical monodromy.
We then develop an Abel-Jacobi theory in the tropical setting by defining functorial Abel—-
Jacobi maps. We introduce, in particular, tropical Albanese varieties and formulate ob-
structions to algebraic equivalence of tropical cycles. In dimension 1, we show that this
recovers the existing Abel-Jacobi theory for tropical curves.

As an application, we consider the Ceresa class of a tropical curve which is defined
as the image of the Ceresa cycle in an appropriate intermediate Jacobian under the Abel-
Jacobi map. We give an explicit formula for this class entirely in terms of the combinatorics
of the tropical curve.
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1. INTRODUCTION

Associated to a smooth and projective variety X of dimension d is a collection of in-
termediate Jacobians JHy, 1(X), for 0 < k < d — 1, which were introduced by Grif-
fiths in [Gri68]. These are complex tori that interpolate between the well-known abelian
varieties associated with X: the Picard variety Pic(X) = JH,;_1(X) and the Albanese
Alb(X) = JH;(X). For algebraic curves these two abelian varieties are naturally iso-
morphic, and this common variety is called the Jacobian and denoted by Jac(X). Fur-
thermore, the Abel-Jacobi map from the theory of algebraic curves generalizes to higher-
dimensional varieties as a map

AJ: AL (X) = THopp (X)
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where A} (X) is the Chow group of homologically trivial k—dimensional cycles in X mod-
ulo rational equivalence. Therefore, intermediate Jacobians have been used to distinguish
between homological, algebraic, and rational equivalence of cycles [Cer83, Cle83, Gri69,
Voi00].

The theory of tropical curves has seen intense development in recent years out of a de-
sire to understand the asymptotic geometry of a degenerating family of algebraic curves.
Much of the theory described above for algebraic curves exists in an analogous way for
tropical curves. Notably, Mikhalkin and Zharkov in [MZ08] associate to a tropical curve
I its Jacobian Jac(I') and an Abel-Jacobi map

AJ: T — Jac(T).

A version of this construction for finite graphs appears in [BAIHN97, BN07].

A degenerating family of algebraic curves may be described succinctly as a (smooth
and complete) curve X over a field K equipped with a nontrivial nonarchimedian norm.
To such a curve, we can associate a tropical curve I, by taking a skeleton of the Berkovich
analytification of X, see [Ber90, BPR16]. Furthermore, the Jacobian and Abel-Jacobi map
of I are related in a similar way to the Jacobian and Abel-Jacobi map of X [BR15, AN25].
Given this connection, tropical geometry incorporates combinatorial and computational
techniques to cast new light on old theorems and to derive new results in algebraic ge-
ometry. We refer to the survey papers [B]16, JP21] for an account of recent development
in this direction.

The aim of this paper is to initiate the development of an Abel-Jacobi theory for tropi-
cal varieties of arbitrary dimension.

Let X be a d-dimensional tropical variety. For A = Z or R, denote by H, ,(X, A) the
(p, q)-tropical homology of X for 0 < p,q < d, introduced in [IKMZ19]. The tropical
monodromy map is a linear map N: H, ,(X, A) — Hy41,,-1(X,R). Let

Lyq(X) :=im(NP™1: H, ,(X,Z) — H,4(X,R)).
For p > q, we define the (p, q)—th (tropical) intermediate Jacobian of X by

H, (X, R)

H
J Lo (X)

p,q(X) =

In general, JH, ,(X) is noncompact, but if X satisfies the weight-monodromy property as
in (WMP), e.g., if X is a projective tropical manifold or more generally if X is a Kihler
tropical variety, then ]HM(X ) is a real torus; see § 2.12 for details. In [MZ14], Mikhalkin
and Zharkov define a tropical intermediate Jacobian for projective tropical manifolds
when p + g = d, see Remark 3.2 for a comparison to our definition in this setting.

Denote by A,(X) the Chow group of p-dimensional tropical cycles of X modulo ratio-
nal equivalence, see § 3.2. There is a cycle class map:

cx: Ap(X) — Hyp(X, Z).

Define Aj(X) to be the kernel of the cycle class map, i.e., the group of homologically trivial
p-cycles modulo rational equivalence. Our first result is the following theorem.

Theorem 1.1. There is a well-defined (tropical) Abel-Jacobi map
AT: AS(X) = TH, 4y ,(X).
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It is functorial in the following sense. For any morphism ¢: X — X' of tropical varieties, we
have the following commutative diagram:

AX) L0 TH,,, ,(X)

| &2
As(X) 2, (X,

P p+Llp

We briefly describe our construction of the Abel-Jacobi map. Given a homologically
trivial cycle in AJ(X), we choose a (p, p + 1)—chain 7 that bounds this cycle. We apply
the monodromy map to v and show that, by pairing with (p + 1, p)—cocycles, it yields
a well defined element in JH, ,(X). Furthermore, we show that the Abel-Jacobi map
vanishes on cycles rationally equivalent to 0. See § 3.

Our first application of this construction is to find an obstruction to algebraic equiva-
lence between tropical cycles. We define the following subgroup

Kpg(X) ==1im(NP~771: Hyuq p1(X, Z) — Hy o (X, R)).
Set ( )
H,,(X,R
Qy, = P
P ‘7( ) Kp,q(X)

If the monodromy map N is integral, then K, ;(X) contains L, ;(X), but in general the
two spaces are unrelated. In any case, N: H, ;(X,R) — Hp,1,-1(X,R) induces a map

N: ]Hp,q(X) - Qerl,qfl(X)-
Theorem 3.11. If a p-cycle w is algebraically equivalent to 0, then
N(AJ(«)) =0 in Qpi2p-1(X).

In the case of tropical curves, Zharkov [Zhal5] and Ritter [Rit24] describe similar obstruc-
tions for tropical Ceresa cycles to be algebraically equivalent to 0, see § 6.4.

Next, we define the Albanese of a Kéhler tropical variety X as Alb(X) = JH; o(X). This
is a tropical abelian variety when the monodromy of X is rational. We prove that Alb(X)
satisfies a universal property similar to that in the classical setting, see Proposition 3.13.

In the case of tropical abelian varieties, or more generally tropical compact tori, we
provide an explicit description of the monodromy map, yielding a concrete description
of the intermediate Jacobians.

We now discuss the case of tropical curves and their Jacobians. A tropical curve is a
tropical variety of dimension 1, which roughly speaking means that it is a compact metric
graph endowed with an integral affine structure. Recall that a metric graph is a metric
space associated to a pair (G, ¢) where G = (V,E) is a finite graph and ¢: E — R., is
an edge-length function. Precisely, we plug in an interval of length ¢(e) between the two
endpoints of each edge ¢, and the metric is the path metric. Different pairs might yield
the same tropical curve, a fixed pair (G, ¢) is called a model of T

Any tropical curve is Kihler. We show that JH; ((I') is naturally isomorphic to the
Jacobian Jac(I') of I' and via this isomorphism, the above AJ: A§(T') — JH; ((T) is the
Abel-Jacobi map from [MZ08]. See Theorem 5.1.
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Classically, a natural and important instance of a homologically trivial cycle is the
Ceresa cycle of an algebraic curve. Let X be an algebraic curve. To a point b € X corre-
sponds two maps:

(1.1) X = Div)(X), x+[x]—[p] and x> [b] - [x].
Composing with the Abel-Jacobi map defines two embedding
X = Jac(X).

The images of X determine two dimension-1 cycles [X;] and [X "] which have the same
homology class. The Ceresa cycle is the algebraic cycle [X,] — [X ] in Af(Jac(X)). Ceresa’s
theorem [Cer83] asserts that the cycle [X,] — [X"] is not algebraically equivalent to 0 for
a very general curve of genus at least 3 in the corresponding moduli space.

In the tropical setting, the Ceresa cycle of a connected tropical curve I' is defined in an
analogous way. First, the Jacobian Jac(I') of I is a Kéhler tropical variety of dimension g,
where g is the first Betti number of I'; this is more commonly referred to as the genus of
I'. Using the tropical analog of the maps in (1.1), a point b € I yields two homologous 1-
cycles [I,] and [I"]. The Ceresa cycle relative to the basepoint b is the 1-cycle [I',] — [I'].
This is homologically trivial and it gives rise, via the Abel-Jacobi map, to the Ceresa class
v, (I') of T in JH, ; (Jac(I') ). Our next theorem provides an explicit description of v, (I').

As in the classical setting, Hy ;(Jac(T'), R) can be expressed in terms of the homology
of I':

(12) H,g (Jac(T), R) = ATHy, (T, R) @ APHyo(T, R).

Explicitly, Ho1 (T, R) is the first singular homology group H; (I, R) of T'and H; (I, R) is
the dual of Hy 1 (T, R) with respect to the Poincaré duality pairing

(1.3) N: Ho1 (T, R) x Hy (T, R) — Hoo(T,R) = R.

Let (G, ¢) be a model of I with G = (V, E). Fix an orientation of each edge; denote by
se the source of e and by ¢, the target of e. Choosing a spanning tree T = (V,F), we
obtain a basis {a; | ¢ € F°} of Ho1(I,R) where F* = E\ F. Let {b; | ¢ € F°} be the
dual basis in H; (I, R) with respect to the pairing in (1.3). For each edge e € F, we
define b, € Hjo(I',R). The removal of e from the spanning tree separates T into two
connected components, one connected component, denoted by S;, contains s, and the
other, denoted by S,, contains f.. Then,

(1.4) be= ) b.— ) b

S:€Sy Se€51
€5 te €Sy

Geometrically, b, is the unit tangent vector to the oriented edge e of T inside Jac(I'). We
also have a map sgn’.: F x F¢ — {0, £1, £2} which, roughly speaking, records the posi-
tions of each pair of edges e € F and € € F relative to b, see § 6.1.

Theorem 6.4. Given a tropical curve T with model (G = (V,E), (), apointb € V,and spanning
tree T = (V, F), the tropical Ceresa class v, (T') is given by

v,(I) =) sgn?(e,s) l(e)a; ® (be A bg).
ecF
ecFe
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Next we consider the dependence on the base point b. Define the homology class
w=Y a®b; in Hoy(I,R)®H(I,R) = Hy;(Jac(T),R).
ecF¢

Given two points b, d € T', we prove in Theorem 6.6 that their Ceresa classes are related
by the simple formula

(1.5) v,(T) = v¢(I') = —2AJ(b —d) Aw in  JHy;(Jac(T)).

This is a tropical analog of a formula provided by Hain and Reed in [HR04, p.204] see
also [Pul88]. We define

o B Hy ., (Jac(T), R)
]Hp+1,p (Jac(T')) := wANHpp 1 (]F:(;(rp), R) + Lyi1p (Jac(T'))

The image of v, (I') under the natural quotient map JH, ; (Jac(I')) — JH, ; (Jac(T')) is inde-
pendent of b by Equation (1.5). We call this class the unpointed Ceresa class of T, and denote
it by v(I'). We have a formula for v(I') similar to that of v, (I') appearing in Theorem 6.4.

We define a sign function sgn..: F x F* — {0, +1} in the following way, see Figure 6.3.
As before, an edge e € F separates the spanning tree T into two connected components:
S1, which contains s., and Sp, which contains .. Given another edge ¢ € F¢, we set

1 ife € 54,
sgn (e,e) =< —1 ifee€ Sy,
0 otherwise.

Theorem 6.8. Given a tropical curve I with model (G = (V,E),{) and spanning tree T =
(V, F), its unpointed tropical Ceresa class is

v(I) = Z sgn;(e,€) £(e) ac® (be Abe) in  JHy;(Jac(I)).
When T is hyperelliptic and b is a Weierstrass point, the Ceresa cycle [I',] — [I','] equals 0,
and so v(I') = 0.

In the case where the edge lengths of I" are positive integers, the unpointed tropical
Ceresa class relates to the tropical Ceresa class defined in [CEL24], which in turn relates
to the ¢-adic Ceresa of an algebraic curve defined over C((t)) as studied in [HMO5]. In
[CEL24], there is a finite group B(d;) and the tropical Ceresa class n(T) is an element
of B(ér) which is defined using the Johnson homomorphism on the Torelli group of a
topolocial surface (more accurately, the extension of this homomorphism to the mapping
class group by Morita [Mor93]).

In order to relate these two classes, we discovered a new conjectural formula for the
Johnson homomorphism which we think could be of independent interest. We briefly
describe the formula and refer to Appendix A for details.

Let X, be an orientiable, compact, topological surface of genus ¢ > 3. For a simple
closed curve v, denote by T, the (left-hand) Dehn-twist about . Suppose there are non-
separating simple curves v, 9" and By, .. ., B¢ such that

(1) ¥ and ' are homologous and disjoint from each ;, and
(2) the curves By, ..., B¢ are pairwise disjoint and their homology classes form a basis
for a Lagrangian subspace of H; (%,, Z).
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FIGURE 1.1. For this arrangement of curves, the values of sgn__, on f4,
B2, B3, Ba, Bs are —1,1,1, 0, 0, respectively.

We define a sign function sgn: {B1,..., B¢} — {0, %1} that records the positions of the
Bi’s relative to y and 7/, see Figure 1.1 and § A.3. Finally, suppose aj,...,&q are curves
such that the homology classes [a1], ..., [ag], [B1], ..., [B¢] form a symplectic basis of
Hi (%, Z).

