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Abstract

In this thesis, tropical methods in singularity theory and legendrian geometry are developed; tropical
modifications are surveyed and several technical statements about them are proven. In more details,
if a planar algebraic curve over a valuation field contains an m-fold point, then there is a certain
collection of faces in the subdivision of the Newton polygon of this curve, with total area of order
m?. This estimate can be applied in Nagata’s type questions for curves. Then, the notion of a
tropical point of multiplicity m is revisited. With some additional assumptions, the tropicalization
of a complex legendrian curve in CP3 is proven to enjoy a certain divisibility property. Finally, with
help of tropical modifications, the tropical Weil reciprocity law is proven and several restrictions on
the realizability of non-transversal intersection of tropical varieties are obtained.

Ce travail s’inscrit dans le contexte de la géométrie tropicale. On développe des méthodes ap-
plicables en théorie des singularités et de la géométrie legendrienne; et on établi certains résultats
techniques dans le domaine des modifications tropicales. Plus précisément, supposons qu’'une courbe
algébrique planaire sur un corps valué contient un point de multiplicité m. On démontre qu’on peut
trouver une collection de faces dans la subdivision du polygone de Newton de la courbe, telle que
l'aire soit d’ordre m?. On applique ensuite cette estimation pour des questions reliées a la conjec-
ture de Nagata. On redéfinit la notion de multiplicité d’un point tropical et on la compare avec les
définitions déja existantes. Ensuite, on démontre que les courbe tropicales legendriennes possedent
une propriété de divisibilité. Finallement, on établit la loi tropicale de réciprocité de Weil avec I’aide
des modifications tropicales, ainsi que de nouvelles restrictions sur la réalisabilité d’intersections
non-transverses tropicales.



Introduction

Was sich uberhaupt sagen ldsst, ldsst sich klar sagen;

und wovon man nicht reden kann, dariber muss man schweigen.

Ludwig Wittgenstein

An outstanding dissertation must contain a solution of some old interesting problem or it must

develop a new beautiful area and prove some nice results there. Unfortunately, this is not quite the
case here, hence I was curious — what is just a good ([100]) dissertation!?

From the historical point of view, a dissertation (thesis) is a demonstration that a candidate can
be a scientist. So, in mathematics it means that a candidate (me) can choose problems for research,
have some success there, write the result clearly, relate it with other areas, do literature review, and
write some explanatory (or pedagogical) texts, etc.

This thesis is written exactly from this point of view. Chapter 1 develops the tropical approach
to m-fold points. See Section 1.10 for comparison of all the definitions of a tropical singular point.
Chapter 2 uses these results in relation with Nagata’s conjecture. I chose this problem after two years
struggling with the problem (Chapter 4) proposed to me by my advisor Grigory Mikhalkin. These
chapters are extended versions of my articles [81, 82|; I added more examples and gave a survey of
the matroid part of the story. Also, Chapter 2 generalizes many notions from the Chapter 1.

Chapter 3 is devoted to tropical modifications. It was an attempt to survey all existed interpre-
tations, to give a lot of examples, and to mention all the applications. In addition we prove several
technical statements, which simplify the life of a tropical geometer to some extent.

Chapter 4 is dedicated to a particular success in the problem, given me by my adviser, this
chapter contains the study of the complex legendrian curves’ counting. Also we sketch perspectives
in the theory of tropical differential forms.

In Appendix A we survey the results concerning the following problem: what is the best constant
in the estimate Volume(D) > cw(D)? where w(D) is the minimal lattice width of a convex body
D C R3. This question is related to Chapter 1 where we needed a similar result in R?. In Appendix B
we give a short survey of tropical economics, more like as an anecdote than seriously. All the chapters
can be read independently, though the Chapters 1,2,3 are deeply related and contain a lot of references
hither and thither. Just after the subsection (following next) where I express the gratitude, the reader
can find the list of all the important definitions, theorems, and questions in this thesis, with short
annotations, see the next Section (in French, English, and Russian).

Latin, from from dis- "apart" + serere "to arrange words".



Résumé

Le chapitre 1 est consacré aux singularités tropicales. On examine les définitions existantes d’un
point tropical de multiplicité m — voir définition 1.1.2 (au sens extrinseque), définition 1.7.4 (au sens
intrinseque) — et on donne une nouvelle definition 1.6.7 (au sens intermédiare). Nous démontrons
que “extrinseque” implique “intermédiare”, qui implique “intrinseque” & son tour.

Pour un point tropical de multiplicité m au sens inermédiare sur une courbe tropicale C, on peut
trouver une collection de faces de la subdivision du polygone de Newton duale & C. L’aire totale
de ces faces est d’ordre m?. On définit ensuite une région d’influence pour un point arbitraire, voir
définitions 1.6.2, 1.6.4, 1.6.5. Puis, dans les “théoremes exergants” (théoreme 1.6.11 (figure 1.1(A)),
théoreme 1.6.12 (figure 1.1(B)) on donne un borne inférieure a l’aire de cette region d’influence d’un
point tropical de multiplicité m. Nous pouvons dire que ce point exerce son influence sur cette region,
d’olt le nom de ces théorémes.

Comme on le démontre dans le chapitre 2, ces régions d’influence peuvent se croiser, mais pas
beaucoup (corollaire 2.2.18). On généralise la définition d’un région d’influence & toutes les dimen-
sions — définition 2.2.12 et exemple 2.2.13, définitions 2.2.5, 2.2.7, 2.2.8, 2.2.10. Dans le théoreme
central de ce chapitre, théoreme 2.1.5, on estime 'air du polygone de Newton de la courbe qui passe
par des point génériques avec des multiplicités prescrites. Nous considérons une variété algébrique
torique arbitraire (i.e. le polygone de Newton de la courbe est arbitraire), et le corps en considération
peut étre méme fini, mais de cardinal suffisamment grand.

Dans le chapitre 3 j’ai essayé de recenser tout ce qui est connu par rapport aux modifications
tropicales. Théoreme 3.3.10 nous donne la version tropicale de la loi de réciprocité de Weil, il est
équivalent au théoreme tropicale de Menelaus (lemme 3.3.14, proposition 3.3.16). Pour les applica-
tions, voir exemple 3.2.17. Nous étudions également la question suivante. Quelle est l'intersection
provenant de la dégénérescence des intersections de deux variétés tropicales avec intersection non-
transverse 7 On établit une nouvelle restriction, voir théoreme 3.3.28 et exemple 3.3.27, et on
définit I'ordre < pour les diviseurs, voir définition 3.3.25. On établit qu'un diviseur réalisable comme
Iintersection doit étre plus petit que le diviseur de l'intersection stable. La définition 3.3.35 donne
une généralisation du momentum tropical pour les variétés tropicales en toute dimension.

Le chapitre 4 est consacré aux courbes tropicales legendriennes. En utilisant le fait que Sp(4) agit
transitivement sur les triplets de points génériques (lemme 4.1.10), on trouve (au moyen de Macaulay?2
et Mathematica, parce que les calculs sont énormes) des exemples concrets des courbes tropicales
legendriennes (section 4.2 contient beaucoup d’images et codes). Dans le théoreme 4.1.13 on fournit
la liste des types possibles des courbes algébriques legendriennes sur une surface quadratique. Dans
le théoréme 4.1.17 on décrit la famille des cubiques rationelles legendriennes passant par trois points
génériques dans CP3, on montre que cette famille est lineaire. Donc, le nombre de cubiques rationelles
legendriennes passant par trois points et intersécant une ligne est égal & trois.

Dans la proposition 4.1.15 nous observons que les courbes tropicales legendriennes possédent une
propriété de divisibilité (définition 4.2.3). Cette propriété ainsi que la propriété tropicale legendrienne
de tangence (définition 4.3.5) caractérisent completement les droites tropicales legendriennes. En fait,
c’était le point initial du projet — nous souhaitions établir cette propriété pour toutes les courbes trop-
icales legendriennes. Nous avons remporté un succes limité et partiel. Le théoreme 4.3.8 affirme que
la propriété de divisibilité est toujours vraie pour les courbes de degré arbitraire, aussi longtemps que
la paramétrisation de la courbe dans C? est donnée par trois polynomes. Le théoreme 4.3.10 garantit



que la propriété de divisibilité est toujours vraie pour les cubiques rationelles. Une démonstration que
cette propriété est vraie en générale est brievement décrite, ainsi que la théorie de formes tropicales
différentielles, voir sections 4.4.1, 4.4.3. Nous conjecturons (question 21) que le théorémes similaires
par rapport aux formes tropicales sont vrais dans tous les contextes.

Dans l'annexe A nous calculons la meilleure constante connue dans l'inegalité Volume(D) >
cw(D)? pour un ensemble convexe et compact D C R3, proposition A.1.10. Dans 'annex B on va
expliquer comment les intersections tropicales tranverses aidaient la banque d’Angleterre (proposi-
tion B.2.2).

Cette these contient des problemes ouverts, qu’on appelle “questions”. On en liste quelques unes
ici. Question 23: pour un ensemble convexe compact D C R3, on peut effectuer une transformation
affine linaire, qui préserve le volume et diminue le diametre de D. Alors, quel diametre minimal
peut-on obtenir en termes du volume de D ?

Dans les questions 22, 12, 9 on discute les aspects différents du probleme suivant: comment
généraliser la notion du polytope de Newton pour les surfaces de dimension deux dans C*, et comment
y étendre les notions tropicales corresponantes. La question 20 propose une hypothese que le nombre
de courbes rationelles legendriennes de degré d passant par d points et intersécant une droite est au
moins d. La question 18 propose de finir la classification de courbes legendriennes sur la surface
quadratique. Ca sera utile pour les autres questions énumératives des courbes legendriennes dans
CP3.

Est-il toujours possible de relever deux courbes tropicales avec intersection non-transverse en des
courbes sur un corps non-archimedien telles que leurs intesections sont concentrées en un point, de
tangence maximale (question 14) ? Dans la question 13 on cherche une reformulation du probleme
de réalisabilité de l'intersection par des objets sur une variété tropicale abstraite. Supposons que
deux variétés sont données comme ensemble de zéros de polynoémes. Les déformations des coefficients
doivent étre réécrites en termes de I’espace fibré normal.

Dans la question 8 on se demande dans quelle mesure la notion de point multiple K-extrinseque
sur une courbe tropicale depend du corps K 7 Dans la question 6 (qui est indépendante des autres
parties du texte) on s’intéresse aux généralisations des propriétés d’'intégralité des fonctions concaves
en une variable. Dans la questions 2, 3 nous sommes curieux de savoir s’il est possible de démontrer
certaines propriétés (qui suivent immédiatement de approche algebrique) de polygones sur une grille
par moyen de méthodes directes.

A comprehensive list of theorems, examples, and questions

Chapter 1 studies tropical m-fold points. For this occasion we survey existing definitions of a trop-
ical m-fold point — Definition 1.1.2 (in extrinsic sense), Definition 1.7.4 (in intrinsic sense) — and
give a new one — Definition 1.6.7 (in intermediate sense). We also prove that “extrinsic” implies
“intermediate”, which implies “intrinsic” in its turn.

For an m-fold (in the intermediate sense) point on a tropical curve we find certain collection of
faces of the dual subdivision of the Newton polygon, with total area of order m?. Such a “region of
influence” is defined for any point, see Definitions 1.6.2, 1.6.4, 1.6.5. So, Exertion Theorems 1.6.11
(Figure 1.1(A)), 1.6.12 (Figure 1.1(B)) estimate the area of such a region of influence of an m-fold
point from below, we say that this point ezerts its influence to this region, whence the name of the



theorems.

As shown in Chapter 2, these regions of influence may intersect, but not too much (Corol-
lary 2.2.18). We generalize the definitions of influenced sets to any dimension — Definition 2.2.12
and Example 2.2.13, Definitions 2.2.5, 2.2.7, 2.2.8, 2.2.10. The central theorem of this chapter, The-
orem 2.1.5, estimates the area of the Newton polygon of a curve, passing through generic points with
prescribed multiplicities. We consider an arbitrary toric variety, i.e. the Newton polygon of a curve
is arbitrary, and the ground field can be any infinite field, or even finite, but big enough.

In Chapter 3 we try to survey all what is known about tropical modifications. Theorem 3.3.10
gives a tropical version of the Weil reciprocity law, and it is equivalent to tropical Menelaus The-
orem (Lemma 3.3.14, Proposition 3.3.16). As an application, see Example 3.2.17. Then, we study
the following question: what is the “true” intersection (i.e. coming as a degeneration of the inter-
section) of two tropical varieties with non-transversal intersection. We introduce a new restriction,
Theorem 3.3.28 (see Example 3.3.27), and define an order < on the divisors, Definition 3.3.25. In
short, a divisor, realizable as an intersection, must be less than the divisor of the stable intersection.
Definition 3.3.35 provides a generalization of the tropical momentum for tropical varieties of higher
dimensions.

Chapter 4 is devoted to tropical legendrian curves. We mention that Sp(4) is generically three-
transitive (Lemma 4.1.10), that allows us to find (using Macaulay2 and Mathematica, because the
computations are enormous) concrete examples of tropical legendrian cubics (Section 4.2 contains
many pictures and a lot of code). Theorem 4.1.13 provides the list of all the possible types of algebraic
legendrian curves on a quadric surface. Theorem 4.1.17 describes the set of rational legendrian cubics
through three generic points in CP3 — a linear family. Therefore, the number of rational legendrian
cubics through three generic points and one generic line is three.

In Proposition 4.1.15 we observe a nice divisibility property (Definition 4.2.3) which tropical leg-
endrian lines possess. This property with the tropical legendrian tangency property (Definition 4.3.5)
completely characterize tropical legendrian lines. In fact, that was the starting point of the whole
project — a wish to establish this properties for all tropical legendrian curves. We have only partial
success. Theorem 4.3.8 states that the tropical legendrian divisibility property holds for rational
legendrian curves of any degree, as long as the parametrization of the curve in C? is given by three
polynomials. Theorem 4.3.10 tells that the tropical legendrian divisibility property holds for legen-
drian rational cubics. The proof of the theorem that this property holds in general is only sketched as
well as the theory of tropical differential forms, see Sections 4.4.1, 4.4.3. In Question 21 we conjecture
that the similar statements about forms hold in all tropically-related contexts.

In Appendix A we calculate the best known constant in the inequality Volume(D) > cw(D)3
for a convex compact set D C R3, Proposition A.1.10. In Appendix B we explain how transversal
tropical intersection helps the Bank of England (Proposition B.2.2).

The thesis contains open problems, we call them “questions”. We list some of them here. Ques-
tion 23: for a given convex compact set D C R? we can try to apply an affine linear transformation,
preserving the volume and decreasing the diameter of D. So, what is the minimal diameter that we
can obtain, in terms of Volume(D)?

Questions 22, 12, 9 are asking for a right analog of the Newton polytope for two dimensional
surfaces in C*, and how to extend various tropical notions to it. Question 20 proposes a hypothesis
about the number of rational legendrian curves of degree d through d points and one line. Question 18
offers to finish the classification of the legendrian curves on a quadric surface. It is rather useful in



finding enumerative answers about special types of legendrian curves in CP3.

If it is always possible to choose lifts of two tropical curves with non-transversal intersection
such that all their local intersection in one connected component concentrates at one point, where
we have a tangency (Question 14)7? In Question 13 we ask for a reformulation of these problems
with realizable intersection via objects on an abstract tropical variety. Indeed, we may suppose
that both varieties are given as zero sets of polynomials. Deformations of the coefficients, and the
corresponding contractions of the leading terms should be written in terms of only one variety. This
would lead to a notion of “normal” bundle of an embedded tropical variety.

Question 8 asks to which extent the definition of K-extrinsic multiple point on a tropical curve
depends on the field K. In Question 6 (totally unrelated to all the other topics) we are interested
in generalizations of some nice integration properties for concave functions in one variable. In Ques-
tions 2, 3 we are curious about some combinatorial properties of lattice polygons, these properties
trivially follow in the algebraic approach, but it would be intriguing to prove them directly.

O0630p pe3yabTaTOB

['nmaBa 1 mocssinieHa TPOMMYECKUM TOYKAM KPATHOCTH M. JIjIs MOJTHOTHI U3JI02KEHUsT MBI TaéM 0030p
CYILECTBYIOINIUX ONIPe/IeJIeHIH TPOIMYeCKoil Touku KparHoctu m — Oupenesienne 1.1.2 (B HApYKHOM
cmbiciie), Omnpenenenne 1.7.4 (Bo BHyTpeHHeM cMmbicie) — u jgaém Hosoe Omnpesenenne 1.6.7 (B
POMEXKYTOYHOM CMbIcJie). MbI JJOKa3blBaeM TakKe UTO ,,HapyKHOe" OlpejieleHNe BIeYET , [IPOMe-
KYTOUHOEe", KOTOpPOe, B CBOIO OUepe/ib, BJIECUET ,,BHyTpEeHHEee" .

s rouku kparHOCTH ™ (B IPOMEXKYTOYHOM CMBIC/IE) HA TPOIMUYECKOH KPUBOI MBI BbIIE/ISEM
HEKOE MHOYKECTBO I'DAHEN JIBOMCTBEHHOTO 10/Ipa30neHnst MHOTOYToIbHIKA HhloTOHA KPUBOiT, cyMMap-
HOI 1utomman mopsiaka m2. Taxoil ,pernoH BIIHSIHIS “OIIpeIeseH 1is aro60it Toukn, cM. Otmpeere-
st 1.6.2, 1.6.4, 1.6.5. danee, Teopemst Pacnpocrpanenns 1.6.11 (Pucynox 1.1(A)), 1.6.12 (Pucy-
HOoK 1.1(B)) mator oneHKy CHU3Y Ha ILIONIAJb TAKOIO PErHOHA BJIMSAHUS y TOUYKH KPATHOCTH M. Mbl
FOBOPUM, UTO 3Ta TOYKA ,, PACIPOCTPAHSAET ‘CBOE BIUSHUE HA 9TOT PEr'MOH, OTKYIA U UMS TEOPEMBI.

Kaxk nokazano B ['1aBe 2, BblllleykazaHHbIe PETUOHBI BJIUSIHUS MOTYT IIEPECEKATHCS, HO KOHTPOJIH-
pyembim obpaszom (Creacraue 2.2.18). Mbr 06061maem ompeiesieHe pernona BIAMsSHIS Ha TPOHN3BOJIb-
HyI0 pa3zmepHocTh — cM. Ompenenenne 2.2.12 u [Ipumep 2.2.13, Oupenenenus 2.2.5, 2.2.7, 2.2.8,
2.2.10. HenrpanbHast Teopema 3Toii ryiaBbl, Teopema 2.1.5, maét oeHKy Ha ILJIOIAb MHOMOYTOJIbHH-
ka HbroToHa KpUBOM, NMPOXOSINEll depe3 JlaHHbIe ODINMe TOUYKH C JAHHBIMU KpATHOCTAMH. MbI
paccMaTpuBaeM IIPOU3BOIBHYIO TOPUYECKYIO ITOBEPXHOCTD, T.€. MHOTOYToJbHUK HbioTOHA KpuBOi
[IPOM3BOJIEH, U OCHOBHOE TI0JIE MOYKET UMETh JIFOOYIO0 XapaKTEPUCTHUKY, B TOM YUCJIE, KOHEIHYIO — HO
JIOCTATOYHO OOJIBIIYIO.

B T'staBe 3 mbl maém 0630p Tpornmyueckux momudukanuit. Teopema 3.3.10 sBiisiercs Tpormieckon
Bepcueil 3aKOHa B3aUMHOCTH Baiiyisi u sKBUBaJieHTHA Tponundeckoit Teopeme Menenas (cm. Jlem-
my 3.3.14, IIpennoxenue 3.3.16), cMm. mpumenenue 571oif Teopembl B [Ipumepe 3.2.17. Mbr uzygaem
CJIEJIYIONIHI BOIIPOC: KAKOBO ,,HacTosiiee" (T.e. IPUXOJIAINee KaK BBIPOXKICHUE TIepecevyennii) nepece-
JeHue JBYX TPOINYECKUX MHOrooOpasnii ¢ HeTpaHCBePCcaIbHbIM llepecedenreM. Mbl IpUBo M HOBOE
HeobxomMoe yesioBue, cM. Teopemy 3.3.28 u [Ipumep 3.3.27, u oripejiesisieM MOPsiIOK < Ha JIUBU30PAaX,
cM. Ompenesenne 3.3.25. JluBusop, peaiu3yeMblii Kak Iepecedenne, JIOJKeH ObITh He DOJIbIIe deM
JUBU30D cTabUIbHOTO nepeceuenusi. Oupesesnenne 3.3.35 00001aeT TOHATHE TPOIINIECKOIO MOMEHTA



Ha TPONUYeCKne MHOroo0Opa3us MPOU3BOJILHBIX pa3MepHOCTE.

[1aBa 4 nocBsileHa TPOIMYECKUM JIEXKAHIPOBBIM KpUBbIM. Mbl ormeuaem, aro Sp(4) meficTByer
TPAH3UTUBHO Ha Tpoiikax obmux Touek (Jlemma 4.1.10), 970 103BOJISIET HAM TIOCTPOUTH (UCIIOJIB3YST
Macaulay2 u Mathematica, moroMmy 4TO BBIYHCIIEHHsI HEBBIHOCUMO OIPOMHBI) KOHKDETHbIE IPUMEPHI
TPOIMYECKUX JIEKAHAPOBBIX KyOuk (cMm. Ilaparpad 4.2, comepxkamuii MHOrO PHUCYHKOB U KOJA).
B Teopeme 4.1.13 mnepeducjeHbl BCE BO3MOYXKHDBIE TUIBI AJreOPANYIECKUX JIC2KAHIPOBBIX KPUBBIX HA
kBajipuke. B Teopeme 4.1.17 MbI IoKa3bIBAEM, UTO JIEZKAHIPOBBI PAINOHAJIbHBIE KYOUKH, IIPOXO/ISIIIE
Jepes TPHU TOUKHU OOIIEro MOJIOXKEHUsT 00pa3yI0T OHOMEPHOE JIMHEITHOE CEMECTBO. 3aTeM, UCIIOJIb3Y s
SIBHBIN BUJ] 9TOTO CEMEICTBA, MbI IIOJIyYaeM, YTO Yepe3 TPU ODOIIre TOYKHU U HPAMYIO ITPOXO/IUT POBHO
TPHU JICXKAHIPOBBIX KYOUKH.

B Ilpennosxkennn 4.1.15 MBI moKa3bIBaeM, UTO TPOMUUECKHE JIEXKAHIPOBBI KPUBBLIE 00JIAIAI0T
cpoiicrBoM siesimmoctu (Oupenesenue 4.2.3). Ob6Jaganne STUM CBORCTBOM U YIOBJIETBOPEHUE YCJIOBUIO
TPOIUIECKOTo JiexKaHipoBa Kacanusi (Oupezesenne 4.3.5) MOJTHOCTBHIO XapaKTepU3yeT TPOIUIeCKUe
JIEYKAHIPOBBI IIpsiMble. Ha camom jieste, 570 OBLIO HEJIBbIO — JIOKA3aTh aHAJIOI TAKOTO YTBEPXKJICHUS
JIJISI BCEX TPOIMUYIECKUX JIEZKAHIPOBLIX KPUBBIX. MBI JIOCTUTIM TOJIBKO YACTUYHOrO yciexa. Teope-
Ma 4.3.8 3aKJII09IaeTCS B TOM, 9TO BBIIIEYKA3aAHHBIM CBONCTBOM JICJIMMOCTH 00JIAJIAI0T TPOIUKAJTM3AITN
KpUBBIX ¢ napamerpusanueii B C3 nannoit Tpems nosmmaomamu. B Teopeme 4.3.10 MBI 10Ka3bIBaEM
YTO CBOWCTBOM JieJieHusi 0DJIaJIaloT palmoHasbHble KyOuku. Jlan HabpOCOK J0Ka3aTebCTBa TOIO,
9TO TUM CBOMCTBOM 00J/Ia/1aI0T KPUBBIE, JIOKAJLHO YCTPOEHHDbIE KaK IpsaMble. TakkKe MbI 00CyXKIaeM
Tpommyeckue auddepennuasibubie popmbl, cM. [laparpad 4.4.1, 4.4.3. B Bompoce 21 Mbr npeosia-
raeM, 9TO ITOX02KHUE YTBEPKJICHUSI BEPHBI B JTI0OOM KOHTEKCTE, CBSI3aHHOM C TPOIUYIECKO reOMeTpHeii.

