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Chapter 1

Introduction

Differential forms are a fundamental tool in differential and complex geometry. For a
smooth manifold X the de Rham complex (.A®, d) of smooth differential forms carries a
lot of information about the geometry of the space X. The Poincaré lemma shows that
the de Rham complex is an exact complex of sheaves. It is a fundamental result of de
Rham from the 1930s that the cohomology of the complex of global sections (A®(X), d)
agrees with the singular cohomology of X with real coefficients. This in particular
shows that the cohomology of this complex is an invariant of the topological space X,
independent of the differentiable structure.

If X is indeed a complex manifold, and we consider complex valued differential
forms, we have canonical decompositions A* = @p gk AP and d = 0 + 0. The
cohomology of the complex (AP*,d) is called the Dolbeault cohomology of X. By
Dolbeault’s theorem from the 1950s, there is a canonical isomorphism between the
cohomology of (AP*(X),d) and the sheaf cohomology HY(X,P), where QP denotes
the sheaf of holomorphic differentials of degree p on X.

We now want to work over a non-archimedean field and use analytic spaces in
the sense of Berkovich [Ber90] instead of complex manifolds. In their fundamental
preprint [CLD12] Chambert—Loir and Ducros introduced real-valued differential forms
on Berkovich analytic spaces. Their idea is to map subsets of the analytic space into
analytic tori and then formally pull back superforms, as defined by Lagerberg [Lagl2],
along tropicalization maps. They obtain a sheaf of bigraded bidifferential algebras
(A**,d’',d") on the analytic space. They show that analogous statements of fundamen-
tal properties from complex pluri-potential theory hold for these forms. For example
they prove analogues of the Poincaré—Lelong-formula and establish a variant of the
Bedford—Taylor approach to define products of (1,1)-currents which satisfy suitable
positivity conditions.

Another aspect of differential forms on complex manifolds is their use in Arakelov
theory to calculate intersection numbers at infinite places. Gubler and Kiinnemann
have used an extended class of differential forms (so called d-forms) to give an analytic
description of local heights also at finite places.

The purpose of this thesis is to study the properties of differential forms in Berkovich
spaces, introduced by Chambert-Loir and Ducros, with respect to cohomology. The
fundamental result will be the Poincaré lemma (Theorem , which, as the classical
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Poincaré lemma, is a statement about local exactness of closed forms.

Chambert—Loir and Ducros defined differential forms for arbitrary Berkovich ana-
lytic spaces. We will mostly work in the algebraic situation, by which we mean that
our analytic space is the analytification X" in the sense of Berkovich of an algebraic
variety X over a algebraically closed, non-archimedean field K. We have a fine sheaf
of bigraded bidifferential algebras (AY®,d’,d”) on X?*. This should be thought of as
an analogue of the sheaf of (p, q)-differential forms with differential operators 0 and 0
on a complex manifold. The sheaf A**® has many analogous properties, such as canon-
ical integration of (n,n)-forms with compact support and Stokes’ theorem. For our
cohomological considerations we will most of the time fix ¢ and focus on the complex
(A9, d"). We denote the cohomology of the global sections of this complex by HY?(X).
We have the following main exactness property:

Theorem 1 (d’-Poincaré lemma on X?"). Let X be a variety over K and V C X?" an
open subset. Let z € V and a € ARY(V) with p > 0 and d'a = 0. Then there exists
an open subset W C V with z € W and 8 € A% (W) such that d’'8 = ow.

This leads, as in Dolbeault’s theorem, to an identification of the cohomology of the
complex (A*?,d") with the sheaf cohomology of a certain sheaf £ on X (cf. Corollary
. Note that the analogy with the theory of complex manifolds fails here a little
bit, since £} = R, where R is the constant sheaf with stalks R. Thus the kernel of d’
consists only of locally constant functions, which is not true for the kernel of 9, which
consists of holomorphic functions.

We obtain an identification of the cohomology of the complex (A*°?,d’) with the
singular cohomology of X with real coefficients. Using results by Hrushovski and Loeser
on the homotopy type of Berkovich spaces associated with quasi-projective varieties,
we then obtain as a consequence the following result:

Theorem 2. Let X be a variety over K. Then the real vector space H 5,’0(X an) ig finite
dimensional for all p.

Differential forms on Berkovich spaces are locally given by superforms, in the sense
of Lagerberg [Lagl2|, on polyhedral complexes. These are then formally pulled back
to the analytic space via the tropicalization procedure, as we will explain in Chapter
Therefore our strategy for proving Theorem [I| is to consider first the theory on
polyhedral complexes (cf. Chapter . We will use the results from Chapter [2| and
consider the local situation on analytic spaces in Subsection [3.4.1| and the global sit-
uation in Subsection We will also define new types of charts, which we can use
to define this formal pullback. Previously (cf. [CLD12) [(Gubl13al), tropical charts were
always obtained by maps from open subsets to tori. We show that the same sheaves
of differential forms are obtained when we use maps of open subsets into affine space.
Gubler’s approach uses canonical embeddings of suitable (i.e. very affine) open subsets
of X into tori. If K is trivially valued, then it is not possible to extract enough local
information about X?" from tropicalizations of embeddings of open subsets of X into
tori (cf. Example . However, replacing tori by affine space fixes this problem (cf.
Lemma and allows us to make a natural generalization of Gubler’s approach to
the case where the base field is trivially valued (cf. Section [3.3). Furthermore, if the



variety X has enough toric embeddings (cf. , we can use global embeddings into
toric varieties to define differential forms on X2". In particular, if X is projective and
normal, then any differential form on X®" is globally given by one differential form
on a tropical space (cf. Corollary . This global definition is helpful in concrete
examples and will hopefully be useful in future studies of the cohomology of these
forms.

Superforms were introduced by Lagerberg in [Lagl2]. They are analogues on R"
of real-valued (p, ¢)-differential forms on complex manifolds. Their restrictions to sup-
ports of polyhedral complexes were first studied systematically in [CLD12|] (see also
[Gubl3al]). As introduced in [JSS15] the definitions of superforms on supports of poly-
hedral complexes in R" can be generalized to supports of polyhedral complexes in
T" = [—o00,00)" and to spaces which are locally modeled on such spaces. These spaces
will be called polyhedral spaces (cf. Definition . For a polyhedral space X, we
obtain a sheaf of bigraded bidifferential algebras (A%",d’,d") on X.

In Chapter [2| we give the definitions of (A%",d’,d”) and study its cohomology. The
fundamental result is:

Theorem 3 (d’-Poincaré lemma for polyhedral complexes). Let X be a polyhedral
subspace in R” and 2 C X a polyhedrally star shaped open subset with center z. Let
a € APY(Q) with p > 0 and d’a = 0. Then there exists 8 € AP~19(Q) such that
dp = a.

Theorem [3| was proven by the author in [Jel16]. The proof is inspired by the proof
of the classical Poincaré lemma. However, due to the very nature of Lagerberg’s super-
forms the natural pullback morphism is only defined along affine maps. An important
new tool is the introduction of a pullback of superforms along C'°° maps. Here the
direct definition fails to commute with the differential operator d’ (cf. Remark [2.2.4]).
We thus need a different kind of pullback which commutes with d' (cf. Definition [2.2.6)).

For polyhedral spaces, Theorem [3| has the following consequences:

Theorem 4 (Poincaré lemma for polyhedral spaces). Let X be a polyhedral space and
U C X an open subset. Let o« € AP9(U) with p > 0 and d'a = 0. Then for every z € U
there exists an open subset V C X with x € V and a superform 3 € AP~%9(V) such
that d'8 = aly.

Note that, conversely to the case of polyhedral subspaces of R”, Theorem [ does
not give any acyclic domains, since the set V can depend on the form a. If we put
some regularity assumptions on X however, we can obtain acyclic domains. (For the
definition of regular at infinity cf. Definition and for the definition of basic open

cf. Definition |2.2.23]).

Theorem 5. If X is regular at infinity and U is basic open, we can choose V = U in
Theorem |4} So any closed form on U is exact.

The first part of the Theorem was derived from Theorem |[3| by Kristin Shaw, Jascha
Smacka and myself in [JSS15]. Theorem [5is also contained there, though not explicitly
stated. It is a consequence of |[JSS15, Theorem 3.18 & Proposition 3.10]. We will
however give a direct proof here (cf. Theorem [2.2.27).
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Another important property of the cohomology of differential forms on complex
manifolds is Poincaré duality. For superforms, if we make further assumptions on the
polyhedral space we indeed obtain canonical integration of (n,n)-forms and Stokes’
theorem. Therefore we obtain a natural pairing on cohomology and the associated map

PD : HYY(X) — Hjy "X,

which we call the Poincaré duality map. For this to be an isomorphism we have to put
additional conditions on the polyhedral space X. Just the map PD being defined is not
enough, as can be seen in Example [2.2.40f We require X to be locally modeled on the
Bergman fan of a matroid. In that case we will call X a tropical manifold. We have
the following Theorem:

Theorem 6 (Poincaré duality for tropical manifolds). Let X be an n-dimensional
tropical manifold. Then the Poincaré duality map is an isomorphism for all p, q.

Theorem [6] was also shown by Kristin Shaw, Jascha Smacka and the author in
[JSS15]. The key tools are the characterization of matroidal fans via tropical mod-
ifications (cf. Construction , which is due to Shaw [Shal3l Proposition 2.25],
and the invariance of cohomology under closed tropical modifications (cf. Definition
. We then show how to control the change in cohomology produced by open trop-
ical modifications to obtain the result for matroidal fans. To pass to general tropical
manifolds, we use a sheaf theoretic argument.

We will also consider a different approach to a theory of (1,1)-forms in Berkovich
geometry by Boucksom, Favre and Jonsson [BEJ16, BEJ15], which they used to solve a
non-archimedean Monge-Ampere equation. Their approach uses line bundles, models
and model metrics instead of forms in the sense of [CLD12] [(Gub13al. We extend one of
their statements, the dd‘-lemma. This was shown in [BFJ16, Theorem 4.3] for smooth
projective varieties over a discretely valued field of residue characteristic zero. We
work over an algebraically closed, complete field with valued group Q and require the
variety to be merely normal and proper. We do not put any assumption on the residue
characteristic. For definitions of the terms in the statement, cf. Chapter [4

Theorem 7 (dd°-lemma). Let X be a normal and proper variety. Then the sequence
ddf 511 1
0>R—=>DX)r—Z"(X)>N(X)—0

is exact.

We now outline the organization of this thesis. In Chapter [2] we consider superforms
on polyhedral spaces and their cohomology. In Section we recall the definition
of superforms on R" due to Lagerberg [Lagl2] and their restriction to supports of
polyhedral complexes in R" (cf. [CLD12, [GubI3a]). We then give the extension of
these forms to supports of polyhedral complexes in T" and polyhedral spaces as in
[JSS15].

In Section we study the cohomology defined by these forms. We first prove the
Poincaré lemma for polyhedral complexes in R" as in [Jel16]. As said above, the crucial



tool is the introduction of a pullback along C'*° maps that still commutes with the
differential operator d’. This enables us to prove a homotopy formula (Theorem .
We can then use the pullback along the contraction to construct preimages for closed
forms (cf. proof of Theorem . Then we consider consequences of this result for
polyhedral spaces, as in [JSS15, Section 3.2]. Afterwards we show finite dimensionality
of the cohomology for polyhedral subspaces. These results generalize the results for
polyhedral complexes in [Jell6, Section 3.3 & 3.4]. The last subsection is devoted to
the proof of Poincaré duality for tropical manifolds as in [JSS15].

In Chapter [3] we consider differential forms on Berkovich analytic spaces. For the
case where the analytic space is the analytification X" of an algebraic variety X, we
recall Gubler’s approach. It uses tropicalization of canonical embeddings of very affine
open subsets U into tori Gj,, and superforms on polyhedral complexes in R”. We choose
to work with this approach instead of the one by Chambert—Loir and Ducros, which
works for general analytic space, for a variety of reasons. First of all the theory uses
only analytifications of algebraic varieties and maps between algebraic varieties. This
makes the presentation both easier and shorter. Another reason is that our studies in
Section are using techniques and properties from tropical geometry, and this is easier
to utilize in Gubler’s approach. A third reason is the introduction of new approaches
in Subsection One of our approaches uses tropicalization of embeddings of affine
open subsets U into A" and superforms on polyhedral complexes in T". This approach is
the most general, since it also works over trivially valued fields, as we explain in Section
[B.3] and we do not make any extra assumptions on the variety. Another approach uses
tropicalization of embeddings of X into toric varieties and superforms on polyhedral
spaces. This approach produces a lot more global charts (cf. Corollary , which
the author believes to be useful in the future study of the cohomology of differential
forms. While the author believes that the approach which uses embeddings into A"
can be made work for general analytic spaces, we can not expect to be able to globally
embed general analytic spaces into analytifications of toric varieties. This is another
reason to work in the algebraic setup. We show that all approaches yield the same
theory of real valued differential forms in Subsection [3.2.3

In Section [3.4] we study the cohomology defined by differential forms on Berkovich
spaces. We first prove the Poincaré lemma. Afterwards we again show finiteness results.
These are tied to existence of skeleta for the analytic space.

In Chapter [4] we show a version of the dd®-lemma in another approach to forms on
Berkovich spaces, namely the one taken by Boucksom, Favre and Jonsson. Theorem
is an extension of [BEJI6, Theorem 4.3].

We now explain how this thesis intersects with the papers [Jell6] and [JSSI5].
In Subsections to we follow the presentation of [JSS15] very closely. The
exception are some extensions of the theory in R” to polyhedral subspaces in T" resp.
polyhedral spaces which were not needed there, thus were not considered by the authors
at that time. Subsection is precisely [Jell6l Section 2] with some changes in
notations, to fit with the rest of the thesis. Subsection is then again a part of
[JSS15]. We give a new and direct proof for Theorem but the statement is
already know from [JSS15, Proposition 3.10 & Theorem 3.18], though not explicitly
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stated. Also the proof of Proposition [2.2.25| can be shortened here a little bit, because
one has Theoremat hand. Subsectioncontains the logical extension of [Jel16),
Section 3.2 - Section 3.4] to the world of polyhedral subspaces in T" x R®, when only the
case of subspaces of R® was treated before. The techniques are completely analogous
to the ones used in [Jell6]. Subsection is directly from [JSS15, Subsection 4.2].
Subsection and Theorem are again results from [Jel16]. Note that in this
thesis we choose to work with A-tropical charts, to also include the case where our field
in trivially valued.
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Chapter 2

Superforms and their cohomology

In this chapter we consider superforms on polyhedral spaces. In Section we give
the definitions and prove basic properties such as functoriality, integration and Stokes’
theorem. In Section we study the cohomology defined by these superforms. We
prove versions of the Poincaré lemma and show finite dimensionality and Poincaré
duality for the cohomology under suitable conditions.

2.1 Superforms

The goal of this section is to introduce superforms on polyhedral spaces. Polyhedral
spaces are spaces which are equipped with an atlas to supports of polyhedral complexes.
Superforms are analogues of differential forms, which take into account both the smooth
structure of the polyhedra as well as the linear structures of the polyhedra. We recall
the definition of superforms on open subsets of R" in Subsection and give the
extension to open subsets of a partial compactification, T" = [—o0, 00)", in Subsection
We then give the definition of these forms on supports of polyhedral complexes.
In Subsection [2.1.4] we consider polyhedral spaces.

Superforms were originally introduced by Lagerberg in [Lagl2] for open subsets of
R". Restrictions of these forms to supports of polyhedral complexes were introduced by
Chambert-Loir and Ducros in [CLD12| (see also [Gub13a]). The extensions to subspaces
of T" and polyhedral spaces were introduced in [JSS15].

2.1.1 Lagerberg’s Superforms

We recall the definitions and basic properties of superforms, as introduced by Lagerberg
in [Lagl2]. These are bigraded differential forms, which are analogues on R" of (p, q)-
differential forms on complex manifolds.

Definition 2.1.1. i) For an open subset U C R" denote by AP(U) the space of
smooth real differential forms of degree p. The space of superforms of bidegree (p,q)
on U is defined as

AP = AP(U) @ ooy AUU) = AP(U) @ ATR™ = C(U) @ APR™ @ ATR™™.

11
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If we choose a basis z1, ..., z, of R” we can formally write a superform o € A”4(U) as

a = Z OzIJd/CC[/\d//$J,
[I|=p,J|=q

where I = {i1,...4,} and J = {j1,...jq} are ordered subsets of {1,...,r}, ar; €
C>°(U) are smooth functions and

(2.1) darANd'zy = (dog, A ... Ndx,) Qr (doj, Ao Adaj,).

ii) There is a wedge product

API(U) x AP (U) — APHP 00 (1))
(o, B) = A B,

which is, up to sign, induced by the usual wedge product and is in coordinates given
by

(aKLd/xK A d//l’L) A (,BK/L/d/a;K/ A d”IL/) ::aKLBK/L/d'xK A d//l’L VAN d/:EK/ VAN d"CEL/

= (—1)planL[§’K/L/d'xK Nz ANd"zp Nd xp.
Note that this fits with in the sense that both meanings of d'z; A d"x; agree.
iii) There is a differential operator
d: APUU) = AP(U) @g ATR™ — APTHU) @ AIR™ = APTLA(T))
which is given by D ® id, where D is the usual exterior derivative. We also have

API(U) = APR™ ®@g AY(U) and can take the derivative in the second component. We
put a sign on this operator and define d” := (—1)?id ®D. In coordinates we have

"~ dayy
/ / 7 _ /L / 1"
d(g Oé[deL'[/\dl‘J)— E E 8xid$l/\dx[/\dl‘J

1J 1J =1

and

T

d’ (Z argdxp A d”a:J) =(-1) Z Z %)fdliﬂ[ ANd'z Nd g
I 3

1J J =1
dary
= E d"xi A d/.%] VAN Cl”l'J.
, ox;
I1J i=1

We further define d := d’ 4+ d”. The sign in d” is such that d’ and d” anti-commute and
hence d is a differential.
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Remark 2.1.2. For all p, ¢ the functor
U APY(U)

defines a sheaf on R”. We obtain a sheaf of bigraded differential algebras (A®**®,d’, d")
on R". Since our convention is that d’ and d” anti-commute, we also obtain the sheaf

of graded differential algebras (A°,d) where d = d’ + d” and A* .= @ AP9. We
ptq=k
further have AP? = 0 if max(p, q) > r.
Note further that A%(U) = C>(U).

Remark 2.1.3. It follows from the usual Poincaré lemma that columns and rows of the
double complex (A**, d’,d") of sheaves are exact in positive degrees [LagI2] Proposition
2.4]. This is not true for the total complex (cf. Remark [2.2.16]).

Definition 2.1.4. Switching the factors in AP4(U) := AP(U) @ (1) A (U) (or, equiv-
alently, the last two factors in C°(U) ®gr APR™ @r AYR"") induces an isomorphism
APAUU) ~ ATP(U). We define

J: APU(U) = ATP(U)

o= Zaud'a:j /\d//.%'J — Zaud’/aq /\d/H?J = (—1)pqzajjd/$J /\d//.%'[.
1J 1J 1J

Remark 2.1.5. Let F: R” — R” be an affine map and U’ C R"” and U C R’
open subsets such that F(U’) C U. Then there is a well defined pullback morphism
F*: AP9(U) — AP9(U’) that commutes with the differentials d’, d” and d, the operator
J and the wedge product.

Definition 2.1.6. Let U be an open subset of R" and o € AP4(U). The support of «
is its support in the sense of sheaves, thus the set of points x € U which do not have
a neighborhood U, such that a|y, = 0. It is denoted by supp(«). A superform is said
to have compact support if its support is a compact set. The space of (p, g)-superforms
on U which have compact support is denoted by AP4(U).

Definition 2.1.7. Let U C R" be an open subset and o € A" (U). We choose a basis
T1,...,%, of Z". We can write

a=fodziNd'zy N ANdz. ANd 2,

Note that f, € C2°(U) is independent of the choice of the integral basis z1,...,z,. We

then define
/a::/fou
U U

where the integral on the right is taken with respect to the volume defined by the lattice
7z C R".
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Remark 2.1.8. This definition is written up a little differently from the ones in
[CLD12| 1.3] and [Gubl13al, 2.4] (which are themselves a little different from each other),
but easily seen to be equivalent.

Proposition 2.1.9. Let F': R" — R" be a linear map. Let U be an open subset of R”
and o € AL"(U). Then we have

/ F*(a) = ]detF\/a.
U

FL(U)

Proof. [Lagl2l Equation (2.3)] O

2.1.2 Superforms on tropical affine space

We now extend the definition of superforms from open subsets of R” to open subsets
of a partial compactification, namely T" = [—00,00)". We introduce an extension of
affine maps to these spaces and a pullback of superforms along these maps. All this
was introduced by Shaw, Smacka and the author in [JSS15].

Definition 2.1.10. Let T = [—00,00) and equip it with the topology of a half open
interval. Then T" is equipped with the product topology. We write [r] := {1,...,r}.
The sedentarity of a point = (x1,...,x,) € T" is the subset sed(x) C [r] consisting
of indices 7 such that x; = —o0.
For I C [r] set

P ={zeT" |sed(z) =1} and
" ={x eT" |sed(z) D I}.

Clearly we have R} = R and T, = T~HI. As a convention throughout, for a
subset S C T" we denote Sy := S NR}. Note that this is slightly inconsistent with T7,
but there we already have the notation R’ so this will not cause any confusion.

Moreover, for J C I there is a canonical projection 77;: R, — R}. Coordinate-wise
the map m;; sends x; to —oco if ¢ € I and to x; otherwise.

Definition 2.1.11. Let U C T" be an open subset. A (p, q)-superform « on U is given
by a collection of superforms (ay)c|, such that

i) ar € AP9(Uy) for all I,

ii) for each point x € U C T" of sedentarity I, there exists a neighborhood U, of =
contained in U such that for each J C I the projection satisfies 77;(Uy,s) = Uy, and

m1s(arlu, ;) = aslu, ;-

We denote the space of (p, ¢)-superforms on U by AP4(U).

Condition i7) of Deﬁnitionwill be referred to as the condition of compatibility.
Suppose U C T" is an open set whose points have a unique maximal sedentarity I and
a € APYU). If for each J C I we have 7} ;a5 = aj, then we say that « is determined
by a; on U. Notice that the condition of compatibility implies that each x € U has an
open neighborhood U, such that a|y, is determined by (a|y, )sed(z) on Us-



2.1. SUPERFORMS 15

Definition 2.1.12. Let D € {d’,d”,d}. For U C T" an open subset and a = (ay)s €
AP(U) a superform, we define Do to be given by the collection (Day);.

We also define Ja to be given by the collection (Joy)r. Ifalso 8 = (8;); € AY9 (U),
then we define a A 8 := (ag A Br); € APHPH0HT (1),

Since all these constructions commute with pullback along the projections my; we
indeed obtain elements of A®**(U) again.

Lemma 2.1.13. The functor
U APY(U)
defines a sheaf on T".

Proof. This is a direct consequence of the corresponding statement for R™ and the fact
that the condition of compatibility is local. O

Remark 2.1.14. Let U be an open subset of T". An element of A%%(U) is precisely
given by a function f: U — R such that the restriction to each Uy for I C [r] is smooth
and the condition of compatibility is satisfied. We will thus call elements of A%%(U)
smooth functions and sometimes write C>(U) := A%(U).

We will now show that the sheaf C'*° has partitions of unity. In the next lemma we
use upper indexing to avoid confusion with the notation for the sedentarity of sets.

Lemma 2.1.15. Let U C T" be an open subset and (U');cr, an open cover of U. Then
there exist a countable, locally finite cover (VF)per of U, a collection of non-negative
smooth functions (f* : V¥ — R)rer with compact support and a map s : K — L such

that VE c US®) for every k € K, and S° fE = 1. Such a family is called a partition
keK

of unity subordinated to the cover (U')cr.

Proof. We first show that for any € T" and any open neighborhood x € V there
exists a non-negative function f € A%°(T") and a neighborhood V' C V of z such that
flvr = 1 and supp(f) C V is compact. This is clear if » = 1. Otherwise, a basis of
open neighborhoods of z is given by products of open sets in T!, thus we may assume
V to be of that form. Then taking functions f* on neighborhoods of 2; on T! with the
above property for every i € [r] and defining f(x1,...,2.) = [ f(z;) gives the desired
function.

The general theorem then follows from standard arguments, see for instance the
proof in [War83, Theorem 1.11]. O

Corollary 2.1.16. The sheaves AP? are fine sheaves.

Proof. For A*? this is just Lemma [2.1.15| In general this follows from the fact that
the sheaves AP are A%’-modules via the wedge product. O
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Remark 2.1.17. Let F: R” — R” be an affine map and let Mp denote the matrix
representing the linear part of F. Let I be the set of i € [r] such that the i-th column
of Mr has only non-negative entries. Then F' can be extended to a map

F: (U Rf‘,’) —T"

JcIl

by continuity, (equivalently, using the usual —oo-conventions for arithmetic). The

extended map is also denoted by F'. Note that |J RLT,/ ~ THI x R =11,
JcIl

Definition 2.1.18. Let U’ C T" be an open subset, then a map F: U’ — T", which is
the restriction to U’ of a map arising as above is called an extended affine map. Note
that this only makes sense once we have sed(z) C I for all z € U’, where I is defined
as above. An extended affine map is called an integral extended affine map, if it is the
extension of an integral affine map R™ — R”, i.e. its linear part is induced by a map of
the standard lattices Z" — Z".

Definition 2.1.19. Let U’ C T be an open subset and F': U’ — T" be an extended
affine map. Let U C T" be an open subset such that F(U’) C U. Define

F: {sedentarities of points in U’} — {S C [r]}

I' — sed(F(z)) for some and then every z € RY,.

Note that this map respects inclusions. Then F' induces an affine map Fy: R’; — R%( %
with F(Uy,) C Up(py for all I' C [r']. The pullback of the superform a = (ar); along F
is the collection of superforms F™*(a) := (F},(ap(rr))) - The next lemma shows that this
defines a superform on U’ and thus we have a pullback map F*: AP9(U) — AP9(U").