Conjecture A.4. The image of the Johnson homomorphism on the mapping class TWT;1 is

8
Z; sgn, (Bi) [ai] A [Bi] A [7]-
iz
When 7 and v/ are disjoint, this recovers the well-known formula for the Johnson ho-
momorphism of a bounding pair map as described in [FM12, § 6.6.2]. If this conjecture
holds, we obtain an explicit formula for the Johnson homomorphism of mapping classes
of the form TVT;1 which are not necessarily bounding pair maps.
We prove in Appendix A that for a tropical curve I with integer edge-lengths, there is
an embedding ®r of B(Jr) into the torsion part of JH, ; (Jac(T')). Furthermore, we show
the following comparison result.

Theorem A.3. Let I be a tropical curve with integral edge lengths. If Conjecture A.4 holds, then
we have

Pr(n(I)) = v(I).
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2. PRELIMINARIES ON TROPICAL VARIETIES

In this section, we gather basic definitions and results about tropical varieties. These
constructions are known in the literature, and our presentation is close to [JSS19, JRS18,
AP20], to which we refer for more details.
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2.1. Fans. Let N be a free abelian group of finite rank and denote its dual by M = N* =
Hom(N,Z). Let Ng, Nr, Mg, Mg be the corresponding rational and real vector spaces,
we thus have Mg = N and Mg = Ng.

If o is a polyhedral cone in Nk, we denote by N, r the real vector subspace of Nr
generated by points of ¢, and set Ng = Nr / N, r. We denote by d, the dimension of
o which is equal to that of N,r. If ¢ is rational, we also get natural full rank lattices
N? C Nf and N, C NyRg.

A polyhedral cone in Ny is called strongly convex if it does not contain any line. A fan
Y. of dimension d in Ny is a finite, non-empty, collection of strongly convex polyhedral
cones in Nr which verifies the following two properties:

(1) for any cone ¢ € %, any face T of o belongs to X, and
(2) for any pair of cones , 7 € X, the intersection ¢ N # is a common face of ¢ and 7.

Given two cones ¢ and T, we write T < ¢ if T is a face of 0, and we write T < o if Tis a
codimension one face of ¢. This defines a partial order on the set of cones of X.. The fan
2 is rational if each cone ¢ € ¥ is rational. All the fans which appear in this paper are
assumed to be rational.

We denote by %, the set of k-dimensional cones of X.. We call elements of ¥; rays of X.
The cone {0} is denoted by 0. Note that any k-dimensional cone ¢ in X is determined by
its set of rays in X;. A fan X is called pure dimensional if all its maximal cones have the
same dimension.

We denote by |Z| the support of ¥, which by definition is the union of the cones of X.
A fanfold X in N is a closed subset which is the support of a rational fan in Ng.

2.2. Normal vectors. Let X be a rational fan of pure dimension d. For a cone ¢ in ¥ and
a face T of codimension one in ¢, the space N;r divides N, g into two closed half-spaces.
One of these half spaces contains ¢, and by a unit normal vector to T in ¢ we mean any
vector v € N, which lies in this half space, and which satisties N: + Zv = N,,. We denote
a choice of such an element by n,,. in this paper. The corresponding vector in the quotient
lattice NI := N, /N; is well-defined and is denoted by e.

2.3. Tropical fans and tropical fanfolds. A tropical fan is a pair (X, w) such that ¥ in Ny
is a rational fan of pure dimension d, for a natural numberd € Z.,, and w: £; — Z\ {0}
is a tropical weight function. This means that w satisfies the balancing condition: for any
cone T of dimension d — 1 in ¥, we have

(2.1) Y w(0)ng/r € Ny, equivalently Y w(o)ef =0 inN".
o-T o7

The tropical fan is effective if w(c) > 0 for all ¢ € X,. The support of a tropical fan is
called a tropical fanfold.

2.4. Canonical compactifications of fans and fanfolds. A rational fan X in Ny gives rise
to the tropical toric variety TPy which is a partial compactification of Ng [BGGJK21,
Kaj08, OR11, Pay09, Thu07]. This partial compactification coincides with the tropical-
ization of the toric variety Py associated to . The canonical compactification ¥ of ¥ is
defined as the closure of X in TIPy. Its support is the canonical compactification of the
fanfold X = || with respect to . We briefly discuss the construction and the induced
stratification.
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We denote by T := R U {oo} the extended real line endowed with its natural topology
that extends the topology R by adding a basis of open neighborhoods of co consisting
of half open intervals (4,], 2 € R. The addition of real numbers extends to T. The
resulting monoid (T, +) is called the monoid of tropical numbers. Let T, := R, U {oo}
be the submonoid of non-negative tropical numbers. Denote by M the category of R, -
modules.

First we consider the tropical toric variety associated to a rational polyhedral cone ¢ in
Ng. The dual cone ¢V and orthogonal plane o+ are defined by

oV = {uEMR | (u,0) ZOVUEO’}, and o= {uEM]R | (u,v) :0VUEJ}.

Let U, := Hom,,(c%, T). The topology on T induces a natural topology on U,. Further-
more, the natural pairing (1, v) on Mg x Ng extends to a pairing Mg x U, — T. Given a
face T of o, the tropical torus orbit of T is

O(t) ={veU,| (uv) = exactlyforueco’\ 1"}

The subspaces {O(1) | T < ¢} form a stratification of U,. Moreover, O(7) may be
identified with N in the following way. Denote by oo the element of U, given by

o (1) = 0 if uertt
Y Jeo ifueoY\Th

Under the natural identification Nt = Hom,(7+,R), we have
O(7) =00, + Ng C U,.
Viewing T as a cone by itself, we may also form U, and we have an inclusion U, C U,.
The tropical toric variety TIPs, of a rational polyhedral fan X in N is obtained by gluing
U, for ¢ € %, along these inclusions. If # < T < ¢, then we may form O(#) in either U,

or U,, but they are naturally identified under the inclusion U, C U,. Therefore, we have
a stratification into tropical torus orbits

TPy = | | O(0).
oeEL
The canonical compactification of ¢, denoted by ¢ is the closure of ¢ in U,. Under the
natural identification ¢ = Homy (¢, R,) C U,, we have

7 = Hom,(c¥,T,) C U,.

Similarly, the canonical compactification ¥. of ¥ is defined as the closure of ¥ in TIPy. We
can explicitly describe the polyhedral structure on ¥ in the following way. Consider the
cones T < 0. We define

0 =00, +0={v €T | (u0) =c0exactly foru € T\ -} C O(7).

Under the identification O(7) ~ Nf, we have that 07, is the image of ¢ under the canon-
ical projection Ng — Ng. The collection of cones ¢, for ¢ = Tin X, form a fan L], in
O(7) with origin co.. Under the isomorphism N ~ O(7), the fan X7 is identified with
the star fan 7 of Tin X.. For 0 € ¥, we have ¥ =73,

The sedentarity of a point x € TPy, denoted sed(x) is defined as the cone o € X so that
x lies in the stratum O(c¢). For an open subset U in X, we define the sedentarity fan of U
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as the subfan X;; of X generated by the sed(x) for x € U, and all of their faces. This is the
smallest subfan in X such that U lives in TPy,,.

Given a rational polyhedral fan & and y € E, a basic open neighborhood of (o0,y) €
Tk x E is an open set containing (oo, y) of the form

(2.2) (t,oof x V Tk x &

where V' C Eis a small open ball in & centered at ¥ which does not meet any cone 7 of &
withy & T.

Suppose now that X is simplicial, i.e., each cone ¢ of X contains precisely d, rays of
Y. Fix a point x € %, let § = sed(x), and let xo be the image of x under the natural
isomorphism X9, ~ ¥°. A basic open neighborhood of x is an open neighborhood Z-linearly
isomorphic to a basic open neighborhood of (o0, xy) € T% x ¥ as in Equation (2.2).

2.5. Extended polyhedral spaces. Let X be a connected Hausdorff topological space. A
polyhedral chart is a pair (W, ¢) where W C X is a nonempty open subset and ¢: W — U
is a homeomorphism to a basic open neighborhood U of a point in the canonical com-
pactification of a simplicial fan. Suppose (W;, ¢;) and (W), ¢;), with ¢;: W; — U; and
¢;: W; — U;, are two polyhedral charts. Denote by N; and N; the finite-rank lattices such
that N;r and N;r are the ambient vector spaces containing the simplicial fans used to
define U; and Uj, respectively. These charts are compatible ift W; N W; = @ or W;NW; # @
and the transition map

pio ¢t ¢i(WiN W) — ¢i(WiNW;)

is induced by a global Z-linear map ¥;;: N; — N; that induces a Z-linear isomorphism
between the sedentarity fan of ¢;(W; N W;) and the sedentarity fan of ¢;(W; N W;).

An extended polyhedral space X is a connected Hausdorff topological space X with an
atlas of pairwise compatible polyhedral charts {(W;, ¢;) }ic;. A map ¢: W — U is com-
patible with the atlas {(W;, ¢;) }ic; if adding the pair (W, ¢) to this atlas also produces an
atlas.

Proposition 2.1. If ¢ : W — U and ¢’ : W' — U’ are two polyhedral charts that are each
compatible with the atlas {(W;, ¢;) }ic1, then (W, @) and (W', ¢') are compatible with each other.

Proof. Without loss of generality assume that WN W’ % @. Let ¢;: W; — U, be a chart
in the atlas such that W; N W N W’ # @. Denote by N, N’, and N; the lattices underlying
U, U’, and Uj, respectively. By compatibility, we have Z-linear maps ¢;: N — N; and
@1 N; — N’ that restrict to the transition maps ¢; o ¢! and ¢’ o ¢; '. These transition
maps preserve sedentarity fans. Let 6;: N — N’ be the composition ¢! o ¢;. Thus, we
have a collection of Z-linear maps {6;: N — N’ | i € [ and W;N W N'W' # @} that agree
locally on intersections of the form ¢(W; N W; N W NW’). Denote by Ny and N the lattices
in the vector spaces generated by ¢(W N W’) and ¢'(W N W), respectively. It follows
from the local compatibility above that the maps 6; induce an isomorphism 6: Ny, — N,
from which obtain the existence of a global Z-linear map N — N’ inducing the transition
map ¢(WNW') — ¢'(WNW’). Moreover, we claim that 6 induces an isomorphism
between the sedentarity fans. To see this, observe that each 6; induces a bijection between
sedentarity types, and by the compatibility of the 6;’s on the intersections, this implies
that 6 also induces a bijection between sedentarity types. From this we deduce that the
image under 6 of the relative interior of each cone in the sedentarity fan of ¢(W N W’)
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intersects the relative interior of a unique cone of the sedentarity fan of ¢'(W N W’). Since
this also holds for 61, we get the desired claim. O

Thus, we may form the completion of {(W;, ¢;) }ic; by adding to it all compatible polyhe-
dral charts (W, ¢). An extended polyhedral space is finite if it has a finite atlas of charts.
If X is compact, then it is automatically finite.

2.6. Sedentarity types. We say that two points x, y € W; for a chart (W, ¢;) have the same
sedentarity if ¢(x) and ¢(y) have the same sedentarity in U;. The transitive closure of this
relation defines a stratification of X into sedentarity types. We denote by Sed(X) the set
of sedentarity types of X. In this way, sedentarity types play the role of generic points
in the sedentarity stratification of X similar to the generic points of stratified algebraic
varieties.

The set Sed(X) comes with a natural partial order defined as follows. For two seden-
tarity type s; and s, we have s < s; if one (equivalently, each) point of sedentarity type
s, is the limit of points of sedentarity type s;. For each s € Sed(X), we denote by X; the
set of points of sedentarity type s.

A point x € X is called a regular point if x has a neighborhood homeomorphic to an
open subset of R? for some d. The regular locus of X is the subset X, of regular points.

Proposition 2.2. Let X be a connected extended polyhedral space. Then, Sed (X) has a minimum.
By a slight abuse of notation, we denote by 0 the minimum element of Sed(X).

Proof of Proposition 2.2. Denote by d the dimension of X. It follows from the connectivity
of X that all the charts appearing in the defining atlas of X are of dimension d. Let s be a
minimal element of Sed(X). The sedentarity stratum X is of dimension d. We claim that
the closure X; of X; in X is open. To see this, let p be a point of X,. Since in any chart
which contains p, there is a unique minimal sedentarity type, and p is in the closure of
X, this implies that the full chart is included in X, proving the claim.

By the connectivity of X, we infer that X = X,, which proves the proposition. ]

2.7. Tropical varieties. Let X be an extended polyhedral space. A tropical weight function
is a function w: X,,, — Z \ {0} that satisfies the balancing condition in the following
sense. On each open chart (W, ¢;), ¢;: W; — U, the restriction Wy s equal to the

ireg

pullback of a tropical weight function on X, (restricted to U;.,). Note that the regular
locus of X; does not meet the boundary at infinity.

A tropical variety is a pair (X, w) consisting of an extended polyhedral space X and a
tropical weight function w. If s is a sedentarity type of X, then X; inherits the structure
of a tropical variety from X.

We now discuss (rational) polyhedral structures on tropical varieties. An affine half-
space is a subset of the form {v € Ng | (4,0) < b} whereu € Mr and b € R. A
polyhedron in Ny is a finite intersection of affine half-spaces. Given a polyhedron Q, its
tangent space Ty is the linear space generated by differences of pairs of points in Q. A
polyhedron Q is rational if the intersection N N Tg is a full rank lattice in Tg. A (rational)
polytope in ¥ is the closure of a (rational) polyhedron Q in a face 1 of X such that the
recession cone of Q is a face of 7.