B Ilpunoxernn A MbI BBIUHCIIEM HAWIYUIIYIO U3BECTHYIO KOHCTAHTY B HEPABEHCTBE HA 00DHEM
Volume(D) > cw(D)? mns Bbmykiaoro kommakTaoro Teqa D C R3 wepes ero nenounciennyro
mupuny, cMm. Ilpemnnoxkenne A.1.10. B Ilpumoxkenun B mbl 00bsicHsieM, Kak TpaHCBEpCAJbHBIE
Tpormyueckue nepecedenus cnacan bank Aurmun (IIpemioxenne B.2.2).

Jluccepraiust COAEPKUT HEKOTOPOE KOJHMYECTBO BOIPOCOB, MbI IMPUBOAUM HEKOTOPLIE U3 HUX
31eck.  Bompoc 23: s JaHHONO KOMIAKTHOIO BBITYKJoro Teaa D C R? MoxkHO mompoGosarhb
npuMeHdaTh adduHHbIe TpanchOPMAIIHT, COXpaHIIoNe 00bEM 1 yMenbIaomue auamerp D. Kakoit
MUHIMAJIBHBIE JIHAMETD MBI MOYXKEM HOJIY9IUTh, B TepMuHax Volume(D)?

B Bormpocax 22, 12, 9 MBI ¢ pa3HbIX TOUYEK 3PEHUsI UHTEPECYEMCs KaK OIPeIeUTh PaBUIbHbIMI
AHAJIOr MHOTOTPaHHHKa HbIOTOHA JIs AByMepHBLIX mosepxuocreil B C*, m kak 6yayT BBINIAIETDH
AHAJIOTU UCCJEJIyeMbIX HaMU Tponumdeckux oO0bekToB. B Bompoce 20 mbl mpejiaraeM IUIOTE3Y O
KOJIMYECTBE PAIMOHAJIBHBIX JIE2KAH/POBBIX KPUBBIX CTEIEHU d, IIPOXOJAIUX depe3 d ObIHUX TOYeK
u obryto npstmyto. B Borpoce 18 mpejjiaraercst yTOYHUTD KJIACCH(MDUKAIIAIO JIEYKAHIPOBBIX KPUBBIX
Ha KBaJpPUKe, 9TO MIOMOIJIO OBl penraTh SHyMEePATUBHBIE 33/[a91 I aaredpandecKuxX KPUBBIX.

Bceerpa i Bo3MOXKHO BBIOpATh MOAHATHST (B HEAPXUMEIOB MUD) JBYX TPOIMUYECKUX KPHUBBIX C
HETPAHCBEPCAJIBHBIM II€PECEUEHNEM TaK, ITOOBI UX JIOKAJbLHOE IepecedeHre B OJHON M3 CBA3HDLIX
KOMIIOHEHT I€PecedeHrsl UX TPOIUKAJIU3AIUI COCPEJOTOUMIOCh B OJIHON TOYKe, TJie OyIeT KacaHue
nosuAThX Kpusbix (Bonpoc 14)7 B Bompoce 13 Mbl nHTEpecyeMcsi KakK MOXKHO T1epehOpMyInpoBaTh
3319y O PEAIN3yeMOCTHU IePeCceueHusl JIByX TPOIUIECKIX MHOTO0OOPAa3uil B TEPMUHAX TOJBKO OJIHO-
ro muoroobpasusd. B camom mene, npemmosiockum, UTO 00a MHOrooOpasus JaHbl B BUJE HYyJel
muOroYIeHOB. Jedopmanyuu KoIQOUITMEHTOB OIHOIO MHOTOUIEHA MOXKET OBITH PeayIlnpoBaHa K
nedopmaruu HYHKIME Ha mepBoM MHOroobpasuu. [lajee, medopmariust kKo3hOUIUEHTOB BTOPOTO
MHOI'OYJIEHA JIOJ2KHA ObITH KAK-TO BU/IHA B TEPMHUHAX ,, TPOIIMYECKOIO HOPMAJIHLHOIO PACCJIOEHHS .



Bompoc 8 mocastmén Tomy, B Kakoif Mepe HapyzKHOe onpenesenne K-KpaTHoit TOUKN HA TPOITHIEC-
Ko#t kpuBoii 3aBucut ot oy K. B Bompoce 6 MbI criparmuBaeM 0 BO3MOXKHBIX 0000IIeHISIX HEKOTOPOI'O
CBOICTBa MHTEIrPAJIOB i BBINYKJIbIX GyHKiuit. B Bompocax 2, 3 npo To, MOXKHO Jii HEKOTOPbBIE
YUCTO KOMOMHATOPHbBIE CBOMCTBA PEIIETOYHBIX MHOTOYTOJIbHUKOB, KOTOPBIE IIPOCTO CJIELYIOT B aJire-
OpanvIecKoM IOJIXO0JIe, JOKA3aTh YNCTO KOMOUHATOPHO, HAIIPAMYIO.
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Chapter 1

Tropical singular varieties and matroids

“There is no such thing as a good influence, Mr. Gray.

All influence is immoral — immoral from the scientific point of view.”
“Why?”

“Because to influence a person is to give him one’s own soul.

He does not think his natural thoughts, or burn with his natural passions.
His virtues are not real to him.”

The picture of Dorian Gray.

This chapter is an extended version of my article “The Newton polygon of a planar singular curve
and its subdivision” ([82]). Here I clarify the connection of the tropical singularities with matroid
theory, speculate about possible extensions, and survey the current state of art.

We give several definitions of a tropical singular point of multiplicity m and discuss the differences.
Also, the content of this chapter is deeply related to the parts of Chapter 3, which discuss the
singularities.

In a sense, the roots of the interest to tropical singularities can be found in the study of dis-
criminants and resultants, see the monograph [65|(Gelfand, Kapranov, Zelevinsky). Indeed, the
discriminant of a polynomial f tells us what are the constraints for the coefficients of f if the curve
defined by {f = 0} has points of multiplicity at least two. Here we study the tropical side of this
story — what are the constraints for the valuations of these coefficients.

Namely, we consider an algebraic curve C' defined over a valuation field by an equation F'(x,y) =
0. Valuations of the coefficients of F' define a subdivision of the Newton polygon A of the curve C.

A point p is of multiplicity m (or is an m-fold point) on C' if the lowest term in the Taylor
expansion of F' at p has degree m. Initial interest in tropical points of higher multiplicity was
caused by Nagata’s conjecture. This conjecture proposes the estimate d > m+/n for the minimal
degree d of a curve which has n > 9 points of multiplicity m in general position. Motivated by this
conjecture, we study the following question: how do the points of multiplicity m on C influence the
above subdivision of A7 This chapter is devoted to the case of one m-fold point, whereas Chapter 2
concerns the case of several m-fold points.

If a given point p is of multiplicity m on C, then the coefficients of F' are subject to certain linear
constraints. The full description of these constraints is obtained and studied in [51, 52, 53]; that
approach can be extended to the finite characteristic and p-adic cases [155].



However, it is much harder to grasp the influence of a singular point on the actual tropical picture.
Our aim was to obtain somewhat similar to the geometrico-combinatorial properties of the matroid
in the case of two-fold point on curves and surfaces [107, 108, 109], inflection points [34], and cusps
[64].

We are mostly interested in how these constraints can be wvisualized in the above subdivision of
A. We find a distinguished collection of faces of the above subdivision, with total area at least %mz.
The union of these faces can be considered to be the “region of influence” of the singular point p in
the subdivision of A.

We also study the following question: given a tropical curve, how can we decide if it comes as a
tropicalization of a curve with m-fold point? We discuss three different definitions of a tropical point
of multiplicity m in relation with that. For the direction “from tropical geometry to algebraic geom-
etry” see also patchworking of tropical singular points ([152]). Some obstructions for the realizability
of singular points are discussed in Chapter 3, see Section 3.3.4 and examples there.

A reader is supposed to be familiar with tropical geometry. As a good introduction to a kind of
tropical geometry I need, let me propose [30] (see also [78, 79, 102, 117, 121, 120]). Basic notions
about matroid theory and Bergman fans can be found in [11, 130].

1.1 Introduction

Fix a non-empty finite subset A C Z? and any valuation field K. We consider a curve C given by an
equation F'(z,y) = 0, where

F(x,y) = Z aijz'y’, a;; € K*. (1.1)
(1.7)eA

Suppose that we know only the valuations of the coefficients of the polynomial F(x,y). Is it
possible to extract any meaningful information from this knowledge? Unexpectedly, many geometric
properties of C' are visible from such a viewpoint.

The Newton polygon A = A(A) of the curve C is the convex hull of A in R?. The extended Newton
polyhedron A of the curve C is the convex hull of the set {((4, ), s) € R2 xR|(4, ) € A, s < val(aj;)}.
The projection of all the faces of A along R induces a subdivision of A. Note that the valuations of
the coefficients of F' completely determine A and this subdivision of A.

By definition, the non-Archimedean amoeba of C' is Val(C) = {(val(x),val(y))|(z,y) € C}.

We define the tropical curve Trop(C') as the set of non-smooth points of the function (m)axA(iX +
1,5)€

JY + val(a;j)). It is known that Val(C') C Trop(C'). Furthermore, Trop(C) is a graph which is
combinatorially dual to the subdivision of A (described above). In particular, each vertex V' of
Trop(C') corresponds to a face d(V') of this subdivision of A.

Fix a point p = (p1,p2) € (K*)2. Define P = Val(p) = (val(p;), val(p2)). We consider a curve C
given by (1.1) such that p is of multiplicity m on C. In such a case, the coefficients a;; of C' satisfy
a certain set of w linear constraints. In turn, the constraints for the numbers val(a;;) manifest
themselves via the fact that the subdivision of A enjoys very special properties.

In particular, there is a certain collection J(P) of vertices of Trop(C') (Figure 1.1, lower row). We

estimate the total area of the faces in the subdivision of A dual to the vertices in J(P) (Figure 1.1,



e
/!
"

(a) if Val(p) is not a vertex (b) if Val(p) is a vertex

Figure 1.1: If P is not a vertex of Trop(C') (left column), then the collection J(P) of vertices consists
of all the vertices of Trop(C') lying on the extension of the edge through P. If P is a vertex of
Trop(C') (right column), then we take the vertices on the extensions of all the edges through P. In
each case the corresponding set of faces of the subdivision of A, the ‘“region of influence” of P, is
drawn at the top. The sum of the areas of the faces in (1.2) is at least 2m? in (A) and at least Sm?
in (B).
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upper row). Namely, if the minimal lattice width of A is at least m, then the following inequality
holds:

> area(d(V)) > em?. (1.2)

Vei(p)

If P is not a vertex of Trop(C), then (1.2) holds with ¢ = 1; if P is a vertex of Trop(C), then (1.2)
holds with ¢ = %, see Lemma 1.6.8, Theorems 1.6.11,1.6.12 in Section 1.6 for more details.

Remark 1.1.1. Let us fix points p1,pa,...,py in general position. Suppose that C passes through
them. In Chapter 2 we prove that in this case each vertex of Trop(C') belongs to at most two sets
J(P;), i.e., for indices i; < iy < i3 we always have J(P;,) NJ(P;,) NJ(P;,) = @.

Definition 1.1.2 ([53, 107]). The multiplicity of a point P on a tropical curve H is at least m in
the K-extrinsic sense if there exist an algebraic curve H' C (K*)? and a point p € H' of multiplicity
m such that Trop(H') = H, Val(p) = P.

This definition is extrinsic because it involves other objects besides H. We find new necessary
intrinsic conditions (in terms of the subdivision of A) for the presence of an m-fold point on C. We
give two other definitions (Def. 1.7.4, Def. 1.6.7) of a tropical singular point and compare them in
Section 1.10.

1.2 Preliminaries

1.2.1 Tropical geometry and valuation fields

Let T denote RU {—oc}. T is usually called the tropical semi-ring. Let K be any valuation field,
i.e., a field equipped with a wvaluation map val : K — T, where this map val possesses the following
properties:

e val(ab) = val(a) + val(b),
e val(a + b) < max(val(a), val(b)),
e val(0) = —oo.

Example 1.2.1. Let F be an arbitrary (possibly finite) field. An example of a valuation field is the
field F{{t}} of generalized Puiseux series. Namely,

F{{t}} = {azgcata\ca eF,IC R},

where t is a formal variable and [ is a well-ordered set, i.e., each of its nonempty subsets has a least
element. The valuation map val : K — T is defined by the rule

Val(z cat0‘> =— mei?{a]ca # 0}, val(0) := —o0.

ael

Different constructions of Puiseux series and their properties are listed in [110, 147].
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Remark 1.2.2. It follows from the axioms of the valuation map that if a1 +as+---4+a, = 0,a; € K*,
then the maximum among val(a;),7 = 1,...,n is attained at least twice.

Example 1.2.3. Suppose that K = C{{t}} and all the coefficients a;; € K* in (1.1) are convergent
series in t for ¢ close to zero. Then, specializing t to be t;, € C close to zero, we obtain a family
of complex curves Cy, defined by the equations }-(; iy 4 i (tr)z'y’ = 0. Note that the valuation

val( Y cot®) = — mi:rll{a\ca # 0} is a measure of the asymptotic behavior of a;; as t; tends to 0,
acl ac
—val(aij)

i.e., aij(tk) ~ tk .

The combinatorics of the extended Newton polyhedron reflects some asymptotically visible prop-
erties of a generic member of the family {Cy, }. In such a way, real algebraic curves with a prescribed
topology can be constructed; see Viro’s patchworking method. See also [34], where the curves with
a lot of inflection points are constructed by Viro’s method.

Definition 1.2.4 ([57]). The non-Archimedean amoeba Val(C) C T? of an algebraic curve C' C K2
is the image of C' under the map val applied coordinate-wise.

Now we recall some basic notions of tropical geometry.

Definition 1.2.5. For the given F(z,y) = > a;a'y’/, we define
(i.j)€A

Trop(F)(X,Y) = (m)aXA(iX + 7Y + val(asj)). (1.3)
1,])€

We use the letters z, y for variables in K, and we use X,Y for the corresponding variables in T.
Fix a finite subset A C Z2. Let us consider a curve C given by (1.1).

Definition 1.2.6. Let Trop(C) C T? be the set of points where Trop(F) is not smooth, that is, the
set of points where the maximum in (1.3) is attained at least twice.

It is clear that Trop(C') is a planar graph, whose edges are straight.

Remark 1.2.7. We have Val(C) C Trop(C) because if F(z,y) = 0, then the maximum among
val(a;jz'y’) must be attained at least twice (Remark 1.2.2). If K is algebraically closed and the
image of val contains Q, then Val(C) = Trop(C) (cf. [57], Theorem 2.1.1).

To the curve C, we associate a subdivision of its Newton polygon A = ConvHull(A) by the
following procedure. Consider the extended Newton polyhedron (|57])

A= Coanull(U{(i,j,x)|(i,j) eAx< val(aij)}) c R3.

The projection of the edges of A to the first two coordinates gives us a subdivision of A. Hence the
curve C produces the tropical curve Trop(C') and the subdivision of A.

Proposition 1.2.8. This subdivision is dual to Trop(C) in the following sense:

e cach vertex @ of Trop(C') corresponds to some face d(Q) of the subdivision of A;
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e cach edge E of Trop(C) corresponds to some edge d(F) in the subdivision of A, and the
direction of the edge d(F) is perpendicular to the direction of F;

o if a vertex @ € Trop(C) is an end of an edge E C Trop(C), then d(Q) contains d(E);
e cach vertex of A corresponds to a connected component of T2\ Trop(C).
Proof. This proposition follows from Def. 1.2.6. O

Example 1.2.10 illustrates this proposition. See Figure 1.2 for an example of the above duality.
Also, parts of tropical curves and the corresponding parts of the dual subdivisions are shown in
Figure 1.1.

Definition 1.2.9. Suppose that Trop(F') is equal to i1 X + j1Y + val(a;,;,) on one side of an edge
E C Trop(C) and to i2X + j2Y + val(ai,j,) on the other side of E. Therefore E is locally defined
by the equation (i — i2)X + (j1 — j2)Y + (val(as,;,) — val(as,j,)) = 0. In this case the endpoints
of d(E) are (i1,71), (i2,j2), and, by definition, the weight of E is equal to the lattice length of d(FE),
which is ged(iy — 42, j1 — j2) by definition.

Example 1.2.10. Consider a curve C’ defined by the equation G(z,y) = 0, where

Gx,y) =t 3ay® — Bt 3+t )y + Bt 3+ 2072 -2 Doy — ¢ 3 +t72 — 2671 — 3tH)at
+t 7222y — (22—t Py 4 (-t =3 Ty — (7 1P 2R

(A)

Figure 1.2: The extended Newton polyhedron A of the curve ¢’ (Example 1.2.10) is drawn in (A).
The projection of its faces gives us the subdivision of the Newton polygon of C’; see (B). The tropical
curve Trop(C”) is drawn in (C). The vertices A1, A2, A3 have coordinates (—2,0),(1,0), (4,0). The
edge A1 Ay has weight 3, while the edge A2 A3 has weight 2. The point P is (0,0) = Val((1,1)).

The curve Trop(C’) is equal to the set of non-smooth points of the function

Trop(F) = max(3+ X +3Y, 3+ X +2Y, 3+ X +Y, 34+ X,2+2X +2Y, 242X +Y, 242X, 1+Y,1,3X —2).
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The plane is divided by Trop(C”) into regions corresponding to the vertices of A In Figure 1.2,
the value of Trop(F)(X,Y") is written on each region. For example, 3X — 2 corresponds to the vertex
(3,0,—2) of A.

A tropical curve H C T? is the non-smooth locus of a function (1.3) with finite A C Z2.

Remark 1.2.11. The tropical curves defined by the equations max(z,y,0) and max(2X,2Y,0)
coincide as sets, but the weights of the edges of the second curve are equal to 2, whereas for the first
curve the weights of its edges are equal to 1.

Given a tropical curve H as a subset of T? with weights on its edges (as we always assume in
this paper), we can construct an equation, defining H. Then we construct the extended Newton
polyhedron for H, using the same formula as for algebraic curves. The function defining H is not
unique, therefore the extended Newton polyhedron for H is defined up to a translation.

Remark 1.2.12. When we pass from the set {(i, j, val(ai;))} to A, some information is lost. Nev-
ertheless, we do not suppose that all the points {(i, j, val(ai;))} belong to the boundary of A.

The reader should be familiar with the notions mentioned above, or is kindly requested to refer
to [30, 79, 103].

1.2.2 Change of coordinates and m-fold points

Definition 1.2.13. If the lowest term in the Taylor expansion of F' at a point p has degree m,
then m = p,(C) is called the multiplicity of p. The point p is called an m-fold point or a point of
multiplicity m.

Another way to say the same thing is to define y,(C) for p = (p1, p2) as the maximal m such that
the polynomial F' belongs to the m-th power of the ideal of the point p, i.e., F' € (x — p1,y — p2)™
in the local ring of the point p.

Example 1.2.14. The condition for a point p to be of multiplicity one on C means that p € C.
Multiplicity greater than one implies that p is a singular point of C.

Example 1.2.15. The point (0, 0) is a point of multiplicity two for the curve defined by the equation
2_ .3
x4 —y° = 0.

Example 1.2.16. Consider a curve C’ of degree d given by an equation
G(z,y) =) bija'y’ ,0<i,ji+j<d.

The point (0,0) is of multiplicity at least m on the curve C” if and only if b;; = 0 for all 4, j with
i+ j < m. As a consequence, for a given point p € (K*)2, the condition that p,(C’) > m can be

. . 1
rewritten as a certain system of M#H

linear equations in the coefficients {b;;} of G.

If the characteristic of K is zero, then the above definition is equivalent to the following one.
Definition 1.2.17. We say that a point p is of multiplicity m for C if %F(.ﬁ, y)|, = 0 for each
0<s,53;94+73<m~-1.
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We also mention another equivalent definition.

Definition 1.2.18. For a point p € K? and an algebraic curve C, defined by a polynomial F, we
say that p is of multiplicity m for C' if the restriction of the polynomial F' onto each non-singular at
p algebraic curve D has a root of multiplicity at least m at the point p, and exactly m if the curve
D is generic.

A point of multiplicity m imposes w linear conditions on a;j, not all of them are necessary

independent. There is a full description of a matroid which encodes linear dependencies between
coefficients of an equation of such a hypersurface [51, 52, 53|. That explains the relation with tropical
geometry, because the non-Archimedean amoeba of a linear space keeps track of the corresponding
matroid, see also Section 1.3.

Example 1.2.19. Refer to Example 1.2.10. The point p = (1, 1) is a point of multiplicity m = 3 on
the curve C’. This affects the subdivision of the Newton polygon of C” in the following way:

e The point P = (0,0) belongs to an edge E of the weight m = 3.

e The sum of the areas of the faces dual to the vertices of Trop(C”) on the extension of E is
2+ 5/2 + 1 = 11/2, which is greater than m?/2 = 3%/2.

These two facts are particular incarnations of the Exertion Theorem for edges.

Lemma 1.2.20. Suppose ad — bc = 1 where a,b,c,d € Z. The transformation ¥ : (z,y) —
(%’ 2°y?) preserves multiplicity at the point p = (1,1), i.e., pa,n(C) = p1) (¥ (0)).

Proof. We only need to verify that (z — 1,y — 1) = (%’ — 1, 2°y% — 1) in the local ring of (1,1). If
a,b >0, then

eyt —1=(x—1+1)%y—-1+1)°"—1=(x—1)H + (y — 1)Ho;
if a > 0,b < 0, then we remember that we can multiply by G, such that G(1,1) # 0, therefore
y 1) =@ —-1+1)—(y—14+1)""=(z—1)H + (y — 1)Hy;

etc. The map WU~ is also given by an integer matrix, hence we repeat the above arguments and
finally get (z — 1,y — 1) = (2%’ — 1, 2% — 1). O

Definition 1.2.21. A map f tropicalizes to a map Trop(f) if the following diagram is commutative:

K2 L K2

l Val l Val

T2 Trop(f) T2

Proposition 1.2.22. A map ¥ : (z,y) — (2%? 2% tropicalizes to the integer affine map
Trop(¥) : (X,Y) — (aX +bY,cX +4dY). O
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We define a new curve C’ given by the equation G(z,y) = 0, where G(z,y) = F(¥(x,y)). Then
the Newton polygon of C’ is the image of A under (‘g fl) € SL(2,Z), the same holds for the extended
Newton polyhedron, and Trop(C’) = Trop(¥)(Trop(C)).

Proposition 1.2.23. A map ¥, , : (z,y) — (rz,qy) with r,¢ € K* tropicalizes to the map
Trop(U,q) : (X,Y) — (X +val(r),Y 4 val(q)). O

For G(z,y) =), agjxiyj defined as G(v,y) = F'(¥;,4(,y)), an easy computation gives val(aj;) =
val(a;j)+1(i, j) with I(¢, j) = i-val(r)+j-val(¢q). This adds the linear function I(7, j) to the extended
Newton polyhedron .,Z, therefore the subdivision of the Newton polygon for G coincides with the
subdivision for . This is not surprising because of Proposition 1.2.8 and the fact that Trop(¥, ;)
is a translation. Thus, SL(2,Z)-invariant properties of the subdivision of A for the curve C with

p(C) = m for a given point p € (K*)? do not depend on the point p.

1.2.3 Lattice width and m-thick sets

Lattice width is the most frequent notion in our arguments, already proved to be an efficient tool
elsewhere. For example, the article [40] uses it to estimate the gonality of a general curve with a
given Newton polygon. The minimal genera of surfaces dual to a given 1-dimensional cohomology
class in a three-manifold are related to the lattice width of the Alexander polynomial of this class
(|63, 115]). A good survey of lattice geometry and related problems can be found in [16].