Lemma 2.1.20. The pullback of a (p,q)-superform a on U C T" along an extended
affine map F: U — U is a (p,q)-superform on U’ C T". Furthermore this pullback is
functorial, commutes with the wedge product and the differential operators.

Proof. We have to verify the condition of compatibility. For J' C I’ we have F(J') C
F(I') and Fponmp yo = mprypery © Fy. Thus if a € AP9(U) is determined by ap(p
on U, we have

W;/J/(F*(O[)]/) = W?/J/FI*/(OZF([/))
=Fy (W;(I’)F(J’)(O‘F(I’)))
= Fj/(ap@m)
= (F*(a)).r,
which shows that F*(a) is determined by F*(a)p on F~Y(U,). This shows the required

compatibility. The rest of the statement follows directly from the fact that this is true
for the pullback on open subsets of R". O



2.1. SUPERFORMS 17

2.1.3 Superforms on polyhedral subspaces

We now consider the restriction of superforms to polyhedral subspaces, which are sup-
ports of polyhedral complexes. We give the definition of pullbacks along extended affine
maps between these spaces and also define a canonical integration of (n,n)-superforms
over weighted R-rational polyhedral complexes. For polyhedral complexes in R" these
were originally introduced by Chambert—Loir and Ducros in [CLD12]. Since we work
more with tropical properties, our presentation is closer to the one in [Gubl3al. The
extension to polyhedral complexes in T" (and therefore also polyhedral complexes in
T" x R?®) was given in [JSSI5].

Definition 2.1.21. A polyhedron in R" is a subset defined by a finite system of affine
(non-strict) inequalities. A face of a polyhedron o is a polyhedron which is obtained by
turning some of the defining inequalities of ¢ into equalities. For conventions of convex
geometry we follow [Gubl3b, Appendix A].

A polyhedron in T" xIR® is the closure of a polyhedron in R} xR® = Rr—H+s ¢ T7 xR®
for some I C [r]. A face of a polyhedron ¢ in T" x R® is the closure of a face of c N R}
for some J C [r]. A polyhedral complez C in T" x R® is a finite set of polyhedra in
T x R?, satisfying the following properties:

i) For a polyhedron o € C, if 7 is a face of o (denoted 7 < o) we have 7 € C.
ii) For two polyhedra o, 7 € C the intersection o N 7 is a face of both ¢ and 7.

The maximal polyhedra, with respect to inclusion, are called facets. The dimension of
a polyhedral complex is the maximal dimension among its polyhedra. The polyhedral
complex is called pure dimensional if all maximal polyhedral have the same dimension.
We denote by Cj the set of polyhedra of dimension k. The support of a polyhedral
complex C is the union of all its polyhedra and is denoted by |C|. If X = |C]|, then X
is called a polyhedral subspace of T" x R*® and C is called a polyhedral structure on X.

The relative interior of a polyhedron o is denoted by &. The sedentarity of o is
defined as the sedentarity of the points in ¢ and denoted sed(c). We use the notation
Cr for the polyhedral complex in R} x R® obtained by intersecting all polyhedra of C
with R} x R®. Note that ICr|=1C]1.

A polyhedron o spans an affine space A(o) C Rl d(0) X R* and we denote by L(o)
the corresponding linear space.

Remark 2.1.22. By a polyhedral subspace we always mean a polyhedral subspace
of some T x R®. Many of our constructions will concern open subsets of polyhedral
subspaces. Since T" xR?® is an open subset of T" ¢, we can then always assume that these
polyhedral subspaces are subspaces of T". Note also that T" x R* is indeed isomorphic
to the polyhedral subspace {(y1,...,Yr, T1, —T1,...,Tpn, —Tn) € T"T2|y; € T,z; € R}
of T7+2s,

Definition 2.1.23. A polyhedron ¢ C R" is called R-rational if it can be defined
by equations of the form (.,v) > ¢ with v having integer coefficients and ¢ € R.
A polyhedron 0 C T" x R?® is called R-rational if it is the closure of an R-rational
polyhedron in some R’ x R*. A polyhedral complex C in T" x R® is called R-rational



18 CHAPTER 2. SUPERFORMS AND THEIR COHOMOLOGY

if all it polyhedra are R-rational polyhedra. Then for any polyhedron o there is a
canonical lattice of full rank Z(c) C L(o). A polyhedral subspace X is called R-
rational if it is the support of an R-rational polyhedral complex C. In this case we will
call C an R-rational polyhedral structure on X.

Remark 2.1.24. Let X be an R-rational polyhedral subspace in R". Then its closure
in T" is R-rational.

Definition 2.1.25. A weighted polyhedral complex C is a pure dimensional polyhedral
complex equipped with integer valued weights on its top dimensional facets. For a facet
o we will always write m, for its weight. The support of a weighted polyhedral complex
C of dimension n is defined as [C| = U, ec,.m, 207

A weighted polyhedral subspace X is a pure dimensional polyhedral subspace C with
|C| = X up to common refinement preserving the weights. We call a weighted polyhe-
dral complex C representing X a weighted polyhedral structure on X.

Let C be a polyhedral complex in R". Let o € C,, and T a codimension 1 face of o.
We denote by v, , € Z(0) a representative of the unique generator of Z(c)/Z(7) which
points inside of o.

If C is a polyhedral complex in T" x R® we define v, to be zero if 7 and o have
different sedentarities and v, , := v;, 5, if 7 and o are both of sedentarity I.

Definition 2.1.26. Let C be an n-dimensional weighted R-rational polyhedral complex
and 7 € Cp,—1. Then C is said to be balanced at 7 if we have

(2.2) > mevro € Z(7).

o.T<0

C is said to fulfill the balancing condition (or is balanced) if it is balanced at every face
of codimension 1.

We say that a weighted R-rational polyhedral subspace X is balanced if it has a
weighted R-rational polyhedral structure which is balanced. If that is the case we also
call X a tropical cycle. If the integer weights of X are all positive, then X is a tropical
variety.

Remark 2.1.27. We will later see that if X is a tropical cycle then any weighted
R-rational polyhedral structure on X satisfies the balancing condition (cf. Remark

EL50).

Definition 2.1.28. Let X; and X5 be n-dimensional weighted polyhedral subspaces
of T" x R®. Let C be a polyhedral complex such that there exist sets of weights m; and
mg such that (C,m;) is a weighted polyhedral structure on X; for i = 1,2. Then define
X1 + X5 to be the weighted polyhedral subspace represented by (C,m; + mz).

Remark 2.1.29. This defines the structure of an abelian group on the set of n-
dimensional weighted polyhedral subspaces of T" x R?, with the neutral element being
the empty set. The n-dimensional weighted R-rational polyhedral subspaces and tropi-
cal cycles of dimension n form subgroups. The tropical subvarieties form a submonoid.
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Lemma 2.1.30. Let C be a weighted R-rational polyhedral complex in T x R%. Let
Ii,..., Iy, C[r] be the collection of sets such that there exist mazimal polyhedra of these
sedentarities in C. Let C; be the weighted R-rational polyhedral complex in R} x R®
whose mazimal polyhedra are the mazimal ones of C which are contained in R} x R®
and whose weights are inherited. Write X = |C| and X; := |C;|. Then X = X,
X =" X; and C is balanced if and only if all the C; are balanced.

Proof. Every maximal polyhedron of C is the closure of one which is contained in one
of the C;. Since the support is the union of the maximal polyhedra, we have X = |J X;.
Since the weights are inherited and there is no cancellation we also have X = Y X;.
Let 7 € C be a codimension 1 face. Let I denote its sedentarity. Note that by definition
of v » we can run the sum in only over maximal faces of same sedentarity. Thus
the sum is either empty or I = I; for some 4, then it is precisely the condition for 7
being balanced in C;. O

Definition 2.1.31. Let C be a polyhedral complex in T" x R® and o € C. Let x € ¢
and I := sed(z). Then o; := o N (R} x R?®) is a polyhedron in R} x R®. Define the
tangent space of o at x to be L(o,z) := L(o7) C R} x R®, where L(o7) is the tangent
space to o; at any point in its relative interior.

Let 0 € C and write I := sed(o). The p-th multitangent and multicotangent space
of C at o are the vector subspaces respectively

*

Fpo(0)= Y AL(r) CAPR7®R®)  and  FP(o)=| > AL(r)

TECT:0<T TECT:0<T
For z € |C| we take the unique o, € C, such that x € ;. Then we define
F,(z) :=F,(0) and F?(z) := FP(0,).

Note that these are invariant under subdivision, thus well defined for a polyhedral
subspace X.

Definition 2.1.32. The evaluation of a (p, g)-superform a at a collection of vectors
V1, ..oy Up, W1, .., we € L(o,2) is denoted (ar(x);vi....,vp, w1, ..., wy).

Let U C T" be an open subset and o = («ay); € AP4(U). For v € R" and s € [p+¢]
we define the contraction of o with v in the s-th component (c,v)s to be given by the
collection ({ar, 7 ¢(v))s)r. Here {ar, mg(v))s € AP HU(UY) (resp. AP471if s > p) is
the contraction of a; with 7 y(v) in the sense of multilinear forms (cf. [GubI3al, 2.6]).
We obtain a well defined form in AP~14(U) (resp. AP1"1(U) if s > p).

Next we consider the restriction of bigraded superforms to polyhedral complexes in

T".

Definition 2.1.33. Let C be a polyhedral complex in T" x R®* and Q C |C| an open
subset. A superform of bidegree (p,q) on €2 is given by an open subset U C T""* (or
equivalently T" x R*) such that U N|C| = 2 and a superform a = (az);c € AP(U).
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Two such pairs (U, «) and (U’, ) are equivalent if for any o € C, any z € QN o of
sedentarity I and all tangent vectors vy, ..., vp, wi,...,w, € L(o, ) we have

(ar(z);v1....,0p, w1, ..., we) = (@ (T); V1. ..., Vp, W1, ..., Wy).
Let AZ?(€2) denote the set of equivalence classes of pairs (U, ) as above.

Remark 2.1.34. It is easy to see that two forms o € APY(U) and o/ € API(U’)
are equivalent if and only if for each z € Q, v € Fp(z) and w € Fy(z) we have
(a(x),v,w) = (&/(x),v,w). This shows that AP4() is independent of the underlying
polyhedral complex C and only depends on € as an open subset of |C|, not on the
polyhedral structure. Thus for X = |C| the definition ARY(Q) = AZI(Q) is well
defined.

Remark 2.1.35. By definition we have that o and ' define the same superform on
Q1 if and only if for all I C [r] the superforms a; and o/, define the same superform on
Q7. Moreover, to determine if two superforms are equivalent when restricted to €2, it
is enough to consider only points in the relative interior of facets.

Definition 2.1.36. For D € {d’,d”,d} and o € AP4(Q2) which is given by o/ € AP4(U)
we define Da to be given by Do/ and Ja to be given by Jo/. If further 3 € AP (Q)
is given by 8 € AP>7 (U") then we define a A 3 to be given by o |y A B'|uawr. These
definitions are independent of the choices of o resp. 3.

Remark 2.1.37. For a polyhedral space X we obtain a bigraded bidifferential algebra
(A%, d',d") and the total graded differential algebra (A®,d) of sheaves on X. We will
later prove that the rows and columns of the double complex (A%", d’,d") are exact in
positive degrees. We will also show some partial results for the total complex.

Lemma 2.1.38. For a polyhedral subspace X, the functor
Q— AL(Q)

is a sheaf on X. Furthermore, this sheaf is fine, hence soft and acyclic (with respect
to both the functor of global sections and the functor of global sections with compact

support).

Proof. We rely on the existence of partitions of unity. Let () be a collection of open
sets and suppose that we have superforms o! € AP4(Q!) which agree on the intersections
of the Qs and are the restrictions to X of superforms 8! € AP4(U'). We take a partition
of unity (f*¥)zex subordinate to the cover (U');cr. This exists by Lemma By
definition there is a map s : K — L, so that if s(k) = [, then supp f¥* ¢ U'. Thus

B=7> > fkB! defines a superform on the union |J, 2!. Moreover, for fixed Iy we
leL k:s(k)=l
have

B|QZO—Z Z S |9105’Qlo—2 Z f ’Qloa‘Qlo

leL k:s(k)=l leL k:s(k)=

_Z Z f|on Zf|910al°:oc.

leL k:s(k)=l keK
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Therefore, the superform given by 3 restricted to |, Q! gives the gluing of the super-
forms o! above. The fact that A% is fine follows from Lemma [2.1.15 and the sheaves
AP? are also fine since they are A%°-modules via the wedge product. Softness and
acyclicity for global sections follows from [Wel80, Chapter II, Proposition 3.5 & The-
orem 3.11] respectively and acyclicity for sections with compact support follows from
[Lve86), III, Theorem 2.7]. O

Definition 2.1.39. The support of a superform « is its support in the sense of sheaves,
thus it consists of the points  which do not have a neighborhood €2, such that «|q, = 0.
The space of (p, g)-superforms with compact support on U is denoted A2 (U).

Lemma 2.1.40. Let X be a polyhedral subspace of T" x R® and Q an open subset. Let
a=(ay)r € AP4(Q). Then we have supp a = |Jsupp a7.
I

Proof. Let x € Q. If = ¢ supp(ay), then there exists a neighborhood U of x in

such that ar|y = 0. By the condition of compatibility, we find a neighborhood V'

of z in X such that a|y is determined by a|y, on V and such that V; C U. Then

aly = 0. This shows supp(a) C Jsupp(az). Then other inclusion is obvious, thus we
T

have equality. O

Definition 2.1.41. Let X’ resp. X be polyhedral subspaces in T resp. T". Let € be
an open subsets of X’. An extended affine map F: Q' — T" is given by the restriction
of an extended affine map U — T, for an open subset U C T", to €.

Lemma 2.1.42. Let X and X' be polyhedral subspaces and let Q@ C X and ' C X' be
open subsets. If F': Q' — Q is an extended affine map, then there exists a well defined
pullback F* : AP1(Q) — AP9(Q), which is induced by the pullback in Definition .
Moreover, the pullback is functorial and commutes with the differential operators, the
operator J and the wedge product.

Proof. Let a € AP4(Q), then there exist open subsets U’ C T and U C T" such
that « is defined by some g € APY(U), F(U') C U and U' N X’ = Q. Now the
pullback F*(8) € AP9(U’) defines a superform on €. Set this to be F*(a). To see
that this is independent of the choice of 5 we suppose that « is another superform on
an open set defining o on 2. After intersecting their respective domains of definition,
we may assume that 5 and ~ are defined on the same open set U. Since flo = 7|q
we have that B|QF(1,) = 7|Q%(ﬂ) for all I’ C [r']. Since the pullback via affine maps

between vector spaces is well defined on polyhedral complexes [Gubl13al, 3.2], we have
F}, (ﬁ)’g/], = Ff,('y)\gxﬂ for all I’ C [r'] and therefore F*(8)|oy = F*(y)|or. Thus
the pullback is well defined. The last two statements are direct consequences of the
definition of pullbacks of forms along extended affine maps and the fact that pullback
by affine maps is functorial and commutes with the differential operators, the operator
J and the wedge product. O
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Definition 2.1.43. i) Let o € A" (o) for 0 C R" an R-rational polyhedron of
dimension n. Choose a basis z1,...,x, of Z(c). Then « can be written as

fad oy Nd"zy N ANdxy Nd 2y,

for f, € A%°(0). Note that, since this is an integral basis, f, is independent of the
choice of x1,...,x,. Then the integral of o over o is

[a=[fa

where the integral on the right is taken with respect to the volume defined by the lattice
Z(o) C L(o).

ii) For B € A»" (o) the boundary integral of 3 over o is

[5=3 [tvea
oo

T-<O'7_

where the sum runs over the codimension 1 faces of o and on the right hand side we use
the integral of the (n —1,n —1)-form (3; V7 4)y over the (n — 1)-dimensional R-rational
polyhedron 7 as defined in 7).

Analogously for v € A»1"(g) we define

/'y = Z/W; Vro)on-1-
do

T<UT

Lemma 2.1.44. Let X be a polyhedral subspace of dimension n in T" which is the
closure of a polyhedral subspace X of dimension n in R}. If a € APY(X) is such that
max(p,q) = n, then ay € AP9(X1) has compact support and for each J 2 I we have
ay=0.

Proof. For J # I we have dim X; < n. Thus supp(ay) = (0 for J # I. Then Lemma
2.1.40 shows supp(«) = supp(a;). O

Definition 2.1.45. Let X be an n-dimensional weighted R-rational polyhedral sub-
space of T" x R®. Let C be a weighted R-rational polyhedral structure on X. For ¢ € C
we denote by ¢’ the unique polyhedron which lies in R} x R® for some I C [r] and whose

closure is 0. Note that by Lemma [2.1.44] we have a|, € A" (0") for any a € A>"(X)
and any o € C,.

i) We define for o € AP™(X) and o € Cy:

/a = /a|al
o a'/
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ii) For B € A®" (o) the boundary integral of 3 over o is

/5 > [(Bivnln

=0
where the sum runs over all codimension 1 faces 7 of o. Analogously for v € A"~ 5"(o)

we define
/ Z/ v VTcr 2n—1-

’T-<O'

iii) We now define for o € A" the integral of o over C by

fom S fo

oceCyp

This definition is invariant under weight preserving R-rational subdivision. We there-

fore define
/ o= / «

X C

and this is independent of our polyhedral structure C.

iv) For f € A7 1(X) (resp. A" (X)), we also define the integral of B over the

boundary of C by
[o=Smfs
[o- s
0X ocC

It follows from Stokes’ theorem [2.1.49| that this is independent of the weighted R-
rational polyhedral structure C on X (cf. Remark [2.1.50)).

We also define

v) Let o € AZ"(Q) for © an open subset of an n-dimensional weighted R-rational
polyhedral subspace X. Then « can be extended by zero to a form « € A" (X). Hence
we can integrate superforms with compact support on open subsets of a polyhedral
subspace over the entire polyhedral subspace.

Remark 2.1.46. Integration is linear both in the form that is integrated as well as
the n-dimensional weighted R-rational polyhedral space over which it is integrated.



24 CHAPTER 2. SUPERFORMS AND THEIR COHOMOLOGY

Proposition 2.1.47. Let o C R” be an R-rational polyhedron of dimension n. Let
F:R" = R" be an integral affine map such that dim(F (o)) = n. Let a € AV (F(0)).
Then we have

L/a:m@yzwwﬂ/ww

Proof. We may assume that 7 = 7/ = n and thus L(¢) = R” and L(F(c)) = R". Then
this is true for the same reason as the case of open subsets, cf. [Lagl2, Equation (2.3)].
Note therefore that [Z(o) : Z(F(0))] = |det(L(F)[r(y))| when the right hand side is
calculated with respect to integral bases of L(o) resp. L(F(0)). O

Remark 2.1.48. Let X be an n-dimensional weighted R-rational polyhedral subspace
of T" x R®. Let Iy,...,I, C [r] as in Lemma [2.1.30l It is a direct consequence of the
definitions that for o € A29(X) we have

where the X, inherit the weights from X.

Theorem 2.1.49 (Stokes’ theorem). Let C be an n-dimensional weighted R-rational
polyhedral complex, B € A" 1(|C|) and v € AP 1™(|C|). Then we have

(2.3) /5:/&% and ‘/yz/J%
aC C ocC C

We further have that C is balanced if and only if one (and then all) of the four terms
m vanishes for all B € AV""1(|C|) resp. v € AP71(|C)).

Proof. This follows from [Gubl13al, Proposition 3.5] and |[Gubl3al Proposition 3.8]. [

Remark 2.1.50. Note that for 3 € A»"1(X) the term Jx d”$ does not depend on
the polyhedral structure on a given weighted R-rational polyhedral subspace and thus
neither does |, sx B Further, if there exists a balanced weighted R-rational polyhedral
structure on X, then 0 = [ d"8 = [,d" for all B € A" L(X) and any polyhedral
structure C on X. Thus C is then balanced by Stokes’s theorem

Definition 2.1.51. Let X be an n-dimensional weighted R-rational polyhedral sub-
space of R” and F: R” — R” an integral affine map. We want to define the push-
forward F, X as a weighted R-rational polyhedral subspace of R". For details we refer
to [ARIOL §7]. We find a weighted rational polyhedral structure C on X such that

FE.(C):={F(r)|r < 0,0 € Cy, and dim(F (o)) =n}
is a polyhedral complex in R". For p € F,(C),, we define
mp= D [2p): F(Z(0))] o
c€Cn,F(o)=p

Then we define F,X to be the weighted R-rational polyhedral subspace defined by
F.(C) with these weights.
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Proposition 2.1.52 (Tropical Projection Formula). Let X be a weighted R-rational
n-dimensional polyhedral subspace of R" and F: R” — R" an integral affine map. Let

a € AP (F.X). Then we have
/ o= /F*(a).

F.X X

Proof. This follows from the corresponding formula for polyhedra (Proposition [2.1.47]),
as is shown in [Gub13a, Propostion 3.10]. O

Corollary 2.1.53. Let X be a tropical cycle in R” and F: R” — R” an integral affine
map. Then F,X is a tropical cycle. The same is true for tropical variety.

Proof. This follows from the Projection formula and Stokes’ theorem. For tropical
variety we notice further that if the weights of X are all positive, so are the ones of
F.X. O

2.1.4 Superforms on polyhedral spaces

This subsection defines superforms on polyhedral spaces. These are spaces equipped
with an atlas of charts to polyhedral subspaces in T", with coordinate changes given by
extended affine maps. Our definitions are generalizations of the definition of tropical
spaces given in, for example, [Mik06, MZ14] BIMSI5]. We do not require our polyhedral
subspaces to be R-rational, also the transition maps are required only to be extended
affine maps, not integral affine. We also remove the finite type condition on the charts
(cf. [MZ14] Definition 1.2]).

As in the case of polyhedral subspaces we again introduce a canonical integration
for (n,n)-superforms on weighted R-rational polyhedral spaces, show an analogue of
Stokes’ theorem and that integration of superforms can detect whether a weighted
R-rational polyhedral space is a tropical space (cf. Definition .

All this was introduced in [JSS15].

We also introduce the notion of morphism of polyhedral spaces and show that it
induces a pullback of superforms. At the end we show that for a compact connected
effective tropical space all smooth functions in the kernel of d’d” are constant.

Definition 2.1.54. A polyhedral space X is a paracompact, second countable Hausdorff
topological space with an atlas of charts A = (p; : U; — Q; C X;);er such that:

i) The U; are open subsets which cover X, the ; are open subsets of X;, which are
polyhedral subspaces, and ; : U; — §2; is a homeomorphism for all i;

ii) For all 4,j € I the transition map
;0 (pj_l s (UinUj) = X5

is an extended affine map.
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As usual, we identify two atlases if their union is an atlas.

A polyhedral space X is reqular at infinity if there is an atlas such that X; =
T x Y; € T x R%, where Y; is a polyhedral subspace of R% for every chart ;.
Throughout, if we require that our polyhedral space is regular at infinity, we will always
assume that all charts we use have this property.

The dimension of X is the maximal dimension among polyhedra which intersect
the ;. The polyhedral space is pure dimensional if the dimension of the maximal,
with respect to inclusion, polyhedra intersecting the open sets €; C X; is constant.

Definition 2.1.55. A polyhedral space is called R-rational if all targets of its charts
are R-rational polyhedral subspaces and the transition maps are integral extended affine
maps. It is called weighted if the targets of all of its charts are weighted polyhedral
subspaces and the transition maps are weight preserving.

A weighted R-rational polyhedral space is called tropical space if all targets of its
charts are tropical cycles. It is called effective tropical space if the targets are tropical
varieties.

Definition 2.1.56. Let X and Y be polyhedral spaces with atlases A = (¢; : U; —
Q C Xi)ier and B = (¢ : Uj = Q; C Yj)jes. A continuous map F': X — Y is called
a morphism of polyhedral spaces if for all i € I,j € J we have that

pjoF ot

is an extended affine map.
If X and Y are R-rational the morphism is called integral if these maps are integral
extended affine maps.

Definition 2.1.57. Let X be a polyhedral space with atlas A = (¢; : U; — €; C
X;)icr. Define the sheaf AY? of (p, q)-superforms on X to be the gluing of the sheaves
AP ’:1, which is the pullback of the sheaf Agf via ;. The pullback of forms along the
charts ¢; is well defined and functorial, so this gives a well defined sheaf of superforms
on X. We again denote the sections with compact support by AL4(X).

Since the pullback commutes with the differentials d’, d”, d, the operator J and the
wedge product, these are well defined on .Agéq.

Definition 2.1.58. Let X be a polyhedral space with atlas A = (¢; : U; — ; C
Xi)ier- We define

Fp(z) :=Fp(pi(z))  and  F’(z):=F’(pi())

for some ¢ such that z € U;. This is well defined since coordinate changes are invertible
extended affine maps.

Remark 2.1.59. For a polyhedral space X we obtain a bigraded bidifferential algebra
(A%, d',d") and the total graded differential algebra (A%, d) of sheaves on X. We will
later prove that the rows and columns of the double complex (A%",d’,d") are exact in
positive degree. We will also show some partial results for the total complex.

The sheaves AP? are again fine, hence soft and acyclic.
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Remark 2.1.60. Let F': X — Y be a morphism of polyhedral spaces. Then by using
the pullback on the chart domains and gluing we obtain a pullback morphism

F* 2 ALY 5 f, ARY

This commutes with the differentials d’, d”, d, with the operator J and with the wedge
product.

We will now extend the definition of integration from polyhedral subspaces to poly-
hedral spaces. We do this as it is done in the theory of manifolds, namely using
partitions of unity.

Definition 2.1.61. Let X be an n-dimensional weighted R-rational polyhedral space
with atlas (¢; : Uy = Q; C X;)ier. Let a € AP™(X) and (f;);jes be a partition of unity
with functions in A% subordinate to the cover (U;) as in Lemma [2.1.15, Then we have

OZZijOé,

JjeJ
which is a finite sum. Define o; € A" (€2;) the superform corresponding to fja €
AP"™(U;). As mentioned the superform o can be extended to a superform in AP"™(X;).