Let X be an extended polyhedral space. A (rational) polytope in X is a closed subset
P C X such that, if (W, ¢) is a chart with P C W, then ¢(P) is a (rational) polytope. A



TROPICAL ABEL-JACOBI THEORY 11

(rational) polyhedral structure on X is a collection of (rational) polytopes C of X satisfying
the following conditions.

e If P € C is contained in the chart (W, ¢) and F is a face of ¢(P), then ¢! (F) € C.
o If P, P, € C and (Wy, ¢1), (Wy, ¢,) are charts containing P; and P, respectively,
then P = P; N P, is in C, the set ¢ (P2) is a face of ¢;(P;), and ¢, (Py2) is a face
of 472 (P 2) .
Not all tropical varieties admit a rational polyhedral structure, however, they all admit a
polyhedral structure. Furthermore, all full-dimensional polytopes are rational with our
definition.
Throughout the rest of this section, X will be a tropical variety, endowed if needed
with a (rational) polyhedral structure C, in which case we denote by < the partial order
given by inclusion of faces. We typically suppress w from the notation.

2.8. Tropical homology. We briefly review the definition of tropical homology and co-
homology groups of a tropical variety X, introduced by Itenberg-Katzarkov-Mikhalkin—
Zharkov [IKMZ19]; see [MZ14, JSS19, JRS18, G523, AP20] for further results. See also
related constructions for affine manifolds with singularities in [GS10, Rud21].

We begin with the definition via (co)sheaves. First, consider the case X = . Let
1 C X be a face contained in some O(7). The tangent space T is the real vector subspace
of N} ~ O(7) spanned by 7. The tangent space has a natural full-rank lattice which we
denote by N;,.

The cosheaf F, is defined in the following way. Let x € X. Then, for any basic open
subset U of x, define

F,(U)= ), NT, and Fj(U)= ). NN,
n3x VE}
sed(r)=sed(x) sed(n)=sed(x)

If U; and U; are basic open sets with U; C U;, then we have natural maps F,(U;) —
F,(U;) and Fj;(U;) — F;(U;). As basic open sets form a basis for the topology of %, we
may define F,(U) and F,(U) for an arbitrary open set U to be
F,(U)= lim Fy(V), and F,(U) = lim Ey (V).
V CU basic VCU basic
These define constructible cosheaves F, and F;. We denote the restrictions to an open

subset U of X by Fy| , and Fy| ,, respectively. Also we define

rlu lu
F(U) =F,(U)* and  F,(U) = (F;(U))"
In a similar way, F¥ and F, are constructible sheaves on X.

Now consider the case of a general compact tropical variety X. Let ¢: W — U be a
chart. Then, we define

Fplyw = ¢"(Fp|,) and  Fj|,, = ¢"(F;|,)-
These glue together to form cosheaves F, and F, respectively, on X. The (integral) tropical

cosheaf homology of X, denoted by H, ;(X,R) (respectively, H, (X, Z)) is the g-cosheaf
homology of F, (respectively, F})

Hp (X, R) = Hy(X,Fp), respectively, H,,(X,Z) =Hy(X,Fy).
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In a similar way, we glue the restrictions
F'ly = ¢ (Fy[,) and  F|, = ¢"(Fj[,)
to form the sheaves F” and F, on X. The (integral) tropical sheaf cohomology of X is
HP(X,R) = H1(X,F?), respectively, HP(X,Z)=H1(X,F,).

When X is endowed with a polyhedral structure, the above groups can be computed
using cellular homology and cohomology.

Let P be a k-dimensional polytope in X for a fan ¥ in Ng, and denote by Tp the tangent
space to P. When P is rational, we have the full rank integral lattice Np C Tp.

An orientation of P is a choice of one of the two half-lines issued from the origin in
the one dimensional real space A*Tp. When P is rational, we denote by vp the primitive
integral vector which generates this half-line. In this case, we frequently refer to this
canonical multivector vp as the orientation of P.

If P is a (rational) polytope of the extended polyhedral space X, then an orientation
of P is given by a choice of orientation of ¢(P) for some chart (W, $) with P C W. This
induces an orientation on ¢’ (P) where (W', ¢') is another compatible chart with P C W'.
Now suppose X has a polyhedral structure C and assign an orientation to each element
P of C. For each pair of cells Q < P (that is, Q is a codimension one face of P), we define
sgn(P, Q) by sgn(P, Q) = 1 if the induced orientation by P on Q coincides with the fixed
orientation on Q, and —1 otherwise. When P and Q are rational and live in the same
sedentarity stratum, we get the equation vp = sgn(P, Q)np,o A bg.

Denote by C, the g-dimensional (oriented) polytopes in C. We define F,(P) tobe F,(U)
for any basic open set U that meets the relative interior of P. Define the groups of (p, q)-
chains and integral (p, q)-chains by

Cpq(X) = D Fp(P) and Cpy(X,Z) = P F(P).
Pec, PeC,

A (p,q)-chain Z is expressed as

Z= Y [Pv], veF,(P).
PeC,

By convention, we set —[P,v] = [P, —v].
Suppose Q is a codimension one face of P. The inclusion Q C P induces a morphism
Ttpo: Fp(P) — F,(Q). Define the boundary map

9g: Cpg(X) = Cpg1(X),  9,([P,0]) = QZPSSH(P, Q)[Q, 7ro(v)]

This defines a chain complex Cp, o (X):

9 9
o Cpgat (X) =5 Cpg(X) =5 Cpgor(X) — -+

We have a similar chain complex C,+(X, Z) for integral chains. By [MZ14, Prop. 7], the

tropical homology group H, ;(X, R) is the g-th homology group of C;, +(X), and similarly

H, (X, Z) is the g-th homology group of C,«(X, Z).
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2.9. Tropical subvarieties, tropical cycles and the cycle class map. Our presentation is
close to [MR], see [GS23] for a sheaf-theoretic description in terms of Minkowski weights.
Let X be a compact tropical variety of dimension d. A connected tropical subvariety of X is
the topological closure Y in X of a connected tropical variety (Y, wy) with an embedding
Y < X; for a sedentarity type s € Sed(X). We set wy = wy, and view (roughly speaking)
(Y,wy) as a tropical variety with possible singularities along the boundary Y \ Y.

A tropical cycle of dimension k is a formal sum of connected tropical subvarieties of
dimension p in X. These form a group which we denote by Z,(X).

In this definition, we distinguish between, e.g., (Y, w1) + (Y, w2) and (Y, w; + wy).
However, when we quotient Z,(X) by rational equivalence in § 3.2, these two cycles
become equal. See Remark 3.8.

Let (Y, w) be a connected compact tropical variety of dimension k, and let C be a poly-
hedral structure on Y. The fundamental class of Y is the canonical element in Hy (Y, Z),
defined by

[Y]:= ) w(P)[P,vp] € Hei(Y,Z)
PeCy

Note that this definition makes sense even if the polyhedral structure is not rational as
the polytopes P appearing in the above sum are full dimensional, and hence are rational.
The cycle class map for X

cx: Z,(X) - H,»(X,2Z)

is defined as follows. Given a connected tropical subvariety (Y,wy) of X defined as
the closure of 1: Y < X, we consider the (p, p)—chain Ygec, w(Q) [Q,vp], where C is a
polyhedral structure on Y, and Q is the closure of Q in X. The boundary of this (p, p)-
chain is zero. The corresponding element of Hy, , (X, Z) is clx(Y). We extend by linearity
this map to the full cycle space Z,(X).

2.10. Pushforward of cycles. Let X and X’ be connected compact tropical varieties. A
continuous function ¢: X — X' is a tropical morphism if ¢(X,) is contained in a sin-
gle sedentarity stratum of X! of X’ and such that there are compatible atlases of charts
{(Wi, ¢1) bier for X and {(W/, ¢}) }je; for X! so that, for each i € I thereisa j € | with
@(W;) C W/ the composition ¢/ o g o ¢; ! is induced by a Z-linear map of lattices N; — N7.

Suppose ¢: X — X' is a proper tropical morphism. The pushforward ¢.: Z,(X) —
Z,(X') is defined in the following way.

Let Y — X be a connected p-dimensional tropical subvariety of X.

First, replace X with the closure of the sedentarity stratum of X containing Y. Then
replace X' with closure of the sedentarity stratum of X’ containing ¢(X,). This means
that ¢(Xy) C X.

Let C be a polyhedral structure of Y. By subdividing C if necessary, we may assume
that ¢(P) is contained in a rational polytope of X{ for each full dimensional polytope P
in C. Then Y = ¢.(Y) is defined as a set by taking the union of all ¢(P) for P € C, such
that ¢(P) is p-dimensional.
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Next we define a weight function on Y’. Let Y” C f/[eg be the subset of all points i’

such that ¢~ (y') is a finite subset of Y,.,. Define wy : Y — Z\ {0} to be

wpy) =3} INy/dp(Ny)lwy(y)
ye ' (y)

where d¢: T,Y — T,X' is the induced map on tangent spaces T,Y and T,/ X', N, C
T,Y is the lattice of integer points, and N,/ is the lattice of integer points ofo do(T,Y).
By [MR, Prop. 6.2.1], the function wy, extends to a weight function wy’ on Y}, so that
(Y',wy) is a tropical variety. Let Y’ be the closure of Y’. This is a connected compact
tropical subvariety of X', and ¢.(Y,wy) = (Y/,wy’). By extending linearly, this defines
Pt Zp(X) = Z,(X").

2.11. The monodromy operator. For a compact connected tropical variety X, we define
in this section the monodromy operator

N: Hp/q(X,R) — Hp+1,q_1(X,R).

Suppose P is a polytope of ¥ and Q = P, with ¢ = sed(P). Because the recession
cone of P is a cone of X7, there is a unique largest face R of P with sed(R) = ¢ such that
po(R) = Q. A marking of P is a choice of point 0o € Q for each face Q of P such that, if
sed(Q) # o, then og = 7p(0g) where R is the face defined above. A marked polytope is a
pair consisting of a polytope P together with a marking.

Let C be a polyhedral structure on X and choose points {0p } pc¢ such that for each P €
C, the pair (¢(P), {¢(0g) | Q < P}) is a marked polytope, where (W, ¢) is a compatible
chart with P C W. When Q < P, we write wpo = 7po(¢(0p)) — ¢(0g). At the level of
chains

(23) N([P,o]) = ) sgn(P,Q)[Q wpo A e (0)].

Q=P
where sgn(P, Q) is the sign function defined in § 2.8. By linear extension, this defines the
monodromy operator as a map

N: Cp,q(X) — Cerl,q*l(X)'

Denote by B, ;(X) = im(d,: Cp_1441(X) = Cp4(X)), ie., the subgroup of (p, g)-boundaries
of X.

Theorem 2.3. The map N defined above is a chain map, and induces a map

Cpa(X) L Cpr1g-1(X)
Bp,q(X) Bp+1,q71(X)

Furthermore, we have the following.

(1) When restricted to a map N: Hp;(X) — Hp_1,441(X), this map is independent of the
choice of markings and agrees with the eigenwave operator defined in [MZ14].

(2) Nocly =0.

(3)Ifqg = p+1land v € Cp,1(X) verifies 7 is represented by an algebraic cycle in
Cpp(X)/Bpp(X), then N(7y) € Cpy1,p(X)/Bpy1,p(X) does not depend on the choice of
markings.

(2.4) N
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(4) If : X — X' is a tropical morphism of tropical varieties, then N o ¢, = ¢, o N at the
level of tropical homology as in (1). Furthermore, for 7y as in (3), the boundary of ¢.(7y)
is represented by an algebraic cycle on X' and we have N o ¢.(7y) = ¢. o N(7y).

Proof. The first, second and half of the forth assertions are known; the new parts are (3)
and the second half of (4). We briefly discuss the proofs.
The statement N o d = d o N can be verified directly using the relation

sgn(P, Q)sgn(Q, R) = sgn(P, Q')sgn(Q’, R)

for a pair of faces Q and Q' of codimension one in P that share a face R of codimension
one.

The independence from the choice of markings can be verified directly. Then, (1) fol-
lows from the definition of eigenwave operator, see [JRS18, § 2.D.].

To prove (2), note that a rational polytope P with canonical multivector vp and a face
of codimension one Q in P, we have wpo A 71po(0p) = 0. Using the definition of clx and
N, this gives N ocly = 0.

We now show (3). Let P be a polytope of dimension p + 1 and let v € F;(P) so that
[P, v] is in the support of 7. Choose a different marking o},. Let N’ be the corresponding
monodromy map. Let u = ¢(op) — ¢(0}) and ug = 7po(u). Then,

N(y) = N'(y) = QZP sgn(P, Q)[Q, uq Av] = 9 ([P,u Av]) € Byia,p(X).

Now, let Q be a rational polytope of dimension p and choose a different marking og,.
Denote by N’ the corresponding monodromy map. Let u = ¢(0g) — ¢(0) and set ¢ =
Y p[P, zp]. Note that
dy =YY sgn(P,R)[R, mpr(zp)].
P R=<P
Because 9+ is the fundamental class of an algebraic cycle, we can alternatively write dy

dy =) ag[R, vg]
R

where the sum is over rational polytopes R of dimension p and the a; are integers, all but
finitely many of them are zero. Combining the above expressions yields

N(7) =N'(y) = ) sgn(P,Q)[Q u A mro(zp)] = ao[Q, u Avg] = 0.
P+Q

For assertion (4), we only prove the second part. If 97 is represented by an algebraic
cycle a, then d¢.(7) is represented by ¢.(a). We express v = Y p[P,z,]. We claim that
@«N([P,zp]) — Ng. ([P, zp]) is a boundary. The only nontrivial verification is when ¢(P)
is of dimension p or p + 1; we only prove the former. Note that in this case ¢. ([P, zp]) = 0.