Definition 1.2.24. We denote by P(Z?) the set of all directions in Z?. Each direction u has a
representative (u1,us) € Z? with ged(ug,us) = 1. We will write u ~ (u1, uz) in this case.

Let us consider a compact set B C R2.

Definition 1.2.25. The lattice width of B in a direction u € P(Z?) is w,(B) = maica(ul, ug)-(z—y),
ye

)

where u ~ (u1,uz2). The minimal lattice width w(B) is defined to be mi(n2 wyu(B).
ueP(Z

Consider an interval I with rational slope and m, a positive integer number. Let (p, q) € Z? be
a primitive (i.e. ged(p,q) = 1) vector in the direction of I. The lattice length of I is its Euclidean

length divided by \/p? + ¢2.
Definition 1.2.26. A set B C R? is called m-thick in the following cases:
e B is empty,
e ConvHull(B) is an interval with rational slope and its lattice length is at least m,

e ConvHull(B) is 2-dimensional and for each u € P(Z?), if w,(ConvHull(B)) = m — a, with
a, > 0, then ConvHull(B) has two sides of lattice length at least a, and these sides are
perpendicular to u.

The relation between m-thickness and Euler derivatives is discussed in Proposition 1.4.3 and
Remark 1.4.4.
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Proposition 1.2.27. If B C Z? is m-thick and ConvHull(B) is a polygon with at most one vertical
side, then w(y ¢y(B) > m. If B is m-thick and ConvHull(B) is a polygon without parallel sides, then
w(B) > m. O

Lemma 1.2.28. If i 1)(C) = m and wy(A) = m — a for some a > 0,u ~ (u1,uz), then C contains
a rational component parametrized as (s"!, s2).

Proof. By Lemma 1.2.20, it is enough to prove this lemma only for v = (1,0). The degree of the
polynomial F(z,1) is m — a, but F(z, 1) has a root of multiplicity m at 1, therefore F' is identically
zero on iy = 1, hence F is divisible by y — 1. Let b be the maximal number such that F' is divisible
by (y —1)°. Clearly b > a, otherwise we can repeat the above argument. Therefore F is divisible by
(y — 1)%, and this implies that both vertical sides of ConvHull(.A) have lattice length at least a. [

Corollary 1.2.29. If g 1)(C) = m, then the Newton polygon A of C' is m-thick.
For a polynomial G(z,y) = Y bijz'y’ we define its support set by supp(G) = {(4,5)|b;; # 0}.
Definition 1.2.30. For ;1 € R, denote by A, the set {(4, j) € A|val(ai;) > p}.

The sets A, provides a stratification of A which can be explained via matroid theory, see Sec-
tion 1.3. The following lemma describes the set of valuations of the coefficients a;; of F(x,y).

Lemma 1.2.31 (m-thickness lemma). If 1(;1)(C) = m, then for each real number . the set A, is
m-thick (Def. 1.2.26).

Proof. We will find a polynomial G with supp(G) = A, which defines a curve passing through
(1,1) with multiplicity m. Then Corollary 1.2.29 concludes the proof. Let us consider the set of
linear equations in the coefficients a;; imposed by the fact that ji( 1)(C) = m. If there exists no
required polynomial G, then by setting all the coefficients a;; to 0 for (i,j) € A\ A,, we see that
the above system of linear equations would imply that a;j; = 0 for some (¥/, j') € A,. That would
mean that there exists an equation ) A\jjai; = ayjr, Aij € Q, (4,7) € A\ A, which is a consequence
of the above system. The latter leads us to the contradiction, because for the polynomial F we
have val(Ajja;;) < p < val(ay ;) for (i,7) € A\ A, (see Remark 1.2.2). The attentive reader can
notice that A, is a flat (see Section 1.3) in the matroid corresponding to the above linear conditions.
Indeed, no dependent set intersects 4, in exactly one element, because the valuation of this element
would be strictly bigger than the valuations of the other elements in this dependent set. O

Later in Section 1.4 we relate the following definition with the Euler derivatives.

Definition 1.2.32. A finite set B C Z? is called algebraically m-thick if there exists no polynomial
G € Zxz,y] of degree m — 1 such that the cardinality |B\ {(z,y)|G(z,y) = 0}| is 1.

Example 1.2.33. A set of two lattice points is an algebraically one-thick set. One point is not
algebraically one-thick. Empty set is algebraically m-thick for any m. A collection of m + 1 distinct
points on a line is an algebraically m-thick set.

Proposition 1.2.34. If for B C 7Z? there exist no m — 1 lines ly,l,...,l;n—1 C Z? such that
|B\ U{li}| =1, then B is m-thick.
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Proof. This follows from the definition of m-thick sets: take a direction u, without loss of generality
we can suppose that u is horizontal. We cover B by w(lyo)(B) vertical lines such that only left or
right side is not covered. Then we cover this side by horizontal lines. We can not cover all except
one point, this gives an estimate on the length of vertical sides by means of w(l,o)(B) from below,
this estimate turns out to be exactly the definition of m-thickness. O

Proposition 1.2.35. For an algebraically m-thick set B there exist no m — 1 lines l1,13,...,ln—1 C
7?2 such that |B\ U{l;}| = 1.

Proof. Indeed, a set of m — 1 lines given by equations {p;z + ¢y + 73,7 = 1,...,m — 1} can be
presented as the zero set of the polynomial G = [[(p;x 4+ ¢y + ;) of degree m — 1. O

For the future development of tropical singularity theory it would be nice to know the classification
in the following questions:

Question 1. For a small m describe the minimal by inclusion (algebraically) m-thick sets of lattice
width at least k at each direction.

Question 2. What is the minimal area of the convex hull of an m-thick set if its lattice width is at
least k at each direction?

Question 3. Consider the triangle T}, with vertices (0, 2k), (k,0), (2k, k). Is it linearly 2k-thick? In
fact, it is true because of Example 1.4.1, but how to prove this combinatorially? Sage can check the
thickness of T}, for k < 20. One can ask another question: how many lines do we need to cover T'?
Computations give 2k — 1 if K =2 (mod 3) and 2k in two other cases.

Question 4. Suppose that A is m-thick, is it true that kA is km-thick? How does the notion of
m-thickness behave with respect to Minkowski sum?

Example 1.2.36. A set of m + 1 points on a line is algebraically m-thick. Moreover, the Newton
polygon of Fy, i.e. the rectangle {(7,7)|0 <i < k,0 < j < m — k} is algebraically m-thick; but it is
not clear how to prove this directly from the definition.

Consider a linearly m-thick convex polygon A C Z? of minimal lattice width m and with the
area at least m?/2.

Question 5. Does there exist a curve which passes through the point (1, 1) with multiplicity m and
has support in A?

If we throw away the assumption about area, then the answer becomes no due to Example 1.4.2.

Remark 1.2.37. In fact, it is not simple to use the definition of algebraic m-thickness (see Exam-
ple 1.4.10), because it operates algebraic curves. Therefore in all application we can use the following
implication: if a set B is algebraically m-thick, then for any collection of lines Iy, lo, .. ., l;,—1 we have
|B\ Ni21 m_1lil # 1, see Proposition 1.2.35. Hence, by Proposition 1.2.34, the set B is m-thick.
So, algebraic m-thickness implies m-thickness, which is much more tractable.

Proposition 1.2.38. Consider two algebraically m-thick sets A, B, A # B. Let X = ConvHull(A U
B). Then area(X) > ’%2

Proof. Choose generic points p, p1,p2 € C2. Note that there exist two curves Cp,Cy with support
sets in X such that p,(C;) > m, pp, (C;) > 1. Then, by Bézout’s theorem, the intersection of Cy and
Cy is at most 2 - area(X); on the other hand, it is at least m? (at the point p). O
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1.3 Matroids and their Bergman fans

Here we construct the matroid associated with an m-fold point at (1,1), we also construct the
corresponding Bergman fan.

Example 1.3.1. Consider the curves with A = {(0,0), (0,1),(1,0),(1,1),(2,1),(1,2),(2,2)}, the
set A is drawn on Figure 1.3 on the left. Each of these curves has an equation F(z,y) = 0 where

F(x,y) = apo + ao1y + aror + anizy + a127y? + anx’y + aznr’y?, a;; € C.

app ap1 4o @11 @12 41 d22

s 0 0 1 1 2 2

= 0o 1 0 1 2 1 2

© © MF=0)l1 1 1 1 1 1 1

o S \ o oE=0]0 0o 1 1 1 2 2
@ Y ME=0lo 1 0o 1 2 1 2

& MFEz=0l 0 0 0 0 0 2 2
MF,=0)l 0 0 0 o 2 0 2

MEy=0 0 0o o 1 2 2 4

Figure 1.3: On the left picture we see the Newton polygon of the curves and three dependent sets
(marked by different colors). The table of linear constraints on the coefficients a;;, imposed by the
point (1,1) of multiplicity 3, is on the right. The first two lines of the table are the coordinates of
points in A.

If a curve with such an equation has the point (1,1) as a point of multiplicity 3, then the numbers
a;j satisfy linear constraints written in matrix N(A) in Figure 1.3 on the right.

The matroid M (A), associated with N (.A), is just a structure which encodes dependencies among
variables a;;. A matroid consists of a ground set and collection of its subsets, which are called
dependent subsets. In our case the ground set of M (A) is A. A set I C A is called dependent if there
is a linear combination of rows of N(A) which gives }_; ;yo; ¢ijai; = 0.

In our example it follows from the condition Ag that the variables a11, a12, a1, age are dependent,
i.e. there exists its linear combination which equals zero, so, the set {(1,1),(1,2),(2,1),(2,2)} is a
dependent set in M (A).

1.3.1 Construction of the matroid of the Bergman fan

We write down the matrix N(A) of linear conditions on a;; imposed by the fact that the point (1,1)
is of multiplicity m for a curve C. Columns of N(A) are in one-to-one correspondence with a;;, so,
with elements of A. (If the characteristic of K is zero, then we can use Def. 1.2.17 of m-fold point,
that with partial derivatives. Each equation %F‘ an = 0 induces one linear constraint on the
coeflicients of F'. For the case of the finite characteristic it is much harder to write the general form

of the constraints.)
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We consider the set L of all curves C' such that the support set of the equation F'(x,y) =0 of C
belongs to A and (1, 1) is of multiplicity m for C. Let us identify a curve with the set of coefficients
of its equation. Then, ker(N(A)) = L € KM is a linear subspace. Note that the expected dimension
of L is |A| — 2m(m + 1) but the actual dimension can be bigger (see Example 1.4.1).

Now we construct the matroid M (A) encoding the dependencies between a;;, see Example 1.3.1.

e Compute all generators v; of L, build the matrix with v; as rows and call it m(L).

e Build the matroid M (A) whose independent sets are sets of independent columns of m(L).
The underlying set of M (.A) is the set of columns of M, that is, the set {(¢,j) € A}.

Let us recall that a circuit in M (A) is a minimal by inclusion dependent set of columns of M.

A flat is a subset S C A, such that |C \ S| # 1 for each circuit C. As in Lemma 1.2.31 we can
prove that for each flat S there exists a curve in L given by F' = 0,supp(F’) = S. Now, in order
to describe the flats of M (A), we construct the Bergman fan of L (or of the matroid M (A)) which
graphically represents all the possible flats.

e Take the space R with basis vectors e;j, (i,j) € A. For a flat S define a vector eg =

z eij € R|A|.
(i,5)€s

e For all n enumerate all flags of flats & C S C Sy C --- C S, = A where all inclusions are
strict.

e For each flag of flats draw the cone

{wies, +waeg, + -+ + wpeg, |w; € Ryw; <0,if ¢ < n} (1.4)

e The union of all these cones for all n is called the Bergman fan of L. The top-dimensional
cones correspond to the flags of maximal length.

Let us go in the opposite direction and relate the tropicalization of a linear space to the Bergman
fan of the matroid M(A). Suppose for simplicity that char K = 0 Consider the tropicalization
T(m,A) := Val(L), it consists of vectors w = (w;;)(ij)e.4, Where

wij = val(ai), F(z,y) = > aija’y’; pe,y (F = 0) > m.

To each vector w we will associate a flag of flats @ & S1 & S2 & -+ & S, & A, where

Wij < Wi < dq : (2,]) € qu (l,s) gé SQ'

In fact, this decomposition into flats is just the stratification provided by A,, (Def. 1.2.30). Indeed,
let us construct the sets S, by the following procedure. Note that once fixed w;; = val(a;;) we can
compute A, (Def. 1.2.30) for each real . Let {S;} be the set of sets A\ A, where p runs over all
real numbers.
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The valuations w;; can be reconstructed by the following rule

Wij = Z Wi,
(Z,])ESL

where w; are from (1.4).
So, an element of L gives us a flag of flats. In the opposite direction, a flag of flats gives a subset
of L. The Bergman fan of L is exactly the set T'(m,.A) ([11, 52|).

Theorem 1.3.2 ([53]). Each flag of flats @ ¢ S; & So & --- & A associated with a vector in the
fan T'(m, A) possesses the following property: for each [ € N the set A\ S; is algebraically m-thick.

1.4 Examples and the Euler derivative

Example 1.4.1. In this section we show that a point of multiplicity m can impose fewer than
m(#“) linearly independent conditions on the coefficients of the equation of a curve.

Fix k € N. The polygon T} of the minimal area with w(T}) = 2k is the triangle with vertices
(0,0), (k,2k), (2k, k) (see Remark 1.8.16). The triangle T} comes as the support set of the polynomial
(1 — 3xy + 2y + 2%y)* = 0 which defines a curve C with pa,1)(C) = 2k. The area of T}, is 3(2k)?,
which shows that the estimate in the Exertion Theorem for vertices is sharp.

If char K = 0, then p(;1)(C) > 2k is equivalent to the set of linear equations %F(az, y) =

0,g + r < 2k in the coefficients of the polynomial F = 3 a;;z'y/. Note that among these
equations, there are at least

2k(2k +1) — (3k* +3k+2) Kk>—k—2

2 2

linearly dependent ones. Here is the number of equations is the number of

variables, i.e., the number of integer points in 7.

2k(2k+1) 3k24-3k+2
—— and 5

Example 1.4.2. To see one more phenomenon we consider the set
A = ConvHull((0,0), (1, 3), (6,3), (6,4),(3,6),(3,1)) = T35 U {(1,3),(3,1),(6,4)}.

The only curve C with support in A and f1(; 1)(C) = 6 is given by the equation (1-3zy+zy’+22y)3 =
0. Hence adding three new monomials a132y> +as1 23y +agixby* does not add new degrees of freedom
and a3, as1, ags are always 0 (cf. Proposition 1.2.38).

We give the following explanation. Consider the constraint on a;; imposed by the fact that
F,2(1,1) = 0. That is > (i — 1)a;; = 0. Note that the set of a;; with non-zero coefficients in this
equation is parametrized by A\ {(4,7)|i(i — 1) = 0}. So, we say that i(i — 1) corresponds to Fy,.

In a similar way, given p ;1) = 6, by considering linear combinations of F, Iy, Fuy, . .., Fyyyyy, we
can obtain all the polynomials in i, j of degree at most five. Next, (6,4) is the only point in A where
f(i,5) = (j—3)(i—4)(i—3)(i%> + 4> —ij — 3j — 3i +6) is not zero. The linear equation corresponding
to £, ),
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(Fa:;tzzy - 2Fzzmyy + 2meyyy - Fzyyyy — 3Fzqx + 4Fzma:y_
— 4Fyyy + 3Fyyyy — 12F,, + 12F,, + 24F, — 24F,)|11) = 0,

written in terms of a;j, is just ags = 0. Similar combinations of derivatives can be found for a3 and
asy.-

To proceed the general case (we give a justification fro Definition 1.2.32 and a sketch of a proof of
Theorem 1.3.2) we fix a polynomial f =" pijxiyj of degree m — 1. Consider associated differential
operator f = Zpijﬁiaz. Since the point (1,1) is of multiplicity m for C' we have f(F)|(1,1) = 0.
We consider the derivative a;faé(F),m =2 peatli—=1). . (=k+1)j(G-1)...(J =1+ 1)ay =
Z(i,j)éA fri(i,5)aij. Each polynomial in Q[i, j] of degree no more than m — 1 can be obtained as a
liner combination of the polynomials fy; (4, 7) with k,1 < m — 1.

Note that if ju(;1)(F = 0) > m, then f(F)|(1,1) = > prifri(i,j)ai; = 0, therefore the set
(i,7) € Al > prifri(i,j) # 0 can not contain exactly one element. Since any polynomial of degree at
most m — 1 can be expressed as > px; fri(7, ), we have finished the proof.

For the sake of simplicity we only discuss here the dimension two case in characteristic zero but
the results of this section are easily reformulated and can be proven in any dimension and even for
any valuation field with characteristic zero or bigger than m.

So, let char K = 0. In this case, [51| contains the complete description of the matroid M
associated with the linear conditions imposed by the m-fold point at (1,1). Namely, all the dependent
sets of M, minimal by inclusion, are the sets of the type A\ {(7,7)|G(3,j) = 0}, where G € K[3, j]
is a polynomial of degree at most m — 1.

Let Ag be A\ {(t,w)|G(t,w) = 0}. We call the operation

Og : Z aijxiyj—> Z aijxiyj

(i,5)€A (i,5)€Aq

the Euler derivative with respect to G. Unfortunately, the Euler derivative has nothing in common
with the Euler vector field.
Suppose that a tropical curve H is given by Trop(F') where F' is as in (1.1).

Proposition 1.4.3 (|51]). A point P € H is a point of multiplicity at least m in the K-extrinsic
sense (Def. 1.1.2) if and only if for each polynomial G € K[i, j] of degree no more than m — 1, the
tropical curve given by Trop(OgF') passes through P.

Remark 1.4.4. If char K = 0, then the above proposition implies the m-thickness property for
A if p1(1,1)(C) = m (cf. Corollary 1.2.29). Indeed, if the set A is not m-thick, then there exists a
collection of m — 1 lines I1,...,l,—1 such that A\ U{l;} = (7/,5') € Z*. Let the polynomial G be
the product of the equations of the lines [;. Clearly, deg(G) = m — 1. Then, 0gF = al-/j/xilyj/, and
Trop(OgF') is smooth at P. This contradicts to Proposition 1.4.3.

We give here another proof of Corollary 1.2.29. Consider a curve C defined by (1.1), let C pass
through (1, 1) with multiplicity m.

Definition 1.4.5. The support set supp(F) of a polynomial F(z,y) = Y a;jz'y’ is, by definition,
the set supp(F) = {(4,7) € Z*|a;j # 0}.
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The next lemma claims, roughly speaking, that differentiation of F' acts on supp(F’) as throwing
away a line. The simplest example of this phenomenon is supp(zd,(F')) = supp(F) \ {(i,7)|i = 0}.

Lemma 1.4.6. The set supp(F') is m-thick.

Proof. Let us proceed by induction. The case m = 1 is obvious: supp(F') should have at least two
elements. Consider m > 1. Choose any line [ which covers at least one point of supp(F’), without loss
of generality | has a rational slope. Consider a toric transformation ¥ : (z,y) — (2%°, 2°y?) such
that the integer affine transformation Trop(¥) brings [ to the line given by the equation z = n,n € Z.
It follows from Lemma 1.2.20 that the curve ¥(C') passes through (1,1) with multiplicity m. Let
the equation of ¥(C) be G(z,y) = 0, it is clear that the supp(G) = Trop(¥)(supp(F)).

Compute the derivative W of the polynomial G at the point (1,1):

0.

Iz "G) s ox~™

9T lon B + 2 "0G)

x "0G(z,y)

1) — la,y —

Therefore the curve defined by the equation F/ = z™ - 0 passes through (1,1) with
multiplicity m — 1, the support set supp(F”’) is equal to the set Trop(¥)(supp(F) \ 1), by induction
supp(F’) is (m — 1)-thick and we proceed as in Remark 1.4.4. O

oz~ "G) __
=t =

So, one might say that throwing a line from supp(F’) can be obtained by a differentiation twisted
by a toric change of coordinates.
Let us consider numbers a, b, ¢, d € Z, such that ad — bc = 1.

Remark 1.4.7. Define a derivation in a direction (a,c) on a monomial 2%y’ by a(a,c):ziyj = (ai +
¢j)z' =% and extend it by linearity on C[z,y]. The usual derivatives 9, and 9y are 91 ) and O, 1)
respectively (we consider the tuples (a, b, c,d) = (1,0,0, 1) in the case 9, and (0, —1,1,0) in the case
0y). The above lemma implies that a point (1, 1) is of multiplicity m for the curve F(z,y) = 0 if and
only if for any pair (r, ¢) of integer numbers and any derivation 9, the equation d(, ¢y (z"y?F(,y))
defines a curve which passes through (1, 1) with multiplicity m — 1. That leads exactly to the notion
of m-thickness in spirit of Propositions 1.2.34,1.2.35 and Remark 1.4.4, because

supp(z® "y 090, o (2"Y F (2,y))) = supp(F) \ {(i, j)|a(i + 1) + c(j + q) = O}.

Example 1.4.8. Of course, an equation, which we get by a coordinate change and a derivation,
is not a new information, it follows from the constraints in Def. 1.2.17. For example, on the level
of equations on a;; the constraint given by %(x*”F(x,y)](Ll) = 0 is the same as the equation
(Fe(z,y) —nF(x,9))|1,1) = 0, the latter follows from F'(1,1) =0 and F,(1,1) = 0.

Remark 1.4.9. Note that J(,,) is not a composition of the derivatives d(; gy and 9 1). In the

notation of Lemma 1.4.6 we have 9,y = ¥~ o Lo

In the papers [107, 108| the space of planar tropical singular curves and the space of tropical
singular surfaces in TP? are described. The authors straightforwardly describe properties of maximal
dimension cones in T'(2,.A), that is, roughly speaking, the possible variants of A\ F,, and A\ F,,_;
for flags of maximal length. Lemma 1.4.6 explains the idea of what they do. Thanks to Example
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1.4.8, the derivatives Jqy defined above (and the concept of m-thickness) is another way to study
the matrix N(A).

One can be tempted by a question: is it true that all circuits of M (L) can be constructed as sets
AN\ U{L:3m 1t for some collection of m — 1 lines? Example 1.3 answers negatively.

Example 1.4.10. Blue and red points represent two lines on Figure 1.3, left part. It follows from the
m-thickness Lemma, that the rest, i.e., the set {(1,0),(2,2)}, should be a dependent set in M (A).
Indeed, 2Xo + A5 — 26 = 0 = 2a19 — 2a922. Blue points as well as red also represent dependent sets.

Let us check whether A is linearly 3-thick or not: first of all, try to remove from A two lines,
which represent a reducible curve of degree 2. The set A’ = A\ {(1,1)} has no set of three points
on a line, therefore if we throw away from A any two lines, then at least two points remain. Hence,
A is 3-thick.

On the other hand, the set {(1,1)} is a dependent set, because \¢ — A5 — Ay = 0 = a11, but there
is no two lines [, [ such that {(1,1)} = A\ ({1 Ul2). This suggests that the set A is not algebraically
3-thick (Def. 1.2.32), because the fact that (1,1) is of multiplicity 3 for C' implies that a;; = 0, but
we prohibited to have zero coefficients in 4. We also can check that A is not algebraically 3-thick
directly by definition: indeed, A\ {ij —i(i —1) —j(j —1) =0} = {(1,1)}.

On the other hand, the set A" = A\{(1, 1)} is algebraically 3-thick. As we established above, there
is no two lines 1, I such that |A’\ {l1Ni2}| = 1. Also A’ lies on the quadric ij —i(i—1)—j(j—1) =0
which intersects any other quadric by 4 points at maximum, therefore | A’ \ {Q = 0}| > 6 — 4 = 2,
where @ is any quadric curve.

One can argue that in Examples 1.4.1, 1.4.2 we have a smaller degree of freedom because the
curves were reducible, so, let us look at the following example.