Then the integral of a over X is
[a=X [a

b i€l x,

with the integral on the right as defined in Definition [2.1.45
We also define for 8 € AV 1(X) (resp. A 1"(X)) the boundary integral by

/ﬁrzz /Bj‘

jeJ 0X;

We have the following lemma, which implies, by the same arguments which are
used for integration of differential forms on manifolds, that the integral defined above
is independent of the choice of partition of unity.

Lemma 2.1.62. Let X and X' be weighted R-rational polyhedral subspaces of dimen-
sion n and let Q C X and ' C X' be open subsets. Let F': Q' — Q and G : Q —
be extended integral affine maps such that F'o G = idg, Go F = idq and F and G
preserve weights. Then for a € AP™(Q) we have [y a = [y, F*a.

Further, for 3 € AX""HQ) (resp. B € AZ71"(Q)) we have [,y B = [5x F*(B).

Proof. Using Remark we may assume that X and X’ are polyhedral subspaces
of R resp. R”'. After translation we may assume that both Q and € contain zero and
that F and G are linear maps. Replacing R™ by the linear hull of Q' and R” by the
linear hull of 2 we may assume that F' and G are mutually inverse automorphisms of
Z". Replacing X by F(X') we may further assume that FFoG =idys and Go F = idx.
Now we can assume ' = X’ and Q@ = X. We now have F.(X’) = X and thus the
result follows directly from the tropical projection formula Proposition

The second part follows from the first and Stokes theorem [2.1.49 O
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Theorem 2.1.63 (Stokes’ theorem for tropical spaces). Let X be a weighted R-rational
n-dimensional polyhedral space. Then for f € A»" 1(X) and v € AP 1"(X) we have

(2.4) /5: /d”ﬁ and /7: /d’y.
0X X

0X X

Further, X is a tropical space if and only if one (and then all) of the four terms in

vanishes for all B € AP (X) resp. v € AV "(X).
Proof. Follows from Stokes’ theorem [2.1.49 O

In the rest of this section we will state some basic properties of differential forms
on polyhedral spaces which we will use later.

Lemma 2.1.64. Let X be a polyhedral space. Let o € A%*(X) such that d'a = 0.
Then d"a =0 and da = 0.

Proof. 1t is sufficient to check this in a chart, thus X being an open subset of the
support of a polyhedral complex. There it is sufficient to check this after restriction to

a polyhedron. Let o € C and let vq, ..., v, be a basis of L(c). Then al, = . ayd"vy
=

and d'a|, = 0 if and only if %LU;_’ = 0 for all 4, J. But then also d"a|, = 0. Since d'av = 0
and d”"a = 0 we have da = 0. O

Lemma 2.1.65. Let X be a polyhedral space. The operator J : AP — AP has the
following properties:

i) J?=id
i) d'J = Jd"
i) d'J = Jd

Proof. i) is obvious from the construction. i) and #ii) are shown in [CLD12, Lemme
1.2.10]. 0

Proposition 2.1.66. Let X be an effective tropical space. Let f € C*°(X) such that
d'd"f =0. If f has a local mazimum at x € X, then f is locally constant at x.

Proof. We may reduce to the case where X is a tropical variety in T" and f is defined
on an open subset 2 C X. By Lemma X is then the union of closures of tropical
varieties contained in some (possibly different) T}. By argueing seperately for each I
we may assume that X is a closure of one of the T}. Since T} = Tl we may assume
I = (). After shrinking 2 we may assume that f is determined by Jsed(@) on © and
that = is a maximum of f on €. Since X = X there exists a point y € Q such that
sed(y) = 0 and Teq(y)(y) = 2. Since f is determined by fiq(z) We have f(y) = f(x).
Thus y is also a maximum of f on 2. Further, this yields that f is constant on a
neighborhood Q' of y, then f is constant on 7rs_ec11 2) (Tsed(z) (§2)) N 2, which is an open
neighborhood of x. Thus replacing y by = and 2 by 0y we may assume that X is a
polyhedral subspace of R".
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Choose a R-rational weighted polyhedral structure C on X, which then satisfies the
balancing condition by Remark Since d'd” f = 0 we have that the restriction of
f to every polyhedron o € C is affine. After translation and replacing f by f — f(z) we
may assume that x = 0 and f(0) = 0. Let f be given by a smooth function F' € C*°(U)
for U C R" an open subset. We may assume, after shrinking U and ) that U is an open
ball around the origin which only intersects polyhedra which contain the origin. Then
f is on Q also given by the total differential DF(0). We show that for every maximal
o € Q we have 0 C ker(DF), then we are done. Suppose there exists oy such that
oo ¢ ker(DF'). Then, after possible subdivision, 7 := o¢ Nker(DF) is a proper face of
0o. We thus have DF(v; 4,) # 0 and since f has a local maximum at 0 we have indeed
DF(v;4,) < 0. Since 7 C ker(DF') the balancing condition tells us that

Z meDF(vr5) =0

o:T<0
which is a contradiction, since my > 0 and DF(v;,) < 0 for all o and DF(v74,) <
0. O

Corollary 2.1.67. Let X be an effective tropical space, which is connected and compact.
Let f € C®(X) such that d'd"f = 0. Then f is constant.

Proof. Since X is compact there exists a global maximum x. Then f~!({f(x)}) is both
closed and open by Proposition and thus equals X. O

2.2 Cohomology of superforms

In this section, we study the cohomology defined by superforms on polyhedral spaces.
To do this, we prove in Subsection a Poincaré lemma for polyhedral subspaces
of R". We give the consequences of this for polyhedral spaces in Subsection [2.2.2
Afterwards we show finiteness results for the cohomology in Subsection In the
last Subsection [2.2.4] we show that for tropical manifolds, which is a special class of
polyhedral spaces, the cohomology of superforms satisfies Poincaré duality.

In Subsection we show results from [Jel16]. Subsection and consist
of results from [JSS15]. Subsection [2.2.3] gives the natural extension of the results on
finite dimensionality for polyhedral subspaces of R” from [Jel16] to polyhedral subspaces
in T" x R®.

Definition 2.2.1. Let X be a polyhedral space. The Dolbeault cohomology of su-
performs is defined as HYY(X) := HI(AL®(X),d) and the Dolbeault cohomology of
superforms with compact support is defined as HY? (X) := HQ(A)&(X), d).

Lemma 2.2.2. Let X be a polyhedral space. The operator J induces isomorphisms
J:HY(X) ~ HP(X) and HY(X) ~ HP (X)
for all p,q.

Proof. This is a direct consequence of Lemma [2.1.65, which shows J ker(d’) = ker(d"J)
and Jim(d') = im(Jd"). O
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With this lemma in mind we will often only talk about the cohomology with respect
to the operator d’ and implicitly mean that analogous statements are always true for
d".

2.2.1 The Poincaré lemma for polyhedral subspaces in R"

In this subsection we prove a local exactness result for the complex of superforms on
polyhedral subspaces in R”. The proof is a variant of the proof of the classical Poincaré
lemma. The crucial tool we need to introduce is a pullback along a contraction of a star
shaped set to its center. This map can not be affine. We therefore define a pullback of
superforms along C*° maps (cf. Definition [2.2.6)).

The contents of this subsection were published in [Jel16].

Lemma 2.2.3 (Chain Homotopy Lemma). Let X be a polyhedral subspace in R" and
Q C X an open subset. Let B =1[0,1] C R be the closed unit interval and for i = 0,1

Li:Q—=>Qx{i}CcQxB

the inclusions. Then for all p € {0,...,n+ 1} and q € {0,...,n} there exists a linear
map

(2.5) K API(Q x B) — Apfl’q(Q),
such that
(2.6) dK' + K'd =] — .

Proof. The proof is a variant of the classical chain homotopy lemma for ordinary dif-
ferential forms. Observe first that X x B is a polyhedral subspace in R” x R and hence
it makes sense to talk about superforms on Q x B. Let a € AP4(Q x B) be given
by 8 € AP4(V x B’) for some open set V' C R” and some open interval B’ such that
B c B’ CR. Let x1,...,z, be a basis of R"” and denote by ¢ the coordinate of B. We
write

(2.7) B = Z argdxr Nd"zy

1=p,|JI1=q

+ Z b[Jd/t A d,:E[ A d”fEJ
H|=p—1,|J|=¢

+ Z ejjd/l’[ Ad't A d”LL’J
[=p,|J|=¢—1

+ > grydt Ndzp ANd"t A"z
[|=p—1,|J|=¢—1
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Then we define
K': APV x B) — AP~149(V)
ﬂ — Z C[Jd/l'] /\d”{L‘J
|[I|=p—1,|J|=¢
1

with ¢ry(z) : = /bU(x,t)dt.
0

We show that this definition is independent of the choice of the basis x1,...,x,. Let
therefore y1, ..., y, be another basis. First of all we notice that the decomposition into
the four summands as in (2.7) is not affected by our base change. We further notice
that

deyNd'zy; = Z MoAgpdyp ANd"y g,
[|=11,| =]

where A7 is the determinant of the I x [ " minor of the base change matrix from
Z1,...,%. t0 Y1,...,y, and similar for J and J’. Now we have

b[Jd/t VAN d/x[ VAN d”.fL‘J =bry Z A]’[/)\J,J/d/t A d/y]/ VAN d"yJ/
r.J

and this term is mapped under K’ to

1
Z /)\]’]/)\J’J/b[‘]dt d,yl’ /\d”yJ/
r,J 0
1
= /b[Jdt Z/\I’I/AJ,J’d/yI’ /\d”yJ/
0 r,J
1
= /b[]dt drrnd'zy,
0

which shows the independence of the choice of the basis.
Given V and B’ we have the diagram

APV x B') — & AP=La(y)
APIU(Q x B) = — — — — = AP714(Q)

To get a well defined map on the bottom that makes this diagram commutative, we
fix a polyhedral structure C on X and we show that B|,xp = 0 for all o € C implies
K'(B)|, = 0for all o € C. Let therefore o be a maximal polyhedron in C and W = VNo.
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It suffices to show that if Slwxp = 0, then K'(8)|w = 0. By what we did above
we may choose a basis as we like. Let therefore z1,...,z,, be a basis of L(c) and
Tmtl,--.,Tr & basis of a complement. Then from S|y «p = 0 we get brs|lwxp = 0 for
all I, J C {1,...,m}. This means however that crs|lw = 0 for all I,J C {1,...,m}.
From that we get K'(8)|w = 0. Hence setting K'(«) := K'(3) is independent of the
choice of the form § by which « is given. It is also independent of the choice of V' and
B’. This gives a well defined map

K': AP9(Q x B) — AP719(Q)
as required in (2.5). We will now show that (2.6) holds. It is enough to check that
dK'B+ K'dB=1ip— 158

holds for every 8 € AP4(V x B’), where V is an open subset of R” and B’ is an open
interval such that B ¢ B’ C R. It suffices to check the following four cases:

i) 8= arjd'xr ANd"z g
We have K'() = 0 and

K'(d'(8)) = <a‘” Tdtndz; Ad'z J>

0
/ 8CLIJ ! 1"
—I—ZK de; Nd'zr Nd'zy

_ /agfdt dzr ANd'zy
0

= (aIJ(‘v 1) - aIJ(-70))d/15] A\ d”LL’J
1(8) = 15(5)-

ii) B=brgdtNdzrANd"zy:
We have ¢f(8) = ¢§(8) = 0, since the pullback of d't is zero. We further have

r 1
dK'(B) = z; / a;;j dt | d'zs Ad'zp Ad'zy
= 0

and

K'd(B) = Z K’ <‘96b;*’ de; NdtNdzpNd'z J>

b
_ _ZK’ (%;Jd’t Adz; Adzr A d”:):J>
=1 v

r

— Z / abu dt | dz; Nd'xzrANd'xy.
ox;
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iii) 8= erjdzr Nd"tANd" x
Similarly to ii), the pullbacks are zero. Since both 8 and d’'f8 have a factor d"t by
definition they are sent to 0 by K.

iv) f=grgdtNdxy Nd"tANd 2z
Same as iii).

Adding up these parts we have proven that (2.6) holds on V. Now if o € A”4(Q x B)
is given by 8 € AP9(V x B’) then the equation holds for « simply because it holds for
B. O

In the classical proof of the Poincaré lemma for star shaped subsets U of R" the idea
is to pull back differential forms via a contraction of U to its center. This contraction
is however not an affine map. So we will introduce in Definition [2.2.6| a pullback for
superforms along C'*°-maps that still commutes with d’ (as we will see in . This
will be a crucial ingredient in our proof of the Poincaré lemma for superforms. The
following example shows that the direct approach does not work.

Remark 2.2.4. Given a C*°-map F: V' — V, where V' resp. V are open subsets of
R"™ resp. R” we can define a naive pullback

F*: APUV) = AP(V) @ AUV) — AP(V') @ AY(V') = APY(V),

which is just given by the tensor products of the usual pullback of differential forms.
This pullback however does not commute with the differential d’ in general, as can be
seen in the following example. Let V' = R%? V = R and F(z,y) = zy. Denote the
coordinate on R by t. Then we have d' F*(d"t) = d'(zd"y+yd"z) = d'xAd"y+d'yNd"x #
0, however d'(d"t) = 0 and thus F*(d'd"t) = 0.

The reason for this is that the definition of this pullback uses the presentation
AP? = AP @ A?, while the definition of d’ uses the presentation APY = AP @ AYR™™ and
thus these two are not compatible. We would therefore like to define a pullback which
uses the presentation APY = AP Q AIR™™.

Lemma 2.2.5. Let X be a polyhedral subspace in R, Q C X an open subset and W C
R" an open subset such that @ = WNX. Then the restriction map API(W) — AP(Q)
is surjective. In particular, we may assume that any form o € AP1(Q) is given by a
form on W.

Proof. Let a € AP9(Q) be given by 3 € AP4(V'). Then « is also given by 5|y nw, hence
we may assume V C W. Notice that €2 is a closed subset of W. Choose a function
f € C°(W) such that f|lo =1 and suppy, f C V. Then « is given by f|yf and this
can be extended by zero to a form in AP4(W). O

Definition 2.2.6 (C*°-pullback of (p, g)-forms). We define a pullback for superforms
on open subsets V' C R" and, under certain conditions, for superforms on polyhedral
subspaces.



34 CHAPTER 2. SUPERFORMS AND THEIR COHOMOLOGY

i) Let V' C R™ and V C R” be open subsets. Let F = (sp, Lr) be a pair of maps
such that sp: V! — V is a C*°-map and Lp: R™ — R" is linear. We define

F* =85 ® Lyp: APYV) =AP(V) @g AIR™
— AP(V') @p AR = APA(V),
Explicitly, if 5 € AP4(V') we have

(
(F*(B)(x);v1, ..., vp, w1, ..., Wq)
=(B(sp(2));d(sp)z(v1), ..., d(sp)a(vp), Lr(wi),. .., Lr(wg))

for all z € V' and v;, w; € R”, where d(sp), denotes the differential of sy at .

ii) Let X’ and X be polyhedral subspaces in R” and R respectively. Let Q' ¢ X’
and 0 C X be open subsets and V' resp. V be open neighborhoods of Q' resp.  in
R" resp. R”. Let sp: V! — V be a C®°-map and Ly: R” — R” a linear map such that
sp(QY) C Q. The pair F = (sp, Lp) is said to allow a pullback from Q to € if there exist
open subsets W of V and W’ of V/ such that WN|C|=Q, W'N|C'| =, sp(W') C W
and for all g € AP9(W) such that S|q = 0 we have F*(5)|qs = 0. In that case, for
a form a € AP9((2) we choose 8 € APY(W) by which « is given (which is possible by
Lemma and we define F*(a) € AP(Q) to be given by F*(3) € AP4(W'). The
form F*(a) € AP9(Q)) is then independent of the choice of W, W’ and f, as will be
shown in the next Lemma.

Lemma 2.2.7. The definition of F*(a) above is independent of the choice of W, W’
and (3.

Proof. The independence of 3 is simply due to the property that F* respects forms that
restrict to zero. Now if both Wy, W], 51 and Wy, W), B2 have the properties required
in the definition above, then by Lemma we can choose a form ¢ € APY(W7 U W)
such that | = a. By independence of the form, we have

FH(B)lor = F(Olwi) oy = F*(0)lwylor = F*(0)|ex

and the same works for F*(f32)|q/, which proves exactly the independence we wanted
to show. O

Remark 2.2.8. i) The pullback between open subsets of vector spaces commutes
with taking d' since both use the presentation A”4(V) = AP(V) @ AR"*. We have
F* =55, ®@ Ly and d = D ® id and s}, and D commute. If F allows a pullback, then
the pullback F™* between open subsets of the polyhedral subspaces commutes with d’
since both F* and d’ are defined via restriction.

ii) The pullback is functorial in the following sense: Let X, X’ and X" be polyhedral
subspaces in R”, Q ¢ X, ' ¢ X" and Q" C X" open subsets and V C R” resp. V' C R”
resp. V' C R”" open neighborhoods of Q resp. € resp. Q. Let further F = (s, Lr)
and G = (sg,Lg) be pairs of maps such that sp: V! — V and sg: V"’ — V' are
C®-maps, Lp: R” — R” and Lg: R™ — R are linear maps and sp(QY) € Q and
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sa(Q") C Q. If both F resp. G allow a pullback from Q to Q' resp. Q' to Q" and we
define F oG := (sposqg,LpoLg) then F o G allows a pullback from € to " and we
have (F o G)* = G* o F™*.

iii) Let F: R” — R” be an affine map and denote by Ly := F — F(0) the associated
linear map. Then the pullback via F in the sense of Remark is the pullback via
(F,LF) in the sense of Definition above.

Theorem 2.2.9 (Homotopy Formula). Let V' be an open subset of R". Let further
sp: V=V be a C®-map and Ly :=id. Let sg: V x R — V such that sg(.,0) = sp
and sg(.,1) = id. Let Lg = pry: R” x R — R" be the projection to the first factor.
Denote by F* respectively G* the pullback from V to V respectively to V x R via pairs
F := (sp, LF) respectively G := (sq, Lg). Then for oo € AP4(V') we have

(2.8) a—-Fa=dK'Ga+ K'G'd«
for any operator K' satisfying the equality (2.6) of Lemma[2.2.5,
Proof. We calculate

id*—F*=(Gou)" — (Gou)*
=1]0G" =150 G"
=] —ty) o G*
= (K'd +dK"G*
=K'dG"+dK'G*
K'G*d + d K'G",

where we denote by ¢; the pair (¢;,L,;). Now putting in o and using id*(a) = « gives
the desired result. O

Remark 2.2.10. If 2 is an open subset of X for some polyhedral subspace X in R"
and F resp. G allows a pullback from € to 2 resp. Q2 x B, where B = [0, 1] is the closed
unit interval, then also holds for a € AP() since all operators are defined via
restriction.

Definition 2.2.11. Let X be a polyhedral subspace in R". An open subset 2 of X is
called polyhedrally star shaped with center z if there is a polyhedral subspace Y of X
such that €2 is an open subset of Y and a polyhedral structure C on Y such that for
all maximal o € C the set 0 N is star shaped with center z in the sense that for all
x € o NQ and for all ¢ € [0, 1] the point z + ¢(z — 2z) is contained in o N Q) .

Remark 2.2.12. It is obvious that if Q C X is a polyhedrally star shaped open subset
with center z, then €2 is also star shaped with center z. The converse is not true
however: Take X = [—1,1] x [-1,1]U {0} x [1,2] U[1,2] x {0} € R?. Then X is star
shaped but not polyhedrally star shaped.
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Lemma 2.2.13. Let X’ and X be polyhedral subspaces in R™ and R" respectively. Let
Q' C X" and Q C X be open subsets and V' resp. V' open neighborhoods of Q' resp. Q
in R™ resp. R". Let sp: V! —V be a C®°-map and Lp: R™ — R" a linear map such
that sp(SY) C Q. Suppose there exist polyhedral structures C' on X' and C on X such
that for all maximal o’ € C' there exists a mazimal o € C such that we have

(a) Ve € ' N sp(x) € 0 and
(b) Yw € L(o"), Lp(w) € L(0).
Then F := (sp, L) allows a pullback from Q2 to Q.

Proof. Let W C V be an open subset such that W N |C| = Q and let § € APY(W).
For F' to allow a pullback we have to show that if 5|, = 0 for all maximal polyhedra
o € C then (F*B)|, = 0 for all maximal o’ € C'.

Let ¢’ € C' be a maximal polyhedron and o € C the maximal polyhedron such that o
and o’ satisfy conditions (a) and (b). We then have that

(c) Ve e NQ, YvelL(d'),d(sp)(v) € L(o),

due to condition (a).
For o € C the fact that 8|, = 0 just means

(B(z);v1,...,0p, w1, ..., wg) =0

for all z € o N Q, v;, w; € L(o). But then we have

(F*(B)(x);v1,...,vp,w1,...,wWq)
=(B(sp(x));d(sp)z(v1),...,d(sp)z(vp), Lr(wi), ..., Lrp(wg)) =0

for all x € o/ N Q' v;, w; € L(o’) by conditions (a), (b) and (c¢). Hence F*(8)|, = 0.
This shows that if 3|, = 0 for all o € C then F*(3)|,» = 0 for all maximal and hence
all o/ € C'. Thus F allows a pullback from Q to (V. O

Proposition 2.2.14. Let X be a polyhedral subspace in R"™ and Q2 C X a polyhedrally
star shaped open subset with center z. Let

sg: R" xR = R"
(z,t) = z+t(x — 2)

be the contraction of Q) to its center and Lg: R” x R — R" the projection to the first
factor. Then G := (sq, Lg) allows a pullback from Q2 to  x B, where B denotes the
closed unit interval

Proof. We show that G fulfills the conditions required in Lemma Since  is
polyhedrally star shaped we know that there exists a polyhedral structure C of X such
that o N Q is star shaped with center z for all maximal o € C. We take C’ to be
the polyhedral complex whose maximal polyhedra are of the form ¢ x B for ¢ € C
a maximal polyhedron. Let ¢/ = o0 x B € C’ be such a maximal polyhedron. For
(x,t) € o/ we have sg(z,t) € o because o N is star shaped with center z. Since it
is obvious that Lg(IL(0”)) C L(o), G allows a pullback from Q to Q x B by Lemma
2.2.13 O
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Theorem 2.2.15 (d’-Poincaré lemma for polyhedral complexes). Let X be a polyhedral
subspace in R" and £ C X a polyhedrally star shaped open subset with center z. Let
a € APYQ) with p > 0 and da = 0. Then there exists 3 € AP~59(Q) such that
dB = a.

Proof. Let sp be the constant map to the center z of Q2 and Lr = id. Let further sg be
the contraction of €2 to the center and Lg = pr; (as in Proposition . It is easy
to check that both F' and G have the properties required to use the homotopy forumla
(Theorem and Remaerk . Since sp is constant and L is the identity we
also see that F has the properties of Lemma [2.2.13 and hence allows a pullback from
Q to Q). By Proposition we know that G also allows a pullback. Now since
a € AP4(Q) with p > 0 we have F*a = 0 (since s is a constant map). Together with
our assumption d'« = 0, Theorem yields

a=d(K'G*a),
which proves the theorem. O

Remark 2.2.16. The corresponding statement from this section are all true for d”,
always using the identification J to switch between d’ and d”.

We further note that we can not hope for a similar statement of the Poincaré
lemma with respect to the operator d. This is due to the fact that any exact 1-form is
J-invariant, and this does not need to be true for closed 1-forms. We have the following
partial result.

Corollary 2.2.17. Let X be a polyhedral subspace in R™ and Q C X a polyhedrally star
shaped open subset. Let a € A¥(Q) be a d-closed form. Then there exists § € A*~1(Q)
such that o — dB € A% (Q) and such that o — df is d',d" and d-closed. If k > dim X

then o is d-ezxact.

Proof. Write o = ag + g + - - - + oy, with a; € A¥"%(Q). Then the decomposition of
da € AFTHQ) = @ APYQ) is given by
p+q=k+1

da=dag+ (d"ag+dar) +- + (d a1+ dag) +d"ay,.

Since those terms have different bidegrees each of them is zero. Therefore the statement
is trivially true if £ = 0 and we may from now on assume k > 0.

We construct inductively for i = 0,...,k — 1 forms §; € A*"14(Q) such that
B-1 = 0 and d'B; = a; — d’"Bi;—1. Note therefore that a; — d”B;—1 is d’-closed for
1=0,...,k, since this is immediate for 7 = 0 and for i =1, ...,k we have

d'(o; —d"Bim1) =d'oyy —d'd"Bi—y
—da;+d"dBi_,
—do;+d" o1 —d"d"Bi_s
=do;+d o1 =0.
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Hence given f3;_1, Theorem [2.2.15(gives us f3; € Ak_i_l’i(ﬂ) such that d'8; = a; —d" 3;—1
k—1
fori=0,...,k —1. We define g := 3. 8 € A*"1(Q). Then we have

i=0
k—1
a—dB=>Y (a;—d"Bi1—dB)+ar—d'B1=ap—dB1 e AQ).
=0

As shown above we have that aj, — d”’,_1 is d’ closed, thus o — df3 is. Since it is also
d-closed, it is d’-closed. If k > dim X, then A%*(Q) = 0 and hence a = dg. O

2.2.2 Cohomology of polyhedral spaces: locally

In this subsection, we study the local behavior of the Dolbeault cohomology of su-
performs. We will give the consequences of the Poincaré lemma for polyhedral
spaces and calculate H 0-p (Q) for a basic open set 2. All this was originally done in
[JSS15]. Note that Theorem is not explicitly stated there, but follows from
[JSS15l Proposition 3.10 & Theorem 3.18].

Theorem 2.2.18 (Poincaré lemma for polyhedral spaces). Let X be a polyhedral space
and U C X an open subset. Let o € APA(U) with p > 0 and d'a = 0. Then for every
x € U there exists an open subset V. C X with x € V and a superform € AP~14(V)
such that d'8 = a|y .