We choose markings of the faces Q of codimension 1 in P satisfying dim ¢(Q) = p in
such a way that ¢.(wp,) is constant. Because of (3) and the fact that N commutes with
9, it is sufficient to treat the claim for these choices of markings. Then, ¢.N([P,zs]) —
Ng-([P,zp]) = ¢.N([P, z¢]) and

¢N([P,zp]) = Zp sgn(P, Q)[9+(Q), ¢ (wpg A zp)].
dim<p%5§:p*1
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Since ¢.(wpq A zp) is constant, the claim that this is a boundary comes from the fact in
ordinary homology that the image of the boundary of a chain is a boundary. O

2.12. Kihler tropical varieties and the weight-monodromy property. A tropical variety
X satisfies the weight monodromy property if

(WMP) NP™1: Hy »(X,R) = Hp (X, R) is an isomorphism for all p > g.

A broad class of tropical varieties that satisfy (WMP) is given by projective tropical man-
ifolds and more generally by Kéahler tropical varieties, as was shown in the work [AP20].
A tropical variety X is Kihler if there exists an atlas of charts (W;, ¢;)ie; with ¢;: W; —
U; C X, such that each tropical fan ¥, is Kahler, and there is an w € H*!(X,R) which
restricts to a Kdhler form in each chart.

By a Kéhler tropical fan, we mean a tropical fan whose star-fans have a Chow ring
which satisfies the Kédhler package and in addition each of its open subsets verifies the
tropical Poincaré duality, for its tropical homology groups, see [AP23, AP20]. In particu-
lar, if X is a projective tropical manifold, i.e., X has an atlas of charts as above such that
each X, has the same support as the Bergman fan of a matroid, then X is Kdhler (and
hence satisfies the (WMP)). This follows from the Kdhler package for the Chow ring of
Bergman fans proved in [AHK18], and extended to all simplicial fans with support a
Bergman fanfold in [ADH23, AP23], combined with Poincaré duality for Bergman fan-
folds proved in [JSS19]. More generally, by [AP23, AP24], any projective tropical variety
locally modeled by quasilinear fans is Kahler.

2.13. Tropical abelian varieties. We recall the definition of tropical abelian varieties, and
refer to [KY24] and the references therein for details. Let X = IR8/Z3. Let L be a lattice of
rank ¢ in R8. This L puts an integral affine structure on X which defines X as a tropical
variety. Let M be the dual lattice to L. A polarization on X is the data of a symmetric
positive definite bilinear form

Q: RE xRS - R
which verifies
Q(L,Z8) C Z.
The bilinear form Q induces an embedding

A Z8 < M.

A tropical variety X is called tropical abelian variety if it admits a polarization Q.

Note that the quotient M/A(ZS$) is a finite abelian group. Denote by di,...,d, the
corresponding invariant factors, i.e., di| - - - [dg and M/A(Z8) ~ D;Z /d;Z. The vector
(di,...,dg) is called the type of Q, and Q is called a principal polarization if it has type
(1,...,1). In this case, the map A is an isomorphism, and we call X principally polarized.

3. TROPICAL INTERMEDIATE JACOBIANS AND ABEL—JACOBI MAP

In this section, we provide the constructions of the tropical intermediate Jacobians and
Abel-Jacobi maps and establish several of their fundamental properties.
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3.1. Main constructions. Let X be a tropical variety. Given a pair of integers g < p, the
(p, q)-th define
Lyq(X) :=im (NP79: Hy ,(X,Z) — H,4(X,R))
The intermediate Jacobian of X is
H,,(X,R)
JH, ,(X) = P12

P4 Lp,q (X)

When X satisfies (WMP), e.g., if X is Kdhler, the map
NP™7: H; (X, R) = Hp4(X,R)

is anisomorphism, and so L, 4(X) is a full-rank lattice of Hy 4 (X, R). In this case, JH, ;(X)
is a real torus of dimension /1, := dimH, (X, R). In the following, we only consider
the situation where p — g = 1.

Proposition 3.1. If ¢: X — X' is a tropical morphism of tropical varieties, then the pushforward
@2 Hpq(X) — Hpg(X') induces a morphism ¢..: JH, ,(X) — JH, ,(X").

Proof. This follows from Theorem 2.3(4). 0

Remark 3.2. For tropical manifolds, in the case the sum of p and q equals the dimension,
Mikhalkin and Zharkov define in [MZ14] a tropical intermediate Jacobian. We compare
their definition to the one we provide above. Let X be a projective tropical manifold of
dimension 4, and let p > g with p + g = d. The intermediate Jacobian defined in loc. cit.
is the torus H, ,(X,R)
MZ e 1 4

]Hp,q(X) - Hq/p(X,Z) .
Since X is a projective tropical manifold, it satisfies (WMP) as discussed in § 2.12. The
map NP~7 provides an isomorphism from JH}? (X) to JH,, ,(X).

Since we are in the case p 4+ q = d, there is a pairing on ]H%(X) given by the mon-
odromy: the pairing between elements 7,7" € H,,(X,R) is the intersection pairing be-
tween the two complementary degree cycles NP~7(y) and 9/. This is a symmetric and
bilinear form which is nondegenerate, as conjectured by Mikhalkin and Zharkov (Con-
jecture 2 in their paper), and proved in [AP20]. But in general this pairing is not positive
by the signature calculation given in ibid. o

Denote by Z7(X) the set of homologically-trivial tropical cycles, i.e., the kernel of the cy-
cle class map clx: Z,(X) — Hy »(X). The tropical Abel-Jacobi map is the homomorphism

AJ: Z)(X) = JHpy1,,(X)
defined in the following way. Givena v € C,;, 41(X), define ¥, : ZF*7(X,R) — R by
Tv(w) = (N(7),w)
where the pairing (—, —) is the natural duality pairing between C, 4, and CP*7.

Proposition 3.3. Given 7,7 € Cp,11(X,R), we have
T’Y‘i”)// — ‘Yry + ‘Y'Y/'
Forany 6 € Cp,(X,R), we have Y39 = 0. In particular, ¥, = ¥, 150
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Proof. The first additivity statement is clear. The second statement on 96 follows from the
identity

Ya9(w) = (N(09),w) = (N(0),dw) = 0. O
Proposition 3.4. If 97y is in the kernel of N, e.g., if 0y is the fundamental chain of a tropical
p-cycle, then we have an induced homomorphism

¥, : HPPW7(X,R) — R.
Proof. If NOy = 0 and w = dp, then
¥y (df) = (N(7),dB) = (IN(7),w) = (N(37),w) =0

where the second-to-last equation follows from Theorem 2.3. ]

By Proposition 3.4 and the universal coefficients theorem, we may view ¥, as an element
of Hy1, (X, R) for -y such that 97 is in the kernel of N.

Proposition 3.5. For a homologically-trivial cycle & € Z,,(X,Z) and two chains v,y €
Cpp+1(X, Z) such that oy = 0y = w, the difference Y., — ¥/ lies in L1 ,(X).

Proof. By Proposition3.3, ¥, - ¥, =¥,_,. Sincey -9 € Z, ,;1(X,Z), wehave ¥,/
is represented by N(y — 9') in Hy 11, (X, R), which lies in L, 1 ,(X). O

Therefore, we define the tropical Abel-Jacobi map by
AJ: Z9(X) = THy 1 ,(X),  Al(x) =¥,

where v € C, ,11(X, Z) is any chain such that « = 9. This tropical Abel-Jacobi map is
functorial in the following sense.

Proposition 3.6. If ¢: X — X' is a tropical morphism, then

Z3(X) —5 TH, 1, (X)

J» [

zox') s gH,,, (X)),

p p+Llp
Proof. Because the pushforward ¢,: Z, — Z,(X’) commutes with the cycle class map,
we have an induced morphism ¢.: Z; — Z;(X’). Suppose a € Z;(X) and let &’ =
¢« (a). Let v € Cp 1 1(X) be a chain such that 0y = a. So 7' = ¢. () satisfies d(7y') = «".
By Theorem 2.3(4), we have that N(7') = ¢.(N(7)) + 96 for some chain 6, and so ¥., =
¢+ (¥,) as maps ZP 1P (X') — R. O

3.2. Rational functions and their divisors. Let Y be a connected tropical variety of di-
mension p + 1. A function f: Yy — R is rational if there is a rational polyhedral structure
C on Y, such that f is integral affine linear on each cell of C, and moreover for each
sedentarity type J of codimension one, the slope along rays of C corresponding to this
sedentarity type are all the same; we denote this by sl;(f). This definition is justified by
the way rational functions on algebraic varieties tropicalize. (Note that we do not assume
that the closures of the rational polytopes in C form rational polytopes of Y.)
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The divisor associated to a rational function was initially formulated in [Mik06], see
also [AR10] and [MR, § 4.4]. Given a polytope P € C contained in Y, denote by fp the
linear part of the restriction of f to P. For Q € C with dim Q = p, define

ordo(f) = — Z wy (P) fp(nps0) + fo < Z wy(P nP/Q)

P>-Q P»-Q
Let Z; be the support of ordg(f),
Zzr= U Q
QeC
ordg(f)#0

and denote by Z; the closure of 7z 7 in Y. The function ord.(f) defines a weight func-
tion wz, on the set of regular points of Z;. The connected components of Z 7 endowed
with the restriction of wy . are connected tropical subvarieties of Y. We view Z £ as an
element of Z,(Y) defined as the sum of these connected tropical subvarieties. If ordg(f)
is everywhere 0, then Z¢ = 0. The divisor of f is the element of Z,(Y) given by

diV(f) = Zf + Z Slg(f)?ts.
6€SedY
dingip

The following proposition follows from [JRS18, Thm. 4.15], but we include a proof for the
sake of completeness.

Proposition 3.7. The fundamental class of div(f) is a homologically trivial cycle.
Given a linear function f, the contraction by f is defined on elementary p-forms by
4 .
(oo Ao Aop) =Y (1) f(0i) vg A A A A,
i=0
Proof of Proposition 3.7. The fundamental class of div(f) is
[div(f)] = ) [Q ordg(f)vq].

|Ql=p

Given a (p + 1)—-dimensional polytope P € C, let vp € APHLNL be the canonical multivec-
tor of P. Define

v = Y_[P, wy(P)15,0p)].
P
We claim that 0y = div(f). Write
oy = ngn (P,Q)[Q, (7)o ngn (P, Q)wy(P)[Q, t£,0p].
Given a p—dlmensmnal polytope Q € C w1th Q C Yy, fix generators vy, ...,v, € Ng so

that vy = vy A --- Avp and vp = sgn(P, Q)np/q A b for each cell P ~ Q. By the Leibniz
rule, we have

Lo [( )3 WY(P)"P/Q) /\UQ] =—fo ( B ‘UY(P)“P/Q> bg — ( ). wY(P)nP/Q> A Lg,00

P>Q P+Q P+Q
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The left hand side equals to zero by the balancing condition. Using this, we compute

(07)q = 2 wy(P)is, (npsq Abg)

P+Q

=— ) (wy(P)fp(np,q)vg) — (Z wy (P nP/Q> AR
P+=Q P>-Q

=— ) (wy(P)fr(npo)v0) + fo ( Y. wy(P ﬂp/Q) Yo
P+=Q P>-Q

= ordo(f)vg

Now suppose sed(Q) = 6 # 0. Let P be the (p + 1)-dimensional polytope whose
boundary contains Q. Then wy,(Q) = wy(P) and 5, (vp) = sl;(f)vg where vg is the
canonical multivector of Q C Y}, as required. O

Let X be a d-dimensional connected tropical variety. Denote by Prin, (X) the subgroup
of Z,(X) generated by ¢.(div(f)) where Y is a connected tropical variety of dimension
p+1,¢:Y — Xis a tropical morphism, and f is a rational function on Y. By the functo-
riality of the cycle class map and the previous proposition, we have Prin,(X) C Z;(X).
Define the Chow groups

Ap(X) = Zp(X)/Priny(X) and Aj(X) = Z,(X)/Prin,(X)
of cycles and homologically-trivial cycles on X modulo rational equivalence, respectively.
Remark 3.8. Consider connected tropical subvarieties (Y, w;) and (Y, w,) with the same
support Y. Then we have the relation (Y, w;) + (Y, w2) = (Y, w1 + ws) in Ap(X). Indeed,
we can write the difference of these two cycles as the pushforward of the divisor of a

rational function on a tropical variety of the form C x Y under the projection map to the
second factor, where C is a genus-0 tropical curve. o

Proposition 3.9. If ¢: X — X' is a tropical morphism, then the push-forward ¢.: Z,(X) —
Z,(X") induces morphisms
@x: Ap(X) = Ap(X') and @i Aj(X) — AR(X).

Proof. Clearly we have ¢, (Prin, (X)) C Prin,(X’), which yields the first map. The second
one is a consequence of the functoriality of the cycle class map. O

Theorem 3.10. The Abel-Jacobi map vanishes on Prin,(X).
As a result, we view the Abel-Jacobi map as a morphism

AJ: AY(X) = JTHppq,,(X).
Proof of Theorem 3.10. Let Y be a (p + 1)-dimensional tropical variety and ¢: Y — X bea
tropical morphism. We show that AJ(div(f)) = 0inJH,, ,(Y) for any rational function
f onY. From this we deduce that AJ(¢.(div(f))) = 0in]JH,,,(X) by functoriality of
the Abel-Jacobi map as in Proposition 3.6, and the theorem follows.