Example 1.4.11. Consider the curve C’ given by the equation
(z%y + 2y® — 32y + 1)8 + zyt(x — 1)8 = 0. (1.5)

The curve C” is irreducible, M(171)<Cl ) = 8. The number of integer points in the Newton polygon
of C' is 35, which is less than the number of linear conditions on the coefficients (imposed by the
point of multiplicity 8), namely 36.

1.5 A lemma about concave functions

Suppose that h : [a,b] — R is a concave and piecewise smooth function on the interval [a,b].
Define h, () as the length of the subinterval of [a,b] where the values of h are at least h(z), i.e.,

il[ayb] (x) = measure{y € [a,b]|h(y) > h(z)}.

Lemma 1.5.1. Suppose that h attains its maximal value at a unique point. Then f: il[a,b] (x)dx =
(b—a)?/2.

Proof. Without loss of generality h(a) > h(b) = 0. Let ¢ be the point where the maximum of A is
attained. On the intervals [a, ¢] and [g,b] the function h is invertible. Call the respective inverses

f1, f2, that is f1(h(z)) = x for = € [a,q] and fo(h(z)) = x for x € [¢,b]. For y € [0, h(a)], we define
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f1(y) = a. Hence fi(h(q)) = f2(h(q)) = q, f1(0) = a, f2(0) = b. Let H(y) = f2(y) — f1(y); note that
H(y) = h(f1(y)) = h(f2(y)). Finally, we integrate hi, (z) along the y-axis. In between, we change
the measure in the integration. The integral becomes

b . 0 0 ) ., ,
[ han@ide = [ (haly) = (o)d(hato) - 0) = [ H@AHEE) =7 0_b-d g
a h(q) h(q)

Corollary 1.5.2. If h(a’) = h(b') for some o’ < V' in [a,b], then

a’ b 1
/a hiap(z)dz + /b/ hiap)(z)dz = 5((1) — a)2 - - a’)2).
Proof. We proceed as in the proof of the lemma, and
a’ R b 0 1 ) )
[ ia@ae + [ i@t = o) HOAHE) = 50— af = ¢ =) O

Proposition 1.5.3. If & is linear with non-zero slope on an interval [a/,¥'] C [a, b], then the function
h is concave on [a,b'].

Proof. Without loss of generality we suppose that o’ <V, f(a’) < f
h(%(:c + y)) > %(h(a:) + h(y)) for z,y € [a/,V/]. Since h(%(x +y)) =

(3@ +y) = o (h(;(x - y))> ~h (h(;(x + y))> = > (h(;(x + y))) — 3 (A1 (b)) + fi(h(w)))
> 3 (Lh@) + F2h) = (A1) + k) = 3 (hE) +h(y),

because f2 o h is concave on the interval [z,y]. Note that linearity of h and f; on [z,y] is crucial,
since f1 has a negative coeflicient. O

There are generalizations of this lemma for the functions R™ — R.

Lemma 1.5.4. Let B be a compact set in R™, f : B — R a continuous function. Let f :R—=R

is defined by f(z) = measure(y € B|f(y) > ). Then fnﬁi);Bff (f)(z)dz = G(Volume(B)) — G(0)
where G is a primitive function of g.
Proof. The same as for Lemma 1.5.1. O

Question 6. In the same spirit, we can define another function for the order on the points in
H§2. Let (z,y) < (¢/,¢) iff 2 < 2’ and y < y'. Now, for a function f : B — R? we define
f(a,b) = measure(x € B|f(x) > f(a,b)). What is the integral of f?

1.6 Formulation of main theorems

In this section, we state the main results of this chapter. For the terminology of faces, vertices,
edges, and the duality among them, refer to Proposition 1.2.8.
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1.6.1 Influenced sets

We consider a tropical curve H C T? and a point Q € H.

Definition 1.6.1. Let lg(u) be the line through @ in the direction u € P(Z?). Take the connected
component, containing @, of the intersection HNlg(u). We call this component the long edge through
Q in the direction u and denote it by Eg(u).

Definition 1.6.2. For each u € P(Z?*) we denote by J(u) the set of vertices of H which belong to
the long edge Eg(u). Define 3(Q) = U,ep(z2) Jo(u).

The union of all the long edges at @, i.e. UueP(Z2) Eq(u) is so-called star at the point Q. So,
J(Q) is just the set of vertices of H lying in the star of @, cf. Definition 1.7.5 and Definition 2.2.5.

Note that J(Q) is not a multiset; it contains only one copy of Q). Examples of J(P) are pre-
sented in Figure 1.1. On the left we see one long edge Ep((1,0)) and J(P) consists of 7 vertices,
and above we see 7 corresponding faces in the subdivision of A. On the right, we see long edges
Ep((1,0)), Ep((0,1)), Ep((—1,1)). Each of the long edges Ep((1,2)) and Ep((—3,—2)) consists of
only one edge. In Example 1.2.10, Ep((1,0)) is the union of the horizontal edges of Trop(C’) and
J(P) is the set of all vertices of Trop(C").

Definition 1.6.3. For a point € H we define Infl(Q) = |J d(V), the union of the faces of the
VelQ)
Newton polygon of H, dual to the vertices in J(Q).

Definition 1.6.4. For a point () € H which is not a vertex of H, we define

area(Infl(Q)) = Z area(F).

Femmfl(Q)

Note that area(JInfl(Q))) depends only on H and does not depend on a particular choice of an
equation defining H. Also, if Q belongs to an edge E of H and @ is not a vertex of H, then
J.(Q) = 3(Q) where w is the direction of E. Indeed, for any other direction v not collinear to u, the
connected component of @) in the intersection H Nig(v) is just Q.

Recall that if @ is a vertex of H, then d(Q) is a face dual to @ in the subdivision of A.

Definition 1.6.5. If () is a vertex of H, we define

area(Infl(Q)) = Z area(F') 4 area(d(Q)),

Femmfl(Q)

area” (Infl(Q)) = Z area(F).

Femjl(Q)

From the point of view of combinatorics, studying area®(Infl(Q))) is more natural, whereas
area(JInfl(Q)) is motivated by Nagata’s conjecture (see Chapter 2 for details). The name Infl(P) is
chosen because the linear constraints, imposed by the fact p,(C) = m, asymptotically influence (cf.
Remark 1.1.1) the coefficients a;; where (i, j) € Infl(P), P = Val(p).
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1.6.2 Multiplicity of a tropical point in the intermediate sense

Consider a tropical curve H given by a tropical polynomial Trop(F'). Using Trop(F'), we construct
the extended Newton polyhedron A for H.

Definition 1.6.6. We denote by “Iu the zy-projection of the intersection of A with the plane z = pu.

Note that A, (Def. 1.2.30) is contained in .ZM. In Figure 1.6 (below), the set .%T# is colored in
gray.
Definition 1.6.7. A point P = (0,0) on the tropical curve H is of multiplicity at least m in the
intermediate sense (we write ug(’p(H) > m) if for each p € R the set A, is m-thick (Def. 1.2.26).

Using Proposition 1.2.23, we can use this definition for any other point of P € Val((K*)?), after
an appropriate change of coordinates.

Lemma 1.6.8. If 11,(C’) = m and P = Val(p), then 13°°(Trop(C)) > m.

Corollary 1.6.9. If a point P on a tropical curve H C T2 is of multiplicity at least m in the
K-extrinsic sense (Def. 1.1.2), then P is of multiplicity at least m for H in the intermediate sense.

Unfortunately, this lemma does not immediately follow from Lemma 1.2.31.

1.6.3 Exertion Theorems

If w(A) < m, ie., wy(A) < m for some u ~ (ur,uz) (Def. 1.2.24), and p1,,(C') = m,p = (p1,p2), then
Lemma 1.2.28 asserts that C' contains a rational component with parameterization (p;s“!,p2s?).
We are going to prohibit such cases.

Definition 1.6.10. A tropical curve is admissible if the minimal lattice width (Def. 1.2.25) of its
Newton polygon is at least m.

The following theorems estimate the total area of the region of influence of P in A. The point
P ezerts its influence on the faces whose area is counted in the theorem, whence the name.

Theorem 1.6.11 (Exertion Theorem for edges). If H is admissible, ,ugOp(H) =m (Def. 1.6.7), and
P is not a vertex of H, then area(JInfl(P)) > im? (Def. 1.6.4). Furthermore, if E C H is the edge
of H, containing P, then the lattice length of d(FE) is at least m.

In this case we see a collection of faces with parallel sides in the subdivision of A; see Figure

1.1(A).

Theorem 1.6.12 (Exertion Theorem for vertices). If H is admissible, ugOP(H ) = m, and the point
P is a vertex of H, then area®(JInfl)(P) > 2m? and area(Jnfl(P)) > sm? (Def. 1.6.5).

Here we will see a collection of faces as in Figure 1.1(B). The Exertion theorems are valid only
for admissible curves. The following example illustrates this problem.

Example 1.6.13. Consider a curve ¢’ defined by the polynomial Fy(x,y) = (z — 1)¥(y — 1)m*.
Clearly, pu(1,1)(C") = m, but the curve Trop(C’) is not admissible. The Newton polygon of F}, is the
rectangle with vertices (0,0), (k,0), (0,m — k), (k,m — k), it is m-thick and its area is k(m — k) which
is always less than %mQ. The curve C’ consists of the line x = 1 with multiplicity & and the line
y = 1 with multiplicity m — k. The tropical curve Trop(C") consists of the vertical line of weight k
and the horizontal line of weight m — k. Note that Lemma 1.6.8 holds in this example.
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1.7 Intrinsic definition of a tropical m-fold point

The multiplicity m(P) of the point P of the intersection of two lines in directions u,v € P(Z?) is
|ujvy — uguy| where u ~ (uq,u2),v ~ (v1,v2) (Def. 1.2.24).

Given two tropical curves A, B C T? we define their stable intersection as follows. Let us choose
a generic vector v. Then we consider the curves T;, A where t € R, ¢ — 0 and T3, is the translation
by the vector tv. For a generic small positive ¢, the intersection T3, A N B is transversal and consists
of points P},i = 1,...,k with multiplicities m(P}) which do not depend on ¢t as far as ¢ is small
enough.

Definition 1.7.1 (cf. [143]). For each connected component X of AN B, we define the local stable
intersection of A and B along X as A-x B = Y., m(P}) for t close to zero, where the sum runs
over {i|limy_,0 P} € X}. For a point Q € A, we define A-g B as A-x B, where X is the connected
component of () in the intersection A N B.

Definition 1.7.2. A generalized tropical line is the non-smooth locus of a function (1.3) with A C Z2

such that A is an interval of lattice length 1 or [A| = 3, area(ConvHull(A)) = 1.

Proposition 1.7.3. Let @ be a vertex of a tropical curve H. If the face d(Q) has no vertical sides,
and L is the usual horizontal line through @, then H -q L = w( 0)(d(Q)).

Proof. This follows from a direct computation and Proposition 1.2.8. [

Definition 1.7.4. A point P on a tropical curve H is of multiplicity at least m in the intrinsic sense
if for each generalized tropical line L through P we have L -p H > m.

Definition 1.7.5. Given Q) € H, we call the star Star(Q) at @ the connected component of @
in the intersection H N J,ep(z2){lo(u)} (Def. 1.6.1). Note that only the vertices of H in Star(Q)

contribute to the multiplicity of @ in the intrinsic sense. Also, this set of vertices coincides with
J(Q) (Def. 1.6.2).

Proposition 1.7.6. Let P be of multiplicity m in the intrinsic sense. If P is a vertex of H, then
d(P) is m-thick (Def. 1.2.26). If P is not a vertex of H, then the edge of H containing P is of weight
at least m.

Proof. For each u € P(Z?*), we can find a generalized tropical line L such that P is the vertex of
L, and L has an edge in the direction u. Like in Proposition 1.7.3, a direct calculation of L -p H
finishes the proof. O

Now consider Example 1.2. The edge with P has weight 3, therefore the stable intersection with
each non-horizontal line is at least 3. The stable intersection of H with the horizontal line through
P is exactly the width of the Newton polygon of the curve in the direction (1,0).

Consider an edge of H through P. Without loss of generality we can suppose that this edge is
horizontal. Let Aj (resp. Az) be the leftmost (resp. rightmost) vertex of H on the horizontal long
edge Ep((1,0)) (Def. 1.6.1).

Proposition 1.7.7 (cf. Lemma 1.9.16 and Section 3.4.4). If P is of multiplicity m in the intrinsic
sense and Ep((1,0)) = AjAs, then the difference between z-coordinates of the leftmost vertex of
d(A7) and rightmost vertex of d(Az) is at least m.
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Proof. Let L be the usual line containing E. A direct calculation of L -p H concludes the proof. [

Proposition 1.7.8. Suppose that P € H is not a vertex of H. Let P belongs to an edge £ of H
with endpoints A; and Ay. Let P be of multiplicity m for H in the intrinsic sense. Suppose that
Ep((1,0)) = E. Then area(d(A1)) + area(d(As)) > $m?.

Proof. The lattice length of d(E) is at least m and the sum of the heights of d(A;) and d(Az2) is at
least m by Proposition 1.7.7. Therefore

area(d(A1)) + area(d(Az2)) > m-m/2. O

1.8 Two combinatorial lemmata

Les sages qui veulent parler au vulgaire leur langage au lieu du sien
n’en sauraient étre entendus.
Jean-Jacques Rousseau

Definition 1.8.1. The defect of B C Z? in a direction u € P(Z?) is def,(B) = max(m — w,(B),0).
This section is devoted to the proofs of the following statements.

Lemma 1.8.2. For an m-thick (Def. 1.2.26) lattice polygon B we have

Hull(B defy, ( —
area(ConvHu Z e 8
uEP (22)
Lemma 1.8.3. For an m-thick lattice polygon B we have
1
2. > —m?.
area(ConvHull(B Z def, ( 2
uEP (22)

Unfortunately, though the proofs use only standard combinatorial arguments, they are cumber-
some and rather tedious. Thus the reader is recommended to skip this section while reading this
paper the first time.

1.8.1 Using the direction (0,1) or the direction (1,1)

Suppose that B is not (m 4+ 1)-thick and the minimal lattice width a < m of B is attained in
the horizontal direction. Using the m-thickness property, we can find two points M, L on the left
vertical side of B and two points N, K on the right vertical side in such a way (Figure 1.4, left) that
the distances ML and NK are equal to m — a, so MNKL is a parallelogram. Let us call it the
initial parallelogram. Note that in the case a = m we have a degenerate initial parallelogram with

M=LN=K.

Definition 1.8.4. Denote by x(A) (resp. y(A)) the z-coordinate (resp. y-coordinate) of a point
AeZ?
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Let b = y(M) — y(IN). Applying a suitable coordinate change in SL(2,Z) we may assume that
0 < b < a; see Figure 1.4, left.

Proposition 1.8.5. The width w(q 1) (MNKL) of the initial parallelogram M N K L in the direction

(0,1) is equal to m — a +b. The width w( 1)(MNKL) is equal to m — b. O
M My M,
x1]
m N Ib

1T2
K Ky Ky

Figure 1.4: The initial parallelogram M N K L is depicted on the left. The set B is m-thick. Therefore,
by taking into consideration wy;)(B), we find a polygon M M;MyN K K1 K»L, which is a subset of
B.

Suppose that w(o,l)(B) = m — x. Thus, by Proposition 1.8.5, x < a — b, and B must have two
horizontal sides MMy, K1K9, whose lengths are at least x. Note that it is possible that =z = 0;
in that case we can choose M} = My € B, K; = Ky € B,y(M;) — y(K1) = m. So, B contains a
polygon MM MsNK K KsL. A particular example of such a polygon is shown in Figure 1.4, right
side. Let z; = (M) — (M), z2 = x(K) — x(K1). The inequality 1 + 2 > m — (m —a+ b+ z)
holds because B is m-thick. All the notation is presented in Figure 1.4 and this picture serves as the
main illustration tool for the following computations.

Note that

area(MMiMoNKK KoL\ MNKL) > a(z1 + x2)/2+ z(b+ z1 + b+ x2)/2, (1.6)

and the minimum is attained if the bottom horizontal edge is in the extremal right position (like at
the bottom in Figure 1.4, right), and the top edge is in the extremal left position. Look at the top
of Figure 1.4, right): we minimize the area of M M MyNK K KsL, preserving MNKL and x7, xs.
For that, we should move the interval M; My to the left as much as possible, while preserving the
convexity of MM MosNKKKoL.

Definition 1.8.6. Define S(q 1) = §def (g 1)(B)? + 2 - area(B \ (MNKL)).
Using (1.6), we see that
So1) = 2*/24 a(1 + 22) + (b + 21 + b+ 22) > a(a — b) + b — 2?/2. (1.7)

Remark 1.8.7. If co < 0, then a function f(z) = c22? + c17 + ¢ defined on an interval [cs3, ¢4
always attains its minimum at cs or c4.
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We will extensively use this fact below. In particular, x € [0,a — b] and (1.7) implies that

a—b).

S(0,1) = min(a(a — b),a(a — b) + (a — b)(b — 5

Moreover, if b > a/3, then S 1) > a(a —b). If b < a/3, then
Swo,1) = ala—1b)+ (3b —a)(a —b)/2.
Lemma 1.8.8. If b < a/3, then S(o 1) > a*/2.

Proof. In this case S 1) > a(a —b) + (3b — a)(a — b)/2. Tt follows from Remark 1.8.7 that it is
enough to consider the cases b =0 and b = a/3. t

We repeat the above procedure for the direction (1,1). We define y = m — w(; 1)(B). Then, let
N1 Ns, L1 Ly be the vertices of two sides of B, perpendicular to the direction (1,1). Let y;,y2 be the
increments of w(; 1y obtained by adding N1, Na, L1, Lo to MNKL. Then, y; +y2 > b —y because B
is m-thick. On Figure 1.5 we have y; = 0,y = 1; note that y, = 2 because w(;,1)({(0,0), (1,1)}) = 2.

Definition 1.8.9. We denote S(; 1) = %def(lyl)(B)Q +2-area(B\ (MNKL)).
By direct calculation of the areas of the triangles L Lo K, LL1 K, M N1No, M NoN, we obtain
San =y /2+alyr +y2) +yla—b+yi+a—b+y) > —y*/2+ab+ y(a —b). (1.8)

Proposition 1.8.10. The following inequalities hold: 1) if b < 2a/3, then S(; 1) > ab,
2) if b > 2a/3, then S(y 1) > ab + b(2a — 3b) /2.

Proof. 1t follows from (1.8), Remark 1.8.7, and the fact that 0 <y <. O
This proposition implies the following lemma.

Lemma 1.8.11. If b > 2a/3, then S(; 1) > a?/2.

Proof. Again, if b = a, then we obtain S(; ;) > a?/2; for b = 2a/3, we get Say = 2a2/3. O

Lemma 1.8.12. The following inequality holds:
2

2-area(B\ (MNKL)) + % > defy(B)’ > %
u€P(Z?),
u#(1,0)

Proof. Indeed, if a/3 < b < 2a/3, then S 1) + S1,1) > a? and we are done. Two other cases are
covered by Lemmata 1.8.8, 1.8.11. O

Proof of Lemma 1.8.3. Tt follows from the previous lemma that

1 1 1
2 - area(ConvHull(B)) + 7 > defy(B)® >2-area(MNKL) + §a2 + S def(10) (B)?
ueP(Z2)

1 1 1
> 2(a(m —a)) + §a2 + §(m —a)*> §m2 +a(m — a),

and a(m —a) > 0. O
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1.8.2 Using both directions (0,1) and (1,1)

Now we will use the widths of B in the directions (0, 1), (1,1),(1,0) at the same time. Consider the
directions (0,1),(1,1), and define x,y, z1,y1, Z2, y2 as in the previous subsection. Now, B contains
the polygon s(B) = MM MasNN;NoKK1KoLLiLy. Some of its vertices are allowed to coincide.
Refer to Figure 1.5. We assume that the polygon s(B) satisfies the condition of m-thickness in
the directions (0,1),(1,0),(1,1). Our goal is to find an estimate for the area of s(B) in terms of
m,a,z,y. We can suppose that s(B), with the above requirements, is the minimal polygon by area.

My M
ml[
Y
N
Y2 No =N
\
Loy
14 L Ix2
Y K

Figure 1.5: In this example m = 11,a = 7, and y; = 0 (therefore N = N3). The vertices M N K L are
as in Figure 1.4, left, the vertices M1 Ms, K1, Ko are as in Figure 1.4, right, and L1 an K> coincide.
We are looking for the minimum of the sum of the area of this polygon and %(3:2 +9?).

Lemma 1.8.13. The pairs of intervals My My, N1 Ny and K1 Ko, L1 Lo either share a common vertex
(like K1 K9 and LjLs in the bottom of Figure 1.5), or are maximally far from each other (like Mj M,
and N1 Ny at the top of the picture).

Proof. This lemma follows from the fact that the area changes linearly when we move the sides
K1Ks, LiLo, My, Ma, N1, No, preserving the distances z,y, z1,y1, €2, yo. O

Let A; denote the minimal area of the top augmented piece (M M;MsN1NoN) when Ny Ny and
M M, are maximally far from each other (Figure 1.5, top). Let Ay denote the minimal area of the
bottom augmented piece (LK K7 K2L1Ly) when Li Lo and K7 K9 are maximally far from each other.
Let As denote the minimal area of the top augmented piece when Ny = M. Let A4 denote the
minimal area of the bottom augmented piece when L; = Ks (Figure 1.5, bottom).

Lemma 1.8.14. For Ay, Ay, Az, A4 defined above, we have A1 — A3 = Ay — Ay.
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Proof. Computing wo 1(B),w1,1(B), we get relations z1 +x2 =a — b —z,y1 + y2 = b —y. Now, by
direct computations we obtain

1
A = 5(@901 —yx1 —yb+ yy1 + ay1 + ay + xx1 + b — 2y — 2Y).
Replacing x1 with x5 and ¥, with yo and using the above relations we obtain the formula for As:
1
Ay = §(a2—aa:1+yx1 +by —yy1 —y° — ayy — ay — xx1 — 2 — b+ Y + TY).

For A3, Ay we get

1
Az = 5(3/3/1 + z21 + axy + ab — 6% — bxy + byy),

1
Ay = 5(—yy1 —y? —zxy —2? +a® —ab— axy + bz — by + bz).

It is straightforward to see that A} — As = Ay — As. O

If Ay < Ag, then Ay < Ay. Therefore, the minimal total sum of the areas of the augmented
pieces is A + A4 or As + Asz. Suppose that the minimum is attained in the case A1 + Ajy.

Lemma 1.8.15. area(s(B) \ MNKL) + 3(def g 1)(B)? 4 def (1 1)(B)?) > 2a?.
Proof. The area of s(B) \ MNKL is at least Ay + Ay, def(o1)(B) = z,def(; 1)(B) =y, and

1 1 1
A1+A4+§m2+§y2:§(a2—ab+b2—|—a:b—|—y(a—b—m)+;r1(b—y)—I—yl(a—b—m)).

Minimizing, we get z1 = y; = 0. Next, y = 0,z = 0. Finally, minimizing 3(a? — ab+b*) with respect

to b, we obtain %aQ.

O
Proof of Lemma 1.8.2. Using the previous Lemma, we get
1 1 3 3
area(ConvHull(B)) + 5 Z def,(B)* > §(m —a)? +a(m—a)+ §a2 > ng,
ueP(Z2)
and equality is attained if a = m. O

Corollary 1.8.16. As a side effect, for the special case a = m, Lemma 1.8.2 gives

Theorem 1.8.17 ([60], based on [19], p. 716, formula II3, p. 715 formula I). Let B C Z? be a
finite set. Then area(ConvHull(B)) > %w(B)Q.

In fact, from the above proofs it is easy to extract the extremal cases and exact bounds: if w(B) =
2k, then area(ConvHull(B)) > 3k?, and if w(B) = 2k+1, then area(ConvHull(B)) > 1(3k2+3k+1).

Remark 1.8.18. The best constant ¢, in the inequality Volume(ConvHull(B)) > ¢,w(B)" for

B C Z" is not known for n > 2. The above theorem says that co = %. We survey this question with
more details in Chapter A.