Proof. After shrinking U, we may assume that there is a chart ¢ : U — €) for Q an
open subset of the support of a polyhedral complex C in T". Since this question is
purely local, we may prove the statement for an open subset 2 C |C | for a polyhedral
complex C in T". If sed(z) = () then this is shown in Theorem

For the general case, let I = sed(x) and after possibly shrinking 2 we may assume
that I is the unique maximal sedentarity among points in 2 and « is determined by
ag on . After possibly shrinking ) again, by the case I = (), we have 8; € AP4(Qy)
such that d'8; = a. For each J C I, set 85 = 7} ;1, then this determines a superform
B € AP4(Q) and since the pullback commutes with d’, we have d’'8; = ay, hence (8 has
the required property and the theorem is proven. ]

Remark 2.2.19. Note that this Poincaré lemma is weaker than the one polyhedral
subspaces of R", since it does not give any acyclic domains. We will later (cf. Theorem
see that in the case where X is regular at infinity we indeed have a basis of
open sets which is acyclic. This was also already contained in [JSS15], using tropical
cohomology [JSS15, Proposition 3.10 & Theorem 3.18], but we give a direct proof here.

Corollary 2.2.20. Let X be a polyhedral space. Then all rows and columns of the
double complex (AR, d',d") of sheaves on X are exact in positive degrees.

Definition 2.2.21. For X a polyhedral space and g € N we define the sheaf
L% = ker(d : AR — AYY).

Again we omit the subscript X on L% if the space X is clear from context.
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Corollary 2.2.22. For a polyhedral space X and all ¢ € N, the complex
0 L7 — A% % gta 2y g2a

of sheaves on X is exact. Furthermore, it is an acyclic resolution, we thus have canon-
ical isomorphisms

HP(X,£9) = HYY(X)  and  HY(X,L7) = HY(X).

Proof. We noted in Remark [2.1.59| that the sheaves AP? are fine. Exactness is a direct
consequence of Theorem [2.2.18 and Definition [2.2.21 O

We will now define the notion of basic open subsets, which was introduced in [JSS15].
These play the role of well-behaved small open subsets. We will see in Theorem [2.2.2
that, if X is regular at infinity, they are acyclic for the cohomology of (AY?, d').

Definition 2.2.23. A subset A C T" is an open cube if it is a product of intervals
which are either (a;, b;) or [—o0,¢;) for a; € T, b;, ¢; € RU {o0}.

For a polyhedral complex C in T", a subset Q of |C| is called a basic open subset
if there exists an open cube A C T" such that Q@ = |C| N A and such that the set of
polyhedra of C intersecting 2 has a unique minimal element. Note that the sedentarity
of the minimal polyhedron of €2 is the maximal sedentarity among points in €.

Let X be a polyhedral space with atlas (¢; : U; — Q; C X;), such that for each i
we have a fixed polyhedral structure C; on X;. Then we say that an open subset U is a
basic open subset (with respect to these structures) if there exists a chart ¢ : U; — X;
such that U C U; and ¢(U) is a basic open subset of |C; |.

Lemma 2.2.24. Let C be a polyhedral complex in T", then the basic open sets form a
basis of the topology of |C|. Further, if Q is a basic open subset of a polyhedral complex
|C| of sedentarity I, then Q5 is a basic open subset of the polyhedral complex |Cr| in
R7.

Proof. Basic open sets form a basis of the topology of | C | since open cubes form a basis
of the topology of T". For the second statement, we have that Q; = |C;|N Ay and the
minimal polyhedron of €7 is the same as the one of €2, so the lemma is proven. O

Proposition 2.2.25. Let C be a polyhedral complex in T" and £ be a basic open set of
| C | with minimal polyhedron o. Then we have

£9(Q) = F(0).

Proof. Let I := sed(c). We start with the case I = @, thus @ C R". Then  is
polyhedrally star shaped with center any point in the relative interior of o. As in the
proof of Theorem we let F' = (sp, Lp) with sp the constant map to the center
and Lp the identity on R". Let further as in Proposition G = (sg, Lg) be the
pair with sg: 2 x R — ) the contraction of €2 to its center and Lg: R” x R — R" the
projection to the first factor. Let a € A%Y(Q) be a d’-closed form. Then equation
from Theorem [2.2.9) shows that a = F*(a).
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There is a natural map F?(o) — £9(Q) € A%(Q) and this is clearly injective. To
show surjectivity choose vy, ..., vy such that each v; € AYL(7) for some 7 and vy, ..., v
is a basis of F(o) and extend this to a basis v1, ..., Vg, k11, .., vs of AZR". Then we

S
have that F*(«) is given by a form Y ¢;d'v;, with ¢; € R, by construction of F'. Since
i=1
forie {k+1,...,s} we have d'v;|q = 0, we see that F*(«) (and thus «) are given by
k
>~ ¢id'v; and this is clearly in F4(o).
i=1

For the general case I # (), first we apply the above argument to €; which is a
basic open subset of the polyhedral complex C; by Lemma [2.2.24] Writing X = |C|
and X; =|Cy| we obtain

ch @)= > AL

TECr:0<T
Thus we only have to show
L%, Q) = L5 ().
Using the pullbacks of the projection maps define
L%, Q) = L5()
ar = (Try01)icr-

This is clearly well defined and injective, we thus have to show surjectivity. More
precisely, for o € L£%(Q), it remains to show that aslo,n. = 77, (ar|o,n-) for all
J C I and 7 such that ¢ < 7. By the condition of compatibility for « there exists a
neighborhood €, of x such that

aJ|Qz,J = 7T?J(Oé1|Qz,I)7

hence in particular

ayjla, ,or =Tl 0r)-

Since Q7 N7 is connected, the restriction £ (QrN7) — L% Q1N 7) is injective and
the same for J, thus we have

aJ|QJﬂ7' - (W;JQI‘QIQT)'
O

Lemma 2.2.26. Let X be a polyhedral subspace of T" x R® . Let U be an open subset
of X which contains the point (—oo, ..., —00,0,...,0). Let U" be an open neighborhood
of Upy in U. Write V.=U\Ugy and V! =V 0 U". Then if restriction induces an
isomorphism HY, (V') ~ HRY (V') for all p,q it also induces an isomorphism HY(U) ~
HEA(U') for all p,q.



2.2. COHOMOLOGY OF SUPERFORMS 41

Proof. We have U'UV = U and U'NV = V’. Now the Lemma is a direct consequence
of the Mayer-Vietoris-sequence O

Theorem 2.2.27. Let X be a polyhedral space which is reqular at infinity and U C X
be a basic open subset. Then

HY(U) =0
unless p = 0.

Proof. We may assume that X is a polyhedral subspace of T®. We do induction on
| sed(U)|, where sed(U) = () follows from Theorem Let r := |sed(U)|. We may
assume that X = T" x Y for a polyhedral fan Y and U being a basic open neighborhood
of the point (—o0,...,—00,0,...,0).

Let o € AP9(U) be a d’-closed form. Let U’ be a basic open neighborhood of Uy, on
which « is determined by ;). Since Uy, is a basic open subset of ’]I”{T} XY ~Tr—IxY
there exists, by induction hypothesis, 8,y € Ap_l’q(U{r}) such that d'By = o
Defining 8 := 7}, 8,1 € AP~149(U") we have d'8 = a. Thus [a]|pr = 0 in HRY(U').

Now defining V = U \ U,y and V' = U'NV, we find that V’ and V' are basic open
with minimal face (—oo,...,—00,R,0,...,0). We conclude by Proposition and
the induction hypothesis that the restriction

HEY(V) ~ HEY(V)

is an isomorphism for all p,q. Thus by Lemma [2.2.26] restriction induces an isomor-
phism

HEYU) ~ HYA(U')

for all p,¢. This in turn shows [a] = 0 € H,Y(U). Since a was arbitrary, this proves
the claim. O

Corollary 2.2.28. Let X be a polyhedral space which is reqular at infinity. Let Q C X
be a basic open subset. Let a € AF(Q) be a d-closed form. Then there exists €
AFL(Q) such that o — df € A%*(Q) and such that o — df is d',d" and d-closed. If
k> dim X then o is d-ezact.

Proof. This works exactly like the proof of Corollary [2.2.17] using Theorem [2.2.27] in-
stead of Theorem 2.2.75 O

2.2.3 Finite dimensionality

In this subsection, we show that the Dolbeault cohomology of a polyhedral subspace X
of T" x R* is finite dimensional if the space is regular at infinity. As a consequence we
also obtain that the cohomology of the total complex H%(X) is finite dimensional. To do
that we will use the standard tool of good covers and the Mayer-Vietoris sequences from
Appendix These results were already contained in [Jell6] in the case of polyhedral
subspaces in R". We use the same techniques here.
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Definition 2.2.29. Let C be a polyhedral complex in T" x R* and ¢ € C. We denote
by & the relative interior of o, which is just ¢ without its proper faces. We define the
polyhedral star of o to be

TeC,0<T

Lemma 2.2.30. Let C be a polyhedral complex in T x R®. For o € C the polyhedral
star Q, of o is an open neighborhood of & in |C|.

Proof. Since o < o, we have & C Q,. Let z € Q,. Let B be an open neighborhood
of z in T" x R® that only intersects polyhedra in C that contain z. Then we have
Bn|C|cC U 7 and since z € €, there exists some v € C such that z € v and 0 < v.

T:ZET
Now if z € 7, then z € v N7, which is a face of both. But since z € © this can not be a

proper face of v, hence v N7 = v. Thus we have v < 7 and by transitivity o < 7. We
have shown {r € C|z € 7} C {r € C|o < 7}. This shows in turn that |J 7C |J 7

TZET T:0<T

and thus BN |C| C |J 7 = Q,. Hence for every point z € Q,, the set Q, contains
T:0<T
an open neighborhood of z in |C |, which shows that Q, C |C]| is an open set. O

Lemma 2.2.31. Let 11,...,7, € C. Then the set of polyhedra in C which contain all
7; 1s either empty or has a unique minimal (i.e. smallest) element o+, ;. Further we

have () Q. =
=1

1=

Ory...mn *

Proof. The first assertion is clear since the set of polyhedra which contain all 7; is closed
under intersection. The second part is straight from the definition, since

QTi - U V= U V= QUTl ,,,,, ™ *

1 viT; <UVi ViOry ... ,mn <V

n
1=

O]

Lemma 2.2.32. Let C be a polyhedral complex in R". Let 0 € C and z € 6. Then Q,
1s polyhedrally star shaped with respect to z.

Proof. Let D be the polyhedral complex whose maximal polyhedra are the maximal
ones in C that contain o. Let 7 € D be maximal and y € 7 N €),. Then there exists v
such that y € v and 0 < v < 7. Then [y,z) C v and hence [y,z] CvUd C Q, N T.
This just means that 7 N, is star shaped, hence €, is polyhedrally star shaped. [

Proposition 2.2.33. Let C be a polyhedral complex in T" x R® such that | C | is reqular
at infinity (i.e. locally isomorphic to T XY forY a polyhedral subspace of some Rsl).
Let o in C. Then

HY9(Q,) = 0 for p > 0 and Hy(Q,) = F(0).
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Proof. In the case p = 0, this follows exactly like in the proof of Proposition [2.2.25
For the case p > 0, we may assume that o contains (—oo,...,—00,0,...,0). We do
induction on 7, with » = 0 being just the Poincaré lemma [2.2.15 and Lemma
The proof now works exactly as the one of Theorem [2.2.27] replacing U by €,. Note
that (€2,),} is the polyhedral star of oy, in Cy,y and V' and V'’ have minimal face
(—00,...,—00,R) x 0. O

Theorem 2.2.34. Let X be a polyhedral subspace of T" x R®, which is reqular at
infinity. Then HYY(X) is finite dimensional for all p,q € Ny.

Proof. Fix a polyhedral structure C on X. Let 7,...,7; be the minimal polyhedra of
C. We claim that the family (Q,)i=1 % is a good cover of X. Let therefore z € X.
Then z is in the relative interior of some polyhedron ¢ and there is 7; such that 7; < o.
This means however that z € ();,. Hence we have a cover and Lemma precisely
shows that this is a good cover, as defined in Definition [A:2.1] Now Lemma[A-2.2] shows
our result. O

Corollary 2.2.35. Let C be a polyhedral complex in T" x R® such that |C | is regular at
infinity. Let o € C. Then there is a surjective map Hg,’k(Qg) — HK(Q,). In particular
HE(Q,) is finite dimensional for all k € Ny.

Proof. By Lemma [2.1.64] the inclusion A%*(Q) — A*(Q) induces Hg,’k(Q) — HkQ)
(note that Hc(l),’k = ker(dp ;,)). Now Corollary [2.2.28 shows the surjectivity and Propo-
sition [2.2.33| shows that Hg,’k(QU) is finite dimensional, hence H%(£,) is. O

Theorem 2.2.36. Let X be a polyhedral subspace of T" x R® which is reqular at infinity.
Then HY(X) is finite dimensional for all k € Ny.

Proof. Fix a polyhedral structure C on X. Let 7q,...,7s be the minimal polyhedra in
C. Again, as in the proof of Theorem [2.2.34] (Q,)i=1,..s is a cover of X. By Corollary
2.2.35 and Lemma [2.2.33] this is a reasonable cover. Hence shows our result. O

2.2.4 Poincaré duality

In this subsection, we prove Poincaré duality for tropical manifolds. These are polyhe-
dral spaces which are locally modeled on Bergman fans of matroids. The key tool is a
recursive description of matroidal fans using tropical modifications, which was shown
by Shaw in [Shal3, Proposition 2.25]. We then use exact sequences to compare the
cohomology groups and the cohomology groups with compact support for different ma-
troidal fans and derive Poincaré duality for matroidal fans inductively. We pass to
tropical manifolds via a sheaf theoretic argument.

The presentation here is essentially the same as in [JSS15| Section 4]. Note that we
use the identification of tropical cohomology with the cohomology of superforms from
[JSS15, Theorem 3.15]. For that reason we will work with the cohomology with respect
to the operator d”. The statements are of course equivalently true for the operator d’,
but for the operator d” the indexing is the same as tropical cohomology. We also write
HP4 for HYP.
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Definition 2.2.37. Let X be a tropical space of dimension n. We define

PD: AP4(X) — ATP4(X)*,

a— 6>—>5/0¢/\B

X

where A7 7P"79(X)* := Homg (AP 9(X), R) denotes the (non-topological) dual vec-
tor space of A77P"79(X) and £ = (—1)PT92 if ¢ is even and £ = (—1)@HD/2 if ¢ is
odd.

Remark 2.2.38. By Stokes’ theorem [2.1.63, we have for a« € AP9(X) and § €
Ar=Pn=a=1(X) the following

0= /d”(aAﬁ) = /d”aAﬁ+/(—1)P+qa/\d”B.

X X X
Thus
/d"a AB = (—1)ptatt /a Ad'B.
X X

Therefore our choice of € implies that we have a morphism of complexes
PD: AP*(X) — AL P"*(X)¥,

where the complex A”?7P"~*(X)* is equipped with the dual maps d”* as the differential.
We now get a map in cohomology

PD: Hg,’,q(X) — H;,:f’”_q(X)*,
since we have
HUATP™(X)*,d") = (Hg(AZ7P"*(X),d"))" = Hy, D" 9(X)*.

Definition 2.2.39. Let X be an n-dimensional tropical space. We say that X has
Poincaré duality (PD) if the Poincaré duality map

PD: HPY(X) — H! P 9(X)*
is an isomorphism for all p, q.

Before we show that tropical manifolds (cf. Definition [2.2.41] below) have Poincaré
duality, we give an example that shows that not all tropical spaces do.

Example 2.2.40. Let X be the union of the coordinate axes in R?. Then X is
connected, thus H%°(X) ~ R. However a form of positive degree on X is just given

by a pair for forms, one on each of the axes. It is thus easy to see that we have
1,1 2
H. (X) ~R=.
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Tropical manifolds are tropical spaces locally modeled on matroidal fans. Matroids
are a combinatorial abstraction of the notion of independence in mathematics. See
[OxI11] for a comprehensive introduction to the theory of matroids. Every matroid has
a representation as a fan tropical cycle (cf. [Stu02]). A way of explicitly constructing
this fan can be found in [Shal3, Section 2.4] (or [F'S05, [AK06]). Here matroidal fans
are always equipped with weights 1 on all facets.

Definition 2.2.41. A tropical manifold is a tropical space X of dimension n such that
there is an atlas A = (¢;: U; — Q; C X;), where all X; are of the form T" x V; for
matroidal fans V; of dimension n — r; in R%i,

Construction 2.2.42. We now describe the operation of tropical modification (see
[BIMS15] for a more detailed introduction). Let W C R"~! be a tropical variety and
P:R"™™! — R a piecewise integral affine function. The graph I'p(W) C R” is an R-
rational polyhedral complex, which inherits weights from the weights of W. In general,
this graph is not a tropical cycle, since it does not satisfy the balancing condition,
because P is only piecewise linear. However, the graph I'p(W) can be completed to a
tropical cycle V' in a canonical way; at a codimension 1 face E of I'p(WW) not satisfying
the balancing condition attach a facet to F generated by the direction —e,. Then this
facet can be equipped with a unique integer weight so that the resulting polyhedral
complex is now balanced at E. Applying this procedure at all codimension one facets
of I'p(W) produces a tropical cycle V. Notice that there is a map §: V' — W induced
by the linear projection. The divisor of the piecewise integer affine function P restricted
to W is a tropical cycle divyy (P) C W which is supported on the points w € W such
that §~!(w) is a half-line. The weights on the facets of divyy (P) are inherited from the
weights of V.

Definition 2.2.43. Let W C R"~! be a tropical cycle and P: R” — R a piecewise
integer affine function, then the open tropical modification of W along P is the map
6: V. — W where V C R" is the tropical cycle described above. A closed tropical
modification is a map 6: V — W where V C R"™! x T is the closure of V and ¢ is the
extension of 4.

A matroidal tropical modification is a modification where V, W, and divyy (P) are
all matroidal fans.

Remark 2.2.44. Note that for a closed tropical modification 6: V — W with divisor
D, we have that 0|37 : V; — D identifies the subspace V, = {z € V | , = —oco} with
D. We thus may also consider D as a subspace of V.

We begin by showing that matroidal fans in R” have Poincaré duality. To do this we
use an alternative recursive description of matroidal fans via tropical modifications. In
the language of matroids, the operation of tropical modification is related to deletions
and contractions.

It follows from the next proposition that for any matroidal fan V' C R" of dimension
n there is a sequence of open matroidal tropical modifications V. — W7, — ... —
Wy—p =R,
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Proposition 2.2.45. Let V C R" be a matroidal fan, then there is a coordinate direc-
tion e; such that the linear projection 6: R" — R™™1 with kernel generated by e; is a
matroidal tropical modification § : V. — W along a piecewise integer affine function P,
i.e. W CR™™! and D = diviy(P) C R"~! are matroidal fans.

Proof. [Shal3 Proposition 2.25] O

Tropical cohomology is invariant under closed tropical modifications [Shal5l Theo-
rem 4.13]. The next lemma checks that these isomorphisms also apply to cohomology
with compact support and that they are compatible with the PD map.

Proposition 2.2.46. Let §: V — W be a closed tropical modification of matroidal fans
where W C R™™! and V C R™™! x T. Then there are isomorphisms

5t HPUW) — HPU(V)  and 6% HPI(W) — HP(V),

which are induced by the pullback of superforms and are compatible with the Poincaré
duality map.

Proof. The fact that 6* is an isomorphism for tropical cohomology is shown in [Shal5l
Theorem 4.13]. By Proposition [JSS15l, Proposition 3.20] this also applies to HP4. The
same arguments as used in [Shal5, Theorem 4.13] work for cohomology with compact
support, since ¢ and the homotopy used there are proper maps. Thus again by [JSS15]
Proposition 3.20], this also applies to HY%.

To show that the isomorphism 6* is compatible with the Poincaré duality map, it
suffices to show that for w € A" (W) we have

o s

since the wedge product is compatible with the pullback. The fan W is the push-
forward of V' N R" along & in the sense of polyhedral subspaces (cf. Definition [2.1.51)
and then the result follows from the projection formula because the support of
5~ 1(w) is contained in V NR" by Lemma O

The next statements relate the cohomology groups of the matroidal fans appearing
in an open tropical modification by exact sequences.

Proposition 2.2.47. Let € be an open subset of a polyhedral subspace in T". Let
i €[r] and write D = QNT, and U :=Q\ D. Then there exists a long exact sequence
i cohomology with compact support

... — HPY(D) = HPY(U) — HP(Q) — HPY(D) — HP ™ (U) — ...

Proof. Note first that U and §2 are polyhedral spaces via the inclusion into T". Further
D is a polyhedral space via the inclusion into T;. We claim that the natural sequence
of complexes

0= AGS(U) = AGL(Q) — AR (D) = 0
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is exact. By the condition of compatibility, if a superform restricts to 0 on D, then it
must be 0 on a neighborhood of D. This shows exactness in the middle of the short
exact sequence. Both surjectivity of the last map and injectivity of the first map are
clear. The result then follows by the long exact cohomology sequence. O

If §: V — W is a tropical modification with divisor D, upon writing U := V and
Q :=V we can apply Proposition where we identify D with the subspace of V
given by V NT", as explained in Remark Together with Proposition we
can relate the cohomology with compact support of V' with the ones of W and D.

Lemma 2.2.48. Let V C R" be a matroidal fan of dimension n. Then for all p
HPU(V) =0 if g # .

Proof. The lemma is proven by induction on 7, which is the dimension of the surround-
ing space. When r = 0 the assertion is clear. We now argue from r — 1 to r: If r = n,
we are in the case V' = R", since R" is the only matroidal fan of dimension n in R".
Then we have H?Y(R") = APR™ @ H(R"), where H{(R") denotes the usual de Rham
cohomology with compact support of R”. We have HZ(R™) = 0 unless ¢ = n, thus we
have the statement in this case. Otherwise r > n and we can apply Proposition
Thus there exists a matroidal fan W and a tropical modification : V' — W whose
divisor D C W is a matroidal fan. Now by the induction assumption, HY(D) = 0
unless ¢ = n — 1 and HP9(W) = 0 unless ¢ = n. Applying the long exact sequence
from Proposition and replacing HY?(V') with HP4(W) by Proposition we
have

.= HPUY D) — HPYV) — HPYW) — ...,
thus we obtain that H2?(V) = 0 if ¢ # n and the lemma is proven. O

The following short exact sequence involving the (p,0)-cohomology groups of ma-
troidal fans is a consequence of a short exact sequence for Orlik-Solomon algebras of
matroids [OT92]. For the translation to our setting see [Shalll Lemma 2.2.7] and
[Zhal3]. Recall the contraction of superforms we defined in Definition

Lemma 2.2.49. Let V C R™ and W C R” be matroidal fans and §5: V — W be an
open tropical modification along a divisor D C W which is a matroidal fan, then

(- sei)p

0—— HPO(W) — HPO(v) 10 (p)
s an exact sequence.

It follows from [Shall] that the map HP°(V) — HP~10(D) in the exact sequence
above is induced by the contraction (- ;e;), with e; in the p-th component, where the
vector e; generates the kernel of the linear projection giving the map §: V' — W. Note
that this map is not induced by a map on the level of forms. However for a closed
(p,0)-form a, the form (o;e;), € LP71(V) is then the restriction of a unique form in
Ep_l’O(V) and we can restrict this form to D, since we can identify D with a subspace
of V. This is easy to see once we use the identifications from Proposition
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Lemma 2.2.50. Let 6: V. — W be an open tropical modification of matroidal fans
V C R™! and W C R" along a divisor D C W which is a matroidal fan. Then the
diagram

HPO(V) _ e HP=19(D)

iPD lPD l(—l)”_1 PD
0 chip’n(W)* ch*pyn(v)* g HCTL*P,TL*I(D)* 0’

0

0—— HPO(W)

which is obtained by the exact sequences in Proposition [2.2.47 and Lemma [2.2.79, is
commutative.

Proof. Note that by Proposition [2.2.46] the statement is equivalent to the one we obtain
when replacing W by V. Then the fact that the first square commutes is immediate.
The map g: HY " H(D) — HI " (V) is the boundary operator in a long exact coho-
mology sequence. We recall its construction: For a closed superform 3 € A" P"~1(D),
take any lift 1(3) € A?"P"~Y(V) such that I(8)|p = B. Then d"(I(B)) restricts to 0
on D and thus is a superform with compact support on V. Then ¢(/3) is given by the
class of d”(1(3)) in H. P"(V). As usual this does not depend on the choice of I(3).
We have to show that for all closed forms o € AP?(V) and 8 € A?"P""1(V) we have

(—1) / a nd"(I()) = (~1)™* / (aseip A B

%4 D

for some lift I(/3), where e; is the coordinate direction of the modification. Let P be
the piecewise affine function of the modification and P/ = P — 1. The graph of P’
divides V into two polyhedral complexes, one living above the graph and the other one
below, which we denote by C; and Cs, respectively. Equip all facets of both polyhedral
complexes C; and Co with weight 1. Note that 6(|C2|) € D. We find a lift I(3) €
AP=1 (V) such that 1(B)ljcy| = (8]jcy)*(B). Then we have

[andwe)= [anawe)+ [andwo = [andaas).
1%

C1 Co C1

By Stokes’ theorem [2.1.49 and the Leibniz rule we have

Jandue)= v [anie)

C1 0Cy

It follows from the proof of [Gub13a, Theorem 3.8] that the boundary integral of aAl(/5)
over balanced codimension 1 faces vanishes. We further have that the unbalanced
faces of Cy are precisely the ones in the polyhedral subspace D’ := C;NI'p/(W) =
CoNCp/(W). The facets of the polyhedral subspace D’ are equipped with weight 1.
Thus we obtain

[ anie) = [tanisyen.

0Cy D’
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Since I(B)|pr = (6|pr)*(B) and d(e;) = 0, we have that (I(3);e;)p|pr = 0 and therefore

/ (@ AU(B), ei)n = (~1)" / (@ A U(B); ex)p = (1) / (s ey A(B).

D’ D’ D’

Altogether, we obtain

/ a nd"(I()) = (~1)" / (s ei)p AL(H).

\4 D’

Denote by F: W — I'p/(W) the map into the graph of the function P’. Then there
exist polyhedral structures D on D and D’ on D', such that for each facet o of D the
restriction F|, is linear, the image F(o) is a facet of D’ and each facet of D’ is of
this form. Then the inverse of F|, is given by d|,s. Thus §|,s is an isomorphism of
R-rational polyhedra for each ¢’ € D'. Since we have that §* preserves («;e;), and
(6|p)*B = U(B)|pr we obtain

/(a; ei)p N1U(B) = /<Oé;€z'>p A B,
D

D/
which concludes the proof. O

Proposition 2.2.51. Let V C R" be a matroidal fan, then V has Poincaré duality.