Using the notation in the paragraph preceding Proposition 3.7, we have AJ(div(f)) =
¥, where v is the (p, p + 1)—chain from the proof of that proposition:

v = ;[P, wy(P) 15,0p].
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Suppose Q C Y,. We write
N(’)’) = Z[Q/uQ]'
Q

By the Leibniz rule for 14, and the fact that w)q is parallel to vp, we have

—Ypsgwy(P)fr(op —o0g)vp if sed(Q) =0,
— P A bp) =
"o P;Q wy(P)wpg A Ttrg(is;0p) {O otherwise.

(See § 2.8 and § 2.11 for the definition of 7y, and wp o, respectively. Furthermore, we
simplify our expressions by omitting the mention of ¢ appearing in the atlas of charts.)
We show that N(y) = 9¢ where

ZWY P fp OP)UP]

Since vp isa (p + 1)-multivector, we have that (9¢) o = 0 when sed(Q) # 0. For Q whose
sedentarity is 0, we have

(0C)g = — ZWY )fr(op)op = — Zwy ) fp(op —o0g +00)0p

P-Q P>Q
=— Y wy(P)fe(opr —0g)op — Y wy(P)fp(og)vp
P=Q P=Q

Using fp(0g) = fo(0g) and the balancing condition on Y, we have
Y., wv(P)fe(og)or = folog) Y wy(P)op = fo(0g)(d[Y])o =0.
P~=Q P=Q
Therefore, (9¢)o = ug for all Q, and so ¥, = 0, as required. O

Proof of Theorem 1.1. This theorem follows from Proposition 3.9 and Theorem 3.10. O

3.3. An obstruction to algebraic equivalence. Let X be a tropical variety. Recall from
the introduction that we set
Kpq(X) =im(NF~971: Hypqp1(X, Z) = Hpg(X,R))
and ( )
H, (X, R
Qp (X)) =21
pPAa Kp,q ( X)
The monodromy map N: H, 4(X,R) — Hy,1,-1(X, R) induces a map

N: ]Hp,q(X) — Qp+1,q71(X)'

We define an obstruction in Qp2 ,—1(X) to triviality under algebraic equivalence of trop-
ical cycles. Suppose Z; and Z; are connected tropical subvarieties of X. We write Z; ~ Z;
if there is a tropical curve B, two points by, by € B, and a subvariety W C X x B such that

(ﬂl)*[Wﬂ<XX bl) —Wn (X X bz)] = Z1 —Z2

where 71;: X X B — X is the first projection and N is stable intersection, see [MS15, § 3.6].
This induces a reflexive and symmetric on Z,(X). The transitive closure of this relation
is called algebraic equivalence, and cycles in the same equivalence class are called alge-
braically equivalent. By [Zhal5, Lem. 6], algebraically equivalent cycles are homologically
equivalent.
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Theorem 3.11. If a p-cycle « is algebraically equivalent to 0, then
N(AJ(Z)) =0 in Qpizp-1(X).

Proof. Let Z be an element of Z(X) representing a in the Chow ring. Because the basic
equivalences Z; ~ Z, generates algebraic equivalence, we may assume, without loss of
generality, that Z = Z; — Z, for tropical subvarieties Z;, Z», that B is a tropical curve, and
W C X x Bisa (p+ 1)-dimensional tropical variety that contains Z; and Z; as fibers.
By functorality of N and AJ as in Theorem 2.3 and Proposition 3.6, we have the following
commutative diagram:

Z3W) — THy (W) — s Qpiap1(W)

| !

o AJ
Z9(X x B) = JH,1,(X x B) —— Qpi2p-1(X x B)

| ! !

Z3(X) — s THy o, (X) —N s Qpiayp(X).

Viewing Z as a cycle in either W or X, we see that Z € Z;(X) is the image of Z € Z(X)

under the composition of the vertical arrows on the left of the above diagram. Since
dim(W) = p+ 1, we have Q, 2, 1(W) = 0, and hence N(AJ(Z)) = 0. O

3.4. Tropical varieties with torsion Abel-Jacobi image. Motivated by questions on tor-
sion of the Ceresa class (see § 7.1), we derive a general criterion that ensures the image of
a homologically trivial cycle under the Abel-Jacobi map is torsion.

Theorem 3.12. Suppose X is a tropical variety that satisfies (WMP). Assume that the mon-
odromy N is rational. Then for any homologically trivial cycle in X, its Abel-Jacobi image is
torsion.

Proof. To prove the claim, note that the monodromy operator for I' has rational coeffi-
cients. Suppose « is a homologically trivial p-cycle of X. By assumption, the monodromy
map N: H,, ,11(X,Z) — Hp;1,(X,R) takes values in H, 1 ,(X, Q). This implies the in-
clusion L, 11 ,(X) € Hpy1,(X, Q). Since X satisfies (WMP), these two lattices have the
same rank, so we can find a positive integer # such that nH, 11,(X, Z) C L,11,(X). The
(p, p + 1)—chain v which bounds « has integral coefficients, therefore ¥., (as defined in
§ 3.1) belongs to Hy,1,(X, Q). There exists a positive integer m such that m¥, belongs
to Hpy1,(X,Z). We conclude mn'¥.,, € Ly, 1,(X). This proves that AJ(«) is torsion. [

3.5. Tropical Albanese. Let X be a d-dimensional K&hler tropical variety. The tropical
Albanese variety of X is

Alb(X) =JH; (X, R).
The Albanese Alb(X) is a compact torus with the integral affine structure given by the
lattice Hy o(X, Z).
Suppose that the Kahler class w on X belongs to H"} (X, Q) and the monodromy takes
values in rational tropical (co)homology. In this case, Alb(X) is endowed with a polar-
ization which makes it a tropical abelian variety, see § 2.13. This is given as follows.
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By the weight-monodromy property (WMP), and assumption on rationality of N, the

map

N: HY(X,Q) — H*'(X,Q)
is an isomorphism (see [AP20] for a cohomological description of the monodromy map
N). By Hodge-Riemann property loc. cit. , the pairing

HY(X,Q) x HY(X,Q) — Q
w, B — — deg(aN(B)w'™)

is positive definite. Using the duality between Hj o(X, Q) and HY(X, Q), this induces a
polarization on X. By fixing a base-point b € X, the Abel-Jacobi map specializes to

AJ: X — Ag(X) — Alb(X)
where the first map is x — [x] — [b]. The tropical Albanese variety satisfies the following
universal property.

Proposition 3.13. If A is a tropical abelian variety and X — A is a morphism, then there is a
unique morphism Alb(X) — A so that the following diagram commutes

X 2L, Ab(X)
A

Proof. By functoriality of the Abel-Jacobi map in Theorem 1.1, we get a map Alb(X) —
Alb(A). By Proposition 4.1, we have that Alb(A) = A. O

4. INTERMEDIATE JACOBIANS OF TROPICAL COMPACT TORI

In this section, let X = IR8/Z2 with an integral affine structure given by a rank ¢ lattice
L C IR8. Since X is a real compact torus, its tangent bundle is trivial, so the cosheaves F,,
and F% are isomorphic to the constant cosheaves APIR$ and APL, respectively. Moreover,

H; (X, Z) is canonically isomorphic to Z3. We therefore have isomorphisms
@ H,,(X,Z) = Hy(X, F%) = NIZE @7 NPL,
Hp (X, R) = Hy(X,Fp) = ATRE @ APRRS.

Define the linear map
¢: NMZ8 Rz ANPL — NT1Z8 7 Z8 N (ANPL) C ANTIRS @ APTIRS,
q
A Aug@v e Y (“Dfug A AT A A g @ u A
k=1
Proposition 4.1. The following diagram commutes

N
H,4(X,Z) —— Hy19-1(X,R)

| !

NIZ8 @7 APL —F s AT-TRE @ APHIRS.
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In this case, the tropical intermediate Jacobian of the tropical compact torus X is given by

ATRE ® APIRS
im(@7-P: APZS @ ML — MRS @ APRS)

]Hp,q(x) =

Proof. Denote by ¢y, ..., ¢, the standard basis of Z8. A fundamental domain in the uni-
versal cover 71: RS — X of the tropical compact torus X is [0,1]%. We give X a cubical
complex structure with 28 maximal cells by taking the barycentric subdivision of each
copy of [0,1] and forming the induced subdivision on the product [0, 1]¢, see Figure 4.1.
Let Iy = [0,4] and I; = [},1]. The cells of this cubical complex are in bijection with the
set of functions

f{L...,8} = {0,111, 1}

where the cell corresponding to the function f is
g
Py =n(Pf) € X, where By =TT f(k) C [0,1]3.
k=1

Because 7| 5, is an isomorphism to its image, we identify P; with Ps. Denote by oy the

barycenter of Pr. We write h < f if Py is a codimension one face of Pr. When h < f, thereis
a unique de {1 .., g} such that f(d) is an interval and h(d) is a vertex of f(d). So o, — oy,
equals jes or —eq if h(d) is larger or smaller than the barycenter of f(d), respectively.
We denote this d by df ;. The monodromy operator on chains is given by

N([Py,v]) = hZ; sgn(f, 1) [Py, (0, — o) A 0]

where sgn(f,h) = sgn(Pf, P;) is the sign function in § 2.8. We consider the case g = g,
the proof is similar for g < g¢. Let Il denote the set of functions corresponding to the
g-dimensional cells of X; these are exactly the functions f: {1,...,¢} — {lo, 1 }. So

H,.(X,Z) { Y. Pp0 vE/\pL}.
fell,
Under the identification in Equation (4.1), the element of H,, ¢;(X, Z) given by

[ Y. Pr,o] correspondsto e; A---Aeg ®z 0.
felly

Then, we compute

N([ Y Pro]) =} ). sgn(f,h)[Py, (o, —on) A D]

feTly felly h<f
g
=2 ( Y, 2 sgn(f,)[Py (o, —on) Av]) -
k=1 fEHg h:df,h:k

We claim that

Yo Y sgn(f,m)[Ph (0, —0n) AD) = (—1Fer A AG A Ay @ AD
fEH hdfh =k
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(%) €

0 ] 5] 0 €1

FIGURE 4.1. An illustration of the proof of Proposition 4.1

via the isomorphism in Equation (4.1). We prove this for k = 1. Then, the sum on the left
is

42 ), ). sga(f,B)[Py(o;—ow) Ao+ ) Y, sgn(f1)[Py (o —op) ADL.

felly Iuds,=1 felly hudgy=1

f)=I f)=n
Consider the sum on the left, i.e., assume that f(1) = Iy. Then /(1) is either 0 or 1. In
the former case, we have sgn(f,h) = —1and o, — 0;, = %q and in the latter case we have
sgn(f,h) = 1and o, — 0, = —e1. So the sum on the left equals

Y, —[Puiaro+ Y [P,—ijarvl=-1 Y [Pueanro—% Y [P,eaAo.

hGHS,l heHg,l hGHg,l héng,l
h(1)=0 h(1)=1/2 h(1)=0 h(1)=1/2

The two sums on the right are (p + 1, ¢ — 1)—cycles that are homologous to each other.
Under the identification in Equation (4.1), these cycles correspond to

—Le NN Ny ®z e Ao E NSTIZS ®7 Z8 A (NFL).

In a similar way, the second double summation in (4.2) also equals to two (p+1,¢ — 1)-
cycles, each corresponding to the above element in AS~1Z8& ®z Z& A (APL). This proves
the claim for k = 1, and the proof of the claim for k > 2 is similar. In total, we get that
N([Xfer, Py, v]) corresponds to

8
Y (=D er A AGA - ANeg®z e Av=g(e1 A+ Aeg®770),
k=1

as required. O

5. CURVES AND THEIR JACOBIANS

Let I be a connected genus-g tropical curve. Fix a model (G, ¢) with G = (V,E) and
an orientation on the edges of G. We suppose that G has no separating edges. Denote
by Divy(T') the group of degree-0 divisors on I'. Note that Div((T') is exactly the group
Z5(T) of homologically trivial 0-cycles on T

Theorem 5.1. The tropical intermediate Jacobian JH, ,(T') of T is canonically identified with the
Jacobian Jac(T') of T:

Jac(T) = JH; o(I).
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Furthermore, we have the following commutative diagram:

Divo(T) —2 Jac(I)

Lok

Div(T) — JH; o(T).

In the above commutative diagram, the top AJ is the tropical Abel-Jacobi map as defined
in [MZ08, BF11, BNO7], whereas the bottom AJ is the Abel-Jacobi map defined in § 3.

We begin by recalling the definition of the Jacobian Jac(I'). With I' understood, we
write Hy = H;(I',Z) and H = Hz ® R. Denote by Q); = Q5(T') the space of integral
harmonic 1-forms on I', and Q2 = (); ® R. Given any path v in I, define

(5.1) e wwI(w):= / w.
v

Under the embedding
I: Hz > QY y—1,
Hz is realized as a full-rank lattice inside Q)". The Jacobian of T is the compact real torus

OV
Jac(T') := 0
The tropical curve I' has an intrinsic tropical structure making it into a Kéhler tropical
variety of dimension 1. Each point b € T of valence d has a neighborhood identified with
a neighborhood of 0 in the 1-skeleton of the fan of the projective space P?~!. The Abel-
Jacobi map gives an embedding of I into Jac(I') as a tropical subvariety (we use that G
has no separating edges).