33



1.9 The proofs of the Exertion Theorems

Firstly, we introduce the notation which we use throughout the remainder of this chapter. Then we
prove Lemma 1.6.8 and the Exertion Theorems.

1.9.1 Notation

This section has a lot in common with Section 3.4.4, where we treat singular points with tropical
modification theory, except that the methods explained below are more powerful in the case of two
dimensions.

Let H be a tropical curve, given by (1.3). The extended Newton polyhedron of H is A We
suppose that the point P € H is not a vertex of H. We assume that P = (0,0) and the edge E
containing P is horizontal. We consider the long edge € = Ep((1,0)).

Call the vertices on & from left to right Aj, As, As,..., A,. Clearly, we have Jp((1,0)) =
Ui {Ai} (Def. 1.6.2). We denote by F; the edge of H such that E; C € and the left end of
FE;, if it exists, is the point A;. If € contains an infinite edge of H without a left end, as in Example
1.2.10, we call it Ey. Let P belong to Ey. Refer to Figure 1.6 for this notation.

If Ap is the left end of &, then for the consistency of notation we add a “fictive” edge Ey which has
length zero; d(Ey) will denote the leftmost vertex of the face d(A;). We say that d(Ep) is a vertical
edge of zero length. Similarly, if A,, is the right end of €, then we add a “fictive” edge E,, which has
length zero; d(E,,) will denote the rightmost vertex of the face d(A4,). Now, regardless of finiteness
of &, we always have edges Fy, E1,..., E,. Since € is horizontal, it follows from Proposition 1.2.8
that for each i = 0,...,n the edge d(E;) is vertical.

Definition 1.9.1. Refer to Figure 1.7(A). Let z; be the z-coordinate of the edge d(E;). By y; < v
we denote the y-coordinates of the endpoints of d(E;), and by m; = y* — y; the lattice length of
d(E;).

Note that we have y; = ¢ if and only if i = 0 (resp. i = n) and the long edge € is finite on the
left (resp. right) side.

Proposition 1.9.2. For each i = 1,...,n, we have

area(d(Ai)) > (.%‘Z — xi,l)(mi + mi,l). (1.9)

N |

Proof. Since d(A;) has two vertical sides of lengths m;, m;_1, the inequality follows from the convexity
of d(Al) L]

Definition 1.9.3. Recall that for each edge E of H, there is the dual edge d(E’) in the subdivision
of A. Also, all the edges in the subdivision of A arise as the projections of the edges of A. We
denote by L(d(E'")) the lifting of an edge d(FE’) in the boundary of A.

If d(Ep) is a point, then we denote by L(d(Ep)) the corresponding vertex of A. We apply the
same rule for d(E),): look at the point d(Ey) in Figure 1.6.

Proposition 1.9.4. For each i = 1,...,n, the face of A spanned by L(d(E;_1)) and L(d(E;))
projects to the face d(A4;).
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d
d(Eo)

Figure 1.6: On the left we see a part of the extended Newton polyhedron, which corresponds to
a horizontal long edge on the right. The long edge Ep((1,0)) consists of the edges Ey, E1, Fa, Es,
I =2, and 3(P) = {Ay, Ay, A3, Ay}. The edges L(d(E;)) of A are depicted as thick black horizontal
intervals, while a section of the extended Newton polyhedron by a horizontal plane is marked in gray,
as well as its projection onto the xy-plane. The projection of A onto the xz-plane is also depicted;
the projection of the section is dashed. Note that we added a fictive edge Ey, and d(Ejy) is the
rightmost vertex of d(Ay).

Proof. This follows from Proposition 1.2.8. Refer to Figure 1.6. O

The edge Ey is horizontal and passes through (0,0). That implies the following lemma. Never-
theless, we give more details to illustrate the notation.

Lemma 1.9.5. The direction of the edge L(d(E;)) is (0,1,0) and L(d(E;)) is higher than all other
points of A.

Proof. Refer to Figure 1.2. The top end (x7,y') € A of d(F)) represents the tropical monomial
My = val(ay,,) + 7 X + y'Y of Trop(F); M; dominates other monomials in the region above the
edge Ej. The bottom end (z;,y;) € A of d(E;) represents the monomial My = val(ag,y,) + ;X +y Y
which dominates other monomials in the region below the edge E;. Therefore M7 and My are equal
on the edge Ej, in particular at the point (0,0); therefore val(ay,,) = val(as,y,), hence L(d(E)) is
horizontal. Furthermore, max; jca(val(aij) +iX +jY) = val(a,,,1) = val(az,y,) at the point (0,0).

If for some 4, j we have val(a;;) = val(a,,,), then i = z;, otherwise P = (0,0) is a vertex of H.
It follows from the maximality of val(a,,,:) + z; X + y'Y in the region above E; that j < y'; then
y1 < j by symmetric reasoning. O

Refer to Figure 1.6: the height of each bold edge d(F%) on the left side of the picture is greater
than the heights val(a;;) of the points (i, 7, val(a;;)) such that (7,7) lies to the left of Ej. In other
words, the projections of the bold edges on the zz-plane lie on the boundary of the zz-projection of

A.
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Lemma 1.9.6. Consider an edge E, with ¢ < [. For each (i, j) € A with the property 1) i < z, or
2) i =1xq,j <Yq or 3) i = x4, >y, the number val(a;;) is less than val(az,y,) = val(az,yq). The
symmetric statement holds for ¢ > [.

Proof. Refer to Figure 1.6. Each two consecutive edges d(E;),d(F;+1) bound the face d(A;+1),

therefore the edges L(d(E;)), L(d(E;+1)) (bold in Figure 1.6) also bound a face of the polyhedron A.
The edges d(E;) are all parallel to d(Ej), therefore all the edges L(d(FE;)) are parallel to each other
as well. Provided A is a convex polytope, all the points (i, j,val(a;;)) lie under each plane passing
through a face of A. The part with ¢ > [ can be proven by a word-by-word repetition of the above
arguments. O

Definition 1.9.7. Define v, := val(az,y,) = val(az,ye), the height of the edge L(d(Ey)).

Lemma 1.9.6 implies that vg < v <o <Up > U > > Upe
Let us project the boundary of A to the zz-plane. Each edge L(d(FE;)) is projected to the point
(z4,v;). Figure 1.6(A) and Figure 1.7(B) show examples of the result of such a projection.

Definition 1.9.8. Let g(z) equal max{z|(z,y,z) € A}.

The zz-projection of the face of A stretched on the edges L(d(E;)), L(d(Ei41)) coincides with the
graph of g on the interval [z;, z;41], i.e., with the interval (z;,v;), (zi41,vi+1) (compare Figures 1.6
and 1.7).

For 2’ € [zg,x,] let g(2') be the length of the interval excised from the line z = g(z’) by the
graph of g (see Figure 1.7, and the definition before Lemma 1.5.1).

Remark 1.9.9. If P is a vertex of H, then we can repeat all the above steps for each long edge
through P.

1.9.2 The proof of Lemma 1.6.8
In Example 1.2.10, G can be written as

3y -1+t 2z -Dy -1+t (z - 1)y - 1)+ (x —1)>

Therefore, in that example the extended Newton polyhedron is made of layers of m-thick sets, namely
supp(z(y — 1)), supp(z(z — 1)(y — 1)), supp((z — 1)*(y — 1)), supp((z — 1)?). N

Let H = Trop(C) and p,1y(C) > m. We will prove that the horizontal sections of A passing
through the edges L(d(E;)),i =0, ...,n are m-thick. Then we extend this result to all the horizontal
sections using Proposition 1.5.3.

Proposition 1.9.10. If P is not a vertex of H, then the edge d(E;) (see Section 1.9.1 for the
notation) has the lattice length at least m.

Proof. Let i/ = max{p € R|A, # @}. Clearly, d(E;) = ConvHull(A,/). By the m-thickness Lemma,
d(E;) is m-thick, which finishes the proof. O

Remark 1.9.11. If P is a vertex of Trop(C'), then the same reasoning shows that “Zu’ = d(P) is
m-thick. Furthermore, A, (Def. 1.6.6) always contains A, for each p < p'.
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Figure 1.7: Projections of A to the zy-plane (A) and to the zz-plane (B) are depicted. The number
x; is the x-coordinate of the edge d(E;) in (A). In this example, the long edge Ep((1,0)) is finite
from the left side (therefore mo = 0) and infinite from the right side (therefore m,, = mg > 0). By
definition g(z;) = v; in (B). Also, g(a) and §(b) are presented in (B), and §(z3) = 0,1 = 3. The key
observation is that g(z;) +m; > m (Lemma 1.9.12). Furthermore, § is concave on [z;, z;+1] for each
1; see Proposition 1.5.3 for details.

By the m-thickness Lemma, for each i = 0,...,n, the set A,, is m-thick. The following Lemma
estimates the length of d(E;) via the width g(x;) of the horizontal section through L(d(E;)).

Lemma 1.9.12. For each i = 0,1,...,n, the length m; of the edge d(E;) is at least m — g(x;).

Proof. We draw the horizontal section {z = v;} through the bold edge L(d(E;)); refer to Figure 1.6
where i = [ — 1. Consider the line z = g(z;) in the zz-plane. Suppose that the projection of the
interval, excised on this line by the graph of g, onto the z-axis is [x;, 2}], 2} > x;. The length g(z;)
of the dashed line in Figure 1.6 satisfies §(z;) = 2} — x; = w( o) (An{z = vl}) = W(1,0) (Ay,). The set
A, is inside the strip {(z,y)| z; < z < z}}, and Av is m-thick by the m-thickness Lemma. Since
ConvHull(A,,) N {x = z;} is d(E};), this lemma follows from the definition of m-thickness. O

Remark 1.9.13. For each v; the set A, is contained in the xy-projection of {z = v;} N JZ, but does
not necessarily coincide with it.

Consider the following piecewise linear function f on the interval [zg,z,]: let f(z;) = m; for
i=0,...,n, then extend f to be linear on each interval [x;, z;1+1].

Proposition 1.9.14. For x < x; the length of the left vertical side of ConVHull(.Ag(x)) is at least
f(x).

Proof. Tt follows from the fact that the face of A stretched on L(d(E;)), L(d(Ei;1)) contains the
trapezoid stretched on L(d(E;)), L(d(Fi+1)), and f calculates the lengths of its intersection with
horizontal sections. O

Lemma 1.9.15. The inequality f(z) + g(z) > m holds on the interval [zg, x,,].
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Proof. For each ¢ = 0,...,n the inequality f(x;)+ §(z;) > m is satisfied by Lemma 1.9.12. Consider
an interval [z;, z;+1]. Since f is linear and ¢ is concave on [z;,x;+1] (Proposition 1.5.3), we have
f(z)+ g(x) > m for each = € [x1,x;41] O

Proof of Lemma 1.6.8. Suppose that P is not a vertex of Trop(C') and P belongs to a horizontal
edge of Trop(C). It follows from Remark 1.9.11 that it is enough to check the m-thickness of vZu
only in the direction (1,0). The latter follows from Lemma 1.9.15 and Proposition 1.9.14. If P is a
vertex of Trop(C), then, again, Remark 1.9.11 implies that we need to check the m-thickness of “Z#
only in the directions of the edges through P. For each edge through P, we use Propositions 1.2.22,
1.2.23 for making this edge horizontal. Then we repeat the above arguments. O

1.9.3 Proof of the Exertion theorem for edges
The second part of the Exertion Theorem for edges is proved in Proposition 1.9.10.

Lemma 1.9.16 (cf. Lemma 1.7.7). Refer to Figure 1.7(A) for the notation. If H is admissible
(Def. 1.6.10) and s (H) > m, then z, — o > m.

Proof. Let us suppose that z, —zg < m. If mg, m, > 0, then w(; o) (A) =z, — 29 < m, and the curve
H is not admissible. If mo = 0 and m,, > 0, then w(; )(Ay,) < m and A, does not have two vertical
sides, which contradicts the fact that A,, is m-thick (Proposition 1.2.27). If both my = m,, = 0,
then we apply the above argument for Ay ax(vg,v,)- O

Proposition 1.9.17. If a point P is of multiplicity at least m in the intermediate sense, then P is
of multiplicity at least m in the intrinsic sense (Def. 1.7.4).

Proof. Indeed, let us take a generalized tropical line L. We will verify Def. 1.7.4. If P is the vertex
of L or Star(P) does not contain the vertex of L, then the fact that -’Zu’ is m-thick (Remark 1.9.11)
implies that L -p H > m. If the vertex V' of L belongs to a long edge through P, then we use the
notation in Section 1.9.1. We may assume that L has a horizontal edge passing through P. Let
V belongs to Ej. Draw the horizontal section through L(d(E}))). A direct calculation and Lemma
1.9.12 show that m-thickness of .ka implies that L -p H > m. O

Proposition 1.9.18. There are points b, ¢ € [zg, x,] such that ¢ — b = m and one of the following
statements holds

* g(b) = 9(c),
o g(b) <g(c),c= 2,

e g(b) = g(c),b = 0.

Proof. Indeed, It follows from Lemma 1.9.16. The points b, ¢ can be chosen in such a way that
9, () = (9zo,en))lp(z) for @ € [b,c]. By h|p we mean the restriction of h to [b,c]. The
definition of f(x) is given before Lemma 1.9.15. O

Proof of Theorem 1.6.11. We complete the proof, applying Lemma 1.5.1 on the interval [b,¢] of
length m:

area(Infl(P)) > [ f(x)dx > [{ f(x)de > [ (m — j(z))de > m(c —b) — P = m?, O
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Proposition 1.9.19 (c¢f. Lemma 3.3.19). If Ep((1,0)) coincides with the interval [A;, A,] and
Zn — xo = m, then only one point P € [A;, A,] can be a point of multiplicity m in the intermediate
sense.

Proof. Indeed, using the m-thickness property of Apax(vy,v,), We conclude that vg = vy, (cf. Lemma
1.9.16). This is equivalent to the fact that val(az,y,) = val(as,y,), where (zo,y0) is the leftmost
vertex of d(A1) and (zn,yn) is the rightmost vertex of d(A); see Figure 1.7. All this notation
(Section 1.9.1) was developed for the case P = (0,0). Then, using Proposition 1.2.23, we see that
the choice of another point P’ € [A;, A,,] and a subsequent change of the coordinates in order to
make P’ = (0,0) will destroy the equality vy = vy,. O

We can prove in Example 1.2.10, that if P is of multiplicity 3 in the extrinsic sense, then P must
divide the edge in the ratio 1 : 2. Also, in the hypothesis of the above proposition, it is possible to
determine the position of the singular point via tropical modifications, see Section 3.4.4.

1.9.4 Proof of the Exertion theorem for vertices

Now we are in the hypothesis of the Exertion Theorem for vertices, i.e. ugOp (H) > m, P is a vertex
of H, and the Newton polygon A of H has minimal lattice width at least m. For each direction
u € P(Z?) such that the face d(P) has at most one side perpendicular to u, the width w,(d(P)) is
at least m. This follows from Lemma 1.2.28, since d(P) is m-thick.

Suppose that the point P belongs to an edge E C H of direction w. If w,(d(P)) < m, then
the face d(P) has two sides of lattice length at least def,(d(P)) (Def. 1.8.1), and these sides are
perpendicular to the vector u; see Figure 1.8.

Figure 1.8: An example of the dual picture to a horizontal long edge through P, if P is a vertex of
H. We have w(; g)(d(P)) = a and pp°P(H) > m, therefore the lengths of LM and NK are at least
m — a. The set (Jd(Q) for Q € J(10)(P),Q # P is colored. Lemma 1.9.20 states that the sum of

the areas of the colored faces is at least 5(m — a)?.

Lemma 1.9.20. If u%°°(H) > m, P is a vertex of H, and u € P(Z?), then

S area(d(V)) > sdef, (d(P))°. (1.10)
VETp(u),V£P 2
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Proof. Applying a change of coordinates (Proposition 1.2.22), we may assume that v = (1,0). Let
wyu(d(P)) = a. The faces of the subdivision contributing to (1.10) are colored in Figure 1.8. Now we
consider the set {(4,7) € Z*} where val(a;;) is maximal. It contains the vertices of d(P) and maybe
some integer points inside d(P). As in the proof of the Exertion Theorem for edges, we consider
the sets A, for different 1, and repeat all the other steps. In the final step of the proof, instead of
the integral ["(m — g)dx we consider the integral [;"(m — g) + f;i+1(m — g) where z;, ;41 are the
x-coordinates of the vertical sides of d(P). Finally,

Cc

Z area(d(Q)) > / Z(m — g)dx +/ (m — §)dx
QET(P),Q#P b Tiy1

C

:m(mi—b)+m(c—xi+1)—/ lg}d:v—/ gdz
b T

1 1

= m(m —a) — (2((; )~ S - xi)2> - %(m _a)? = %defu(d(P))27

by Corollary 1.5.2. O
Proof of Theorem 1.6.12. Indeed, it follows from Lemma 1.9.20 that
1
area” (Infl(P)) = Z area(d(V)) + area(d(P)) > area(d(P)) + 3 Z def,(d(P))?,
weP(Z2), weP(Z2)

VETW(P),V#£P

and the latter expression is at least %mQ by Lemma 1.8.2.
Similarly, by Lemma 1.8.3 we get

area(Infl(P)) > 2 - area(d(P)) + % Z def, (d(P))? > —m?. (1.11)
ueP(Z2) O

N =

1.10 Tropical points of multiplicity m

“The forceps of our minds are clumsy forceps,

and crush the truth a little in taking hold of it.”

H. G. Wells

The aim of the present work was to improve the understanding of the combinatorics of tropical

singular points. So, here we summarize what is known now about tropical points of multiplicity m.

For a tropical curve H | if a point P is of multiplicity at least m in the K-extrinsic sense (Def. 1.1.2),
then P is of multiplicity at least m in the intermediate sense (Def. 1.6.7); see Lemma 1.6.8.

Question 7. Is it true that for each m-thick (Def. 1.2.26) set B C Z? there exists a polynomial
G € Q[z,y] defining the curve C’ such that ji(; 1)(C") > m and ConvHull(supp(G)) = ConvHull(B)?

As it is shown in Example 1.4.2, the answer is “no”.

We say that a tropical curve H can be lifted over a field K if there exists a curve C’ over K
such that Trop(C’) = H. Let a point P € H be of multiplicity m in the K-extrinsic sense for some
valuation field K. Suppose that H can be lifted over another field K’ of the same characteristic.
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Question 8. Is it true that the point P is of multiplicity m in the K'-extrinsic sense? As far as the
author knows, this is an open problem (though it should be not very difficult).

For a tropical curve H, if a point P € H is of multiplicity at least m in the intermediate sense,
then P is of multiplicity at least m in the intrinsic sense (Def. 1.7.4); see Proposition 1.9.17.

Note that the method in Proposition 1.4.3, which allows us to verify the definition in the extrinsic
sense, requires information about all the valuations of the coefficients of the equation of the tropical
curve H. Therefore, we have to know even those coefficients which can be perturbed without changing
H. Hence, given only a tropical curve H, the verification of Def. 1.1.2 (in K-extrinsic sense) is not
straightforward.

On the other hand, it is enough to know only the dual subdivision of the Newton polygon for H
in order to verify the definition in the intrinsic sense (Def. 1.7.4). The multiplicity in the intrinsic
sense of a point P € H remains the same if we change the lengths of the edges of H. Quite the
contrary, for Def. 1.6.7 of multiplicity in the intermediate sense, the lengths of the edges of H are
important because we operate with the extended Newton polyhedron A; see also Remark 1.2.12.

So, if a point P is a point of multiplicity m in the extrinsic sense, then P satisfies some necessary
conditions, for example, estimates in the Exertion Theorems hold and can be easily verified. Never-
theless an ambiguity remains: it is possible that a lot of the points on an edge E are of multiplicity
m in the extrinsic sense, but we cannot realize them as tropicalizations of m-fold points simultane-
ously; see examples in [107, 108]. See also Proposition 1.9.19 and Lemma 3.3.19 for the case where
we can prove that the position of a singular point is unique. See Section 3.4.4 for an example of an
application of tropical modifications to m-fold points.
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Chapter 2

Tropical approach to Nagata’s conjecture
in positive characteristic

Suppose that there exists a hypersurface with the Newton polytope A, which passes through a given
set of subvarieties. Tropical geometry provides a tool for visualizing the subsets of A, “influenced”
by these subvarieties. We prove that a weighted sum of the volumes of these subsets estimates the
volume of A from below.

As a particular application of this method we consider a planar algebraic curve C' which passes

through generic points p1,...,p, with prescribed multiplicities m1, ..., m,. Suppose that the min-
imal lattice width w(A) of the Newton polygon A of C is at least max(m;). Using tropical floor
diagrams (i.e. degeneration of pq,...,p, on a line) we prove that

n n

area(A) > %Zm% - %max(z s2|s; < mi,Zsi < w(A)).
i=1

=1 =1

In the case my = my = -+ = m < w(A) this estimate becomes area(A) > L(n — % — 1)m?2.
That gives d > (y/n — 3 — %)m for the curves of degree d, if n > 4.

Note that, instead of usual approach, we consider an arbitrary toric surface (because of arbitrary
A) and our ground field is an infinite field of any characteristic, or a finite field large enough. The
latter constraint arises because it is not a priori clear what is a collection of generic points in the case
of a finite field. We construct such collections for fields big enough, and that may be also interesting
for code theory.

2.1 Main Theorem and a discussion around Nagata’s conjecture

It is simple to find a polynomial in one variable with prescribed values at given points. A bit more
involved is to find a polynomial in many variables with prescribed values at given points or to find a
polynomial in one variable with prescribed higher derivatives at given points. Each of the conditions
appeared above imposes one linear constraint on the polynomial’s coefficients. Therefore the only
difficulty is to prove the linear independence of these constraints.
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Let us generalize this question as follows: given natural numbers mq, mo,...,m, and a set of
varieties X1, Xo,..., X,y C F¥ (where F is an infinite field of any characteristic), we are wondering
if there exists a hypersurface Y C F* (with a given Newton polytope A) which passes through each
of X; with multiplicity m; € N respectively. That is not just an arbitrary chosen problem: once
discussed smooth varieties we inevitably fall into the realm of singular varieties, where a rather
important problem is to find explicit examples. A particular way to pick a variety is to fix it by the
above incidence relations.

This paper promotes the tropical point of view on singularity theory. We define the subsets
Infl(X;) of A, “influenced” by each of X;. These subsets can overlap, but no more than k at once
(Corollary 2.2.18). Consider the case k = dimY + 1 = 2, i.e. Y is an algebraic curve and each of X;
is a point.

Definition 2.1.1. The lattice width w,(A) of a polygon A C Z? in a direction u € P(Z?) is

maXA(ul, ug) - (z — y), where (ug,us) € Z? is a representative (Definition 1.2.24) of the direction wu.
x?y7e

Definition 2.1.2. The minimal lattice width w(A) of a polygon A C Z? is n;i(rzg)wu(A).
ue

Definition 2.1.3. For a set of positive integer numbers mi,ma, ..., m, we define

n

S(mus. .., k) = %max(z $2) (2.1)

i=1
where we maximize by all sets of numbers {s;}7 ; with 0 <s; <m;, > " ;s <k.
Example 2.1.4. If my =my = --- =m, =m, k = [\/n]m, then S(mq,...,mn, k) = 3[y/n]m>.

Theorem 2.1.5. Let F be an infinite field or a field big enough (see Lemma 2.3.9). If w(A) >
max(m;) and for each set of points py,pa,...,pn € F? there exists an algebraic curve C' C F? with
the Newton polygon A, passing through p1, po, . . ., p, with multiplicities m1, ms, ..., my, correspond-
ingly, then

I~ o
area(A) > 3 ;ml — S(my,ma,...,mp,w(A)). (2.2)

Corollary 2.1.6. If my = mg = -+ = m, = m,w(A) = [y/n]m, then area(A) > $(n — [\/n])m>.
Let K be the field F{{t}} of Puiseux series. That means, F{{t}} = {>_ cat®|cq € (F*),I C Q},
acl

where ¢ is a formal variable and I is a well-ordered set (each its nonempty subset has a least element).
Define a wvaluation map val : K — T by the rule val(}_ ;cat®) := —min{ala € I,cq # 0} and
val(0) := —oo. Different versions of Puiseux series are listed in [110, 147].