Proof. Let n be the dimension of V. We perform induction on r. The base case r =0
is obvious.

For the induction step, we have two cases, these being n = r and n < r. If n = r, then
V =R" and we have

HPYR") = APR™ © HYR") and HPYR") = APR™ © HI(R"),

where HY, respectively H¢, denote the usual de Rham cohomology. Thus we know
HPA4(R") =0 and Ho P""9(R™) = 0 unless ¢ = 0. Otherwise HPO(R") = APR™ and
HP™M(R™) = A" PR™ and the PD map is just (—1)? times the map induced by the
canonical pairing APR™ x A""PR"™* — A"R™ = R. Since this pairing is non-degenerate
the PD map is an isomorphism.

If n < r then by Theorem [2.2.27]and Lemma[2.2.48|the only non-trivial case to check
is when ¢ = 0. In other words, that PD: HP9(V) — H; P"(V)* is an isomorphism.
Consider an open tropical modification 6: V. — W along a divisor D where D, W C
R"~! are matroidal fans. Now D and W have PD by the induction hypothesis, so
that in the commutative diagram from Lemma the vertical arrows on the left
and right are isomorphisms. By the five lemma we obtain PD for V' C R" and the
proposition is proven. ]

The next two lemmas help to prove Proposition [2.2.54} which is analogous to Propo-
sition [2.2.51] but for spaces of the form V x T" where V is a matroidal fan. We will
relate the cohomologies of V' x T", V x R" and V' by way of an exact sequence.
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Lemma 2.2.52. Let Y =V x T" for a polyhedral fan V. Then we have a short exact
sequence

(- sei)p

0——= HPO(Y x T) — HPO(Y x R) —= HP~10(Y) ——=0
where e; is the coordinate of R in Y x R.

Proof. We use the explicit calculation in Proposition [2.2.25] First this shows that none
of the cohomology groups in the statement change when we replace Y by V, thus we
assume Y = V. After identifying £P with HP* and undualizing we have to show that

(2.9) 0 > APL(0) ¥ Y APL(e x R) = > APL(0) — 0
oceY oeY oeY

is exact. The first map is clearly injective and the last map is clearly surjective. For
exactness in the middle notice that the composition of the maps is certainly zero and

that any element v € >  APL(0 x R) can be writtenasv = > v, + | > vé) A e; for
oeY ocY ocY

vy € APL(0) and v/, € AP (). Now if v maps to zero, it is of the form ( > Uf,) Ne;
ceY
and thus in the image of Ae;. This proves exactness. O

Lemma 2.2.53. Let Y =V x T" of dimension n, where V. C R® is a matroidal fan,
then the following diagram

HPO(Y x T) HPO(Y x R) ——“"__ pp=10(y)

iPD lPD l(—l)” PD

Hg—p-‘rl,n—i-l(y % T)* Hg—P-H,?H-l(Y % R)* g Hg-l’-ﬁ-l,n(y)*?

which is obtained by the sequences in Proposition and Lemma commutes.

Proof. The proof follows exactly along the lines of the proof of the commutativity of
the diagram in Lemma [2.2.50 forﬁtropical modifications with Y replacing D, Y x R
replacing V and Y x T replacing V and P’ being any constant function. O

Proposition 2.2.54. Let Y = V x T" for a matroidal fan V. C R®. Then Y has
Poincaré duality.

Proof. We do induction on r with r = 0 being Proposition For the induction
step we have to show that if Y has PD then Y x T also has PD. Since Y is a basic
open subset, HP4(Y) = 0 unless ¢ = 0 by Theorem Since Y has PD, we have
HP1(Y) = 0 unless ¢ = n = dim(Y). Note also that Y x R =V x R x T" and so this
space has PD. We therefore also have H??(Y x R) = 0 unless ¢ = n+1 = dim(Y x R).
Now the sequence from Proposition yields that H?Y(Y x T) =0 if ¢ # n,n+ 1
and that

(2.10) 0 — HP™(Y x T) — HP™Y) L HPm (Y x R) — HP™ (Y x T) — 0
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is exact. By the commutativity of the second square of the diagram in Lemma
the map f is up so sign the dual map to ( - ;e;),, once we use PD for ¥ and ¥ x R
to identify HPO(Y x R) & HI PTE Ty « R)* and HP-1O(Y) = HI PTH"(Y)*. Now
(- ;ei)p is known to be surjective by Lemma thus f is injective and we have
HP(Y x T) = 0 unless ¢ = n+ 1. Since Y x T is a basic open subset, we also
know HP4(Y x T) = 0 unless ¢ = 0 by Theorem thus we only have to consider
PD : HPO(Y x T) — HI Py x T). Note that this is precisely the first vertical
map in the diagram in Lemma and that the respective first horizontal maps are
injective by Lemma and the sequence . Since the other vertical maps are
isomorphisms, this shows that Y x T has PD. O

Before we complete the proof of Theorem [2.2.58] we make the following observation.

Remark 2.2.55. By Proposition and Theorem we have HP9(V x T") =
HP4(V). Since Poincaré duality holds for these spaces, we further have HZ(V) =
HPTMIH(V % T"). This is the same behavior that taking the product with C exhibits
for classical Dolbeault cohomology.

The following technical lemma allows us to deduce Poincaré duality for basic open
subsets of matroidal fans.

Lemma 2.2.56. Let Y =V xT" C R®* X T" for a matroidal fan V- C R® and 2 a basic
open neighborhood of (0,...,0,—00,...,—00). Then there are canonical isomorphisms

HPUY) — HP(Q) and
HPA(0) — HPY(Y)

which are induced by restriction and inclusion of superforms. In particular € has PD.

Proof. For HP? this follows immediately from the explicit calculation we did in Propo-
sition [2.2.25] For cohomology with compact support, we first see that there is a home-
omorphism between U and Y which respects strata and polyhedra. This induces an
isomorphism of compactly supported tropical cohomology and thus we already know
HP(Q) =2 HP(Y) by [JSSIE, Theorem 3.18]. By PD for Y we furthermore know
that these cohomology groups are finite dimensional, thus it is sufficient to show that
inclusion of superforms induces a surjective map on cohomology. Again by PD for Y
this is trivial if ¢ # n := dimY. We choose a basis ar,...,a, of H??(Y). By PD for
Y there exist wi,...,wr € He P"(Y) such that [}, a; Aw; = ;5 and for surjectivity of
HP™MQ) — H!P"(Y) it is sufficient to show that there exist 8,..., 8 € He P"(Q)
such that [, a; A B; # 0 if and only if i = j. Let B be the union of the supports of all
w; and C' € Ry and v € R" such that B C C-Q)4wv. Define F' to be the extended affine
map given by w — C-w + v and set §; := F*(w;) € A24(Q) for all i. Since a; € LP(Y')
we have F*(«;) = CPa; and thus we have

/ai/\ﬁj:/ai/\F*(wj) :C'p/F*(ai/\wj) :Cmip(sij,
Y Y Y

where the last equality is given by the transformation formula Proposition [2.1.9, This
proves surjectivity and thus the lemma. O
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Lemma 2.2.57. Let V be a matroidal fan in R°, Y =V x T" and Q) a basic open
subset of Y. Then €2 has PD.

Proof. If I C [r] is the maximal sedentarity among points of €2, then 2 is a basic open
subset of V' x THI x R™=II of maximal sedentarity. Let x be a point in the relative
interior of the minimal face of the basic open set 2. The polyhedral star Q,(V') of any
point in a matroidal fan is again a matroidal fan, see [AK06|, Proposition 2|. Applying
this fact to the fan V x R"~H| we obtain that, after translation of z to the origin, € is a
basic open neighborhood of (0,...,0,—00,...,—00) in the matroidal fan Q, (V) x T,
Thus we are now in the situation of Lemma which shows that €2 has PD. O

Theorem 2.2.58. Let X be an n-dimensional tropical manifold. Then the Poincaré
duality map is an isomorphism for all p,q.

Proof. We write A29* for the presheaf U — Hompg(A29(U),R). Then AP?* is a sheaf,
since AP? is fine. Furthermore, A29* is a flasque sheaf, since for U’ C U the inclusion
AP4(U") — APA(U) is injective. We then obtain the commutative diagram

0—=LP APO T ppd

b e

/1%
D n—pn* d n—p,n—1%*
0> P grpn* 4 ynep,

and we have
HI(AZP=(U),d") = (Hy(AZP"*(U),d"))* = HF7P"9(U)*.

If we consider the sections of this diagram over a basic open subset, then the first row
is exact by Theorem [2.2.27] By Lemma the second row is then also exact. This
shows that both rows are exact sequences of sheaves on X. Thus we have a commutative
diagram of acyclic resolutions of £P, thus PD induces isomorphisms on the cohomology
of the complexes of global sections, which precisely means that X has PD. O

Corollary 2.2.59. Let X be a compact tropical manifold of dimension n. Then
PD: HPY(X) — H" P"I(X)*

s an isomorphism for all p, q.



Chapter 3

Differential forms on Berkovich
analytic spaces and their
cohomology

In this chapter, we consider real-valued differential forms on Berkovich spaces. These
are defined by locally using tropicalizations and the theory of superforms on polyhedral
(sub)spaces. We first recall the respective tropicalization maps in Section In Sec-
tion consider different approaches to define these differential forms and show that
they all produce the same forms. In Subsection we recall Gubler’s approach to
these forms using algebraic moment maps and canonical tropical charts. In Subsection
we then define new approaches, using A- resp. T-moment maps. We do this
with the help of the theory of differential forms on polyhedral subspaces of T" resp.
polyhedral spaces, which we developed in Chapter [2| In Section we show that the
new approaches also work when K is trivially valued. In the last Section we study
the cohomology defined by these forms.

In this chapter, K is an algebraically closed field which is complete with respect to
a non-archimedean absolute value. In Section we assume that this abolsute value
is non-trivial. In Section [3.3| we explain the trivially valued case.

A variety is an irreducible reduced separated K-scheme of finite type. For a variety
X we denote by X®" the associated analytic space in the sense of Berkovich. For a
morphism F': X — Y we denote by F": X?" — Y3 its analytification (cf. [Ber90]).

3.1 Tropicalizations

In this section we recall properties of tropicalizations. We consider classical tropicaliza-
tion of tori as well as tropicalization of affine space and extended tropicalization of toric
varieties in the sense of Payne (cf. [Pay(09]). We relate these notions with polyhedral
(sub)spaces considered in Chapter

Definition 3.1.1. Let Z be a closed subvariety of G7, = Spec(K[T=!, ..., TF]). The
space Gy is then the set of multiplicative seminorms on K[Ti, ..., T+ extending

53
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the absolute value on K. We denote by Trop(Z) the image of Z*" under the tropical-
ization map

trop : G;* — R”
|.|z = (log|T1]z - .., log|Ty|z)-

Note that we differ in sign from e.g. [Gubl3al, |(Gub13bl [Pay09] here, because of the
following extension: Let Z be a closed subvariety of A" = Spec(K[T1,...,T;]). Then
we define Trop(Z) to be the image of Z*" under the tropicalization map

trop : A" — T"
||z — (log|T1|z, - - -, log |Tr|z)-

Lemma 3.1.2. Let Z C A" be a closed subvariety. Then trop : Z*" — Trop(Z) is a
continuous proper map of topological spaces and Trop(Z) is a closed subset of T". If K
18 non trivially valued, then we have

Trop(Z) = trop(Za»(K)) = trop(Z(K)).

The corresponding statements for subvarieties of GJ,, are well known and their proofs
work very similarly.

Proof. Continuity follows directly from the definition of the Berkovich topology. Any
compact subset of T" is contained in a product of intervals [a;, b;], with a;,b; € T. The
preimage of this product of intervals is by definition a Laurent domain in A™*" thus
affinoid and therefore compact. This shows that trop : A" — T" is proper. Now
since Z®" is a closed subset of A", the restriction trop : Z*" — T" is proper. It thus
has closed image, which shows that Trop(Z) is closed. Further trop : Z*" — Trop(Z)
is proper.

If K is non-trivially valued, then Z*"(K) = Z(K) is dense in Z®". This shows the
last statement. O

Theorem 3.1.3 (Bieri-Groves). Let Z be a closed subvariety of G, of dimension n.
Then Trop(Z) is an n-dimensional R-rational polyhedral subspace of R".

Proof. This was originally proven by Bieri and Groves. See [Gub13bl Theorem 3.3] for
a nice summary of proofs in different setups and generalities. O

Lemma 3.1.4. Let Z be a closed subvariety of A" such that Z' :== G NZ is non-empty.
Then Trop(Z) is the closure in T" of Trop(Z') C R".

Proof. By irreducibility of Z we have Z/ = Z and thus Z'*™ = Z®'. Therefore
Trop(Z) = trop(Z*") = trop(Z'a») C Trop(Z’) = Trop(Z’). Since further Trop(Z)
is closed by Lemma and contains Trop(Z’) we have equality. O

Corollary 3.1.5. Let Z be a closed subvariety of A" of dimension n. Then Trop(Z)
1s an n-dimensional R-rational polyhedral subspace of T".
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Proof. Let I C [r] be the set of indices such that T;| z = 0. Then Z is a closed subvariety
of the vanishing locus V((T;);er) ~ A"MI After replacing A" by this we may assume
that that Z' := ZNG], is non-empty. Then Trop(Z) = Trop(Z’) by Lemma Since
Trop(Z’) is a polyhedral space in R” by Theorem Trop(Z) is a polyhedral space
in T". Rationality now follows from rationality of Trop(Z’) and Remark O

Definition 3.1.6. Let N be a free abelian group of rank n, M its dual and denote
by Ng resp. Mg the respective scalar extensions to R. A rational cone o € Ny is a
polyhedron defined by equations of the form ¢(.) > 0 with ¢ € M, which does not
contain a positive dimensional linear subspace. A rational fan A in Ng is a polyhedral
complex all of whose polyhedra are rational cones. For ¢ € A we define the monoid
Sy = {p € M| ¢(v) > 0 for all v € o}. We denote by U, := Spec(K[S,|). For 7 < o
we obtain open immersions U, — U,. We define the toric variety YA to be the gluing
of the (Uy)sen along these open immersions. For an introduction to toric varieties, see
for example [Ful93].

Remark 3.1.7. The toric variety YA comes with an open immersion 7" — YA, where

T = Spec(K[M]) and a T-action which extended the group action of T" on itself by

translation. In fact any normal variety with such an immersion and action arises by the

above described procedure ([CLS11, Corollary 3.1.8]). This was shown by Sumihiro.
Choosing a basis of N gives an identification N ~ Z" ~ M and T ~ GI,.

Definition 3.1.8. Let A C Ng be a fan and YA be the corresponding toric variety.
Payne defined in [Pay09] a tropicalization map

trop : YA" — Trop(Ya)

to the topological space Trop(Ya) as follows:
For o € A, write N(o) := Ng/span(c). Then as a set we have

Trop(Ya) = [[ N(o).
oEA

The topology of Trop(Y) is given in the following way:
For o0 € A we consider the affine toric subvariety U,. By the definition above we have
Trop(U,) = [] Nr. This is naturally identified with Hompioneids(Ss, T) (for details,

<0
cf. [Pay09, Section 3]). We give Trop(U,) the subspace topology of T°>. For 7 < o, the
space Hom(S;, T) is naturally identified with the open subspace of Homyoneids(Se, T)
of maps which map 7+ N M to R. We then define the topology of Trop(Ya) to be the
one obtained by gluing along these identifications.
For Z a closed subvariety of YA we define Trop(Z) to be the image of Z*" under
trop : YR — Trop(Ya).

Lemma 3.1.9. Let YA be a toric variety of dimension n with corresponding fan A.
Then the tropicalization Trop(YA) of Ya has a canonical structure as an n-dimensional
R-rational polyhedral space.
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Proof. Let 0 € A and choose a finite generator set B, of the monoid S,. As noted in
[Pay09, Remark 3.1] this gives rise to an identification Hom(S,, T) with a subspace of
T and thus to an embedding ¢, : Trop(U,) < T". Further B, also gives rise to a
closed immersion ¢p, : U, — A". The diagram

(pan
(3.1) R e A
l trop
YB,

Trop(Us) T"
commutes and thus the image g (Trop(U,)) C T" agrees with Trop(¢p, (Uy)) in the
sense of Definition We conclude by Corollary that this is indeed a tropical
subspace.

Let M be a set of pairs (o, B,) such that

i) 0 € A and B, is a finite generating set of .S,.
ii) Each maximal o € A appears in at least one pair in M.

We define an atlas for Trop(Ya) by

(3.2) Ay = (5, : Trop(Uy) = Trop(ws, (U,)) € TF) .
(0,Bs)EM

The domains of these cover Trop(Ya). Further, Definition i) is satisfied by
our discussion above. We show that all these are indeed atlases and are equivalent by
showing that their union is an atlas, for which we need to show that coordinate changes
g, o ¢§i for o, 7 € A are extended affine maps.

We do this in two cases, first assuming that ¢ = 7 and just varying the generator
sets and then assuming 7 < ¢ and choosing special generating sets. The general case
then follows.

If o = 7, then the matrix of ¢p, , o ¢§in is just given by the presentation of the
elements of B, 1 as a linear combination of elements of B, 2. Since these are generating
sets of monoids, all entries are positive.

If 7 < o, we choose B, in such a way that a subset {vy,...,v;} generates N M.
Then we take B; := B, U{—wv1,...,—vi}. The map ¢p_o @Dgi is again just given by
writing the elements of B, as a linear combination of elements of B; and this again only
has positive entries. For ¢)p_ o w; we write the elements of B; as a linear combination
of elements of B,. Denote the corresponding matrix by D. By construction of B, the

only entries of D are on the diagonal and they are all 1 or —1. Further, if b; = —1,
then Trop(¢p.(U;)) does not contain any points whose sedentarity contains i. Thus D
defines a well defined extended affine map Trop(yp, (Ur)) — Trop(¢s, (Ur)). O

Corollary 3.1.10. Let Z be an n-dimensional closed subvariety of a toric variety Ya.
Then the canonical structure of Trop(Ya) as a polyhedral space induces a canonical
structure for Trop(Z) as a polyhedral space of dimension n.
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Proof. Restricting the charts of the atlas constructed in Lemma to Trop(U,NZ) =
Trop(Uy) N Trop(Z) defines an atlas for Trop(Z) by Corollary O

Lemma 3.1.11. Let Z be a closed subvariety of a toric variety Ya. The tropicalization
map trop : Z*" — Trop(Z) is a proper map of topological spaces.

Proof. Since Z*" is a closed subvariety of YX", it is enough to show this for Z = YA. The
tropicalization map of YA is just the gluing of the tropicalization maps for open affine
toric subvarieties U,. Since properness is a local property, we may thus assume YA = U,
is affine. Now any finite generating set B, gives a closed immersion ¢p, : U, — A"
and an embedding ¢¥p_ : Trop(U,) < T". The commutativity of diagram and
properness of trop : A" — T" show the result. O

Remark 3.1.12. Let Z be a closed irreducible subset of a toric variety YA that meets
the dense torus GJ,,. Note that by construction of the atlas for Trop(Z) resp. Trop(Ya)
the set Trop(Gj, N Z) is a dense open subset of Trop(Z) which admits a chart to R".

Remark 3.1.13. Let L/M be an extension of non-archimedean, algebraically closed
complete fields. Let Z be a closed subvariety of G}, ,, and denote by Z, := Z x Spec(L)
the base change to L. Then Zy, is a subvariety of Gy, ;. By [Pay09] Section 6, Appendix]
we have Trop(Z) = Trop(Zr)

Definition 3.1.14. Let Z be a closed subvariety of G],,. We define weights on Trop(Z)
as follows: If K is non-trivially valued, let z € Trop(Z) and ¢t € Z*"(K) = Z(K) such
that trop(t) = z. Since Z is integral, so is t71Z and thus its Zariski closure (with the
induced reduced structure) and its scheme theoretic closure in Gy, . agree. We write
in,(Z) for the special fiber of this closure. We then define m(x) := > my, where the
sum goes over the irreducible components W of in,(Z) and my is the multiplicity of
the component W.

If K is trivially valued we choose an extension L/K such that L is non-trivally
valued, complete and algebraically closed. We then define m on Trop(Z) = Trop(Zy)
as above, using L as the ground field.

This procedure defines m for a dense subset of Trop(Z). It turns out that there is
a polyhedral structure C on Trop(Z) such that m(x) is constant over ¢ for all maximal
o € C. Thus Trop(Z) is a weighted R-rational polyhedral subspace in R". We refer to
[Gub13bl, Section 5 & Section 13| for details on these constructions.

Let Z be a closed subvariety of A". Then we observed in Corollary that
Trop(Z) is the closure of the tropicalization Trop(Z’) of the intersection Z’ = ZNG, for
some torus Gﬁ,;. We take on Trop(Z') a weighted polyhedral structure C as constructed
above. This induces a weighted polyhedral structure on Trop(Z), where the maximal
polyhedra are the closures in T" of the maximal ones in C and we assign the same
weight to the closure. This make Trop(Z) into a weighted polyhedral subspace of T".

Let Z be a closed subvariety of a toric variety Ya. Assume first that Z meets the
dense torus. Then by Remark there is a chart to R” with dense domain. We
define the weights in that chart as for the torus case. This determines the weights in
all other charts uniquely, if we want our transition maps to preserve weights.
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In general, let YA = [[Y; be the decomposition of YA into torus orbits. Since Z is
irreducible, it is contained in Y; for some i such that Y; N Z is non-empty. Then Z is
a closed subscheme of Y; and meets the dense torus Y;. We thus reduced to the case
where Z meets the dense torus.

Theorem 3.1.15. Let Z be a closed subvariety of G}, of dimension n. Then Trop(Z)
s a tropical variety in R™ of dimension n.

Proof. The case of trivial valuation was shown in [ST08, Corollary 3.8]. The general
case is derived from this in [Gub13b, Theorem 13.11]. O

Corollary 3.1.16. Let Z be a closed subvariety of A" of dimension n. Then Trop(Z)
s a tropical variety in T" of dimension n.

Proof. We may assume that Z/ = Z N G/, is non-empty. Then Trop(Z') is a tropical
variety by [3.1.15] The result follows them from Lemma [2.1.30| and Lemma O

Corollary 3.1.17. Let Z be a closed subvariety of a toric variety Ya. Then Trop(Z)
s an effective tropical space of dimension n.

Proof. We use the atlas constructed in Lemma [3.1.9] with the notations introduced
there. We have to show that for 0 € A and B, a finite generator set of S,, the image
of Yp, (trop(Z** NUZ")) C T" is a tropical variety with the weights as defined above.
We already saw in the proof of Lemma [3.1.9] that this equals Trop(¢% (Z*» NUZ")) as
a set and it is a direct consequence of Definition [3.1.14] that both viewpoints produce
the same weights . Now Trop(¢% (Z** NUZ")) is a tropical variety by Corollary |3.1.16
which proves the result. 0

The following result gives an application of the results from Subsection to the
cohomology of tropicalizations of closed subvarieties of tori.

Proposition 3.1.18. Let Z be a closed subvariety of a toric variety Ya. Assume
that Trop(Z) is regqular at infinity. Then HY(Trop(Z)) and HE(Trop(Z)) are finite
dimensional for all p,q, k € Ny.

Proof. Let o € A. Since Trop(Z) is regular at infinity, so is Trop(ZNU, ), and since this
is a polyhedral subspace of some T", we have that the cohomology groups of Trop(Z N
U,) are finite dimensional by Theorem and Theorem Thus (Trop(Z N
Us))sen is a reasonable cover of Trop(Z) and Lemma shows our result. O

k
Definition 3.1.19. Let Z = > \;Z; be an algebraic cycle on Gj,,. Then we define the
i=1
k
tropical cycle Trop(Z) := > \; Trop(Z;).
i=1

Definition 3.1.20. Let F': X — Y be a morphism of algebraic varieties. The degree
of F is defined as deg(F) := [K(X) : K(F(X))] if this is finite and 0 otherwise. We
define the push forward of X along F' to be the cycle Fi(X) := deg(F)F(X).




3.1. TROPICALIZATIONS 99

The following Theorem is originally due to Sturmfels and Tevelev (cf. [ST08]) in
the case of trivial valuation and was generalized by Baker, Payne and Rabinoff to the
case of non-trivial valuation.

Theorem 3.1.21 (Sturmfels-Tevelev-multiplicity-formula). Let Z be a closed subvari-
ety of G%. Let G% — G, be a morphism of algebraic groups. Then

Trop().(Trop(Z)) = Trop(vs(Z)).

Proof. See [Gub13bl Theorem 13.17], where this particular version is derived from
[BPR16), Corollary 7.3]. O
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3.2 Differential forms on Berkovich spaces

In this section, we recall the definition of differential forms on the analytification of
an algebraic variety by Gubler (cf. [Gubl3a]). We then give new and analogous defi-
nitions using the different types of tropicalizations from Section and the theory of
superforms on polyhedral spaces as introduced in Chapter We show that all these
produce the same sheaves and thus we can always use the most suitable definition when
studying differential forms on the Berkovich analytification of an algebraic variety.

Chambert-Loir and Ducros (cf. [CLD12]) define sheaves of differential forms for gen-
eral Berkovich analytic spaces. Gubler shows in |[Gub13al Section 7] that his approach
is equivalent to theirs in the algebraic case.

In this section, we require K to be algebraically closed, complete and non-trivally
valued. As before, X is a variety over K.

3.2.1 Approach using canonical tropical charts

In this subsection, we recall the algebraic approach to differential forms on the analytifi-
cation of an algebraic variety from [Gubl3a]. We give all the definitions and properties
we will use and give most proofs, for the convenience of the reader. The approach by
Chambert-Loir and Ducros in [CLD12] works in higher generality, but gives the same
forms in our setup (J[Gubl3al Section 7]). We choose to introduce Gubler’s approach
since we will give other approaches which work only in the algebraic case anyway.