The tropical structure of I' may be described in the following way. Fix an orientation
for the edges of I'. The tangent space at each point of Jac(T') is naturally identified with
1Y, and its integral affine structure is given by Q; C Q. Given an edge e, denote by s,
its source vertex and t, its target vertex. We have:

L
Ue)

where 1, is the unit tangent vector to e with respect to the orientation of e. Given a vertex
v € V,we have

Fi(v) =2, Fi(v)=(DF(e)/(} sgn(ev) 1) CQy.

e=v e>0

Fi(e)=7Z, File)=Z-1,=Z cQy

Here, sgn(e,v) = 1if v = s, and sgn(e,v) = —1if v = t,. Using this description, we
have:
(5.2) Ho1([,Z) = Hz, Hio([,Z)=Qy, Ho:1([,R)=H, Ho[,R)=0Q".

The monodromy operator is defined at level of chains N: Cy1(I,Z) — C1o(T,R) in the
following way. Given an edge ¢, let 0, be the midpoint of ¢, and 0, = v for each vertex v.
Then,

(5.3) N([e,1]) = Y sgn(e,v) [v, (0c — 0u)] = 3([se, Le] + [te,Ie]) = L. mod By(T,R).

v=<e

Proposition 5.2. Under the identifications in (5.2), we have the identification N = 1.
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Proof. Under the identification H = Hy, the cycle }_n.e in H corresponds to }_n.[e, 1,]
in Hy 1; we denote both by y. We have

N(vy) = anN([e,le]) = Znelg =1Iy, e =1, O

Proof of Theorem 5.1. The canonical identification Jac(I') = JH, ((T') is a direct consequence
of Proposition 5.2. Consider the 0-cycle ¢ — b for b,d € T'. Let y# be an oriented path in T
with d7 = d —b. The top Abel-Jacobi map sends d — b to the linear form (I, —) on Q.
The bottom Abel-Jacobi map sends d — b to the linear form (N(7), —) on H'?(T'), which
can be identified with Q) by duality and the identification H; g = QY. These two forms

agree under the identification in Equation (5.3). O
Fixing a basis of Hz = H; (T, Z) yields isomorphisms Q" = R and Hz = ZS. Define
(5.4) Q: 0" x0Y >R, QO (): xele, Zyele> =Y l(e)xey.
ecE ecE e€E

which is a symmetric, positive-definite, bilinear form on QY. So Jac(T') is identified with
the tropical abelian variety IR8 / Z& whose polarization is given by the pairing in Equation
(5.4). The lattice L dual to H = Z¢ is identified with Q). The intermediate Jacobian of
Jac(T') is therefore given by Proposition 4.1.

6. THE TROPICAL CERESA CLASS

Let I' be a connected genus g > 2 tropical curve. Corresponding to a point » € I are
two maps:
I - DivY(T) x> [x]—[p] and [b] —[x].
Composing with the tropical Abel-Jacobi map Div’(T) — Jac(T) produces two maps
' — Jac(I'). Denote the image of I under these two maps by I', and I',", respectively. As
these maps contract all separating edges, we may assume I" has no separating edges. The
tropical Ceresa cycle v,(T') € Z1(Jac(T')) is the 1-cycle

() = 1] = 1]
We prove below that v,(T') is nullhomologous and we produce an explicit bounding

(1,2)—chain. Another (1,2)-chain may be found in [Rit24, Eq. 17]. We define the tropical
Ceresa class of T based at b to be

v, (I') = AJ(v,(I')) € JHp,1 (Jac(T)).

6.1. An explicit bounding chain for the Ceresa cycle. Fix a model (G, ¢) of I' with G =
(V,E). Fixapointh € V and fix an orientation of each edge. Let T = (V, F) be a spanning
tree of G. Choose points D = {v, | ¢ € F°} such that v, lies in the relative interior of the
edge €. Denote by 7r: R — Jac(T') the universal covering space for Jac(I'). We may
assume that 71(0) = b where 0 € R? is the origin. Let S be the closure of a connected
component of 77}(T'\ D). The map 7: S — T is one-to-one except over the points in D
where the fiber over each of these points has size 2; set 7' (ve) = {x, y¢ }. See Figure 6.1
for a genus 2 example.

The model (G, ¢) induces a model on S. The underlying graph is Gs = (Vs, Eg), where
Vs = VU{xe, ye | € € F} and Eg consists of the edges in F, and 2g edges obtained by
splitting € at v.. The orientations of the edges in E induce orientations on the edges in Es.
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Vg

—T2 Y2

—Y2 X2

FIGURE 6.1. A genus 2 tropical curve I' and the trees S and S’ in the uni-
versal cover of Jac(I')

Assume that x, has its adjacent edge oriented away from it and y. has its adjacent edge
oriented fowards it.

For an oriented edge ¢, denote by s, and ¢, the source and target vertex of e, respec-
tively. Let b, € H;jo(Jac(T'),R) the unit vector in the direction t, — s,. Under the iso-
morphism Hj g(Jac(T')) = OV in Formula (5.1), b, corresponds to I,//(e). Given points
ai,...,ar € RS, denote by [ay, ..., ar] the image under 7t of the (singular) simplex formed
by these points. The cycle class of I', is represented by

Y(T,) =Y [[[se, te]],be} € C11(Jac(T), Z).

ecEg

Define the (1,1) and (1,2)-chains

Z([T,) = 2 [[[xg,yg]],bs} and 7 (T},) = Z [ﬂO,se,te]],be} — Z {[[O,xg,yg}],be]

e€F° ecEg e€F*
Proposition 6.1. The cycle Y (T',) is homologous to Z(T',) and
Y(T,) = Z(T,) = an(I).
The following Lemma is a consequence of [MZ08, Lem. 6.3].

Lemma 6.2. Given for any v € V, we have

Y be— ) b.=0.

Se=0 te=v

Proof of Proposition 6.1. First we compute

3[10,5e, el be| = [I5este] — [0, £e] + [0,5c], b

8[10,xe el be| = [[xe, el — [0, el + [0, x:], be .
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Let L = {x¢, Ve | € € F°} C Vs. By Lemma 6.2,

J ( y [[[o,se,te]],beD —Y(T,)+ Y [[[O,v]], (Z be— Y b)]

e€Eg veVs\L Se=0 te=0v

+y [[[0, %] — [[o,yeﬂ,be}

e€F*

—Y(T,)+ ¥ [[[o, x] - [0, v], bg]

ecF*

Finally, we have

0 (E o xs,yeﬂ,bs}) = L [lreryel be] + T [~ [0ye] + [0, %] b

e€Fe ecF* ecF*

—z)+ Y [—[[o,yg]} +1o, xg]],bg}.

e€F*

from which the proposition follows. O

The cycle class of I'” is represented by the chain

(1) = ¥ [[=s0 —t], ~be] € Cia(lac(r), 2).
EGES
Similar to Proposition 6.1, Y(T' ") is homologous to Z(T,") where

Z(Fb_) = Z [[[_xe/ _ys]]r—bs}

e€Fe©

In fact, Y(T) — Z(I') = o(n(I',")) where

ST Il RS |

e€F*

n(T,)

So
o(n(Iy) —n(T,)) =Y(T,) = Y(I)) — (Z(L) — Z(I))).

We must find a bounding chain for the nullhomologous cycle Z(T',) — Z(I'"). Denote by
p(a,b,c,d) the image under 7t of the rectangle with vertices a,b, ¢, d € IR® in counterclock-
wise order. We have that

A(T) = Y [o(xe, e, —xe, —ye), be]  satisfies  9(A,(T)) = Z(T,) — Z(T,).
e€F*
This discussion yields the following theorem.
Theorem 6.3. A chain ¢,(T) € Cy2(Jac(T'), Z) such that 3¢, (T') = Y(T,) — Y(I'") is given
by
& (1) = 7(Ty) — (L)) + Ay (I).
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PP N

FIGURE 6.2. The values of sgn’, (e g) are, left to right: 2, —2,1, —1, 0.

Using the bounding chain ¢, (I') above, we derive a useful and explicit description of the
Ceresa class v,(T). For e € F and ¢ € F, we define the sign function sgn’ (e, ) in terms
of the paths in T from b to s, or t, passing through e. Specifically,

2 if e is on the path from b to both s, and t,, oriented away from b,
1 if e is on the path from b to one of s, or t,, oriented away from b,
sgn’(e,e) = 4 0 if e is not on the path from b to either s, or t,,

—1 if e is on the path from b to one of s, or t,, oriented towards b,

—2 if e is on the path from b to both s, and t,, oriented towards b.

See Figure 6.2. The cycles [x., y¢] and [—y,, —x,]] define the same class in H; (Jac(T'), Z);
we denote this class by a,. Under the isomorphism H; (Jac(T'),Z) = H; (T, Z), the cycle
a¢ corresponds to the homology class of the fundamental cycle contained in T U e.

Theorem 6.4. Given a tropical curve I with model (G = (V,E), ), apointb € V,and spanning
tree T = (V,F), the tropical Ceresa class v, (') is given by

v,(I) =) sgn’(e,€) £(e) ag @ (be A be).
ecF
ecF°
We use the description of JH, ; (Jac(I')) given in Proposition 4.1.
Proof of Theorem 6.4. By Proposition 3.5, v,(I') only depends on the bounding chain of
a representative of cl(v,(T')) up to By1(Jac(T')). A the chain ¢,(T') bounds cl(v,(T')) by

Theorem 6.3. To compute N(¢,(T')), we must fix points op for each codimension zero and
one cell P. With

O = [[01 Se, te]]/ O-é = [[0/ —Se, _te]]/ Te = [[01 Xe, ys]]/ T‘c_{ = [[0/ —Xe, _yEH/
pe = P(Xe, Ye, —Xe, —Ye),
set
0g, = te, 0 = —te, 0, =Ye, Oy = —VYe, Op, =VYe,
Opo] =0 Ok ty] = Ter  Ofye—x] = Yer  Of-yex] = Xe-
Using this, we compute
N([Ue/be]) =0, N([U/ _be]) =0,

e’

N ([T, be]) = [[[O,xg]],ag N be}r N ([t, —be]) = {[[0,—955]],38 A be}/

N([Per be]) = [[[—xg, —Vel, (2]/5 —0) A be} + [H_yezxe]]ras A be}-
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Then,
N@(T) =n()) = ¥ | =10, x] + [0, ], ac A b
e€eFe¢
=y [[[xg, —xe], e A bg] mod By,; (Jac(T)).
ecF©
Altogether, we have
N(¢,(I)) = Z ( |:[[x£1 —Xel, e A b£:| + [[[_xe/ —Vel, (2yg —0)A b‘(_‘:|

ecF°
+ [[[—yg, Xe], ae A be}) mod By (Jac(T)).

As [xe, —xe] + [—Ye, xe] = [—VYe, —xe] modulo By (Jac(T')), we may combine the three
terms in the above sum to get

N(&([D) = 1 [[-ve —xel, (2 = 296) Abe] = 1 Jac, (—ye = x) Abe].

ecF°¢ ecF°
Because
~Ye—Xe = (Y —0) — (xe = 0) = —(ye — 0) — (xc — 0),

v, (T) = ) [ae, be A (xe — 0) + b A (ye — 0)].

ecF°
Let A, respectively B, be the edges in F contained in the unique path in S from 0 to x,
respectively from 0 to y,. For e € A, leta, € {£1} be 1 if e is oriented away from b and
—1 if e is oriented towards b. Define /36 € {£1} for e € B, similarly. Then,

(xe —b) =kbe+ Y o l(e)be, (ye—b) = (L(e) —k)be+ )_ Be L(e)be

ecA; e€B;

we have that

for some 0 < k < /(e). The theorem now follows from the description of JH, ; (Jac(I')) as
in Proposition 4.1. U

6.2. Dependence on the basepoint. Given two points b, d € I', we consider the difference
between v, (I') and vy(T'). Fix a basis of cycles ay, ..., a; of Hz C Y, and let by, ..., bs €
Q) be a dual basis with respect to Q (so Q(a;, b;) = 4;)). Define the homology class

(61) w = [all bl] + [ag/ bg] € Hl,l (]aC(r))
Proposition 6.5. The homology class w € H; 1(Jac(T")) is independent of basis. Furthermore,
w = Cl(rb)

Proof. Suppose aj, ... ,aé, bi, ..., bé is another pair of dual bases. There is linear auto-
morphism C: Hz — Hgz such that Ca; = a). Then bl = C~Tb; where CT: OV — QY
is the unique linear automorphism such that Q(Cx,y) = Q(x,C"y). Say C = [c;j] and
C~T = [d;j]. Then

Mw
||
Mw

g g
[Ca;, C =YY leiar, dicbs] =Y [ak, be] Y cirdie
i=1 k¢ Kl i=1

[ak, bg] (C Cc ) Z[ak, bg](skg =W
k.t

Il
—
Il
—

>
K
~
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The last statement follows from this and Proposition 6.1. O

Theorem 6.6. We have
v,(T) —vy(T) = =2AJ(b — d) Aw.