We will prove that the above theorem holds over the valuation field K. We use the nature
of a singular point’s influence on the Newton polygon of a curve (see Chapter 1 as an extension
version of [82]) and tropical floor diagrams [31, 32|. Tropical floor diagrams illustrate the process
of a degeneration of the points p1,...,p, on a line, in a sense it is a tropical version of the Horace
method [59]. The idea of the proof is the following. While degenerating py, pa,...,p, onto a line,
we see the following behavior (Figure 2.2) of the points on the tropical picture. Each point of the
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multiplicity m; splits into two parts m; = s; +r;, such that > | s; < w(A). Furthermore, we choose
a part of Infl(p;) for each i = 1,...,n; these parts do not intersect and the area of such a part for a
point p; is at least &(m? — s?).

Then, using a substitution ¢t — a € F, K — F we prove the Detropicalization lemma. It says that
there exists a constant N € N such that if the cardinality of F is at least N (which is always the case
if F is infinite), then Theorem 2.1.5 holds for F. In small fields we can not find a sufficiently generic
collection of points. The constant N, then, depends on max(m;), A and char(F). This reasoning

could be of a particular interest to code theory, see Section 2.5.

Corollary 2.1.7. Suppose that m; = mg =--- = m,, = m < w(A). Therefore, under the conditions
of Theorem 2.1.5 we have area(A) > $(n — wd) _ 1)m?.

m

Proof. Seeking for the minimum of Y1 ;(m? — s?) under conditions Y s; = w(A),s; < m we see

that the minimum is attained when
si =m,if 1 <4 <kyand 0 < sp41 < m,and sspy1 = 0.

In our case, write w(A) = mk—+k',0 < k' <m. Then, Y. (m?—s?) > (n—k—1)m?+(m—k')>.
Therefore,

area(A) > ~((n —k —1)m? + (m — k)% > ~(n — w(A)/m — 1)m?>.

DO | =

1
2

2.1.1 Nagata’s conjecture

Let us fix a field F. For a point p = (p1,p2) € F? we denote by I, the ideal of the point p, namely
Iy = (z —p1,y — p2).

Definition 2.1.8. Consider an algebraic curve C' given by an equation F(z,y) =0, F € F[z,y]. We
say that p is of multiplicity at least m for C (and write p,(C) > m), if F' € (I,)™ in the local ring
of p.

In the most non-degenerate case p being a point of multiplicity m on C means that there are at
least m branches of C passing through p. For the fields of zero characteristic, the fact F' € (I,)™ is
equivalent to the fact that all the partial derivatives of F' up to order m — 1 vanish at p.

Example 2.1.9. Consider a planar algebraic curve C' of degree d given by an equation F'(z,y) = 0,
where
F(z,y) = Z aijz'y’
1,7 >0,i+75<d
The point p = (0,0) is of multiplicity m for C' if and only if for all 4,5 > 0 with i + j < m we have
a;; = 0. As a consequence, for each point p € F? the condition “p is a point of multiplicity at least

(

m for C” can be rewritten as a system of %ﬂ) linear equations in the coefficients {a;;} of F'.
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Let p1,...,pn be a collection of n > 9 points in F? and myq,...,m, € N. We are looking for

the minimal degree d,;, of an algebraic curve passing through pi, ..., p, with multiplicities at least
mi, ..., My respectively.

One can naively calculate the expected dimension edim(d,m1,...,my) of the space & of the
curves of degree d satisfying the hypothesis above: each singular point freezes W degrees of

(+)

freedom, i.e. imposes constraints on the coefficients of the curve equation. Therefore,

d(d " mi(m; + 1)
ebim(d,ml,...,mn):max< +3 Zm ms + )
=1

The actual dimension of & is always at least the expected one, because all the constraints are
linear. However, sometimes even for a generic choice of the set of points pi1,p2,...,p, the actual
dimension is strictly greater than the expected.

Example 2.1.10. Let us consider two points p1, p2. The minimal degree of a curve passing through
p1, p2 with multiplicities m1, mo is my, if my > mg: it is the line passing through p; and po taken
with multiplicity m;. So the inequality dn;n > % in the Nagata’s conjecture is not satisfied as
long as mo > ml(\/i —1). We see a similar situation for five points: one can draw a non-reduced
conic through them.

As a reasonable estimate for d,;,, Nagata’s conjecture claims:

Conjecture 1. If d < iz\l/ﬁmz and points p1,...,pn,n > 9 are chosen generically then dim& = —1.
Z mg
In other words, d,ip > i:\l/ﬁ )
The case n = [? had been proven by Nagata himself [125]. Now, even the case n = 10 and
mp = mg = --- = myp = m is under exhaustive study (|46]), but has not yet been proven. The

similar questions in higher dimensions are widely open (cf. [22],[56]). The pictures appeared in our
approach are somewhat similar to those in [133], though the relation is not direct.

Historically Nagata’s conjecture appeared as a tool (with n = 16) to disprove Hilbert 14th
problem. There also exists Segre-Harbourne-Hirschowitz conjecture which basically says that if the
expected dimension ¢dim of & is not equal to the actual one, then the linear system & contains a
rational curve in its base locus. The reader is kindly referred to look into surveys [44, 45, 75, 122]
for an introduction to Nagata’s conjecture and related topics.

In view of Theorem 2.1.5 the following three results should be mentioned:

Theorem ([167|, Xu). If C is a reduced and irreducible curve passing through generically chosen
points p1,pa, ..., pp € CP? with multiplicities my, ma, ..., m, respectively, then the estimate d* >
> iei ,m2 — min(m;) holds.

Unlike Xu’s theorem, in Theorem 2.1.5 we consider curves with arbitrary Newton polygons,
defined over fields of any characteristic. Furthermore, our curves are allowed to be reducible and
non-reduced.

Theorem ([4], Alexander, Hirschowitz). The dimension of the space of degree d > 2 hypersurfaces
in CP*(k > 3), passing through generic points py,pa,...,pn with multiplicities mi = --- = m,, = 2,
is the expected one except the cases (k,d,n) = (2,4,5),(3,4,9), (4,4,14),(4,3,7).
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Using the methods of this Chapter and classification in [108], we can prove (Remark 2.3.7) that
the volume V of the Newton polytope of a surface in CP? with n two-fold points in general position
satisfies n < 2V. Using the above theorem we can obtain a better estimate. Indeed, for the case of
hypersurfaces of degree d in CP?3 the above theorem gives 4n < (d+1)(d+2)(d+3)/6,i.e. n ~ V/4.

Theorem (|5, Alexander, Hirschowitz). For each field F, the dimension of degree d hypersurfaces
in FP* passing through generic points p1,pa, - . ., pn with multiplicities m1, ma, . .., my, is the expected
one if d > maxm,.

We expect that our approach can be extended to the cases k > 3 and m; > 2. Such an extension
would lead to an explicit degree estimate.

2.2 Preliminaries in tropical geometry

In this section we recall some definitions and set up the notation. We discuss the notion of a set of

points in Z* in tropical general position with respect to a polytope A. We use this construction in the

following sections. We refer the reader to [30],[103] for a general introduction to tropical geometry.
Let T denote Q U {—oc}, and K be a field with a valuation map val : K — T. We use the

convention val(a + b) < val(a) 4 val(b), val(0) = —oo. Usually T is called tropical semi-ring.
Consider a hypersurface Y € K*. Let Y be given by an equation

F(zy,z9,...,2) =0,

F =Y e, I=(irig,... i), c1 #0.
IeA
In such case A = ConvexHull(.A) is called the Newton polytope of Y.
The Newton polytope of F' is provided with a subdivision dependent on the coefficients of F.
Namely, consider the extended Newton polytope of Y,

A = ConvexHull{(I,z) € Z¥ x T|I € A,z < val(cz))}.

The projection of the faces of the extended Newton polytope A onto the Newton polytope A defines
a subdivision of A.

We give a definition of the tropicalization of Y, based on its equation F(x) = > ;. 4 crz!. For
a weight w = (wy,w, ..., wy) € TF we consider the weight function w(cx' 2 . xi’“) = val(c) +
iqwy + 9wy + - -+ + igwg. Then we define initial part in, (F') as the w-maximal part of F'. Now we
define Trop(Y") to be the set of all weights w such that in,(F') is not a monomial.

We can describe the above subdivision of A: a point I € A is a vertex of the subdivision if there
exists such a weight w € T* that in,(F) = crz!. An interval I I between two vertices I1, Io € A is
an edge of the subdivision if there exists a weight w such that in,(F) = Y, cyz’ where the convex
hull of J is the interval I 1, etc.

Remark 2.2.1. In general, each cell of the subdivision of A is of the type
A,, = ConvexHull(support(in, (F)))

for some w € T*.
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Remark 2.2.2. If Y is a hypersurface, then Trop(Y) C T* is a polyhedral complex of codimension
one. For each cell A, C A we define d(A,) = {o' € T'|A, = Ay}

This map d provides the following correspondence: the vertices of the subdivision of A correspond
to the connected components of the complement of Trop(Y) in T*, the edges of the subdivision
correspond to the faces of Trop(Y') of maximal codimension, 2-cells of the subdivision correspond to
faces of codimension 1 in Trop(Y), etc.

Remark 2.2.3. If X C K" is a variety of higher codimension, we define its tropicalization Trop(X)
as follows. Let I be the ideal of X. Let in,(I) be the ideal generated by the elements in, (f), f € I.
Then, by definition, w € Trop(X) if and only if in,(I) is monomial free.

2.2.1 Influenced subsets in the Newton polytope

Let Y be a hypersurface in K" with the Newton polytope A. In this subsection, for a given subvariety
X C Y, we define the set J(Trop(X)) of vertices of Trop(Y’) and the subset Infl(X) C A. These
definitions generalize the definitions given in Section 1.6.

Definition 2.2.4. We denote by P(ZF) the set of all directions in Z*. An affine hyperplane with a
normal direction u € P(ZF) is a set {x € RF|u -z = ¢} with some ¢ € R. Cf. Definition 1.2.24.

Let @ be a subset of of Trop(Y).

Definition 2.2.5. Let Ig(u) be the affine hyperplane in R* with normal direction w, containing
the set Q, if exists, and lg(u) = @, otherwise. Let P(A) C P(Z*) be the set of the directions of
the vectors {IJ|I,J € A} between the lattice points in A. The connected component of @ in the
intersection Trop(Y") N U,ep(a) lo(w) is called the star Star®(Q) of Q in Trop(Y).

Example 2.2.6. Let Y C K2 be a curve. If Q is vertex of Trop(Y), then Star®(Q) is the connected
component of @ in the intersection of Trop(Y’) with the union of the lines spanned by the edges of
Trop(Y) through Q. If Q@ € Trop(Y) is not a vertex of Trop(Y), then Star®(Q) is the connected
component of @ in the intersection of Trop(Y') with the line spanned by the unique edge of Trop(Y)
through Q.

Definition 2.2.7. Let J3(Q) be the set of the vertices of Trop(Y) in Star®(Q).

The star Star®(Q) is naturally stratified on cells, we provide each point in Star®(Q) with a
multiplicity corresponding to the codimension of its stratum.

Definition 2.2.8. Namely, for a point V € Star®(Q) the natural number multg (V) is the dimension
of the linear span of the directions u € P(A) such that the affine hyperplane through V' with the
normal direction u contains Q.

Example 2.2.9. If A C Z? and Q is a point, then StarA(Q) is a union of intervals emanating from
Q. In this case multg(Q) = 2 and multg(V) = 1 for V € Star®(Q),V # Q.

Each tropical variety Trop(X) is naturally decomposed into vertices, edges, faces, etc, Trop(X) =
|J XP? where p is the dimension of the cell XP? and ¢ is its number. If X would be a hypersurface,
then each cell of Trop(X') would be an equivalence class of some w € Trop(X), with the equivalence
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relation w ~ ' iff A, = A/, see Remark 2.2.1. In general, this subdivision is incorporated into the
definition of a tropical variety.
Let X C Y, then Trop(X) C Trop(Y).

Definition 2.2.10. Define J(Trop(X)) = [JJI(XP?). Also, define the star of the variety Trop(X)
as
Star® (Trop(X)) = U Star®(XP:9),

Definition 2.2.11. For a vertex V' € J(Trop(X)) we define its multiplicity multpp(x)(V) as
max multxr.q(V), i.e. we take the maximum of the multiplicities of V' with respect to the cells in

the natural cell decomposition of Trop(X).

The distinguished domain in A, corresponding to X, is

(X)) = (J  dV),

VeI(Trop(X))
where d(V') is the cell (of the maximal dimension) of A, dual to the vertex V' of Trop(Y).

Definition 2.2.12. By Volume(JInfl(Trop(X))) we denote the sum of volumes (with multiplicities,
see Definition 2.2.11) of the cells in the subdivision of A, dual to the vertices in J(Trop(X)), i.e.

Volume(Infl(Trop(X))) = > multpyep(x) (V) - Volume(d(V)).
VeI(Trop(X))

Example 2.2.13. Consider the two dimensional case, X = (z1,72) € K? is a point such that
Trop(X) = P = (val(z1), val(z2)) € T2. If P is a vertex of Trop(Y’), then

area(Infl(P)) = 2 - area(d(P)) + Z 1-area(d(V)),

cf. with the definition of area(Jnfl(P)) in Section 1.6.

Question 9. The dual object for a hypersurface is its Newton polytope. The dual objects for
the varieties of higher codimension are so-called generalized Newton polytopes or valuations in the
McMullen polytope algebra [29, 154]. We think that for a variety Y of any codimension the set Infl
can be defined in a similar way, but it is not clear what is the right substitute for Volume(JInfl(P))
in this case.

2.2.2 General position of points with respect to the Newton polytope

Definition 2.2.14. A collection of tropical subvarieties Zi, Za, ..., Z, € T* is in general position
with respect to a polytope A if for each collection of indices i; < ig < --- < ixy1 the intersection
Star®(Z;,) N Star®(Z,) N--- N StarA(ZikH) is empty.

Let T, be the translation T* — T* by the vector v.
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Proposition 2.2.15. For a polytope A and given set Z1, Z, ..., Z, € T of tropical varieties there

exists a set of vectors vy, va, . . ., vn € Z¥ such that the tropical varieties T,,(Z;) are in general position
with A.

Proof. Indeed, each star StarA(Zi) consists of a finite union of hyperplanes. Therefore, we can
choose a vector v; = 0 and vy € Z* such that the intersection of each two hyperplanes Ly, Ly from
the collections Star®(Z;) and Star®(T,,(Z2)) respectively is a linear subspace of dimension at most
k — 2. Then we choose a vector vz € Z* such that the intersection of each pair of hyperplanes from
different collections Star®(T,(Z;)),i = 1,2,3 is of dimension at most k — 2 and the intersection of
a triple of hyperplanes from different collections is of dimension at most k — 3, etc. O

Corollary 2.2.16. There exists a constant N depending on A, n, k and the total number of cells in
the natural subdivisions of Z1, Zs, ..., Z, such that the vectors vq,...,v, can be chosen in such a
way that |v;| < N for each i. O

Corollary 2.2.17. For each n,k € N, A there exists a set of points P, P..., P, € Z¥ ¢ T* in
general position with respect to A.

Proof. We start from P = P, =--- = P, =0 € Z™. Then we use the fact that ZF is not coverable
by a finite number of linear spaces of dimension k — 1 and proceed as in Proposition 2.2.15. O

Corollary 2.2.18. For a collection of tropical varieties Z;, Za, ..., Z, € T* in general position with
respect to A, the sum Y ;" ; Volume(Infl(Z;)) is at most k - Volume(A).

Proof. This follows from the definitions of a general position (Definition 2.2.14) and multiplicities in
the volume of Jnfl (Definition 2.2.12). O

2.3 An estimate of a singular points’ influence on the Newton poly-
gon of a curve

Let C be a curve over K with the Newton polygon A such that w(A) > m.

Theorem 2.3.1 (Section 1.6). Suppose that a point p = (p1,p2) € (K*)? is of multiplicity m for
this curve C, P = (val(p1), val(p2)). Then,

m2
area(JInfl(P)) > - (2.3)
Example 2.3.2. Consider a curve C given by the equation (z — 1)¥(y — 1)"~* = 0, take p = (1, 1).
Clearly, p,(C') = m, but the Newton polygon A of C violates the condition w(A) > m, and the

inequality area(JInfl(val(p))) = 2k(m — k)) > %2 does not hold except the case k = m/2.

Consider now a curve C passing through p1, po, ..., p, € K2, n > 2 with multiplicities mq, mo, ..., my,
respectively. Suppose that the Newton polygon A of C' has the minimal lattice width w(A) at least
max(m;).
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Lemma 2.3.3. If the points val(p;) € Z2,5 = 1,...,n are in general position with respect to A (see
Lemma 2.2.15 and its corollaries), then the area of A satisfies the inequality

1 2
area(A) > 1 E ms. (2.4)
Proof. Theorem 2.3.1 and Corollary 2.2.18 imply that

i 77;? < Z area(Infl(P;)) < 2 - area(A).

i=1

O

Corollary 2.3.4. Consider curves of degree d, in lieu of fixing the Newton polygon. Then, we have
d*> > 350 m? if d > max(m;).

Proof. Indeed, consider any curve under the above hypothesis. The equation of a curve of degree d
may contain some monomials with zero coefficients. So, if the minimal lattice width of the actual
Newton polygon of C' is at least max(m;), then we are done. If it is not the case, we apply the
following lemma.

Lemma 2.3.5 (Lemma 1.2.28). If y 1)(C) = m and w,(A) = m — a for some a > 0,u ~ (u1,uz),
then C' contains a rational component parametrized as (s"!, s"2).

If C has a rational component of this given type, then C' is reducible, and we can perturb this
component, because it does not pass through others p;. After that this component is no longer of
the type (ask, bsl), and this perturbation does not change the degree of the curve. ]

Let P be a vertex of Trop(C') and the edge E through P is horizontal. Suppose that w; gy(d(P)) =
a < m, i.e. a is the length of the projection of d(P) onto the z-axis.

Lemma 2.3.6 (Lemma 1.9.20). If 4,(C) > m, P = Val(p) is a vertex of Trop(C), and v = (1,0),
then
> area(d(V)) > ~(m—a)’. (2.5)

VETp(u),VAP

N

We use this lemma for the horizontal direction (1,0) (in Lemma 1.9.20 and [82], the direction u is
any direction). In our case J(u) is the set of vertices of Trop(C), lying in the connected component
of P in the intersection of Trop(C') with the straight horizontal line through P, see Figure 2.1.

Remark 2.3.7. Using the classification of possible combinatorial neighborhoods of two-fold point
P in a tropical surface in T? ([108]) we can prove that Volume(JInfl(P)) > 2 in such a case. With a
few work, that gives an estimate n < ? for the degree d of a surface with n 2-fold points, but the
theorem of Alexander and Hirschowitz provides a better estimate n < w.

Question 10. So, in order to beat the theorem of Alexander and Hirschowitz we need to prove that
Volume(Infl(P)) > 16 if P is an m-fold point for some m. This seems to be highly unrealistic since
the combinatorics for m = 2 is already rather complicated. So, we need some new methods such as
in Chapter 1, but for higher dimensional case.
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Figure 2.1: Dual picture to a singular point P on an edge. Since w(;)(d(P)) = a, the lengths of
LM and NK are at least m — a. The set |Jd(Q) for Q € Tp((1,0)),Q # P is colored. The sum of
the areas of the colored faces is at least 3(m — a)?.

Question 11. We expect that for a line L of multiplicity m inside a surface of degree d in CP3 the
estimate Volume(Jnfl(Trop(L))) > c¢m?d holds with some constant ¢. This would give an estimate
for the degree of a surface with multiple two-fold points and m-fold lines.

Question 12. We can study similar question for varieties of codimension two (see also [76] for other
questions about varieties of small codimensions). Consider a tropical (i.e. balanced) two-dimensional
fan L in R*. Suppose that the tropical stable intersection of L with each plane of rational slope is
at least m. Is it true that there exists a constant ¢ such that L - L > e¢m? in this case? One of the
possible directions to attack this problem is via tropical Chow polytopes, see [62].

2.3.1 Detropicalization Lemma

An algebraic statement over an algebraically closed field sometimes implies the same statement
over all fields of the same characteristic. Tropical geometry may help in such a situation, see [161].
Another application of tropical geometry in number theory is [84]. This section describes a particular
application of this principle to our estimate.

We use the field K = F{{t}}. Note that each element a € F defines a map v, : K — F by means
of the substitution ¢t = a. However, v, is not well-defined on the whole K, but we can compute it on
the elements of the type % where f, g € F[t] and g(a) # 0.

Let us recall how to tropicalize the problem of curves’ counting. We would like to count plane
complex algebraic curves of given genus and degree, these curves are required to pass through a
number of generic points qi, o, ...,q € CP? (I is chosen in such a way that the number of curves
is expected to be finite). Since the points are generic we can force them to go to infinity with some
asymptotics, say ¢; = (t%1,t¥"). Then we consider the limits of the constructed curves Cy under the
function log,(|z|) : C?> — R2. This is more or less the same as if we would consider a curve over
C{{t}} passing through (¢*7,t¥") € C{{t}} and then have taken its non-Archimedean amoeba. Hence
we started from C, lifted to C{{¢}}, and finally descended to T.

Detropicalization is the opposite process: firstly, we prove something in T, then lift the construc-
tion to F{{t}}, and finally return to F using v,.
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We establish the following lemma.
Lemma 2.3.8. Let m1,mo,...,m, be non-negative integers. Let A be a lattice polygon such that
area(A) < 2:1 T
1=

A (Definition 2.2.14), then for each valuation field K and points p1,ps,...,pn € (K*)? such that
Val(p;) = (x;, y;) there exists no curve C over K with the Newton polygon A, with y,, (C) > m;,i =
1,...,n.

Then, if a set of points (z;,y;) € T2 is in general position with respect to

Proof. Suppose that such a curve C' exists. Then, consider Trop(C'). We know that in this case

SN

area(JInfl((zi,7;))) > m?

m2

n
for i = 1,...,n and, therefore, 1" | area(Infl(z;,y;)) > > -+ > 2 - area(A). So, using Corol-
i=1

lary 2.2.18 we arrive at a contradiction. O

Lemma 2.3.9 (Detropicalization lemma). Let K = F{{t}}. Suppose that there exists no curve C
over K with the Newton polygon A such that

/,L(tfzi ,tfyi) (C) 2 mz

Then, there exists a constant N depending on my, ma, ..., m,, A, max |z;|, max |y;| with the following
property. If |[F| > N, then there exists a € F such that there is no curve over F with the Newton
polygon A and pg-+; 4—v)(C) = m; for each i =1,...,n.

Proof. Indeed, all the constraints imposed by the fact ju,(C') > m are linear equations in the coeffi-
cients of the equation of C. Therefore the only reason why there is no solution for this system over
Puiseux series and there exists a solution over F is that some minor of the matrix of the equations
turns out to be 0 after substituting ¢ = a. Thus, let us compute all needed minors before, they
reveal to be polynomials in ¢ with degrees depending on our data. Therefore the only condition for
a is that a is not a root of some fixed polynomial of some bounded degree. Obviously, if |F| is big
enough, then there exists such an a. O

Remark 2.3.10. In a similar way we can “detropicalize” in other situations, if the conditions imposed
on C' reveal to be algebraic conditions on the coeflicients of the equation of C.

2.4 Degeneration of tropical points to a line

In this section, using tropical floor diagrams (see 30, 32]), we construct a special collection of tropical
points which are in general position with respect to the Newton polygon A; this construction gives
another estimate for area(A).

Consider a tropical curve H given by Trop(F') = max; j)(iz + jy +val(a;;)) where (7, j) runs over
lattice points in a fixed Newton polygon A. We may assume that the minimal lattice width w(A)
of A is attained in the horizontal direction. Let A is contained in the strip {(z,y)|0 <y < N}. Let
us choose points Py, Py, ..., P, on the line [ = {(z,y)|y = ﬁm} which is almost horizontal, i.e. its
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slope ﬁ is less than any possible slope of non-horizontal edges of a curve with the given Newton

polygon A.