Definition 3.2.1. Let X be a variety and U an open subset. Then a moment map of
U is amap ¢: U — G, for some r. The tropicalization of ¢ is

Ptrop := trop o™ : U™ — R".

Let U’ C U be another open subset and ¢': U’ — G’ be another moment map. We
say that ¢’ refines ¢ if there exists a morphism of tori ¢: G’,;; — G}, (by which we
mean a group homomorphism composed with a multiplicative translation), such that
p=1poy.

Remark 3.2.2. If a moment map ¢': U’ — X refines ¢: U — X, then the map
Y G’,;; — G, induces a map between character lattices and thus an affine map
Trop(¢)): R” — R” such that @iep = Trop(y) o Pirop- Note that 1 and thus Trop(y)
are not unique, but the restrictions to ¢'(U’) resp. trop(¢'(U’)) are.

n
If p;: U; — GJi are finitely many moment maps, then ¢ := @1 X -+ X ¢n: () U; —
i=1
G% "' is a moment map which refines all ¢;. In fact, every moment map refining all ¢;
also refines .

Definition 3.2.3. Let X be a variety and U an open affine subset. Then U has a

canonical moment map, which is constructed as follows: Denote My = O(U)*/K*.
Then My is a finitely generated free abelian group (cf. [Sam66l, Lemme 1]). We choose
representatives ¢1,..., ¢, of a basis. We obtain a map

K[TE, .. TH] — 0x(U),
Ti— i
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which leads to a map ¢y : U — G, which is canonical up to multiplicative translation
and coordinate change. Note that the canonical moment map refines all moment maps
of U by construction.

Remark 3.2.4. Let X be a variety and U an open subset. Then the following prop-
erties are equivalent

i) The K-algebra Ox(U) is generated by Ox(U)*.
ii) The canonical moment map ¢y is a closed immersion.
iii) U has a closed immersion to G, for some s.

Definition 3.2.5. Let X be a variety. An open subset U is called very affine if it
satisfies the equivalent properties of Remark In this case, we define Trop(U) as
the image of Yy trop: U™ — R". Note that this is well defined up to integral affine
translation.

Remark 3.2.6. Let F': X’ — X be a morphism of algebraic varieties and let U’ C X’
and U C X be affine open subsets such that F(U’) C U. Then the map Ox(U) —
Ox:(U’) induces an affine homomorphism My — My which induces a morphism
Yy Spec(K[Myr]) — Spec(K[My]) such that g v o oy = ¢y o F.

Definition 3.2.7. Let X be a variety. A canonical tropical chart (V, py) is given by an
open set V' of X®" and the canonical moment map gy of a very affine open subset U of
X, such that V. C U* and V = gp&irop(ﬂ) for € an open subset of Trop(U). Another
canonical tropical chart (V',¢p/) is called a canonical tropical subchart of (V,oy) if
V'cVand U CU.

Remark 3.2.8. Let X be a variety and U’ C U be open subsets. Then Remark
shows that there exists a map vy such that ¢ o v = @y, which precisely means
that ¢, refines ¢y. Therefore by Remark [3.2.2| we have that ¢y trop = Trop(¢y ) ©
U trop- Thus Trop(iy ) restricts to a map

Trop(Yy,p7): Trop(U’) — Trop(U).

We conclude from |[Gubl3al Lemma 4.9] that this map is surjective.
Further, if (V’, ¢p) is a subchart of (V, ¢p), then we have that Trop(yy,) (V') C
V.

Proposition 3.2.9. Let X be a variety. Then we have the following properties:

i) For every open subset W C X" and every x € W there exists a canonical tropical
chart (V,oy) such that x € V and V. C W. Further, V can be chosen in such a way
that oy trop(V') is relatively compact in Trop(U).

i1) For canonical tropical charts (V,@y) and (V' @y) the pair (V OV punur) is a
canomnical subchart of both.
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iii) If (V,ou) is a canonical tropical chart and U’ is a very affine open subset of X
such that V-.C U™ c U™, then (V, py) is a canonical tropical chart (thus in particular
a canonical tropical subchart of (V,or)).

Proof. |Gubl3al Proposition 4.16]. O

Definition 3.2.10. Let X be a variety and V' C X" an open subset. A differential
form of bidegree (p,q) on V is given by a family (V;, ¢u,, a;)icr such that:
i) For all i € I the pair (Vj, ¢r,) is a canonical tropical chart and |J V; = V.
el

ii) For all i € I we have «; € A%fopw(Ui)(‘PUmrop(Vi))'

iii) The «; agree on intersections in the sense that for all i, 57 € I, we have tropical
subcharts (Viji, ou,;,) of (Vi NV, pu,nu;) such that Vi N'V; = |J Vi and

Trop (Y, v,;,)" (i) = Trop(Yu; v,,,) " () € AP (pu,, trop(Viji))
for all |.

Another such family (V}’  Purs B;)jes defines the same form if there is a common refine-
ment of the covers of V' by canonical tropical charts such that the affine pullbacks to
the refined cover agree. The space of these forms is denoted by AR (V) or AP(V) if
there is no confusion about X.

Let V! € V and a € AP4(V') given by (Vi, pu,, ;)ier. We can cover V' by subcharts
(Wij, ¢u,;) of the canonical tropical charts (V;, ou,) and then define aly- to be given by
(Wi, eu;» Trop(Yu; vy, )*vi)ij- Note that this is independent of the chosen presentation
of a.

Proposition 3.2.11. The functor
Vi ARV
is a sheaf on X*™ which we denote by AR,

Proof. This is a direct consequence of the local nature of Definition [3.2.10 O

Lemma 3.2.12. Let a € AR (V) be given by one canonical tropical chart (V, ¢y, o)
and assume that o = 0. Then o/ = 0.

Proof. The equality o = 0 means that there exist canonical tropical subcharts (V;, ¢u,)
such that V' = J,c; Vi and such that Trop(yy,y,)*e’ = 0. We argue locally, fixing a
point x € Trop(U). We choose ' a relatively compact open neighborhood of x in Q
and V' := cp(}irop(ﬁ’) to be its preimage. Since the tropicalization map is proper, V' is
relatively compact and thus covered by finitely many V;. Thus replacing V by V'’ and
Vi by V. N'V; we may assume that [ is finite.

We choose polyhedral structures C resp. C; on Trop(U) resp. Trop(U;) such that
for each o; € C; there exists o € C such that Trop(¢yy,)(0;) = 0. We fix 0 € C and
want to show o|one = 0. Let (045 € C;)ij be the collection of polyhedra such that
Trop(vuy,)(0ij) = o. For all 4,7, the induced linear map LL(o;;) — L(0) is surjective,
hence open. Thus Q No = J;; Trop(¢u,u;)(0ij N ;) is an open cover. However,
a/]ﬁop(wU’Ui)(giiji) = 0, since Trop(Yu,v;)*|o,;n0; = 0. O



3.2. DIFFERENTIAL FORMS ON BERKOVICH SPACES 63

Corollary 3.2.13. Let oy € APY(V}) and ay € API(Vy) be given by single charts
(‘/L,Q@Ui,a;). If al‘VlﬁVQ = a2|V1ﬂV2} then Trop(lbUl,UmUz)*al = TTOP(¢U2,U1HU2)*CY2~

Remark 3.2.14. Corollary [3.2.13| shows that in Definition [3.2.10|ii¢) we may require
Trop(vu,,u,nu;)* (o) = Trop(Yu,u,nu;)* (o) € AP4(Tropy,ay, (Vi N V).
This is for example done in [Jell16l Definition 4.3 iii)].

Definition 3.2.15. Let a € APY(V) be given by (Vi,¢u,,a;)icr- Then for D €
{d’,d",d} we define Do to be given by the family (V;, ou,, Da;)ier and Ja to be given
by (Vi,eu,, Jai)ier. If further g € Apl’q/(V) is given by (V;,¢u,, i) then we define
a A B to be given by (Vi, ¢u,, i A Bi)i. Note here that we may assume [ to be given
on the same cover as « after pulling back to a common refinement. Since all these
constructions commute with affine maps of the polyhedral complexes, these all define
elements of A**® again and are independent of the respective presentations.

Definition 3.2.16. We obtain a sheaf of bigraded bidifferential algebras (AY°, d',d")
on X*. We also obtain the sheaf of total graded differential algebras (A%, d), where
AF = D, =1 A”?. We will see in Theorem that the rows and columns of the
double complex (A%®,d’,d”) are exact in positive degree.

We denote by AR (V) the sections of AR (V') which have compact support (in the
sense of sheaves) in V.

We will sometimes write C*°(V) := Ag}O(V) and call elements of A%’ smooth
functions. This is justified since every (0,0)-form defines a continuous function on
X. That is, if f € A%9(V) is given by a family (V;, ¢, fi)ier, then defining f(z) :=
fi © @i trop() for € U™ yields the function.

Lemma 3.2.17. The sheaves AY? are fine sheaves. They are thus soft and hence
acyclic with respect to both the global section functor and the functor of global section
with compact support.

Proof. The fact that .Aggo is fine follows from [Gub13al 5.10]. The general case follows
since ARY is an Ag&o—module via the wedge product. Softness and acyclicity for global
sections follows from [Wel80, Chapter II, Proposition 3.5 & Theorem 3.11] respectively

and acyclicity for sections with compact support follows from [Ive86, III, Theorem
2.7]. O

Remark 3.2.18. Let F': X — Y be a morphism of algebraic varieties. Let a €

AZ;/’q(W) be given by (Wi, ¢z, ai)i. Let U; := F~1(Z;) and V; := F®~L(W,;). Let

Ui; be very affine open subsets such that U; = (JU;; and write Vj; = V; N Uiajn.

Since F(Uy;) C Z; we obtain maps Trop(iz, u,;) by Remark [3.2.60 Now (Vi;,¢y,;)

are canonical tropical charts and we define F*(a) € APY(F*~*(W)) to be given by

(Vij> eu,;» Trop(vw; v;;)*ai)ij. This is independent of the chosen presentation for a.
We obtain a pullback morphism

* . b,q an AP.4
F*o ApY — FPAY

which commutes with the differentials d’, d”, d and the operator .J.
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Proposition 3.2.19. Let X be a variety of dimension n with generic point n. Denote
by F: X* — X the analytification map. Let a € APY(X) such that max(p,q) = n.
Then supp(a) € F~Y({n}). In particular, supp(c) is contained in the analytification
of every open subset of X.

Proof. This follows from |[Gub13al Corollary 5.12]. O

Lemma 3.2.20. Let X be a variety of dimension n. Let o € AP4(X) such that
max(p,q) = n. Then there exists U C X very affine such that supp(a) C U?", a|yan is
given by (U, oy, ay) and ay € A2Y(Trop(U)). Further, if U has this property then
any non-empty very affine open subset of U has this property.

Proof. This follows from [Gubl13al, Proposition 5.13 & Lemma 5.15 (a)]. We repeat the
argument for the convenience of the reader and because we want to apply it later in
similar situations. Since the support of a is compact, there exists V' C X open such
that suppa C V and aly is defined by a finite family (V;, ¢u,, ai)icr. Thus (;c; Us as a
non-empty, very affine open subset of X. Denote by U any non-empty very affine open
subset of (;c; Us. Define V; := V; N U™ and V' := | J;c; V. For each i the canonical
tropical chart (V;/,¢p) is a subchart of (V;,¢p,). Denote by o) := Trop(vu, v)* o
and Q; := ¢uuop(V/). Then alyayy is given by both (Vi NV}, ou,ailang;) and
(V/n Vj’, U, a;|QimQj). By Lemma the forms « and 043» agree on ; N €, thus
glue to give a form o € AP oy trop(V)).

By Proposition we have supp(«) C U?". Thus supp(a) C U NV = V.
It follows from Lemma that supp(a’) = ¢u trop(supp(a)) (cf. [CLDI12, Corollaire
3.2.3]). Thus supp(c’) is compact. Extending o/ by zero to ay € AIT”;JOP(U) (Trop(U)),

,C
we conclude the proof. O

Definition 3.2.21. Let X be a variety of dimension n. Let o € A29(X) such that
max(p,q) = n. Then any canonical tropical chart (U*", pr) with the property above is
called a canonical tropical chart of integration for . We denote by ay € A9 (Trop(U))
the unique form such that « is given by (U?", oy, ay).

Definition 3.2.22. Let X be a variety of dimension n and a € A?"(X). Then we

define
/a = / ay

X Trop(U)
for some tropical chart of integration (U*", or).

Proposition 3.2.23. The definition of the integral in Definition 1s independent
of the choice of the canonical tropical chart of integration.

Proof. Let (U, py) and (U’, py+) be two canonical tropical charts of integration for a
form «. After replacing U’ by U N U’ we may assume U’ C U. Then there exists
a torus equivariant map Yy : Ty — Ty such that ¢y = Yy o pyr. To simplify
the notation we will write ¢ := 9y 7. After a translation we may assume v to be a
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morphism of algebraic groups. Also, by Lemma [3.2.12| we have Trop(¢)*(ay) = apr.
By the Sturmfels-Tevelev-multiplicity-formula we have

Trop (1)) (Trop(eu: (U'))) = Trop (v (v (U"))).

Since both ¢y and ¢y are closed immersions, ¥, (oy(U')) = ¥ (e (U")) = ou(U’).
Since U’ is dense in U, we have Trop(¢y (U’)) = Trop(ey(U)) by [Gubl3al Lemma 4.9]
and thus

Trop(t))« Trop(U’) = Trop(U).
The result now follows from the tropical projection formula [2.1.52] O

Theorem 3.2.24 (Stokes’ Theorem). Let X be a variety of dimension n. For B €
AP HXY) and v € APTY(X) we have

/d”ﬁ =0 and /d"y =0.

X X
Proof. This is a direct consequence of Stokes’ Theorem [2.1.63|and the fact that Trop(U)
is a tropical variety (Theorem [3.1.15]). O

The next result was already shown by Gubler and Kiinnemann in |[GK14] for a
generalization of our forms, called d-forms. We still give a proof in our special case.

Proposition 3.2.25. Let F: X — Y be a proper dominant morphism of varieties of
the same dimension n. Then for « € AP™(Y) we have

/F*(a) = deg(F)/a.

X Y

Proof. Let W C Y be a very affine open subset such that (W?*, o, ap) is a canonical
tropical chart of integration for a.. After replacing Y by W and X by F~1(W) we may
assume that Y is very affine and admits a very affine chart of integration for a. Let
U C X be very affine and write ay = Trop(¢y,r)* oy, where ¢y is the map from
Remark Then (U, ¢y, ay) is a tropical chart of integration for F*a. By the
Sturmfels-Tevelev multiplicity formula [3.1.21] we have

(Trop(¢y,v))«(Trop(pu,«(U))) = Trop(Yy,u .« (¢u,«(U)).

Since Yy oy = py oF the latter term equals Trop(py «(Fx(U))). Since F' is dominant
we have Fy(U) = deg(F') - Y. Thus

(Trop(¢y,v))« (Trop(pu.«(U))) = deg(F) - Trop(py«(Y))-

Since ¢y and @y are both closed immersions, this is precisely

(Trop(¢y,v))«(Trop(U)) = deg(F) - Trop(Y').

Now
/F*(a) = / ay = / ay = / ay = deg(F)/a,
X

Trop(U) Trop(¢y, )« (Trop(#(U))) deg(F)-Trop(Y') Y

where the second equality is the tropical projection formula 2.1.52] O



66 CHAPTER 3. FORMS ON BERKOVICH SPACES AND COHOMOLOGY

3.2.2 A new approach using G-, A- and T-tropical charts

In this subsection, we give different approaches to defining differential forms on analyti-
fication of algebraic varieties. We replace the canonical moment maps from Subsection
by arbitrary closed immersions into tori resp. affine spaces. When the variety X
has enough toric embeddings (cf. we also give an approach which uses closed
immersions of X (not of open subsets of X) into toric varieties. Note that the approach
using A- and T-tropical charts (cf. Definition is new and relies on the theory
of differential forms on polyhedral spaces, as introduced in [JSS15] (cf. Chapter [2)).
The approach using G-moment maps is already implicit in [Gubl3a]. We will see in
Subsection [3.2.3] that all these produce the same sheaves of forms on X2,

Definition 3.2.26. Let X be a variety and U C X an open affine subset. For a closed
immersion ¢: U <= A" resp. ¢: U — GJ, we denote by ¢iop := trop op®*: U** — T"
resp. Pirop i= trop op®: U — R" the respective composition with the tropicalization
map. We denote by Trop,(U) the image of ¢erop.

Let U’ C U be another open subset. An immersion ¢': U’ — A" resp. ¢': U — G/
is called a refinement of ¢, if there exists a torus equivariant morphism ) : A" 5 A"
resp. ¥: G”' — G’ such that

U’ _, A" resp. U’ 7, G
b .
U—25 A7 U—2~Gr,

commutes. The map 1 induces an integral (extended) linear map
Trop (¢, ) : Tropw,(U’) — Trop¢(U).
Let ¢: X — YA be a closed immersion of X into a toric variety Ya. Denote by

Ptrop 1= tropop®: X* — Trop(Ya). Again we denote by Trop,(U) the image of

‘Ptrop-
Another closed immersion ¢': X — Y/ is called a refinement of ¢, if there exists a

torus equivariant map ¥ : YA — Ya such that
Y
.
X —>Ya
commutes. In that case we get an induced morphism of polyhedral spaces
Trop(¥y,er): Trop,, (X) — Trop,(X).

Definition 3.2.27. Let X be a variety. An A-tropical chart resp. G-tropical chart is
given by a pair (V, ¢), where V' C X?" is an open subset and ¢: U < A" resp. ¢: U —
G, is a closed immersion of an affine open subset U of X such that V = got;(l)p(Q) for
an open subset (2 C Trop,,(U).
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Another A- resp. G-tropical chart (V' ¢’) is called an A- resp. G-tropical subchart
of (V,p) if ¢’ is a refinement of ¢ and V' C V.

A T-tropical chart is a pair (V, ¢) where V' C X" is an open subset, ¢: X < Ya is
a closed immersion of X into a toric variety YA and V = cpt_rép (Q) where Q is an open
subset of Trop,,(X).

Another T-tropical chart (V',¢') is called a T-tropical subchart of (V,p) if ¢’ is a
refinement of p and V' C V.

Remark 3.2.28. Note that in contrast to canonical tropical charts, the choice of U
does not fix ¢. Then same set U can be the domain of different maps ¢;: U < A"™ for
tropical charts (V;, ;).

Remark 3.2.29. Let (Vi,¢1),..., (Va, ¢n) be finitely many A resp. G resp. T-tropical
charts. Then (Vi N---NVy, 01 X -++ X ) is a common subchart. Here we use the
intersection of the domains of the ¢; as the domain of their product. Indeed, any
common subchart is also a subchart of this chart.

Remark 3.2.30. Let (V, ) be a G-tropical chart, where ¢: U — G},. Let ¢: G" —
A% be the closed immersion given by

KI[Ty,..., Ty - K[ST', ..., ST

S; /9 if 7 is even
T; — ,/1 e
S(i—i—l)/? if ¢ is odd.
Then @y := 1p o @: U < A?" defines a closed immersion and (V,,) is an A-tropical
chart. Further, we have an isomorphism

Trop(¢): Trop,(U) — Trop,, (U)
Note that this construction is compatible with refinements.
Lemma 3.2.31. Let X be a variety. Then

i) any closed immersion ¢: X — A" has a refinement ¢': X — A" which meets the
dense torus G .

ii) any closed immersion ¢: X — YA has a refinement ¢’': X — Yar which meets the
dense torus G .

Proof. If p(X) does not meet G%, it is contained in the union of the coordinate hy-
perplanes. Since it is irreducible, it is thus contained in one coordinate hyperplane
H = A", Arguing inductively we find 7’ such that ¢ factors through A" via the
inclusion A”™ < A”. This is then indeed a refinement.

For the toric case we argue similarly. Let YA = [[Y; be the decomposition into
torus strata. Let i be such that Y; is maximal with the property Y; N ¢(X) # (. Then
again by irreducibility ¢(X) is contained in Y; which is a toric variety with dense torus
Y;. We find again that ¢ factors through Y; and this is a refinement via the inclusion

Y, =Y. O
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Condition (f) 3.2.32. The variety X is normal and for any two points there exists
an open affine subvariety containing both.

Remark 3.2.33. By Wlodarczyk’s Embedding Theorem, Condition (}) is equivalent
to X being normal and admitting a closed immersion into a toric variety (cf. [Wlo93]).
Observe also that it is satisfied by any quasi-projective normal variety.

We will use this condition to make sure that X has enough closed immersions into
toric varieties. More precisely, the property we need is captured in the next lemma.
When using T-tropical charts we will always require X to satisfy this condition.

Lemma 3.2.34. Let X be a variety which satisfies (1). Let (V,p) be an A-tropical
chart, where ¢: U — A". There exists a closed immersion ¢': X < Ya for a toric
variety YA such that:

i) The pair (V,¢') is a T-tropical chart.
i1) The set U is the preimage of an affine toric subvariety Uy of Ya.

iii) For every finite generating set B, of o, the pair (V,pp, o ¢'|y) is an A-tropical
subchart of (V, ).

iv) The map (B, © ¢'|U)top s a chart (in the sense of polyhedral spaces) for the
polyhedral space Trop,(X).

Proof. We use [FGP14, Theorem 4.2] with j =1, U; = U and Ry = {f1,..., fr} which

are the functions which define . This yields a closed immersion ¢’: X < Ya such that

U is the preimage of some U, and the f; are preimages of elements o; of S, C K[S,].

Choosing a generating set B, = {11, ...,%m} of S;, we find the following commutative
g A

diagram
AT’
©
/| $Bs
U ¥ lu Ug

X L YA

Here the map g is given by mapping the i-th coordinate function T; of A" to [] X;‘” ,
where X is the j-th coordinate function of A™ and a; = > Aij;70j. Now the commu-
tativity of the upper diagram shows that (V,¢p, o ¢'|y) is an A-tropical subchart of
(V,9). The fact that (¢5, o ¢'[v)wop is a chart for the polyhedral space Trop,, (X)
is now a direct consequence of the construction of the atlas for Trop,, (X) in Lemma

and Corollary [3.1.10 ]

Lemma 3.2.35. Let S be A, G or T. If S is T, then we require X to satisfy (1). We
have the following:
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i) For every open subset W C X?" and every x € W there exists an S-tropical chart
(V,@) such that x € V and V. C W. Further, V can be chosen in such a way that
otrop(V') is relatively compact in Trop(U).

it) For S-tropical charts (V1, 1) and (Va, p2) the pair (Vi NVa, o1 X p2) is a subchart
of both.

iti) Let (V,¢) be a tropical chart and W C V an open subset. Then there exist
refinements (Vi, pi) of (V,p) by S-tropical charts such that W = JV;.

Proof. Property iii) is a direct consequence of i) and i), and property i) is immediate.

For i), we notice that for G this is a consequence of the case for canonical tropical
charts (Proposition . For A this then follows because every G-tropical chart
induces an A-tropical chart with same domain (Remark. For T this then follows
since after passing to a subchart, every A-tropical chart induces a T-tropical chart by

Lemma [3.2.34] O

Definition 3.2.36. Let X be a variety and V an open subset of X?". Let S be A, G,
or T. If S is T, we furthermore require X to satisfy (). An element of AR% (V) is
given by a family (V;, i, a;)icr such that

i) For all i € I the pair (V;, ;) is an S-tropical chart and | V; = V.
el

ii) For all i € I we have «; € A%rqop%(Ui)(@i,trop(%)).

iii) The a; agree on intersections in the sense that for all 4, j € I, we have subcharts
(Viji, giji) of (VinVj, @i x ;) such that V;NV; = J, Vij and

Tropw}Ui,Uijl)*(ai) = Trop(ij,Uijl)*(aj) S Ap’q(soijl,tmp(v;jl))
for all [.

Another such family (V]’ , goU]/,,Bj) jeg defines the same form if there is a cover of V' by

common S-tropical subcharts such that the pullbacks to the refined cover agree.

Let V' CV and a € A&?S(V) given by (V;, ¢i, ;). By Lemma we can cover
V' by S-tropical subcharts (W;;, ¢u,;) of the S-tropical charts (V;, ;) and then define
alyr to be given by (Wij, ¢ij, Trop(Yu, v,;)*@i)ij- Note that this is independent of the
chosen presentation of «.

Lemma 3.2.37. Let X be a variety and S be A, G or T. If S is T, we furthermore
require X to satisfy (). The functor

V- A&?S(V)
s a sheaf on X°®" which we denote by A’;&?s.

Proof. This is a direct consequence of the local nature of Definition [3.2.36| O
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Definition 3.2.38. Let X be a variety and S be A, G or T. If S is T, then we
further require that X satisfies (). Let a € AP4(V') be given by (V;, ¢u,, ai)icr, where
(Vi, ;) are S-tropical charts. Then for D € {d’,d”,d} we define Da to be given by
(Vi,ou,, Dai)ier and Ja to be given by (Vi, pu,, Jai)icr. If further g € .Ap/’q/(V) is
given by (V;, v, 5i), then we define o A 8 to be given by (V;, ou,,a; A B;)i. Note here
that we may assume [ to be given on the same cover as « after pulling back to a
common refinement. Since all these constructions commute with the maps Trop(t, )
for subcharts, these all define elements of A;{S and are independent of the respective
presentations.

Definition 3.2.39. We obtain a sheaf of bigraded bidifferential algebras (A;{S, d,d")
on X?". We will see in Theorem that these are canonically isomorphic to
(AY®,d',d"). We also obtain the sheaf of total differential algebras (A% g,d) where
A];{,S - @erq:k‘ A&?S'

We denote by A% (V) the sections of A%/ (V) which have compact support (in
the sense of sheaves) in V.

Remark 3.2.40. Let F': X — Y be a morphism of varieties. Let Z; be an affine open
subset of Y and let U;; be an affine open subset of F~YZ;). Let @;: Z; < A" be a
closed immersion. Then there exists s > r, a closed immersion gogj : Uij — A?® such that

ey

(3.3) AS AT
gong T%’
Uij d Zi

commutes, where m: A® — A is the projection to a subset of coordinates. If (V) is
a tropical chart, then so is (F~1(V) N U, ).