Proof. This theorem may be deduced from Theorem 6.4, but we provide a more direct
proof here. First, consider the nullhomologous cycle I', — I'y. Representatives of cl(T,)
and cl(I'y) are given by

Y(T,) = ZE[[[SE’ te}]rbe} and Y(['y) = ZE[HSe +d,te + d]],be},

respectively. The (2, 1)—chain
n=)_[1e,be] where 1e=p(se te,te + 5+ <)

ecE
satisfies o7 = Y(T',) — Y(T'y). For each vertex v € V and edge e € E set
Ot =0+ ¢ Ofst] =ter Ofstirrqg =te T4 0y =te+d.
Then,
N(#1e) = [[se, te], (¢ = b) Abe] — [[se, e 4 ], £(e)be Abe] = [[se, te], (¢ = b) Abe],

and so

N(y7) = }_[[se,te], (= b) Abe] = AJ(¢ = b) AY(T,).

eckE
Since Y(I',) and w are homologous, we have

AJ(T,—Ty) = —-AJ(b —d) Aw.
Similarly,
AJT, =T7)=AJb—d) Aw,
and therefore
v,(T) = v¢(T) = AJ(T, — T) — AT} —T) = —2AJ(b — ) Aw

from which the theorem follows. ]

6.3. The unpointed Ceresa class. With Theorem 6.6 in mind, we make the following
definition.

Definition 6.7. Define

_ Hp11,p(Jac(T), R)
H ac(I')) = b .
Wy i1, (ac(D) = 2 H, ,_1(Jac(T),R) + L,11,,(Jac(T))
The unpointed Ceresa class v(I') is the image of v,(T') in JH, ; (X). o

By Theorem 6.6, the class v, (I') is independent of b.
Next, we derive a new formula for V(I'). Suppose (G, ¥) is a model of I with G =
(V,E), fix an orientation of each edge, and let T = (V, F) be a spanning tree of G. Given
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P O

FIGURE 6.3. The values of sgn sgn e, €) are, left to right: 1, —1, 0

e € F¢, there is a unique cycle contained in T U ¢; call this cycle yr(¢). Givene € F and
¢ € F¢, define

1 ife ¢ yr(¢e) and e points towards ¢,
sgn,(e,e) = ¢ —1 ife ¢ yr(¢) and e points away from ¢,
0 ife € yr(e).

Theorem 6.8. Given a tropical curve I with model (G = (V,E),{) and spanning tree T =
(V, F), its unpointed tropical Ceresa class is

v(T) = X; sgn,(e,€) £(e) a ® (be Abe) in  JHy;(Jac(T)).
e€F*

Proof. Fix a basepointh € V. Given e € F and € € F¢, a case-by-case analysis yields

1 if e points away from b in T,

sgn; (¢,€) —5gm, (e, ) = {

—1 if e points towards b in T.

In particular, this expression is independent of ¢ € F¢; call it a,. Using Theorem 6.4, we
have

v,(T) — ) sgn,(e¢) l(e) ac ® (be Abe) =w A ) _ £(e)acbe

ecF ecF
ecF¢

as required. O

6.4. The Ceresa-Zharkov class and algebraic equivalence. Given a tropical curve I'and
a point b € T, define the class w(T') in Q3 (Jac(T')) by

w(Il') = N(v,(I')) € Qso(Jac(T)).

By Theorem 3.11, if w(T') # 0in Q3o (Jac(T')), then the tropical Ceresa cycle v,(T) is not
algebraically equivalent to 0. We expect that this recovers [Rit24, Prop. 1.1]. Using the
results from Appendix A, we see that this class generalizes the Ceresa—Zharkov class of a
tropical curve as defined in [CL24] to curves with arbitrary edge-lengths.

Theorems 6.4 and 6.8 give efficient ways of calculating the Ceresa class of a tropical
curve. We illustrate this with two examples, the complete graph on 4 vertices K4 and the
trivalent loop of 3 loops TLs.
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FIGURE 6.4. A genus 3 tropical curve whose underlying graph is K4, and
a genus 4 tropical curve whose underlying graph is TL3

6.5. The complete graph on 4 vertices Ky. Suppose I'is the tropical curve whose under-
lying graph is K4, the left-hand graph in Figure 6.4. For each edge ¢;, denote by ¢; = ¢(e;)
and b; = b,,. Let T be the spanning tree formed by the edges ey, 5, e5. The vectors by, by, bz
form a basis of H; o(I', Z), and we have

by = bz —by, bs=b;—bs, bg=by—b.

Fori=1,2,3, leta; = a,,. The matrix Qr with respect to the basis a1, a, a3 (i.e., the matrix
whose (i, j)-th entry is Qr(a;, 3;)) is given by

0+ b5+ Lg — Vg —/ls
Qr = —ls by + Ly + g —ly
—Vls —ly b3+ £y + U5

The columns of this matrix describe the coefficients of a; with respect to the basis by, by, bs.
Explicitly:

a1 = {1by + f5bs — lgbe = (E] + 05 + £6)b1 — lgby — U5bs,
ay = floby — l4by + lgbg = —Fgb1 + (£2 + b4 + Eé)bz — L4bs,
a3 = l3bs + l4by — lsbs = —Fl5by — f4by + (€3 + 44 + E5)b3.

This description gives a practical way to compute the monodromy map on the Jacobian
via Proposition 4.1. Indeed, we have that L, (Jac(I')) is generated by the forms

N((ai/\aj)®bk) :a,-®a]-Abk—a]-®ai/\bk
for1 <i<j<3and1 <k < 3, which can be expressed in the basis
ai®(bj/\bk) for 1<i<3, 1§]<k§3

of R® ® A’R? using the descriptions of a; and bj above. Using Theorem 6.4 we compute
the pointed Ceresa class to be

v,(T) = {4(az® (bp Aby) +a3® (b3 Aby))
(6.2) + 5(a1 ® (b1 Abs) +a3 @ (b A bs))
+€6(a1®(bl/\b6)+a2®(b2/\b6)).
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The formula in Theorem 6.8 yields the same representative for v(I'). We compute in
JH, 1 (Jac(T'))
V(I) = v, (T) — w A (4bs + lsbs + lebe) + N([a1 A az, b1])
= lra1 @ (b1 Aby) — l5(a @ (b1 Abp) + a2 @ (bp Abz) —ap ® (by Abs)),

which recovers the computation in [CEL24, Ex. 7.2]. Finally, we compute Q3¢ (Jac(I'))
and the class w(T) in Q3 0(Jac(T)). The subgroup Kz (Jac(T')) of A’R® 2 R is generated
by
NZ((ai N aj) ®bg) =2a; A aj A\ b

for1<i<j<3and1 <k <3 and

W(r) = —(f5€6 + byl + 6465) bi Aby Abg =¥104b1 Aby Abs iIn Qg,o(]ac(r)).
This recovers the computation in [CL24, Rit24, Zhal5].
6.6. The trivalent loop of 3 loops TL3. Suppose I is the tropical curve whose underlying
graph is TL3, the right-hand graph in Figure 6.4. As in the K4 example, for each edge ¢;,

denote by ¢; = £(e;) and b; = b,,. Let T be the spanning tree formed by the edges es, es,
ey, e, e9. Then by, by, bs, by forms a basis of Hy o(I', R) and we have

bs = —by + b3 +by, bg= —by+bz+by by=bg="byg=nbs+ by

Fori =1,2,3,4, let a; = a,,, which forms a basis of Hy1(T'). The matrix Qr with respect
to this basis is given by

01+ e 0 —Ag —le
. 0 b+ U5 —{s —Vls
Qr = —le — Vs by + U5+ L+ b7+ Lg + Ly U5+ bg + by + £g + £
—le —Vls Us + Le+ b7 + lg + Lo by+l5+ L+ by + lg + Ly

Using Theorem 6.4 we compute the pointed Ceresa class v, (I') in JH, ; (Jac(I')) to be
v,(T) = ¥5(a; ® (by Abs) + a3 ® (b A bs) +as @ (bg A bs))

+ls(a1 ® (b1 Abg) +2a2 @ (b2 A bg) + a3 @ (b3 A bg) + a3 @ (by A bg))
+ 07(2a1 ® (b1 A by) +2a, ® (by Aby) + a3 ® (b3 Aby) + a4 ® (bg A by))
+ l3(2a @ (bp Abg) + a3 ® (bs Abg) +as ® (bg Abg))
+ 9(az3 @ (bs Abg) +as ® (bg Abg)).

The formula for v(T') in JH, ; (Jac(I')) from Theorem 6.8 yields

V([') = — l5a1 @ (by Abs) 4 lear @ (by Abg) — £7(a1 ® (b1 Aby) +ax @ (ba Aby))

+lg(a1 ® (by Abg) —ax ® (b2 Abg)) + £o(a; ® (b1 A bg) + a2 ® (b A by)).

This recovers the calculation in [CEL24, Ex. 7.6]. The class w(TI') in Q3 (Jac(T')) is repre-
sented by

W(r):€5€6b]/\b5/\b6—£5£6b2/\b5/\b6—5657bl/\b6/\b7—€5£7b2/\b5/\b7
+ lglg by A bg A bg — 505 by A bs A bg + £glg by A bg A by + 509 by A bs A bg
= — 25l (bl/\bz/\b3—|-b1/\b2/\b4).
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When we set the edge lengths /7, /3, {9 each equal to 0, the underlying graph of I is the
loop of three loops L3, and this recovers the calculation from [CL24, Prop. 5.9] and [Rit24,
Ex. 4.2].

7. FURTHER RESULTS AND QUESTIONS
In this final section, we prove some complementary results and raise further questions.

7.1. Torsion Ceresa class. Beauville in [Bea21] produces a nonhyperelliptic curve whose
Ceresa class is torsion (later with Schoen, they show that the Ceresa cycle of this curve
is torsion modulo algebraic equivalence [BS21]). Separate examples may be found in
[BLLS23, LS23a, LS24, 1L.S23b]. Determining whether the locus in the moduli space of
curves M, of curves with torsion Ceresa class is dense has seen significant recent activity.
It is known that the positive-dimensional components of this locus are not dense in M,
see [GZ24, KT24]. For tropical curves, we have the following.

Theorem 7.1. The set of tropical curves with torsion tropical Ceresa class is dense in Mg™.

Proof. Let G = (V,E) be a stable graph of genus g, and ¢: E — Q¢ an edge length
function taking only rational values. Let I' be the corresponding metric graph of genus
g The monodromy operator for I' has rational coefficients. By Theorem 3.12, the Ceresa
class of I' is torsion. Since these tropical curves form a dense subset of the tropical moduli
space M;”, this proves the theorem. O

7.2. Ceresa cycle and hyperelliptic curves. If X is a hyperelliptic curve and b € X is a
Weierstrass point, then the Ceresa cycle [X,] — [X"] = 0 as an algebraic cycle. In par-
ticular, this implies that [X,] — [X ] is algebraically equivalent to 0 for any b. On the
other hand, if X is a curve and » € X have the property that [X,] — [X "] is trivial (ra-
tionally, algebraically, or under the Abel-Jacobi image), it is unknown whether X must
be a hyperelliptic curve. As mentioned in § 7.1, there are instances of nonhyperelliptic
curves whose Ceresa class is torsion (respectively, whose Ceresa cycle is torsion modulo
algebraic equivalence).

Similar to the algebraic setting, if I" is a hyperelliptic tropical curve (in the sense of
[Bak08, Chal3]) and b € T is a Weierstrass point, then the tropical Ceresa cycle v,(I')
equals 0 as a cycle. Motivated by the discussion in the previous paragraph and the ex-
plicit description of the tropical Ceresa class in Theorems 6.4 and 6.8, we ask the following
question.

Question 7.2. Is there a nonhyperelliptic tropical curve T such that either the pointed v, (T') or
the unpointed tropical Ceresa class v(I') is 0?

In the hyperelliptic case, we have the following.

Proposition 7.3. Suppose T is a hyperelliptic tropical curve, and let b € T. If v, (T') = 0, then b
is a Weierstrass point.

Proof. We provide a sketch of the proof. The Weierstrass points of a hyperelleptic tropical
curve are those points b such that 2b is linearly equivalent to 0. Suppose d is a Weierstrass
point of I'. By monodromy invariance of w as defined in Equation (6.1), we have 2AJ (b —
d) = 0, so 2v is linearly equivalent to 2d, which is linearly equivalent to 0. So b is a
Weierstrass point, as required. O



TROPICAL ABEL-JACOBI THEORY 37

7.3. Tropical Albanese and Roitman’s theorem. Let X be a complex smooth projec-
tive variety of dimension d. The Albanese of X is the intermediate Jacobian Alb(X) =

B . Roitman’s theorem asserts that the el-Jacobi ma
JH*-1(X). Roi ’s th hat the Abel-Jacobi map
AJ: A§(X) — Alb(X)

induces an isomorphism on torsion points. Furthermore, if Ag(X) is representable, e.g.,
if Ap(X) is finite dimensional, then the Abel-Jacobi map above is an isomorphism. See
[Voi02, Ch. 10] for details.

Now suppose X is a smooth and compact Kdhler tropical variety whose monodromy
is rational in the sense of § 3.5. As we demonstrated in that section, the Albanese of X is a
tropical abelian variety. Does the analog of Roitman’s theorem for such tropical varieties
hold? More precisely, we ask the following question.

Question 7.4. Does the tropical Abel-Jacobi map AJ: Aj(X) — Alb(X) induce an isomor-
phism on torsion points?

APPENDIX A. RELATION TO THE MORITA CLASS

In [CEL24], the authors define and study a related tropical Ceresa class that is closely
related to the Morita class in [Mor93]. The benefit of this class is that it computes the
¢-adic Ceresa class of an algebraic curve C defined over K = C((t)). In this appendix, we
discuss the relationship between this class and our unpointed tropical Ceresa class v(T').