Proposition 2.4.1. Suppose that each of the points Py, P, ..., P, is not a vertex of H, and each P;
belongs to a horizontal edge E; of H. In this case, for each 1 < i < j < n we have Infl(P;)NInfl(P;) =
0.

Proof. Indeed, in this case the vertices in J(F;) are lying on the horizontal lines through P;, and all
P; have different y-coordinates. O

Corollary 2.4.2. In the above case, ;- area(Infl(P;)) < area(A). O

In general, the situation is not much worse than in the hypothesis of the above proposition. The
line [ is subdivided by intersections with H, each connected component of [\ I N H corresponds to
a monomial in Trop(F'), i.e. to a lattice point in A. Moving by [ from left to right and marking
corresponding lattice points in A we obtain a lattice path in A, which possesses the following
property: each edge in this path is either vertical or has positive projection on the horizontal line.

If P; is not a vertex of Trop(C'), and P; belongs to an edge E; of Trop(C), then denote by s;
the length of the horizontal projection of d(F;). If P; is a vertex of Trop(C), then denote by s; the
length of the horizontal projection of d(F;).

n

Previous considerations show that »_ s; < w(A).
i=1

Ocm

Pl P2 Qo

1

Figure 2.2: The left picture represents a part of a tropical curve through points P, P>, P3 on an
almost horizontal line. The second picture is dual to the first picture, we see parts of the regions
of influence of the points P;, P», P3. The marked points 1,2, 3,4 represent the monomials which are
maximal on the parts of the dotted line on the left picture. The lattice path 1,2, 3,4 is non-decreasing
by the 2-coordinate, therefore Y 7" | s; < w1 0)(a)-
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Proposition 2.4.3. In the above notation,
1 n n
3 > (mi—s) <> > area(d(V)) | < area(A).
i=1 i=1 \VeIp((0,1))

Proof. The right inequality is trivial, because the sets Jp,((1,0)) do not intersect each other. The
left inequality follows from the estimate

(m? — 52)

N =

Z area(d(F;)) >

VejPi ((071))

for each ¢ = 1,...,n. Indeed, if F; is not a vertex of H, then P; belongs to an edge F;. If F; is

horizontal, then s; = 0 and > area(d(P;)) > $m? by Lemma 2.3.6. If E; is not horizontal,
Veap, ((0,1))

then s; > m; and the inequality becomes trivial. If P; is a vertex of H, then the inequality follows

from Lemma 2.3.6, because in this case

Z area(d(F;)) > (m; — si) - 8; + %(ml —5)t= L
VGjpi((O,l))
O

Proof of Theorem 1. By Corollary 2.2.16 there exists IV such that there exists a generic with respect
to A collection of points on the line y = W with |z;],|yi| < N. Then, Proposition 2.3.6 and

Lemma 2.3.9 conclude the proof. O
Corollary 2.4.4. For the curves of degree d, the above corollary gives d > (y/n— % — ﬁ)m if n > 4.
Proof. Indeed, the Newton polygon of such a curve is the triangle

ConvHull({(0,0), (d,0), (0,d)})
and its area is g. So, we have d? > ((n — d/m — 1)m?. If d > m+/n, then we are done. Suppose
that d < m+/n, then d? > (n —d/m — 1)m? > (n — y/n — 1)m? > (\f—%—ﬁ)%ﬂ ifn>4. O

2.5 Speculations destined to code theory

In informatics, (error-correcting) code-theory deals with subsets C' C A™ (A is a finite set) which are
as big as possible, and the Hamming distance d between the elements in C' is also as big as possible,
i.e. we maximize 0 = min,pec o d(a,b). Such a subset C is called a code and it is suitable for the
following problem. We transmit a message which is an element of C'. If, during the transmission
procedure, the message does change in at most g — 1 positions, then we can uniquely repair it back,
that is why this is called an error-correcting code. As an introductory book, which relates this subject
to algebraic geometry, see [159]. Studying of singular varieties is related with code-theory ([166]),
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for the relation of this topic with Seshadri constants (which is a relative of Nagata’s conjecture), see
[74].

Finding such subsets C'is a hard combinatorial problem. A particular source for codes is the set of
linear subspaces of Fy (linear codes), mostly because they have comparatively simple description. A
common construction is the following. We choose points p1, p, ..., p, C Fy" and consider the set Vy C
Fqlz1, 22, ..., zm) of the polynomials of degree no more than d (or we can take any linear system on
a toric variety). Then we take the evaluation map: ev, : Vg — Fy, ev,(f) = (f(p1), f(p2),---, f(pn))-
The image of ev, is a linear code, it is quite simple to calculate it, but the problem is how to choose
points p; such that there is no polynomials which vanish at chosen points (otherwise we need to deal
with the kernel of ev,) and how to estimate the minimal distance ¢. For example, one may take all
the points with all non-zero coordinates.

Thanks to Joaquim Roé suggestion, we mention here the way we can exploit the main ideas of
this article to construct a linear code, which uses not too much points and provides a map, similar
to evp, without kernel.

In the previous sections, for a given polygon A and numbers mq, mo, ..., m, we constructed the
set of points p1, p2, ..., pn € Fy such that there is no curve C' with the Newton polygon A, possessing
the property p,,(C) > m; for each i. Recall, that for this construction we should carefully choose
points (z;,y;) € Z?, then, for ¢ big enough there is t € F,, such that the points p; = (¢*,t¥) possess
the required properties.

Example 2.5.1. Consider A = [0,1,...,d] x [0,1..., N] C Z2. If we put n points p1,pa, ..., p, of
multiplicity m < min(N,d) along an almost horizontal line, then there is no algebraic curve C' with
the Newton polygon A and p,, (C) > m if AN < (n—d/m — 1)m?.

nm(m+1)
we construct the evaluation map ev : IFZN —F, ? with

. (n—d/m—1)m?
Therefore, taking N < W

a trivial kernel. For this map, we take a point f € }FZN , which we treat as a polynomial F' with the
Newton polygon A, then take the coefficients of F' (mod I;?) for each ¢ = 1,...,n, this gives the
image ev(f).
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Chapter 3

A guide to tropical modifications

Substance is by nature prior to its modifications.

. nothing is granted in addition to the understanding,

except substance and its modifications.

Ethics. Benedictus de Spinoza.

This chapter is dedicated to tropical modifications, which have already become a folklore in tropical

geometry. Tropical modifications are used in tropical intersection theory and in study of singularities.

They admit interpretations in various contexts such as hyperbolic geometry, Berkovich spaces, and
non-standard analysis.

We cite [34]: “ Tropical modifications ... can be seen as a refinement of the tropicalization process,
and allows one to recover some information ... sensitive to higher order terms.”

One must say that the name “modification” is used in two different senses: the modification as
a well-defined operation; and a modification along N as a method that reveals a behavior of other
varieties in an infinitesimal neighborhood of N. Namely, performing the modification of M along
N C M, we know how M changes, but the objects of codimension 1 in M may behave differently,
depending on their behavior near N. We will clarify this distinction with examples.

Our main goal is to mention different points of view, to give references, and to demonstrate the
abilities of tropical modifications. We assume that the reader have already met “tropical modifica-
tions” somewhere and wants to understand them better. There are novelties here: a tropical version
of Weil’s reciprocity law is proven via tropical Menelaus Theorem and a new obstruction for realiz-
ability of non-transversal intersections is found. For a preliminary introduction to tropical geometry,
see [30], [33] and [121], where tropical modifications are also discussed. We are glad to mention other
texts, promoting modifications from different perspectives: [34] (examples, construction of curves
with inflection points), [9] (repairing the j-invariant of elliptic curves), and [149] (intersection theory
on tropical surfaces). The questions related to tropical singular points (see Chapter 1) are treated
here from the perspective of tropical modifications, see Section 3.4.4.

We define tropical modifications via multivalued operations. Then we discuss several examples
indicating principal features of the following observations. Then we obtain several structure theorems
and list the set of applications. In Section 3.1 we summarize the interpretations of the tropical
modifications, so a curious reader may start there and only after it return to Section 3.2.1.
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3.1 Motivation and interpretations

La science toujours progresse et jamais ne faillit,

toujours se hausse et jamais ne dégéneére,

toujours dévoile et jamais n’occulte.

Anonyme.

This section explains why a tropical modification is a natural notion and gives several interpreta-

tions of a modification in different contexts. Since a big part of the material here represents some

vague intuitions, it is not always possible to write precisely what is the analogy or metaphor means.

Nevertheless, the blame for all misunderstanding is with me. The reader, interested in definitions,

examples, and theorems, should directly proceed to the next section, and return here only for inspi-
ration.

Tropical modifications were introduced in the seminal paper [117]| as the main ingredient in the
tropical equivalence relation. Namely, two tropical varieties are equivalent if they are related by a
chain of tropical modifications and reverse operations’.

The underlying idea is the following. Recall, that a tropical variety V can be decomposed into
a disjoint union of a compact part V. and a non-compact part Voo, and V = V. U V. Moreover, V
retracts on V.. Then, the set V, consists of “tree-like” unions of hyperplanes’ parts. We call these
parts legs in the one-dimensional case and leaves in general situation. For tropical curves, V4 is a
union of half-lines. For example, for a tropical elliptic curve (see Fig. 3.1, left side) the set V. is the
ellipse, and V,, is the set of trees growing on the ellipse.

Figure 3.1: On the left side we see a tropical elliptic curve V which is a part of the analytification
of an elliptic curve. The ellipse is V. and the union of tree-like pieces is V. On the right side we
see a tropical rational curve V', which is equal to V,,. We can choose each point of V' as V., because
V' contracts onto any of its point x € V.

Remark 3.1.1. On a tropical rational? variety V, each point may be chosen as V., see Fig. 3.1
right side.

Consider the tropical limit V' of algebraic varieties Wy, C (C*)", ie. V = limy, o0 Log,, (Wy,),
where we apply the map Log;, : C* — R,z — log,, |z| coordinate-wise. In this case the set Vo

'For the full definition of an abstract tropical variety, see [121] and [118].

2Basically, rational tropical varieties are the contractible ones. They are not well studied even in small dimensions.
For example, there exist 3 dimensional cubic hypersurfaces which are not rational. It is not known whether we can
see this tropically, because all tropical cubic surfaces are contractible.
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encodes the topological way of how W; approach some compactification of (C*)™. For the moment,
the particular choice of the compactification does not matter?.

Besides, for ¢ big enough, the Bergman fan B(W;) := lim;_,o Log,(W;) of W; is equal to
lims_, o0 %V. The latter limit is obtained by contracting the compact part V. of V| so the Bergman
fan can be restored by V. Note, that V' came here with a particular immersion to R™.

Example 3.1.2. If curves W;,i = 1,2,... in (C*)? all have branches with asymptotic (s¥, s!) with
a local parameter s — 0o, then the tropical limit V' of this family lies in R?, and V has the infinite
leg (half-line) in the lattice direction (k,1).

Let us suppose that we have an algebraic map f : (C*)" — (C*)™, and f is in general position
with respect to the family {W;}, i.e. for each i big enough, the image f(W;) is birationally equivalent
to W;. Let V' be the tropical limit of the family {f(W;)}. One can prove that V. differs from V, by
adding new half-planes and contracting other half-planes, look into Section 1.7 for examples. These
half-planes grow along the tropicalization of zeros and poles of f on W;. This consideration suggests
the ideas of modification and tropical birational equivalence. The name “modification” was borrowed
from complex analysis, and tropical modification is sometimes called “tropical blow-up”.

In Section 3.4.2 we see how the notion of modifications allows us to define the category of tropical
curves. This category keeps track of birational isomorphism in the category of complex algebraic
curves. See also §3.3.1, where making modifications for curves simplifies a proof to some extent.

Alternatively, tropical geometry can be thought as studying of skeletons of analytifications of
algebraic varieties. We can obtain a tropical variety V' as the non-Archimedean amoeba of an
algebraic variety W over a non-Archimedean field. This approach (see section §3.1.2) finally suggests
the same idea of equivalence up to modification, because the analytification W% is the injective limit
of all “affine” tropical modifications (i.e. along only principal divisors) of V' (see [135]). Berkovich
proved that W% retracts on a finite polyhedral complex, so Vj is a deformation retract of We".
Even better, the metric on W agrees with the metric on V for the case of curves* ([14]).

This connection between tropical geometry and analytic geometry leads to the questions of lifting
or realizability, i.e. what could be the intersection of two varieties X, Y if we know the intersection of
their tropicalizations? If their tropicalizations Trop(X ), Trop(Y') intersect transversally, the answer
is relatively simple, see [128]. If the intersection of Trop(X), Trop(Y') is non-transverse, then we can
lift the stable intersection of these tropical varieties, see [129],[139).

This raised the following question: to what extent the only condition for a divisor on a curve
to be realizable as an intersection is to be rationally equivalent to the stable intersection (cf. [123],
Conjecture 3.4)?

Tropical modification (as a method) helps dealing with such questions. It is known that being
rationally equivalent to the stable intersection is not enough. We consider other existing obstructions
(in fact, equivalent to Vieta theorem) for what can happen in non-transverse tropical intersections,
and prove, for that occasion, the tropical Weil reciprocity law by using the tropical momentum
Lemma 3.3.14.

Consequently, modifications are used in tropical intersection theory ([149, 150]), to define the
intersection product. Nevertheless, one must use modifications along non-Cartier divisors (Examples

3For a fixed compactification, see the notion of sedentarity in [151] and [30], p. 44.
4That should be true for varieties of any dimension, modulo integer affine transformations, but no proof has
appeared yet. For the skeletons in higher dimensions see [68, 69].
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1.1.37, 3.4.18 in [150], for moduli space of five points on rational curve) and even along non-realizable
subvarieties — for a proof that they are non-realizable as tropical limits.

As we stated before, one should think that a tropical modification along X reveals asymptotical
behavior of objects near X. We can find an analogy in non-standard analysis: the tropical line is
the hyperreal line, the modification at a point is an approaching this point with an infinitesimal
telescope, see Fig. 3.3 and Section 3.1.2. In order to define tropical Hopf manifolds one should also
use the modifications to study some germs [146].

Given a surface with hyperbolic structure, we can make a puncture at x. This changes the
hyperbolic structure and x goes, in a sense, to “infinity”. A tropical curve can be obtained as a
degeneration of hyperbolic structures, and making a puncture at x results as the modification at the
limit of x, see Section §3.1.1.

A modification can be described as a graph of a function, if we use the convention about multi-
valued addition, brought in tropical geometry by Oleg Viro (|164]), see Section 3.2.1.

The other applications of tropical modification as a method are following. Passing to tropical
limit squashes a variety, and some local features become invisible. In order to reveal them back
we can do a modification®. For example, modifications allow us to restore transversality between
lines if we have lost it during tropicalization (§3.4.3), then it allows us to see (-1)-curves on del
Pezzo surfaces ([141]). Methods of lifting non-transverse intersections leads us to use modifications
in questions about singularities: inflection points — [34], singular points — [107]. As an example, we
use modification in the study of singular points of order m (but obtain weaker results than in [82]).

3.1.1 Hyperbolic approach and moduli spaces

Consider a tropical curve C' given as the limit of complex curves C;. From the point of view of
hyperbolic geometry, a modification of C' at a point & € C' means just making a puncture z; in Cj,
with condition that x; — z. To explain this we need to know how to directly construct tropical
curves via limits of abstract surfaces with hyperbolic structure on them, without any immersionsS.

So, for details how tropical geometry can be built on on the ground of hyperbolic geometry, see
[97]. Here we briefly sketch the construction.

The approach, proposed by L. Lang, uses the collar lemma (|37]). This lemma simply says that
any closed geodesic of length [ has a collar of width log coth(l/4) and what is more important, for
different closed geodesics their collars do not intersect, see Fig. 3.2. That is also important that
smaller geodesics have bigger collars (and, intuitively, a puncture has the collar of infinite width).

Thus, given a family of curves C; (of the same genus), we consider a fixed pair-of-pants decom-
position by geodesics L;. The tropical curve is constructed as follows: its vertices are in one-to-one
correspondence with the pair-of-pants, each shared boundary component between two pairs-of-pants
correspond to an edge of the tropical curve, and the collar lemma furnishes us with the length of the
edges of the tropical curve as the logarithms (with base ¢, and ¢ — oo as the hyperbolic structure
degenerates) of widths of the collars of L;’s. Compare this approach with [27].

What will happen if we make a puncture? A puncture is the limit of small geodesic circles.
Cutting out a disk with radius ¢ adds a leaf of finite length, as it is seen from the above description.

5so the metaphor “look in an infinitesimal microscope” grasps the essence.
8Usually people consider curves C; in toric variety X and then they consider degeneration of complex structures
on X.
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(b) Modification subdivides old edge and
adds a new edge of infinite length. The
(a) Blue dashed lines 71, v2 depict the collar lengths of the circles around the puncture
of a geodesic L, ] is a part of L’s collar. are indicated, cf. to Figure 3.3.

Figure 3.2: We draw the limits of hyperbolic surfaces, i.e. tropical curves. Modification adds a
puncture to each curve in the family and a leg to the tropical curve.

Therefore, cutting out a point results in adding an infinite edge, i.e. a modification.

That explains why a permanent using of graphs for moduli space problems is actually useful
([95], cf. [86]). Tropical curves describe the part of boundary of a moduli space, and modification
corresponds to marking a point (read [54] to see the hyperbolic view on moduli space problems),
which are punctures from the hyperbolic point of view (see applications to moduli space of points
[118]). Tropical differential forms are also defined in this manner while taking a limit of hyperbolic
structure [121].

3.1.2 Berkovich spaces, non-standard analysis

Non-standard analysis appeared as an attempt to formalize the notion of “infinitesimally small”
variables (see §4 of [156] for a nice and short exposition).

There is an approach to tropical geometry via nonstandard analysis (cf. §1.4 [79]). Fig. 3.3
shows that tropical modifications is similar to “infinitesimal microscope” for the hyperreal line in
the terminology of [85], and this interpretation in computational sense is the same as for Berkovich
spaces: doing modification at the point £ = 1 on a curve is adding a leg to the tropical curve, which
ranges points according their asymptotical distance to x = 1, i.e. val(x — 1), these pictures are also
similar to the hyperbolic ones (Figure 3.2).

It is worth noting that there are still no applications of this point of view, neither in tropical
geometry, nor in non-standard analysis. Still, Berkovich spaces can be treated as a more modern
version of non-standard analysis, and tropical modification has applications there.

We should say that an important feature of tropical geometry is that it erects a bridge from a
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Figure 3.3: Similarity in the pictures of infinitesimal microscope (left) and tropical modification at
points 1 and 1+ ¢ (right).

very geometric things (hyperbolic geometry) to very discrete things as p-adic valuations and non-
Archimedean analysis.

See Figure 3.1, the analytification of an elliptic curve on the left, the analytification of P! on
the right. Ends of leaves represent the norms with “zero” radius. Berkovich spaces appeared as a
wish to have an analytic geometry on discrete spaces. The analytification X% of a variety X is the
set of all seminorms on functions on X. Each point z € X defines such a seminorm by measuring
the order of vanishing of a function at x, on Figure 3.1 these points are represented by the ends of
leafs. For the sake of shortness, we refer the reader to a nice introduction in Berkovich spaces, with
a bit of pictures [13],[157] and to [14] to see how it has been applied to tropical geometry (also, see
on the page 7 in [14], using of log reminds hyperbolic approach). There exist Berkovich skeletons
of analytifications, they correspond to the compact part V. of a tropical variety, for example, for
elliptic curves that will be a circle in both tropical and analytical cases, and its length is prescribed
by j-invariant of a curve (|9]). The analytification of an elliptic curve is the injective limit of all
modifications of its tropicalization, see Figure 3.1.

3.2 Definitions and examples

3.2.1 Definition: tropical modification via the graphs of functions

Recall that the tropical semi-ring T is defined as T = RU {—oo}, with the operation addition (“+”)
and order as for the real numbers, we extend addition by the rule —oco+ A = —oo for all A € T, and
the order by the rule —oo < A for all A € R. The fastest way to define the tropical modifications is
via multivalued tropical addition.

Definition 3.2.1. [164]. Define tropical addition +y,p and multiplication -;op on the set T as
follows:
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[ J A'tropB:A+B7
o A-+uop B=max(A,B) if A# B, and
o A+tiop A= {z|z <A}

We can say, equivalently, that the operation max is redefined to be multivalued in the case of
equal arguments, i.e. max(A, A) = {X|X < A}.

Remark 3.2.2. We extend this operations on the sets in the standard way. Note that all the sets
we can obtain, starting with elements in T, are of the type {X|X < A} for some A € T.

Definition 3.2.3. A tropical monomial is a function f:T" — T,
f(Xl,XQ, . ,Xn) =A+i1 Xy +i9Xo+ -+ +1i,X,,where AT, (il, 12, . .. ,in) e’Z". (31)

A tropical polynomial is a tropical sum (i.e. we use the operation +typ) of a finite number of
tropical monomials. A point X' = (X1, Xo, ..., X,,) belongs to the zero set of a tropical polynomial
fif0e f(X’'). A tropical hypersurface (as a set) is the zero set of a tropical polynomial on T".

Remark 3.2.4. In order to have the balancing condition satisfied, one has to provide a tropical
hypersurface with weights on its faces of the maximal dimension. We assume that the reader under-
stands how to do it. We also suppose that the reader knows the definition of an abstract tropical
variety, if it is not the case, refer to [120].

Definition 3.2.5. Let N be a tropical hypersurface in M = T", let f be a tropical polynomial on
T™ and N be the zero set of f. The modification of T" along N is the set

my(T") = {(X,Y) € T" x T|Y € £(X)}, (3.2)

i.e. the graph of the multivalued function f. For a given tropical variety K C M, a tropical subvariety
my(K) C my(T") is called a modification of K if the natural projection p : T" x T — T" restricted
to my(K) is a tropical morphism p: my(K) — K of degree one.

Proposition 3.2.6 (|120], 1.5 B,C). The set my(T™) coincides with the zero set of the polynomial
f(X) +trop Y . T"xT—T.

Definition 3.2.7. For an abstract tropical variety M and its subvariety N C M defined as the zero
set of a tropical function f: M — T, we define the tropical modification my (M) of M along N as
the graph of f in M x T. A subvariety my(K) C my(M) is called a modification of K along N if
the natural projection my(K) — K is a tropical morphism of degree one.

Now we explain how the given definitions appear through limiting procedures. Consider two
algebraic curves C1,Cy C (C*)? defined by equations Fy(z,y) = 0, Fa(z,y) = 0, respectively. We
build the map me, : (z,y) — (v,y, Fa(z,y)) € (C*)3. The set me,((C*)?) is the graph of Fy,
z = Fy(z,y). Now the intersection C1 N Cy can be easily recovered as me,(C1) N {(z,y,0)}. For
the complex curves this seems to be not very interesting, but during the tropicalization process the
plane (z,y,0) goes to the plane (X,Y,—00) = {Z = —oo}, and the intersection of tropical curves
will be represented by certain rays going to minus infinity by Z coordinate.
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We look now on the limiting procedure. Given two tropical curves Cy,Co C T2, we start with
Cit,Co — two families of plane algebraic curves, which tropicalize to C1, Cy, i.e., in the Gromov-
Hausdorff sense we have

C = tlgélo Logi(Cy4),Cy = tlgglo Log;(Ca4),

where we apply Log; : C — T coordinate-wise, i.e. Log,(C1) = {(log, |z|,log, |y])|(x,y) € C1}. Let
F5; be the equation of Co .

Proposition 3.2.8. The tropical modification m¢,T? of T? along Cy is the limit of surfaces S; =
Log,{(z,y, Fat(x,y)) € C3|(z,y) € C*}, i.e. me,T? = limy—y00 St.

Proposition 3.2.9. The tropical limit of the curves me,,(C1¢) C me,,((C*)?), ie. me,Cr =
limy oo LOgthQ,t(Cl,t), is a tropical modification m¢,C; of Cj.