For general X and Y, let V be an open subset of Y*" and a € Ay (Y) be given
by (Vi, i, ;) for @;: Z; — A" and a; € A’{fopw(ﬁi). For each i we cover F~1(U;)
by open affine subsets U;;. For each i,j we chose gogj as in and define F*(«) €
A&?A(Fan’_l(V)) to be given by (F*™~(V) N Uy, ¢};, Trop(mi;)*(a;)). Since diagrams
of the form (3.3|) are compatible with taking products of the maps ¢; resp. ¢;j, it is
straightforward to check that this is independent of the presentation of «, the choice
of U;; and the choice of ¢;; (as long as they satisfy )

This define a sheaf homomorphism

. APA X
F*: Ay — 2" AN a
which commutes with the differentials, the wedge product and the operator J.

3.2.3 Comparison of approaches

In this subsection, we compare the four approaches which we introduced in Subsections
3.2.1 and [3.2.2] We show that all these produce canonically isomorphic sheaves on
X2 We also show that there is a natural notion of integration in all formalisms and
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that they all produce the same integral. The isomorphism of the sheaves AP and ALY
is already implicit in [Gubl3al, while the other comparisons are new. At the end, we
give an application of the approach using T-moment maps by showing that on a proper
variety any smooth function in the kernel of d’'d” is constant.

Theorem 3.2.41. Let X be a variety. There are canonical isomorphisms
P~ AP~ AP
Ay’ = AX,G = AX,A
for all p,q. If X satisfies (1), then we even have
Dl oy AP~ AP~ AP
Ay~ X,G — -AX,A = AX,T'

Furthermore, all these isomorphisms are compatible with d’,d",d, J and the wedge prod-
uct.

Lemma 3.2.42. Let S be G or A. Let o € A&?S(V) be given by a single S-tropical
chart (V,pu,a’). Then o =0 if and only if o/ = 0.

Proof. Works exactly as the proof of Lemma [3.2.12 O

Remark 3.2.43. We want to point out the following difference between the approach
by Gubler [Gubl3a] (and also the one by Chambert — Loir and Ducros [CLD12]) and
the approaches from Subsection Canonical moment maps are only defined up to
an automorphism of algebraic groups composed with a linear translation on GJ,. This
corresponds to not fixing a basis of G, resp. R". Since the partial compactification T"
of R" is not independent of the chosen basis, we fix coordinates on A" resp. T" when
extending the tropicalization map to these spaces.

We use the definition of A%? as a bridge between A”9 and A7 in the sense that
we still use charts to GJj,, but we only consider torus equivariant transition maps
(resulting in linear maps on the tropical level) and we always fix bases of G,. To get
from canonical tropical charts to G-tropical charts, we will therefore have to choose a
basis for each chart (cf. proof of Proposition [3.2.45). Lemma will ensure that
this choice does not make any difference.

Lemma 3.2.44. Let ¢: U — GJ, be a closed immersion. Let v: G, — G], be
given by an automorphism of algebraic groups composed with a multiplicative trans-
lation. Let V = @t_r};p(Q) for @ an open subset of Trop,(U). For o € AP4(Q), both
(V, @, Trop(v)*a) and (V, 9 o p,a) define the same form in AZ(V).

Proof. We consider the product G>” = G”, x G7, with projection maps 7 and 7. Then
(V, o x (o)) is a G-tropical subchart of both (V,¢) and (V, 1 o ¢). Thus we have to
show that Trop(m2)*a = Trop(m1)* Trop(¢))*a on Trop(ma) (). This follows directly
since mo and v o mp agree on (¢ x (¢ o ¢))(U). O

Proposition 3.2.45. There is a canonical isomorphism

. p,q ~ p,q
qu. AX _>AX,G'
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Proof. Let o € ARY(V') be given by a family (V;, py,, a;)icr. Recall that ¢y, is only
fixed up to automorphism of algebraic groups and multiplicative translation. We now
fix for each i a closed immersion ¢; which represents ¢r,. Now by Lemma the
family (V, ¢;, a;)ier defines an element of A&?G(V) which is independent of the choices
of the ;.

For injectivity and surjectivity we argue locally. Let oo € AR (V) locally be given
by (V,¢,’). Then Ug(a) is given by (V,¢,a’). Thus if Ug(a) = 0 by Lemma [3.2.42]
we have that o/ = 0 which in turn implies o = 0.

To see that it is surjective, let o € A&?G(V) locally be given by (V, ¢, /) with
¢ : U — GJ, aclosed immersion. Denote by ¢y the canonical moment map of U. Then
(V,¢u) is a subchart of (V, ). Thus a is also given by (V, oy, Trop(vy o, )*a’) and
this is clearly in the image of Wg. ]

Proposition 3.2.46. There is a canonical isomorphism
. p.q ~ p:q
\PG7A. AX,G%AX,A'

Proof. We first define the map Vg a: A’)'é?@ — A&?A. Let a € ALY (V) be given by
(Vi, @i, oi)ier. We define Wg () to be given by (V;, @i a, a;)icr, with ¢; 4 as defined in
Remark Note that we identify Trop,, (U) with Trop,, , (U) via the isomorphism
from Remark[3.2.30/ and thus write o/ both times.

We again argue locally to show that this is indeed an isomorphism. Injectivity
follows again easily from Lemma |3.2.42

For surjectivity assume that o € AR? (V) is locally at z € X given by (V, ¢, /).
Write z 1= @puop(x). Let f1,...,fr € VOX(U) which define p: U — A". Let I :=
sed(z) C [r] and J its complement. After shrinking V' we may assume that V' = <Pt_r<1)p(Q
for Q C Trop,(U) an open subset such that o' is determined on Q by a}. Let U’ :=
Njes D(fj) CUand ¢': U — A" x AVl be the immersion given by fi, ..., fr, (fj_l)jej.
Then (V, ) is a subchart of (V,¢) via the projection to the first factor of A™ x Al/l,
Replacing U by U’ and ¢ by ¢’ we may thus assume that f; € O%(U) for all j € J.

Let g1,...,9: such that ((fj)jes.91,--.,9:) € Ox(U)* generates Ox(U)*/K*.
This defines a closed immersion ¢’ : U — G*. Denote by 7 : G5, — G'ﬁ{' the pro-
jection.

We now define 5 € A&?G(V) to be given by (V,¢', Trop(m)*(a})). By definition
of Wga, the form Wga(8) € AY(V) is then given by (V, ), Trop(m)*(a7)). We
will denote throughout by m;; the projection to the i-th and j-th component. Now if
we write A” = A/l x AVl and A% = A2/l x A?* we obtain the following commutative
diagram

Al s AV AT 5 A2t

T2 T234
$1
/

Al s Al # U o

A2\J| % A2t )
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This shows that ¢; is a common refinement of ¢ and ¢/. If we pull back the forms
Trop(m)*(a) resp. @’ to @1 trop(V'), we see that they agree there since

A <Gl gl « g2t

/ m

A\I| XG‘JI G|J| % G'ri' % G2t

\ ,J|/

induces a commutative diagram

THI x RV x RIVI x R2¢

W Trop(mas4)

THI « RIVI RV « RIVI « R2t

M/W

of tropicalizations. Thus both Trop(mas4)*(Trop(m)*(a})) and Trop(mi2)*(¢) are just
pullbacks of o/, thus agree. This shows g 4(8) = a € A%, (V) which was what we
wanted to show. O

RIJI

Remark 3.2.47. The pullbacks on AYY, resp. AR as explained in Remark [3. 2 40
resp. Remark [3:2.1§ W commute with the 1somorph1sm Uy o ¥ We may check this
when F: X — Y is a morphism of very affine varieties and o € ARY is given by one

canonical tropical chart. We have the following commutative diagram, where v is the
map introduced in Remark [3.2.30

AQS % A2T
™2
1
AQS AQT‘
LT
an VX, v G:n
T@X TW
X a Y

Note here that v is an isomorphism onto its image and torus equivariant, thus induces
an isomorphism on tropicalizations. Denote by Trop(v). the pullback by its inverse.
Now F* o (¥y g o VUg) is obtained by using Trop(mg)* o Trop(¢), while Uy g o ¥g o F*
is obtained by Trop(#). o Trop(¢xy)*. Now since ¢ is a refinement of ¢ o px via 7,
we obtain the result.
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Lemma 3.2.48. Let U, be an affine toric variety and p: X — U, a closed immersion.
Fiz a finite generating set B of S,. Denote by pp: U, < A" the corresponding closed
immersion. Let V. C X?" be an open subset. Then there is a natural correspondence

{a € AR (V) given by (V,pp o p)} < {a € ALL(V) given by (V, )}

Proof. This is a direct consequence of the fact that for all B the map ¢, p (in the
notation of the proof of [3.1.9)) is a chart for the polyhedral space Trop(Uy). O

Proposition 3.2.49. Let X be a variety which satisfies (1). We have a canonical
isomorphism

. p.q p.q
qIT7A . AX,T — AX,A .

Proof. We give the construction of Up,. Let o € AR%.(V) be given by T-tropical
charts (Vi, @i, o), where p;: X — Ya, are closed immersions into toric varieties. After
passing to subcharts we may assume that pi"(V;) C UZ" for o; € A;. Denote by X; the
preimage @;1(Ugi). For each i, choose a finite generating set B, of S,,. Then the form
in A%{T(Vé) defined by (V;, ©B,, © ©i|x,, ;) defines a unique form ay; € .A%IA(V{) =
A&?A(Vi), which is independet of the choice of By,, by Lemma This construction
is compatible with subcharts. Thus the forms oy, glue to a form Up 4 (a) € A&?A(V)
and this form is independent of the chosen presentation.

For injectivity and surjectivity we again argue locally and can thus assume the
forms to be given by one tropical chart (V, ). We may also assume that V' is mapped
into the analytification of an affine toric subvariety. Then W7 () is also given by one
chart and injectivity follows directly from Lemma [3.2.42

To prove surjectivity let locally at z € X?® a form a € A&?A(V) be given by an
A-tropical chart (V) ¢, ). After possibly passing to a refinement, by Lemma we
may assume this is the restriction of a T-tropical chart (V,¢'). We define g € AR%.(V)
by (V,¢',a/). Tt is clear from the construction that Ur 4 (5) = a. O

Proof of Theorem |3.2.41. The isomorphisms are given by Wg, ¥ga and W7 4. The
fact that these commute with d’,d”, d, J and the wedge product is a direct consequence
of the definitions. O

Corollary 3.2.50. Let (V,¢) be a T-tropical chart and let o € A&?T(V) be given by
(V,,d’). Then if a =0 we have o = 0.

Proof. Let ¢: X — YA and Q = @yop(V). Denote for o € A by U, the corre-
sponding affine toric variety. We further denote X, := o~ '(Uy), V, := VN U and
Qs := Ptrop(Vs). Then aly, is given by (Vs, ¢, d'|o, ). Thus ¥r 4 (a)ly, is given by the
correspondence from Lemma which in turn shows o/|g, = 0 by Lemma
Since the Q, cover 2, we obtain o/ = 0. O

Corollary 3.2.51. Let S be A, G or T. Let X be a wvariety, which we assume to
satisfy (1) if S isT. Let a; € A@?S(VQ and oy € A%?S(Vg) be given by single S-tropical
charts (V;v‘piva;) fori = 1,2. If calviny, = a2lviny,, then TrOP(szsol,wX#Jz)*O/l =
Trop (Yo, 01 %02 ) "0t
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Remark 3.2.52. Corollary [3.2.51| shows that in Definition [3.2.36| 7i7) we may require

TTOP(wcpi,cpngoj)*(Oéi) = Tr0p(1/}go]-,goi><apj)*(aj) S Ap’q((@i X @j)trop(Vi N V}))

Also, Lemma [3.2.31] shows that we can restrict to A- resp. T-tropical charts (V)
where the image of ¢ meets the dense torus.

Proposition 3.2.53. Let X be a variety and V. C X®" be an open subset. Suppose
a € A&?T(V) can be defined by a finite familiy (Vi, pi, a;)ier. Then a can be defined
using a single T -tropical chart.

Proof. The proof works like the one of Lemma Note that we do not need to
intersect the domains of our closed immersions, since all closed immersions are defined
on all of X.

Let ¢;: X; — Ya, and let ¢ := @1 X -Xpp: X < YA, X---xYa,. Then ¢ refines all
the ;. By Remark the forms Trop(ty, ,)*(o;) agree on intersection and thus de-
fine a form o/ € AP(|J Trop(m;)~(Q;)), where 7 : YA, X -+ X Yo, — Ya, is the projec-
tion to the i-th component. By construction we also have cpt_r(l)p(U Trop(m;) "1 () = V.
Then (V, p, ') defines «. O

Corollary 3.2.54. Let X be a variety satisfying (1) and o € ARL(X?). Then there
exists a closed immersion : X — YA for a toric variety Ya such that « is given by
(X2 p,a) for o € AI{JEO%(X)VC(TrOpCp(X)).

Proof. Since a has compact support, there exists an open subset V of X3 which
contains the support of a and such that aly is given by finitely many T-tropical charts.
Then «a|y is given by one T-tropical chart (V| ¢;, o) by Proposition [3.2.53, The fact
that oy has compact support follows as in the proof of Lemma [3.2.20] from Corollary
3.2.50f Now extending ay by zero to all of Trop,,(X) gives the desired form o'. O]

Definition 3.2.55. Let S be A or G. Let X be a variety of dimension n. Let a €

Agé?sﬁ(X) such that max(p,q) = n. If S is A or G, then any S-tropical chart (U?", ¢),

where ¢ : U — S", with the property that a|yan is given by (U, ¢, aqr) for some

ay € .A%ﬁ)p W) (Trop,(U)) is called an S-tropical chart of integration for a. A T-
Lp b

tropical chart of integration is a T-tropical chart (X?", ) such that « is given by

(X2 o, ax) for some ax € A%qopw(x)’c(Trop@(X)).

For existence of tropical charts of integration, the following proposition is needed. It

follows from [Gubl3al, Corollary 5.12] (resp. Proposition [3.2.19)). The proof there relies
on a deep result by Ducros, namely [Ducl2, Theorem 3.2]. We give a self-contained
proof using the isomorphism AR? ~ AR9, .
Proposition 3.2.56. Let X be a variety of dimension n with generic point 1. Let
a € APV for an open subset V.C X2, Let F': X — X be the analytification map.
Let © € X* such that F(x) # n. Then if max(p,q) = n, we have x ¢ supp(a). In
particular, supp(«) is contained in the analytification of every non-empty open subset
of X.
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Proof. We use the isomorphism A%? ~ A%, . Let a locally at a be given by (V, ¢, )
where ¢ meets the dense torus of A". Let ¢ be given by f1,..., fr € Ox(U). Choose
f € Ox(U) such that f(F(z)) = 0, but f is not identically zero. Let ¢ : U — A"
be the closed immersion given by f, fi,..., fr. Then ¢’ is a refinement of ¢ via the
projection 7 : A" — A”. Thus « is also given by (V, ¢/, Trop(m)*e/). Further, ¢’
still meets the dense torus. We write W = ¢'(U) N G".F1. Then we have Trop,, (U) =
Trop(W) C T"*!. By construction we have sed(¢f,.,()) # 0. Thus by Lemma [2.1.44)
and Lemma the point ¢f,.,(z) is not in the support of Trop(7)*(a’). This in
turn shows z ¢ supp(«). O

Lemma 3.2.57. Let S be A, G or T. Let X be a variety of dimension n, which we
require to satisfy (1) if S is T. Let o € AY’g (X) such that max(p, q) = n. Then there
exists a tropical chart of integration for «. Further, if (U, ) is an S-tropical chart
of integration and (U'*™,¢') is an S-tropical subchart, then (U, ¢') is an S-tropical
chart of integration. (Note here that if S is T, then U' =U = X.)

Proof. For A- and G-tropical charts, the arguments from Lemma[3.2.20] work, replacing

Lemma [3.2.12] and Proposition [3.2.19| by Lemma [3.2.42] and Proposition [3.2.56] For T-
tropical charts, this follows directly from Corollary [3.2.54] O

Definition 3.2.58. Let S be A, G or T. Let X be a variety of dimension n, which we
require to satisfy (f) if S is T. Let a € AY'g .(X*"). Then we define

[a= | @

X,S Trop,, (U)
for (U?", o) an S-tropical chart of integration.

Lemma 3.2.59. This definition is well defined, compatible with the isomorphisms
Ve, ¥ga and Y 4 and satisfies Stokes’ theorem.

Proof. We start with the case when S is G. Then the proof of Proposition [3.2.23] works,
replacing canonical tropical charts by G-tropical charts. Thus [ XG is well defined.
Since any canonical chart of integration is also a G-tropical chart of integration, we get
compatibility with Ug.

Now let S be A or T. Let (U*", ) be an S-tropical chart of integration (with U = X
if S'is T'). Then ¢: U — A, where A is A" if S is A and A is a toric variety otherwise.
We may assume that ¢ meets the dense torus G7,. Write U’ := ¢~ }(G",) and ¢’ := ¢|y.
If we denote for a € A%y (X*") by ¥(a) € A (X*") the corresponding form, then
U™, ¢, aU|Trop¢,(U/)) defines W(a)[y. Since Trop,(U’) is a dense subset of Trop,,(U)
which contains precisely the points which map to points of empty sedentarity in each
chart, we have supp(ar) C Trop, (U’) by Lemmam Thus (U'*", ¢/, aU|Trop¢/(U’))
is a G-tropical chart of integration for W(«). We conclude from the case of G-tropical
charts that

Ja= [ o= [ avhuw= [ v@=[v

X,S Trop,, (U) Trop,, (U") X,G X
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This shows that the integral is compatible with the respective isomorphisms. It is thus
also independent of the chosen chart of integration. Stokes’ theorem follows imme-
diately, either from the compatibility and Theorem [3.2.24] or simply from Theorem
2.1.63 O

Remark 3.2.60. Since we have shown that the sheaves A%, A&?A and A&?G are all
isomorphic and these isomorphisms commute with all constructions we consider, we will
not distinguish them anymore, always using what is most suitable for the situation. We
will do the same with A% if X satisfies (f).

We give an application of the new approaches in the next theorem. The proof uses
crucially the fact that in the case of a proper variety satisfying (1) any differential form
(and thus any smooth function) is given by one form defined on a compact tropical
space. We hope that this behavior enables more results on the cohomology of these
forms in the future.

Theorem 3.2.61. Let X be a proper variety. Let f € C°(X®*") such that d'd"f = 0.
Then f is constant.

Proof. We first assume that X is projective and normal. Then X satisfies condition
(t). Since X" is compact we may, by Corollary assume that f is given by one
T-tropical chart (V,p,g). Then d'd"g = 0 by Corollary Thus g is constant by
Corollary which in turn shows that f is constant.

If X is not normal, denote by F: X’ — X its normalization. This is a finite
map, thus X’ is still projective [Har77, Chapter II, Exercise 3.8]. Then d'd"F*(f) =
F*(d'd"f) = 0, thus F*(f) is constant. Since F is surjective this implies that f is
constant.

For the general case, by Chow’s lemma [Har77, Chapter II, Exercise 4.10] we find a
surjective morphism F': X’ — X such that X’ is a projective variety. Then d'd" F*(f) =
F*(d'd"f) = 0, thus F*(f) is constant. Since F' is surjective this shows that f is
constant. O

3.3 Fields with trivial valuation

In this subsection, we consider the case where K is trivially valued. Gubler’s formalism
which we introduced in Section does not work in this case, as we will see in
Example [3.3.1] However the previously established approaches, namely using A- and
T-tropical charts work. We will show this and explain how the previously established
results generalize to this setting.

In this section, K will be an algebraically closed trivially valued field and X will be
a variety over K.

Example 3.3.1. Let X = A}, = Spec K[T]. Let y be the origin. We claim that the
open subset V := {z € A}fn ||T(x)| < 1/2} does not contain an open neigborhood of y
which is the preimage of an open set under yyop for a closed immersion ¢: U < Gj,,.

Let U be a very affine open subset of X. Let z be a rational point in U?*". Then
|f(2)] =1 for all f € Ox(U)*. Thus for any open neighborhood 2 C R" of 0 € R”,
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the preimage got_r(l)p(Q) contains all rational points in U. However, y is the only rational
point contained in V. Thus there is no canonical tropical chart around y which is
contained in V.

Lemma 3.3.2. A-tropical charts form a basis of the topology of X?".

Proof. We may assume X = Spec(A) is affine. By definition, a basis of the topology of
Xa% is given by set of the form

V= {x € Xan’bi < ‘fz(l')’ < Ci,i: 1,...,7“}

for functions f1,..., fr € A and elements b; € R and ¢; € Rso. We take ¢, ..., gs such
that fi,..., fr,g1,-..,9s generate A as a K-algebra and denote by ¢ the corresponding
closed immersion. Then V is precisely the preimage of the product of intervals of the
form [—oo,log(c;)), (log(b;),log(c;)) and [—oo,00) in TS, Thus (V, ) is a tropical
chart. O

Definition 3.3.3. We define the sheaf A%Y, in the same way we defined it in Definition

3.2.36 If X satisfies (f), we also define A%%, in the same way we defined it there.
For a morphism F' of varieties, we also define the pullback F* as in Remark [3.2.40

Proposition 3.3.4. Let X be a variety which satisfies (). Then the sheaves AR, and
AR are isomorphic.

Proof. Works exactly like the proof of Proposition [3.2.49] O

Remark 3.3.5. The statements of Lemma [3.2.42] [3.2.50] - [3.2.57] and [3.2.61] remain
true for A and T even if K is trivially valued.

Also, as in Definition (0,0)-forms define functions on X**. We will again
call these functions smooth functions and sometimes write C'*° = Ag&o.

Lemma 3.3.6. The sheaves AY? are fine, hence soft and acyclic.

Proof. Again, as in the proof of Lemma [2.1.15] it suffices to show that for each open
subset V' of X" and x € V there exists f € C°°(V) such that f has compact support
in V and f = 1 on a neighborhood V' of x. After shrinking V' we may assume there

exists an A-tropical chart (V). Since the sheaf A%?Op ) is fine, there exists g €
©

A%fopw(U)7c(§0trop(V)) such that g|o = 1 for a neighborhood Q of irop(x). Then the

smooth function defined by (V, ¢, g) has the desired property, since the tropicalization
map is proper by Lemma Everything else then follows as in the proof of Lemma
B2I17 O

Remark 3.3.7. Let L/M be an extension of non-archimedean, algebraically closed
complete fields. Let Y be a variety over M and denote by Y7, := Y x Spec(L) the base
change to L. Then Y7, is a variety over L by [Har77, Exercise 3.15]. Let p: Y, — Y
be the canonical map. Let a € AVY(V) be given by (V;, ¢;, ;). Since tropicalization
is invariant under base field extension (cf. [Pay09, Section 6 Appendix]), we can define
ar, € A’;}g(pan’_l(V)) to be given by (p*~Y(V;), pi.L, ).
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We can now define integration in the same way as in Definition [3.2.58, To see
that this is well defined we reduce to the non-trivially valued situation. Let L be a
complete, algebraically closed, non-trivially valued, non-archimedean extension of K.
Let a € A?"(X?") and let af, € AP (X?") the corresponding form on X3". Then
the base change of any A-tropical chart of integration of a is an A-tropical chart of
integration for ay, thus we see that

/Oé: /aL.
Xan

an
XL

Then applying Lemma [3.2.59] shows that the right hand side of this equation is well
defined, thus so is the left hand side.
We also again have Stokes’ theorem.
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3.4 Cohomological results

In this section, we study the cohomology defined by the differential forms which we
introduced in the last sections. We start by proving a Poincaré lemma and deriving
consequences. Afterwards, we show finite dimensionality of the cohomology in certain
(bi-)degrees.

All these results were obtained by the author with the results from Section [3.4.1
and Theorem being published in [Jell6], for the case where K is non-trivially
valued.

Definition 3.4.1. Let X be a variety over K. We denote by
Hy (X)) = HP(AY(X™),d') and Hy%(X™") = HP(AYL(X™),d)

the cohomology respectively cohomology with compact support defined by differential
forms on X&".

Lemma 3.4.2. Let X be a variety. The operator J : ART — A%P, as defined in
Definition [3.2.38, has the following properties

i) J? =id,
i) d'J=Jd",
iii) d'J = Jd'.
Further, J induces isomorphisms
J: HEUX) ~ H3P(X)

for all p,q.

Proof. The properties i) — iii) follow directly from Lemma [2.1.65| The isomorphism
then follows because J ker(d') = ker(d”J) and Jim(d’) = im(Jd"). O

3.4.1 The Poincaré lemma

In this subsection, we prove the Poincaré lemma, a local exactness result for the complex
of differential forms on X®". As a consequence we obtain that certain cohomology
groups, namely the groups H 5}0 (X", agree with singular cohomology. We also outline
a generalization to general analytic spaces in the sense of Berkovich.

In this subsection, K will be an algebraically closed field which is complete with
respect to a non-archimedean absolute value and X will be a variety over K of dimension
n. We work with A-tropical charts, since these work for arbitrary varieties both in the
trivially and non-trivially valued case. The proofs work with the other tropical charts
as well.

All these results were published in [Jell6] for the case where K is non-trivially
valued.
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Theorem 3.4.3 (d’-Poincaré lemma on X*"). Let X be a variety and V. C X" an
open subset. Let x € V and oo € AR (V) with p > 0 and d'a = 0. Then there exists an
open W CV withx € W and 8 € Ag{l’q(W) such that d'B = alwy.

Proof. Let a be given by a family (V;, ¢;, o;)icr where (V;, ;) are A-tropical charts,
a; € AP9(€;) and Q; = @; trop(Vi) is an open subset of Trop%_(Ui). Choose 7 such that
xz € V; and let z := @; trop(x). Then aly; is given by the single chart (V;, ¢;, ;) and
d'aly, is given by (Vi, ¢, d'a;). Since d'aly, = 0 and it is given by a single chart, we
know that d’'a; = 0 by Lemma By Theorem there exists a neighborhood
Q' of zand ' € A}TTOII;ZZ. (Ui)(Q,) such that d'8 = «a;|o/. We define W := (p;tlrop(Q’). The

form g € .Ag;l’q(W) given by (W, p;, 8) now has the desired property. O
Definition 3.4.4. Let X be a variety. We define the sheaf
Lo = ker(d : AR — AYY).
Lemma 3.4.5. We have a canonical isomorphism
R~ L5,
where R denotes the constant sheaf with stalks R.