A.l. The Johnson homomorphism. We recall some concepts on mapping class groups,
a general reference is [FM12]. Denote by X, the genus g topological surface and let H =
H;i (%, Z). Throughout we assume that ¢ > 3. The algebraic intersection pairing is a skew-
symmetric bilinear pairing H x H — Z that computes the signed intersections (a,b) of
representatives of the homology classes a and b. This defines a canonical symplectic form
w € N’H.

The mapping class group of ¥, is the group Mod (%, ) of isotopy classes of orientation-
preserving diffeomorphisms from X, to itself. Given a simple closed curve <y on X, de-
note by T,, € Mod(Z,) the (left-handed) Dehn twist about -y. The Torelli group Z, of X, is
the normal subgroup of Mod(X%,) consisting of those mapping classes f: X, — X, such
that f,: H — H is the identity. For g > 3, the Torelli group is generated by bounding pair
maps [Bir71, Pow78]. A bounding pair is a pair of nonseparating, nonintersecting simple
closed curves ¢ and -y that have the same homology class, and a bounding pair map is a
mapping class of the form T,T_! for a bounding pair (¢, ).

Up to 2-torsion, the abelianization of the Torelli group is isomorphic to (A>H)/H
where H C A%H via the embedding & + w A h [Joh85]. The isomorphism is induced
by the Johnson homomorphism J: Z, — (A3H)/H, which we describe on bounding pair
maps. Suppose (¢, ) is a bounding pair. Cutting ¥, along ¢ and v separates X, into two
connected surfaces; denote by S the one on the left of /. The homology H; (S, Z) contains
a maximal symplectic subspace; denote the corresponding symplectic form by ws. Then

(A1) J(TT, ) = ws A €]

where [¢] denotes the homology class of /.
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Morita in [Mor93] defines an extension of 2] to a cocycle m: Mod(%,) — (A’H)/H.
We describe a method of obtaining such an extension that agrees with Morita’s construc-
tion at the level of group cohomology. Let T € Mod(X%,) be a hyperelliptic involution of
¥, i.e., a mapping class such that 7.: H — H equals —I and 72 = 1 € Mod(%,). Define

me: Mod(Z,) — (APH)/H £~ J([f,7])

where [f, 7] = ftf 't is the commutator. This is a group cocycle, its restriction to Z,
is 2], its class in H! (Mod(%,), (A*H)/H) is independent of .

A.2. The Morita class of a tropical curve. Next, we recall the construction in [CEL24].
Suppose A is a set of distinct isotopy classes of simple closed curves that have trivial
pairwise geometric intersection. Furthermore, assume that each connected component
of £, \ U,en 7 has genus equal to 0. The dual graph of A is a graph with

(1) a vertex vs for the closure S of each connected component X, \ U, 7, and
(2) an edge e, connecting vs and vg for each loop /¢ in the boundary of S and S’
(possibly S = S).
Let I be a tropical curve with a model (G = (V,E),¢) and A(G) = {7.: e € E} a fixed
arrangement of pairwise nonintersecting isotopy classes of simple closed curves whose
dual graph is G. Define the multitwist Tr € Mod(%,) by
T, =[] T/.
ecE

Two Dehn twists T, and T., commute if v and 7 have trivial geometric intersection, so
the product above is unambiguous. The Morita class' m(T) of T is the cohomology class

m(T) € H'((Ty), (N°H)/H) = HY(Z, (\*H)/H)

given by the restriction of m to the infinite cyclic subgroup (Tr) of Mod(%,). A differ-
ent choice of arrangement A(G) produces a multitwist conjugate to Tr, and hence the
cohomology class m(I') is unaffected.

There is a nice expression for the image of the Morita class m(T') in a particular sub-
quotient B(;), which we now describe. Denote by B, € H the homology class of 7, and
let Y = span{B.: e € E} C H. Because each connected component of X, \ U,cr 7. has
genus equal to 0, the subgroup Y defines a (saturated) Lagrangian subgroup of the sym-
plectic space H. Given a spanning tree T = (V, F) of G, there are g edges in F, and the
corresponding homology classes . form a basis of Y. This extends to a symplectic basis
{ae, Be | € € F°} where (w, Be) = b fore,e € F°.

Denote by dr the symplectic representation of Tr. By the formula for symplectic repre-
sentation of Dehn twists:

(T)«([¢]) = [¢] + ([Z], Iv]) 1]

we have that the matrix of 6r with respect to the basis {a., Be ‘ e€ Flis

_ Ig 0
o= [Qr Ig]

IThis class in [CEL24] is called the tropical Ceresa class. We use the term Morita class to distinguish this
class from the tropical Ceresa class defined in this paper.
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where Qr is the polarization matrix of I' as in § 5. In particular (ér — I)(H) C Y. The
induced map é;: A3 H — A®H satisfies

(6r = I)(hy Aha Nhg) = (00 — I)(h1) Ao Ahg +hy A (6 — 1) (h) Ahs +hy Aha A (0r — T) (h3)

4 (8 — 1) (1) A (6 — ) (ha) Ay + (85 — D) (1) Abia A (80 — 1) (I3) + Iy A (60 — I)(h2) A (65 — I) (I3)

+ (0 = I) (1) A (6r = I)(h2) A (6r — 1) (hs3).
The operator 6y — I on (A*H)/H is nilpotent, and so we may consider its corresponding
weight filtration W, (see, e.g., [Hai08, § 7]):

We=AY, Wy=(HAYAY))Y W,o=(HAHAY)/H W= (A*H)/H,

Wis=Wy, Wi3=W, W,1=W.,

The k-th graded piece of this filtration is Gry(W,) = W;./Wj_1. By the above formula for

Or and the fact that (6r — I)(H) C Y, we have that (6r — I)(W)) C Wi_,, and so we have
induced maps

Or — I: Gr(We) — Gri_p(W,).
When k = 1, this map is an isomorphism after tensoring with Q. Explicitly,

(A.2) (Or =D)(hi ANha Ay) = Qr(m) Ao Ay 4+ AQr(ha) Ay
and

G =D YAy Ay2) = 3(hAQT (1) Aya +h Ayt AQr (y2) — Qr(l) A Qrt(y1) A Qr H(y2)).
Define

A(6r) = im(H'((Tr), (N°H) /H) — H' ((Ty), W_g) = W_4/ (6 — ) W_3,

B(6r) = coker(Gr_(We) — Gr_4(Wa)) £ W_4/((6r — )W_3 + W_).

Because (6 — I): Gr_a(W,) — Gr_4(W,) is rationally surjective, the groups A(é;) and
B(6r) are finite. A main result of [CEL24] is that m(T') € A(dr), and is therefore torsion.
Quotienting by W_ yields a surjective homomorphism A(é;) — B(dr). The image of the
Morita class 7(T') in B(d;), which we denote by n(T), is given by

(A3) n(l) =Y J(T, T1)-
e€E
We end this section by describing a hyperelliptic involution 7 that will be useful in the
proof of Theorem A.3.

Proposition A.1. Given a spanning tree T = (V,F) of G, there is a hyperelliptic involution
T € Mod (%) such that

T(Ye) = —7e
for e € FC. That is, T takes <y, to itself, but reverses its orientation.

Proof. Let S be the surface obtained by cutting along <. for ¢ € F°. The surface S is
connected, has genus 0, and 2¢ boundary components. Choose a simple closed curve ¢
which separates the two copies 7.1 and 7.2 of 7. in S. Cutting along ¢ results in two
homeomorphic surfaces Sq,S; of genus 0 and with ¢ 4+ 1 boundary components with
the 7.;’s in S;. Choose a homeomorphism ¢: S; — S, which sends 7.1 to 7,2. The
homeomorphisms ¢ and ¢! define a hyperelliptic involution 7 on X, with the required
property. O
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For example, the curves B4, ..., Bs in Figure 1.1 satisfy 7(B;) = —p; where 7 is the
hyperelliptic involution given by rotating the surface 180° about the horizontal axis.

A.3. Comparison between the Morita class and the tropical Ceresa class. In this sec-
tion, we provide the relationship between the Morita class 7n(I') and the tropical Ceresa
class v(I'). First, we relate B(Jr) to the primitive intermediate Jacobian JH, ; (Jac(T')).

Proposition A.2. We have an embedding
@r: B(6r) = JHy1(Jac(T)),  ae; A Bey A Bes > [aey, bey A bey].
See § 6.1 for the definitions of a, and b..
Proof of Proposition A.2. Let X = span{a, | ¢ € F°}. The maps a, — a, and ¢ — b, define
isomorphisms
(A4) XAX®Y =Hjy(Jac(l'),Z) and X®YAY =Hjyi(Jac(T),2Z).

See Equation (4.1). Set
XQYAY
(r—D(XAX®Y)
Note that B(6r) = B(ér)/w A'Y. By the description of §; — I in Equation (A.2) and N in
Propositions 4.1 and 5.2, we have a commutative diagram

B(‘Sr) =

XAXeY —2 1 o X@YAY ——  B(©) ——— 0

! ! !

Hi,(Jac(T),Z) —— Hyy(Jac(T),R) —— JHy,(Jac(I')) —— 0

where the rows are exact. The left and middle vertical arrows are the isomorphisms in
Equation (A.4). The right map produces the desired embedding ®r. O

We conjecture a formula (Conjecture A.4) for the Johnson homomorphism that could
be of independent interest. Using this, under the comparison morphism ®r from Propo-
sition A.2, we have the following theorem.

Theorem A.3. Let I be a tropical curve with integral edge lengths. If Conjecture A.4 holds, then
we have
Pr(n(T)) =v(T).

We now describe our conjectural formula for the Johnson homomorphism. Suppose
there are nonseparating simple curves v, and B, ..., B ¢ such that

(1) ¥ and o are homologous and disjoint from each f;, and
(2) the curves By, ..., B are pairwise disjoint and their homology classes form a basis
for a Lagrangian subspace of H (X, Z).

Let S be the surface obtained by cutting along B, ..., B¢. This is a genus 0 surface with
2¢ boundary components. The boundary components come in pairs corresponding to
the curves B, ..., Bg. The curves y and 7/ divide S into four types of regions, depending
on whether the region lies to the left or to the right of y and /, respectively. (Without loss
of generality, we may assume that v and 9/ intersect transversally.) We say these regions
are of type LL, LR, RL and RR (e.g., LR means the region is to the left of v and to the right
of 7).
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The curve B; is split by -y (respectively, ') if exactly one of the two copies of B; in S is
to the left of -y (respectively, 7). Otherwise, B; is nonsplit. Since v and 7/ are homologous,
we have that g; is split by v if and only if it is split by 9'. Furthermore, the copy of a split
Bi on the left of 7y also lies to the left of 4/. This implies that the split pairs only appear
in the regions of types LL and RR. Define a sign functionsgn,__.: {B1,...,Bg} — {0, £1}

by
—1 if B;is of type LR,
sgn, (Bi) =41  if B;is of type RL,
0 otherwise.

See Figure 1.1. Finally, suppose a1, .. ., a4 are curves such that the homology classes [a1],
. lagl, [B1], - - ., [Bg] form a symplectic basis of Hy (X, Z).

Conjecture A.4. The image of the Johnson homomorphism on the mapping class TWT;,1 is

sgn, (Bi) [ai] A [Bi] A [7]-

gl

i=

Proof of Theorem A.3. There are g curvesin {7, | ¢ € F°}, and their homology classes form
a basis for a Lagrangian subspace of H. Enumerate these as f, ..., Bg- Letay, ... aq be
curves so that the homology classes of the «;, B;'s form a symplectic basis of H. By Propo-
sition A.1, each pair (7., T(7e)), together with the homology basis above, satisfies the hy-
potheses of Conjecture A.4. So the theorem follows from this conjecture, the formula for
n(T) in Equation (A.3), and the formula for ¥(T') in Theorem 6.8. O

We describe a situation where we can prove Conjecture A.4. Suppose there is a se-

quence of curves v = ¥1,72,..., 7k = 7 such that
e each 1; is disjoint from By, ..., B,
e [7il =[7],and
e v; and ;4 are disjoint.

We claim that Conjecture A.4 holds in this case.

Before proving this claim, we comment about these conditions. As demonstrated in
[Put08, Thm 1.9], one can always find a sequence 7y, ..., ¥k satisfying the second and
third conditions, but as communicated to us by by Andrew Putman, it may not be pos-
sible to ensure the first condition. Nevertheless, we believe that Conjecture A.4 still
holds. In our proof of Theorem A.3, we rely on the validity of this conjecture in the
case (7,7") = (7e, T(7e)) for e € E for some hyperelliptic involution 7.

Let us prove the claim we made above. We proceed by induction on k. When k = 2,
the curves y and 7/ are disjoint. Then the formula above follows from the description of
the Johnson homomorphism in Equation (A.1).

For the inductive step, assume that ¢ is a simple closed curve homologous to -y such
that ¢ and 7/ are disjoint, and the formula holds for the pair (-, ¢). We have

J(T,TY) = J(T, T, 1) + J(TT, 1)

g g
= ngnw(ﬁi) [ai] A [Bil A ] + ;Sgng,y/(ﬁi) [ai] A [Bi] A [

i=1
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This equals

8

Y sgn. L (Bi) [ai] A [Bil A [7]-

i=1

because of the relation

sgn, ,(Bi) + sgn, . (B:) =sgn, ., (Bi)

which readily follows from the definition of the sign function.
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