Proof. As noted in Definition every element of A%’(V) defines a continuous
function on V. By construction, we have that d'f = 0 if and only if f is locally
constant since the corresponding statement is true on polyhedral spaces. This proves
the lemma. O

Corollary 3.4.6. The complex
07 dl 17 dl dl ,
(3.4) 0= LY 2 A Ay = ... =2 AV =0

of sheaves on X?" is exact. Furthermore, it is an acyclic resolution, we thus have
canonical isomorphisms

HI(X* L9) = Hfl’,’q(Xan) and HI(X™ L9) = Hg;"C(Xan).
In particular, we have isomorphisms

H;]ing(Xan)

and HI (X

sing,c

I

HQ(Xan7K) ~ H(Z;;O(Xan)
HQ(Xan’K) o Hg;OC(Xan).

c

1

Proof. Exactness of is a direct consequence of the definition of £% and Theo-
rem [3.4.3] The second statement follows from Lemma [3.2.17| resp. [3.3.6l The third
statement is then a direct consequence of Lemma and [Bre97, Chapter 111, Theo-
rem 1.1]. Note therefore that X" is indeed paracompact, Hausdorff and locally com-
pact. [
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Proposition 3.4.7. Let X be a variety and V C X* an open subset. Let o € AF(V)
such that dao = 0. Then for x € V there exists an open neighborhood W of x in 'V and
a form B € AK=Y (W) such that a|w — dB € A%*(W) and such that aly — df is closed
under d, d' and d". If k > dim(X) then o|w is d-exact.

Proof. The proof works the same as the proof of Corollary using Theorem [3.4.3]
instead of Theorem [2.2.15] We have to shrink the our open subset during each step,
but since only finitely many steps are needed, this is not a problem. O

Theorem 3.4.8. Let X be a Berkovich analytic space of dimension n. Let AP? be the
sheaf of differential (p,q)-forms on X as introduced by Chambert-Loir and Ducros in
[CLD12]. Then for all g € {0,...,n} the complex

0— A% Ly pla gy 4y gna
of sheaves on X 1is exact in positive degrees. Further, the complex

& & &
0> R— A% S AN S 5 A0 50

of sheaves on X 1is exact.
If X is a good analytic space which is Hausdorff and paracompact, then the cohomology
of the complex

0— AMX) L AO(X) L L AnO(X) - 0
is equal to the sheaf cohomology H*(X,R) of the constant sheaf R, which is isomorphic
to the singular cohomology HY: (X, R).

sing

Proof. Using [CLD12, Lemme 3.2.2] the same arguments as used in the proof of The-
orem work since forms in the sense of [CLDI2| are also locally given by forms
on polyhedral complexes. If X is good, Hausdorff and paracompact, then [CLDI12
Proposition 3.3.6] shows that there are partitions of unity and the arguments in the
proof of Corollary [3.4.6] work. O

3.4.2 Finite dimensionality of cohomology

In this subsection, we show finite dimensionality results for the cohomology defined by
differential forms. The main result, which also appeared in [Jell6] is Theorem
and closely tied to existence of skeleta thanks to a result by Hrushovski and Loeser
in [HLI2]. We give some additional consequences which follow from results previously
shown in this thesis.

Theorem 3.4.9. Let X be a variety. Then the real vector space Hg;O(Xan) s finite
dimensional for all p.

Proof. We show that any cover by affine open subvarieties is a reasonable cover. Then
the result follows from Lemma[A.2.2] Since X is separated, the intersection of affine sub-
schemes is again affine, thus we only have to show that H. g;O(X an) is finite dimensional
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for X affine. By [HL12, Theorem 13.2.1] there exists a strong deformation retraction
of X®" to a finite simplicial complex S. Finite simplicial complexes have finite dimen-
sional singular cohomology as is certainly well known from algebraic topology (cf. any
standard book on algebraic topology, e.g. [Hat02, Theorems 2.27 & 3.2]). As we have

HE (X*" R) = HE (S,R) by homotopy invariance and HYO (X)) = HE o (X*R)
by Corollary the result follows. ]

Proposition 3.4.10. Let F: X — Y be a birational morphism of varieties of dimen-
sion n. Then for all p,q such that max(p,q) = n, the pullback F*: AP4(Y?") —
APA( X)) 4s well defined and an isomorphism. In particular

* . p,n an pn an
. Hd/,c(Y ) — Hd',c(X )
s an tsomorphism.

Proof. We first show that if W C Y is an open subset and F' is the inclusion, thus F™*
being just the restriction. Let a € AP9(Y?®"). Then supp yan(@) = suppyyan(|pyan)
by Proposition thus alyan € APY(W2). For g € API(W?) we denote by
Bo € AP9(Y?") the extension of 8 by zero. It is easy to see that since the support
is always contained in W?" we have (a|wan)g = a and (Bp)|wan = [, thus restriction
defines an isomorphism.

In general we let W C Y and U C X be open subsets such that F': U — W is an
isomorphism. Then

ALA(Y™) 22 ALS(W™) 2 AZI(UP) = ALK,

where the first and third isomorphism are due to the case considered before and the
second is due to F' being an isomorphism between W and U. O

Proposition 3.4.11. Let X be a variety of dimension n. Then there exists for all p a
homomorphism

0, an 0, an ,0 an
HOP(X™) - H9P(X™) ~ HEO(X™),

where this first map is induced by the identity on AP and the second by J. If X is
proper, then this map is injective if p = 0,1, n.

Proof. Let a € A% (X?) such that d’a = 0. Then by Lemma [2.1.64 we have d"a =0
and since the map a — [a]y is injective we can define

HOP(X™) — HYP(X™) ~ HYO(X™)
[Oz]d/ — [a]dw — [Ja]d/.

The second map is an isomorphism by Lemma [3.4.2] The fact that if p = 0 the first
map is also an isomorphism is obvious.

Let p = 1 and suppose [a]g7 = 0. This means that there exists f € C°°(X) such
that d’f = a. Then d'd"f = d'a = 0, thus by Theorem we have that f is
constant. We therefore have o = d” f = 0 which shows injectivity.
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Let p = n and suppose [Ja]gy = 0. This means that there exists 5 € A" 1 such
that d’8 = Ja. Then we have d'(BAa) =d'BAa+ (1P 13Ada=dBAa=JaAa.
By Stokes’ theorem (Lemma , we have that [ Ja Aa=0.

Let (U, p, ) be an A-tropical chart of integration for a. Then (U, ¢, Jo/' A )
is one for Ja A a. Thus we have fTrOW ) Ja/ Ao/ = 0. Let C be a weighted R-rational

polyhedral structure on Trop(U) and ¢ € C,,. Then o|y = fod"zp, for f, € C*°(0) and
1, ..., Ty abasis of Z(c), where we denote [n] := {1,...,n}. Then Jo/|, = fod'z}, and
Jo/ N/ |y = fEd xpAd" xp,). Therefore (—1)nn=1)/2 [, Jo/ Ao/ > 0 with equality only if
fo = 0 and thus /|, = 0. Summing over all o € C,, we obtain that mep(U) Jo'Na! =0

only if o/ = 0, which is what we wanted to show. O
Lemma 3.4.12. Let X be a variety. Then there is an exact sequence
0 — Hy'(X™) — Hj(X™) — Hy'(X™),
whose maps are induced by the canonical inclusion and projection on the level of forms.
Proof. 1t is easy to see that
AOL(xamy _y AL(xam) _y ALO(xan)

induces well defined maps on cohomology.
Let a € A% (X)) such that there exists f € C°°(X®") with df = o. This means
d'f =aand d'f = 0. Thus o = d"'f = d"Jf = Jd'f = 0. Therefore Hy'(X?") —

Hi(x),
Let o € A1(X?) and write o = o + 1 with g € A% (X?) and oy € AVO(X2).
Then da = 0 translates to d'ag = —d”«y. Assume further that there exists f €

C*°(X?*) such that d'f = ay. Then [a]g = [a—df]q = [ao—d” f]4. Since d'(ay—d" f) =
dag+d"d f =day+ d'a; =0 this shows that

Hy' (X)) — Hj(X™) — H°(X™)
is exact, which completes the proof. ]

Corollary 3.4.13. Let X be a proper variety. Then the real vector spaces HS,’I(Xa“),
Hg/n(Xan) and HL(X?) are finite dimensional.

Proof. The first and second claim are direct consequences of Theorem [3.4.9and Propo-
sition [3.4.11] The third claim is then a direct consequence of Lemma [3.4.12 ]



Chapter 4

Approach to (1,1)-forms via line
bundles and models

In this chapter we consider an alternate approach to forms on analytifications of al-
gebraic varieties. This approach was used by Boucksom, Favre and Jonsson in their
papers [BEJ16, BEJI5] to solve a non-archimedean Monge-Ampere equation. It uses
line bundles and model metrics instead of superforms on tropicalizations. We recall
their definitions of metrics, model functions and model metrics. We then prove an
analogue of the dd®lemma (Theorem [4.2.7). For smooth projective varieties X over
fields K, which have residue characteristic zero, this was already done in [BFJ16l The-
orem 4.3]. We extend this to varieties which are normal and proper and to any residue
characteristic. We choose to work over an algebraically closed field, while Boucksom,
Favre and Jonsson work over a discretely valued field.

In this chapter, K will be an algebraically closed field which is complete with respect
to a non-trivial absolute value | .|. We will assume that the value group log |K*| equals
Q. We denote by K° the valuation ring of K and by S := Spec(K?°) its spectrum. We
do not impose any conditions on the characteristic of K or its residue field. X will
always be a variety over K, which we assume to be proper and normal.

4.1 Models and model functions

Here we recall the definitions of models, model functions, metrics and model metrics.

Definition 4.1.1. Let L be a line bundle on X. A metric || || on L*" associates with
each section s € I'(U, L) on a Zariski open subset U of X a function ||s|| : U** — [0, 00)
such that || f-s|| = | f|-||s|| holds for each f € Ox(U). This function is further non-zero
if the section is non-vanishing.

Definition 4.1.2. Let L be a line bundle on the proper variety X. A model for X is a
proper flat S-scheme X with a fixed isomorphism X x Spec(K) ~ X. We will use this
to identify X as a subscheme of X. A model of (X, L) is a pair (X,.%) such that X is
a model of X and .Z is a line bundle on X and a fixed isomorphism .Z|x ~ L.

For a model X we denote by X, := X ®go K its special fiber. There is a canonical
reduction map red : X" — Xj.

85
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Lemma 4.1.3. Let L be a line bundle on the proper variety X. Then there exists a
model (X,.Z) of (X,L).

Proof. This follows from Nagata’s compactification theorem ([VojO7, Theorem 4.1 &
Theorem 5.7]) and noetherian approximation. O

Definition 4.1.4. Let (X,.%) be a model of (X, L®™) for some m € N~(. There is a
unique metric || || on L*" such that the following holds: Given a frame ¢ of . over
some open subset U of X and a section s of L over U = X NU such that s®™ = ht for
some regular function h on U, we have [|s| = %/|h| on U*® Nred ™ (U). A metric on
L2 which arises this way is called a model metric determined on X. A metric is called
a model metric if it is determined on some model X of X.

Definition 4.1.5. Let Ox denote the trivial line bundle on the proper K-variety X.
Each model metric || || on Ox induces a continuous real-valued function f = —log ||1]]
on X?". The space of model functions

D(X)={f: X* = R| f = —log||1| for a model metric || || on Ox}

has a natural structure of a Q-vector space. We write D(X)r = D(X) ®z R.
Let X be a model of the variety X. We say that a model function f = —log||1]| is
determined on X if the model metric || || is determined on X.

4.2 Closed (1,1)-forms and the dd‘-lemma

In this subsection we define the terms which are relevant to state and prove the dd*-
lemma (Theorem [4.2.7). The result is an extension of [BEJI6, Theorem 4.3], which
requires the variety to be smooth and projective and the field to have residue charac-
teristic zero. We choose to work over an algebraically closed field, thus K° resp. S will
not be noetherian.

Definition 4.2.1. Let X be a proper variety over a field K. A line bundle L on X is
called numerically effective (nef) if L - C > 0 for all closed curves C' in X. It is called
numerically trivial if L - C' = 0 for all such curves C.

Let X be a proper S-scheme. A line bundle .Z on X is called numerically effective
(nef) if its restriction to each fiber of X — S is nef. It is called numerically trivial if
its restriction to each fiber of X — S is numerically trivial.

Lemma 4.2.2. Let X be a proper S scheme. Then a line bundle £ is nef if and only
if £|x, is nef and the same holds for numerically trivial.

Proof. For nef this can be shown as in [BFJ16, Lemma 1.2] and for numerically trivial
this follows since both . and £®~! are nef. O

Definition 4.2.3. We denote by Pic(X)qg := Pic(X) ® Q resp. Pic(X)g := Pic(X)®Q
the respective scalar extensions.

We define the space N'(X)g resp. N'(X) to be the quotient of Pic(X)g resp.
Pic(X)r by the resp. space generated by numerically trivial line bundles.
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Let X be a proper S scheme. The space N'(X/S)g resp. N1(X/S) is then defined
as Pic(X)qg resp. Pic(X)r modulo the resp. subspace generated by numerically trivial
line bundles.

Intersection numbers with curves are still well defined on N!(X'/S) resp. N'(X).
An element [.£] € NY(X/S) resp. N1(X) is called nefif £ -C > 0 for all closed curves
C contained in a fiber of X — S resp. X.

The space of closed (1,1)-forms on X is defined as the direct limit

ZM(X) = lim N'Y(X/S),
XeMx

where M x denotes the space of isomorphism classes of models of X. As with model
functions, we say that # € ZY1(X) is determined on a model X if it is given by an
element in N1(X/9).

Remark 4.2.4. Let X be a model of X and .Z € Pic(X)q such that Z|x = Ox €
Pic(X)g. Then £ determines a unique model function ¢ € D(X). This model function
is obtained by choosing ¢ such that ¢.Z € Pic(X) and then taking ¢.Z as the model
and ¢ as the integer in Definition We say that ¢ is determined on X by Z.

Definition 4.2.5. Denote by ISI\C(X ) the group of isometry classes of line bundles on
X endowed with a model metric and by Pic(X)q its scalar extension to Q. There are
natural maps

Pic(X)g> lim Pic(X)g — ZM(X),
XeMx

where the fir\st map is an isomorphism. The curvature form of a metrized line bundle
(L,|| ||) € Pic(X) is its image under the composition of these maps and is denoted by
cr(L || [I) € Z2M4(X).

By definition, any model function ¢ € D(X) is determined on some model X’ by
some £ € Pic(X)g such that Z|x = Ox. We set dd°p to be the closed (1,1)-form
determined by the numerical class of . in N1(X/S). This then defines a natural linear
map

dd® : D(X)r — ZV1(X).

Further we have the restriction maps N1(X/S) — N'(X) which induce a linear map
{}:28(X) = NY(X).

For 6 € Z1(X) we call its image {0} the de Rham class of 6.

Remark 4.2.6. It is a direct consequence of the definitions that for A € D(X) we have
that dd°\ = ¢1(Ox, || |limee ™) € Z2H(X).

We will now proceed to prove an analogue of the dd‘-lemma.
Theorem 4.2.7. Let X be a normal and proper variety. The sequence
05 R—DX)r ™ 2M(X) > NY(X) =0

15 exact.



88 CHAPTER 4. (1,1)-FORMS VIA LINE BUNDLES AND MODELS

Remark 4.2.8. If we denote by 2"(X)g := lim N'(X/S)qg, then both dd® and
XeMx
the de Rham class are defined over Q in the sense that dd® maps D(X) into 2" (X)g
and the de Rham class of an element in Z1!(X)q is in N}(X)g.
Let 7 € K of valuation 1. Then for any model X of X we have that Ox(7~!) is
a model of Ox and the corresponding model functions is the constant function with
value 1. Thus constant rational valued functions are model functions.

Lemma 4.2.9. Let A € D(X) be a model function such that dd°AX = 0. Then X is a
constant rationally valued function.

Proof. The equality dd°A = 0 means that A is determined by M € Pic(X)q for a model
X of X such that M|x = Ox and such that M is numerically trivial. After replacing
A by a multiple, we may assume M € Pic(X).

We first consider the case where X is projective. Let L be an ample line bundle
on X. By passing to a higher model X’ and replacing X by X’ and M by ¢*M
we may assume L to have a model £ on X. Since M|x is trivial, the intersection
number M? .. #"1 is well defined. Using that M is numerically trivial, we deduce that
M?2. #"=1 =0 and hence by [YZI6, Theorem 2.1] M is a pullback from K, which just
means that A\ is constant. Since the value group of K is Q, this also means that A € Q.

Now we get rid of projectiveness: By Chow’s lemma, there exists a surjective bira-
tional morphism f : X’ — X such that X’ is projective. If X is determined by M on
some model X of X, then we can find a model X’ of X’ such that f extends to a map
X' — X. Then by definition, f*()) is the model function determined on X’ by f*(M).
By projection formula we have dd®(f*(A)) = 0. Thus we have that f*()) is constant
and in QQ, which means that, by surjectivity, A is constant and in Q. O

Lemma 4.2.10. Let X be a normal and proper variety and L € Pic®(X). Then there
exists an abelian variety A, a morphism h : X — A and a line bundle L' € PicO(A)

such that L = h*(L').

Proof. We first assume that X is smooth. Fix zp € X(K). Then there exists a
Poincaré class P € Pic’(X x B), where B := Pic’(X) is the Picard variety of X, with
the following universal property: Let T' be a variety over K and ¢ € Pic(X x T') such
that

i) c|xxt € Pic%(X) Vt € T(K) and

11) C|x0><T = 0.

Then there exists a unique morphism ¢ : T — Pic®(X) such that ¢ = (id x¢)*P.

Write A := Pic’(B). Since B is an abelian variety, we choose 0 € B(K) as the base
point and obtain a Poincaré class P € Pic’(A x B). We want to apply the universal
property of Pg to P. For x € X(K) we have that P|,xp € Pic’(B) since P|z x5 = 0.
Further we have P|xxo = 0. Hence conditions i) and i) are fulfilled and we get a
unique morphism 1 : X — A such that P = (¢ x id)*Pg. Now for L € Pic®(X), we
have

L=7P|xxr = (¥ xid)"(PB)|xxr = ¥ (PBlaxL)-
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These arguments generalize to X normal and proper using [FGIT05, Remark 9.5.25],
which shows that B := (Pic% /K Jred and (Pic% /) exist and are abelian varieties. Fur-
ther [FGIT05, Exercise 9.4.3] guarantees the existence of a Poincaré class on Pic X/K
resp. Picpje /K and their restrictions to Picg( /K Tesp. Pic% /K have the correct
universal properties. Hence the theorem is true for X normal and projective. In
these arguments the projectiveness of X is only required in [FGIT05, 9.5.25]. However
[FGIT05, 9.5.6] says that [FGIT05) 9.5.3 & 9.5.4] are also true for proper X. Since these
are the only arguments which require projectiveness in the proof of [FGIT05, 9.5.25],
we get the statement also for X proper and normal. O

Lemma 4.2.11. Let X be a normal and proper variety and L € PicO(X). Then there
exists p € N and a numerically trivial model M for L.

Proof. In the case where X is an abelian variety, this follows from [Gub10, Example 3.7],
since the canonical metric is given by a numerically trivial line bundle M. In the general
case, we use a morphism ¢ : X — A with the property that there exists N € PicO(A)
such that ¢*(N) = L. This is possible by Lemma[4.2.10] If we choose models X and A
of X and A such that there exists a numerically trivial model N € Pic(A)g for N®7,
then after a blowup in the special fiber of X, ¢ extends to a morphism ¢ : X — A.
If we define M := ¢*(N) then M is a model of L% and numerically trivial by the
projection formula. O

Lemma 4.2.12. Let w € ZY%(X)q such that {w} = 0. Then there exists A € D(X)
such that dd°) = w.

Proof. Since {w} = 0 there exists a model X and . € Pic(X)g on X such that &
determines w € ZLY(X) and L := .Z|x is numerically trivial. After replacing w by
a multiple, we may, by [Kle66, Chapter II, §2, Corollary 1 (i)], assume L € Pic®(X).
By Lemma we get a model M of L®P which is numerically trivial. Again after
replacing w by pw, we may assume p = 1. Since M is numerically trivial, its class
in Z11(X)g is trivial and hence w is also determined by . ® M~1. We further have
L ® MY x = Ox and hence . ® M1 induces a metric || ||' on Ox. We have
| "= 1l llyve~ for A the model function determined by .# @ M~!. This however just
means dd°\ = w. O

Proof of Theorem [[.2.7 Lemmas [£.1.3] .2.9) and [£.2.12] show exactness of

0—Q—D(X)% 2 (X)g = NY(X)g — 0.

The theorem is then obtained by tensoring with R. O






Appendix A

Good covers and
Mayer-Vietoris-Sequences

In this section X is a paracompact, Hausdorff, locally compact topological space and
(A*, D) is a complex of fine sheaves on X. We will apply this when X is either a
polyhedral space or a Berkovich analytic space. For U C X an open subset we write
Hk(U) for the k-th cohomology group of (A®(U), D). Then (A®, D) will be either
(AY,d') or (A3,d). The statements of Theorem and Lemma are special
cases of theorems which are certainly well known. We choose to present them here with
short proofs for the convenience of the reader.

A.1 Mayer-Vietoris-Sequences

Theorem A.1.1 (Mayer-Vietoris-Sequence). Let U, Uy, Us be open subsets of X such
that U = Uy U Us. Let further Uys := Uy NUs. Then there exists a long exact sequence

o= HYU)) @ HY(Uy) — HY(Uy) — HY(U) — HY(U) @ HYU) — ...
Proof. A partition of unity argument shows that the sequence

0— A*(U) = A*(Uy) ® A*(Uz) — A*(U12) = 0
is exact. The result is then obtained by the long exact cohomology sequence. ]

Theorem A.1.2 (Mayer-Vietoris-Sequence compact support). Let U, Uy, Uy open sub-
sets of X such that U = U; UUsy. Let further Uio := Uy NUy. Then there exists a long
exact sequence

- — H¥NU)) @ HY(Uy) —» HYU) - HM Y (U) — HEY(U) @ B Y U) — ..
Proof. The sequence
0— AX(Ui2) = A2(Uy) @ AL(Us) — A2(U) = 0

is exact and the result again follows by the long exact cohomology sequence. O
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A.2 Good Covers

Definition A.2.1. Let U C X be an open subset. An open cover (U;);cr of U is called
a reasonable cover for (A®, D) if I is finite and for all n € Ny and for all ¢q,...,t, €
n

7

we have that H*(( U,,) is finite dimensional for all k € Ny. It is called a good cover if
=1
further H*(( U,,) = 0 for all k& > 0.
i=1

Lemma A.2.2. Let U C X be an open subset and (Ui)izly._,vm be a reasonable cover of
U for (A®,D). Then H*(U) is a finite dimensional real vector space for all k € Ny. If
(Ui)i=1,...m is a good cover, then we further have HEU) =0 if k> m.

Proof. We use induction on m with m = 1 being just Definition in both the
m—1

reasonable and the good case. Now let m > 2. Let U’ := |J U; and for all i =
i=1

1,...,m —1let U := U; N Uy,. Then (U;)i=1,..m—1 is a reasonable cover of U’ and
(U!)i=1,....m—1 is a reasonable cover of U’ N Up,,. The Mayer-Vietoris-Sequence
shows that for all k the complex

(A1) H*YU'nU,,) — H*U) - H*U") @& H*(U,,)

is exact. By induction hypothesis both H*(U’'NU,,) and H*(U') are finite dimensional
and by definition so is H¥(U,,). Then by exactness of , H*(U) is finite dimensional.

If (Uj)i=1,....m is a good cover, then so are (U;)i=1,...m—1 and (U])i=1,..m—1. So for
k > m, by induction hypothesis H*(U’) = 0 (since k > m — 1) and H*"*(U'NU,,) =0
(since k — 1 > m — 1). Since then also & > 2 we further have H*(U,,) = 0 and (A.1)
becomes

0— H*U) = 0®0,

which shows H*(U) = 0. O
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Algebraic cycle,
Balanced,

Balancing condition,
Basic open,

Boundary integral, 21} 22]

Canonical moment map, [60]
Canonical tropical chart,
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Canonical tropical chart of integration, [64 Polyhedron,

Canonical tropical subchart, [6]]
Closed (1, 1)-form,

Closed tropical modification, [45]
Condition of compatibility,
Cone, [55]

Contraction,

Curvature form,

De Rham class,
Determined,
Dimension,
Divisor, [45]

Dolbeault cohomology,

Effective tropical space, [26]
Evaluation,

Extended affine map,
Extended tropicalization,

Face, [I7]
Facet, [I7]
Fan, [55]

Good cover,

Integral, [64} [76],

Metric, 85

Model,

Model function,
Model metric,
Moment map,
Multitangent space,

Nef,
Numerically trivial,

Open tropical modification, [45]

Partitions of unity,
Poincaré duality, [44]
Polyhedral complex,
Polyhedral space, [25]
Polyhedral star,
Polyhedral structure,
Polyhedral subspace,
Polyhedrally star shaped,

Pullback, T3} [T6} 21, 27} 33, [63} [70]

Push-forward of tropical cycles,

Rational cone,
Reasonable cover, [92]

Refinement,
Regular at infinity,

Sedentarity,

Smooth function,

Stokes’ theorem,
Subchart,

Superform,
Superforms on T", [14]

Superforms on polyhedral spaces,

Support, [[3} [I7, [T8} 21]

Tangent space, [T9]

Toric variety,

Tropical chart,

Tropical chart of integration, [64]
Tropical cycle,

Tropical manifold,

Tropical modification,

Tropical space,

Tropical subchart,

Tropical variety, [L§]

Tropicalization,

Variety, 53|
Very affine,

Wedge product,
Weighted polyhedral complex,
Weighted polyhedral space,

Weighted polyhedral structure,

Weights,
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