Even though the families C1 ¢, Ca; are included in the data, the graph mc, T? does not depend
on this choice. However, for given tropical curves C1, Cy we can construct different families C ¢, Co ¢
and the limit lim; o Logyme,,(C1) can be different.

Note that we always suppose that an algebraic hypersurface comes with a defining equation.
Also, instead of taking the limit we can consider non-Archimedean amoebas of the varieties defined
over valuation fields.

Definition 3.2.10. Let M’ C (K*)"™ be a variety over a valuation field K. Let N’ C (K*)" be an
algebraic hypersurfaces defined by an equation f(z) = 0,2 € (K*)". The modification my(M’) is
the set {(z, f(x)|z € (K*)™)} C (K*)"*1. The modification of M = Trop(M’) along N = Trop(N’)
is the non-Archimedean amoeba of the set {(z, f(z)|r € V} C (K*)"+L.

In general, mwm5 770 and [77] all the approaches are equivalent.

Proposition 3.2.11. Consider a tropical variety M C T™ and a tropical hypersurface N defined by
a tropical polynomial F'. Then, three following objects coincide:

e the tropical modification my (M) of M along N defined via multivalued operations.

e the limit lim;_, o log,({z, Fi(x)|z € C"}) where M = limy_, oo log,(M;),N = lim;_,o log,(IVy),
M;, Ny € C" and N, is defined by a polynomial Fy,

e Trop(Gp(M')) where M', N" € K", K is a valuation field, Trop(M’) = M, Trop(N’') = N, N’
is given by a polynomial F, and Grp(M) = {(z, F(z))|x € M} C K" is the graph of F on
the variety M.

Note that given only tropical curves Cy, Cy C T? it is often not possible to uniquely “determine”
the image of C] after the modification along Cs. That is why a modification of a curve along another
curve is rather a method. The strategy is the following: given two tropical curves, we lift them in
a non-Archimedean field (or present them as limits of complex curves, that is the same), then we
construct the graph of the function as above and tropicalize the result. Depending on the conditions
we imposed on lifted curves (be smooth or singular, be tangent to each other, etc), we will have a
set of possible results for modification of one curve along the second, see examples below.

Still, we know the sum of the coordinates of all the legs of m¢,(C1) going to minus infinity by
Z-coordinate, see Proposition 3.3.20.
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3.2.2 Examples

In this section we calculate examples of the modification, treated as a method. The reader should
not be scared with these horrific equations, they are reverse-engineered, starting from the pictures.
All the calculations are quite straightforward.

We start by considering the modification along itself and discuss an appearing ambiguity in this
case. Then, we consider how modifications resolve indeterminacy that happens when the intersection
of tropical objects is non-transversal. This example promotes the point of view that a tropical
modification is the same as adding a new coordinate.

In the third example a modification helps to recover the position of the inflection point. Also, the
usefulness of the tropical momentum and tropical Menelaus Theorem is demonstrated. The tropical
Weil theorem which shortens the combinatorial descriptions of possible results of a modification is
proved in Section 3.3.1.

In the forth example we study the influence of a singular point on the Newton polygon of a
curve. The same method suits for higher dimension and different types of singularities, but nothing
is yet done there, due to complicated combinatorics. In the same example we describe how to find
all possible valuations of the intersections of a line with a curve, knowing only their stable tropical
intersection — the answer is Vieta theorem. The same arguments may be applied for non-transversal
intersections of tropical varieties of any dimension.

Example 3.2.12 (Modification along itself). Consider a tropical horizontal line L, given by max(1,Y).
This is the tropicalization of a line of the type y = t~! +0(¢t~!). Note that if we make a modification
of a line along itself, then all its points go to the minus infinity (Figure 3.4, left). Indeed, if F'(z,y)
is the equation of C, then the set of points {(z,y, F(z,y)|(x,y) € C'} belongs to the plane z = 0, so
Val({(x,y, F(x,y)|(z,y) € C}) C {(X,Y,Z) € TT3|Z = —c}. On the other hand, if we consider
two different lines C, Cy (with equations y = ¢t~! and y = t~! +#3) with tropicalization L, then all
the points in m¢, Co have the valuation —3 of Z coordinate. Again, we see an ambiguity — even if L
is fixed, we can take different lifts of L and have different results of the modification. On the other
hand we can say that the canonical modification along itself is the result similar to Figure 3.4, left,
i.e. we require that mcC' is the projection of C' to the plane Z = —oc.

Example 3.2.13 (Modification, root of big multiplicity, Figure 3.5a). In this example we see two
tropical curves with non-transverse intersection which hides tangency and genus. Consider the plane
curve C, given by the following equation: F'(z,y) = 0,

Fla,y)=(x— "33 @ —t2) +t a2 + (¢t + 2 )y + (t5 +t 5)a
Its tropicalization7 is the curve, given by the set of non-smooth points of

Trop(F) = max(1,6 + z,5+ z +y,4 + x + 2y,5/3 + 22,2 + 3z, 4z).

"One can think that we have a family of curves C; with parameter ¢ and its tropicalization is the limit of amoebas
lim; 0 Log, ({(z, y)|F(z,y) = 0}), or that we have a curve C' over Puiseux series C{{t}} = K given by 3 a;jz'y’ =
0,ai; € K. Its non-Archimedean amoeba is given by the set of non-smooth points of the function max;;(val(as;) +
1w + jy). Both ways lead to the same result.
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Figure 3.4: Example of a modification of a line along itself. Let L1, Ly be defined by y =t~ !,y =
t~1 + 13 respectively. On the left we see the modification of L; along Li, on the right we see the
modification of Lo along L. Red line is the result of the modification.

We want to know what is the intersection of C' with the line L given by the equation y + t~! = 0.
Tropicalizations of C' and L are drawn on Figure 3.5a, below, as well as the Newton polygon of C.
The intersection is not transverse, hence we do not know the tropicalization of C'N L.

Then, let us consider the map my : (x,y) — (z,y,y +t~1). On Figure 3.5a, in the middle, we
see the tropicalization of the set {(z,y,y +t~')} and the tropicalization of the image of C under the
map my. Let G(z,z) be the equation of the projection of my(C) on the zz-plane. So, F(z,y) =0
implies that for the new coordinate z = y + ¢t~ we have

Gz,2) =0,G(x,2) = (x —t'33(x — t72) + t wz + t 1222 (3.3)

Therefore the curve C' = pr,,mp(C) is given by the set of non-smooth points of max(1,4 +
X+Y, 4+ X +2Y,2+3X,4X), we see C’ on the projection onto the plane XZ on the left part of
Figure 3.5a. Notice that in order to have transversal intersection of non-Archimedean amoebas we
did nothing else as a change of coordinates.

Remark 3.2.14. Consider the restriction of Trop(F') on the line Y = 1. We obtain max(1,7 +
X,5/3+2X,2+43X,4X) = max(1,7+ X,4X) which corresponds to the stable intersection. On the
other hand, if we restrict F on the line y +¢~! = 0 and only then take the valuation, we obtain
max(1,3X +2,4X) because F(x, —t~1) = (z — t'/3)3(z — t=2), and we see that this agrees with the
picture of the modifications.

Definition 3.2.15. As we see in this example, a tropical curve in T" typically contains infinite
edges. We call them legs of a tropical curve. For each leg we have a canonical parametrization
(ao + pos, a1 + p1s,az + pas) where a; € R,p; € Z,s € R, s > 0, where the vector (pg, p1,p2), the
direction of the leg, is primitive.
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(a) Initial picture is below. In the center we see
the limit of the graphs of the functions F5;. On
the picture behind we see the projection of the
graph to the plane X 7. Numbers on the edges
are the corresponding weights.

(b) Notation is the same as for the picture on
the left. We see the result of the modification in
the case when the stable intersection is the actual
intersection. The Newton polygon of the curve C'
is depicted below.

Figure 3.5: Example of a modification along a line
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Now, on the tropicalization of C’ we see a vertical leg of of weight 3, i.e. 2z coordinate is zero
at this point. That happens because we have the tangency of order 3 between C and L, and z as a
function of x has a root of order 3.

Note that this leg can not mean that the point is a singular point of C, because the curve
C (according to criteria of [107] or, more generally [82]) has no singular points, even though the
tropicalization of C' has an edge of multiplicity 3.

Thus, this new tropicalization restores the valuations of intersection. We see that the modification
of the plane (i.e. amoeba of the set {(z,y,y+t"1)}) is defined, but in codimension one this procedure
shows order of roots and more unapparent structures such as hidden genus squashed initially onto
an edge. One can think that this cycle was close to intersection, but after a change of coordinates it
becomes visible on the picture of the amoeba of C’.

Remark 3.2.16. Nevertheless, for a general choice of representative in Puiseux series for these two
tropical curves Trop(C'), Trop(L), after modification we will have Fig. 3.5b, which represents stable
intersection of the curves.

Example 3.2.17 (Modification, inflection point, momentum map). We consider a curve and its
tangent line at an inflection point. Suppose, that the intersection of their tropicalizations is not
transverse. How can we recover the presence of the inflection point?

We consider a curve C' with the equation F(z,y) = 0 where
F(x,y) = y+t Say+(t 446t 42 13?4 (—t 3 —3—t— 12wy + (¢ 72—t~ =242 132y +22y?,

and a line L with the equation y = 1 + tx. The equation of the curve is chosen just in such a way
that the restriction of F on the line L is t?(x — 1)3(x — ¢t~1), i.e. the point (1,1 +¢) is the inflection
point of the curve and L is tangent to C' at this point.

Tropicalization of the curve is given by the following equation:

Trop(F) = max(y,x +y+ 3,2¢ + 1,22 + y + 2,2 + 2y + 3, 2z + 2y). (3.4)

On the Fig. 3.6a we see the non-Archimedean amoeba of the image of the curve under the map
(z,y) = (z,y,y — 1 — tx).

In order to find X-coordinates of the possible legs we can apply the tropical momentum: see
Figure 3.3.2.

Definition 3.2.18. The momentum of a leg (Ag + Pys, A1 + P15, A2 + P»s) with respect to a point
(B(), Bl, BQ) is the vector product (A() — Bo, Al — B17A2 — BQ) X (P(), Pl, PQ)

We will prove a (simple) theorem that the sum of the moments of the legs, counted with their
weights, is zero. Note, that in our case, all the legs we do not know are of the form (X, Yy, Zo — s),
because they are vertical. Refer to Figure 3.6b. So, we take the vertex O of the tropical plane, and
sum up the vector products OX; x X;Y; where X;Y; are black legs (that we already know) and red
legs (which are all vertical). Computation gives us (—4,0,0) x (—1,1,1) + (—4,0,0) x (0,—1,0) +
(0,—1,0) x (—=1,—-1,0) + (0,—1,0) x (1,0,1) + (2,2,2) x (1,0,1) + (2,2,2) x (0,1,1) 4+ (X,0,0) x
(0,0,—1)4(0,Y,0)x (0,0,—-1)+(Z+1,Z,0)x(0,0,—-1) =0, ie. (1,-2,00+(Y +Z2+1,X+2,0) =
0, where X stands for the sum of the X-coordinates of the vertical legs situated under the line
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(b) Application of the generalized tropical
Menelaus Theorem: we know the direction of the
infinite black rays emanating from the tropical
curve (in the center on the left), therefore an ap-
plication of this theorem gives the sum of X- and

(a) In the center we see a modification of the pic- Y- coordinates of red legs, going vertically to the
ture below, its X Z-projection is on the right, on bottom (these legs present exactly the intersec-
the left we see it from a different perspective tion of two considered curves.)

Figure 3.6: Example of modification in the case of inflection point. The point (0,0) on the bottom
picture is the tropicalization of the inflection point. We modified the black curve along the blue
curve, red parts are the parts becoming visible after the modification.
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(1 —15,0,0), Y stands for the sum of the Y-coordinates of the vertical legs under the line (1, —s,0),
7 stands for the sum of the Y-coordinates of the vertical legs under the line (1, s, s).

On the left picture we see where the red legs are situated. But, since modification of a tropical
curve C along a tropical curve C’ is not canonically defined®, then, for example, a modification of C
could differ from C just by adding vertical legs at four vertices of the C: this would correspond to
stable intersection (which is always realizable in the sense that there exists a curve in Puiseux series,
such that, etc.)

Example 3.2.19. Singular point, its unique position, and possible liftings of intersection. Consider
a curve C’ defined by the equation G(z,y) = 0, where

Gz,y) =t 3z — Bt 2+t )y + Bt 3 +2 2 -2t Doy — 3+t 22071 = 3t))a+
+t 7222y — (27—t Py 4 (-t =3t Ty — (7 1P 2R

(A)

Figure 3.7: The extended Newton polyhedron A of the curve €’ is drawn in (A). The projection of
its faces gives us the subdivision of the Newton polygon of C’; see (B). The tropical curve Trop(C")
is drawn in (C). The vertices A;, A, A3 have coordinates (—2,0), (1,0), (4,0). The edge A; Ao has
weight 3, while the edge A3 A3 has weight 2. The point P is (0,0) = Val((1,1)).

Let us make the modification along the line y = 1. For that we draw the graph of the function
z (l‘ ’ y) =y—L

Note that we can easily find the number (with multiplicities) of the vertical legs. Indeed, each
edge from Aj, As, A3 going up in direction (7, j) becomes after the modification a ray going in the
direction (i, j, j), therefore, the total momentum of the vertical legs is the sum of Y-parts of momenta
of the edges going up from Aq, As, As, that is, 3. Then, if we know that after the modification our
curve has a leg of multiplicity 3, then its unique position can be found from the generalized tropical
Menelaus theorem.

81f the intersection C'N C” is transverse, then the modification is uniquely defined.
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Refer to Example 3.2.19

Figure 3.8
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3.3 Some structural theorems about tropical modification

Proposition 3.3.1. Suppose that a horizontal edge E contains a point P. Suppose that on the
dual subdivision of the Newton polygon the vertical edge d(E) is dual to E. Let the endpoints
of E be A1, Ay and two faces d(A1),d(Az2) adjacent to d(F) have no other vertical edges. Let the
sum of widths in the horizontal direction of the faces d(A1),d(As2) be equal to m. Then the stable
intersection of F with a horizontal line through E is m.

Proof. Refer to Example 3.2.19 and Figure 3.5b. Let L be a tropical line containing £ and with
the vertex not coinciding with the endpoints of E. Making the modification along the line [ we see
that the sum S of vertical components of edges going upward from A;, A2 equals the sum m of the
y-components of them.

Then, the sum of vertical components of edges, going downwards, equals .S by the balancing
condition for tropical curves. Sum of y-components of edges in the vertex v is exactly the width in
the (1,0) direction of the dual to v face d(v) in the Newton polygon. O

Here we repeat some definitions from Section 1.7 (see also [82]).

The multiplicity m(P) of the point P of the intersection of two lines in directions u,v € P(Z?) is
|uivg — uguy| where u ~ (uy,uz),v ~ (v1,vs) (Def. 1.2.24).

Given two tropical curves A, B C T? we define their stable intersection as follows. Let us choose
a generic vector v. Then we consider the curves Ty, A where t € R,t — 0 and T, is translation by
the vector tv. For a generic small positive t, the intersection Ty, A N B is transversal and consists of
points P!,i =1,..., k with multiplicities m(P}).

Definition 3.3.2 (cf. [143]). For each connected component X of AN B, we define the local stable
intersection of A and B along X as A-x B =Y .m(P}) for t close to zero, where the sum runs
over {i|limy_,o P} € X}. For a point Q € A, we define A-g B as A-x B, where X is the connected
component of () in the intersection A N B.

Proposition 3.3.3 ([34] Proposition 3.11, see also [139] Corollary 12.12). For two curves Oy, Cy € K2
we consider a compact connected component X of the intersection Trop(Ci) N Trop(Cs). Then,
2wy, Val(z)ex M(@) = Trop(C1) -x Trop(C2) where m(x) is the multiplicity of the point z in the
intersection Cy N Cs.

Proof. Consider the equation F'(z,y) = 0 of Co. We construct the non-Archimedean amoeba m¢,Cy
of {(z,y, F(X,y)|(z,y) € C1)}. Then Trop(C1) -x Trop(Cs) is the sum of the weights of the vertical
legs of mc,C1 under X. The latter is equal to 3, o, ¢, val(z)ex M(T)- O

Remark 3.3.4. For non-compact connected components of the intersection we only have an in-

equality > ccnc val(z)ex M(@) < Trop(Ch) -x Trop(Ca).

3.3.1 Tropical Weil reciprocity law and the tropical momentum map

The aim of this section is to establish another fact in tropical geometry, obtained as a word-by-word
repetition of a fact in classical algebraic geometry. Weil reciprocity law can be formulated as
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Theorem 3.3.5. Let C be a complex curve and f,g be two meromorphic functions on C' with

disjoint divisors. Then [] f(2)°® = [] g(z)°"%/*, where ordsz is the minimal degree in the
zeC eC
Taylor expansion (in local coordinates) of the function f at a point z: f(z) = ag(z — )" Y* +a1(z —

x)ordrztl o ag #£ 0.

The products in this theorem are finite because ordyx,ordsx equal to zero everywhere except
finite number of points.
ordgx m
Definition 3.3.6. Define the term [f, g], = “%” = 7 - (=1)" at a point x, where f(z) =
g\x m
an(z — )"+ ...,9(2) = bp(z — )™+ ... are the Taylor expansions of f, g at the point z.

If f and g share some points in their zeros and poles sets, then we can restate Theorem 3.3.5 as

zeC

Example 3.3.7. Let C be CP! and f, g are polynomials

f(z) = A& = ai), 9(2) = B (@ — b)) (3.5)
i=1 j=1
with a; # b;. Then,
H g(x)ordfx — pnm H (ai _ bj), H f(x)ordgx — A™m H (bj _ ai); (3.6)
zeC i=1,j=1 zeC i=1,j=1

and the difference is corrected by the term [f, g]oo, because f, g have a common pole at infinity.

Khovanskii studied various generalizations of the Weil reciprocity law and reformulated them in
terms of logarithmic differentials [87, 88, 89|. The final formulation is for toric surfaces and seems
like a tropical balancing condition, what is, indeed, the case. The symbol [f,g], is related with
Hilbert character and link coefficient, and is generalized by Parshin residues. Mazin [113] treated
them in geometric context of resolutions of singularities®.

In order to study what happens after a modification we consider a tropical version of Weil
theorem. We need to define tropical meromorphic function and ordsz, see also [121].

Definition 3.3.8 ([120]). A tropical meromorphic function f on a tropical curve C' is a piece-wise
linear function with integer slope. The points, where the balancing condition is not satisfied, are
poles and zeroes, and ordyx is the defect in the balancing condition by definition.

Example 3.3.9. The function f(x) = max(0,2x) on TP! has a zero of multiplicity 2 at 0, i.e.
ord(0) = 2 and ord¢(4o00) = —2.

9Unfortunately, tropical analog of this problem has no big interest: Parshin residues are destined for non-transversal
intersection, in order to define local residues. That suggests that Mazin’s resolution of singularities is a classical version
of tropical modifications. Probably, tropical approach can repeat classical results, and better visualize the different
types of non-transversality for higher-dimensional varieties.
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Theorem 3.3.10. Let C be a compact tropical curve and f, g be two meromorphic tropical functions
on C. Then ) f(x)-ordgz = > g(x)-ordsz.
zeC zeC

Word-by-word repetition of the reasoning in Example 3.3.7 proves this theorem in the case
C = TP!, because a tropical polynomial f : T — T can be presented as f(z) = Y max(a;, ),
where a; are the roots of f.

For the general statement there are many proofs (and one can proceed by studying piece-wise
linear functions on a graph), we give here the shortest!" one, via so-called tropical momentum.

Suppose that C is a planar tropical curve. We list all the edges E1,..., Ey of C, suppose that
their directions are given by primitive!! integer vectors v1,...,v,. Suppose that each edge E; has
weight m; and if F; is infinite, then the direction of v; is chosen to be “to infinity” (there are two
choices and for us the orientation of v; will be important). Let A be a point on the plane. Let us
choose a point B; € F; foreach i =1,2,... k.

Definition 3.3.11 ([170]). Tropical momentum of an edge E; of C' with respect to the point A is
given by pa(E;) = m; - det(v;, AB;).

Definition 3.3.12. For a point A € R? define pa(C) as > pa(FE) where E runs over all infinite
edges of C.

Lemma 3.3.13 ([170]). If a tropical curve C has only one vertex, then ps(C) = Zi-“:l pa(E;) =0
for any point A on the plane.

Proof. First of all, Zle pA(E;) does not depend on the point A, because if we translate A by some
vector u, then each summand in p4(C) will change by det(v;, v) - w; and the sum of changes is zero
because of the balancing condition. Therefore, ps(C) = 0, because we can place A in the vertex of
this curve. O

Lemma 3.3.14 (Moment condition in [170], also it appeared in [119] under the name Tropical
Menelaus Theorem). For an arbitrary plane tropical curve C' C R? and any point A € R? the
equality p4(C) = 0 holds.

Proof. Note that the total momentum for a curve is the sum of momenta for all vertices, because a
summand corresponding to an edge between two vertices will appear two times with different signs.
So, this lemma follows from the previous one. O

Definition 3.3.15. We consider a tropical curve C C T3. Let Eq, Fs, ..., E, be its infinite edges.
We define the momentum of C' with respect to A as p(4) = > 7" | (v; X AB;) - m; where X stands for
the vector product, v; is the primitive vectors (in the direction “to infinity”) of an edge F;, m; is the
weight of F;, and B; is a point on E;.

Proposition 3.3.16 (Generalized Tropical Menelaus theorem). For a tropical curve C' C T? and
any point A, the total tropical momentum p4(C) of C with respect to A is zero.

%and using tropical modifications
11 e. non-multiple of another integer vector
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Proof. We proceed as in the planar case. We show that p(C) does not depend on A because of the
balancing condition. Indeed, if C' has only one vertex, then the claim is trivial. In general case we
sum up the tropical momentum by all the edges, and the terms for internal edges appear two times
with different signs, which concludes the proof. ]

An application of this theorem can be found in Example 3.2.17.

3.3.2 Application of the tropical momentum to modifications.

Example 3.3.17. Consider the graph of a tropical polynomial f(X) = max(ag,a1+X,...,a,+nX).
Suppose that we know only ag and a,,. Definitely, the positions of the tropical roots of f may vary,
being dependent on the coefficients of f. Nevertheless, we can apply the tropical Menelaus theorem
for the graph of f. We will calculate the momentum with respect to (0,0). This graph has one
infinite horizontal edge with momentum ay and one edge of direction (1,n) with the momentum
—ay. Also, for each root p; € T of f we have an infinite vertical edge with the momentum —p;.
Application of the tropical moment theorem gives us > p; = ap — a,, which is simply a tropical
version of the Vieta theorem — the product of the roots p; of a polynomial > ;" ; a;x’ is ag/an.

On the Fig. 3.5b, 3.6a, a priori we know only the sum of the directions of the edges with endpoints
on the modified curve. We know that there is no horizontal infinite edges (in these examples). In
general, it is possible, if the intersection of two initial curves is non-compact. Therefore by Weil
theorem (or tropical Menelaus Theorem, they are the same) we know the sum of z-coordinates of
the vertical infinite edges. Thus the sum of the weights for red vertical edges equals the sum of the
vertical components of the black edges in the Figure 3.6b.

Lemma 3.3.18. If me make a modification along horizontal line, then the total vertical slope of
the infinite vertical edges under the horizontal line is the total horizontal slope of the region in the
subdivision of the Newton polygon, which is dual to the connected component of the intersection.

Proof. The same as for Proposition 3.3.1. O

Lemma 3.3.19. If the stable intersection of Trop(C') with a horizontal line L is equal to m, Trop(C)N
L is compact, and there exists a point ¢ € C' with 14(C') > m and Val(q) € Trop(C) N L, then we
can uniquely recover the position of Val(g).

Proof. Indeed, consider a lift | of L which passes through ¢. If we make the modification along
[, we obtain a leg of mp(Trop(C)) of the weight at least m under Trop(C) N L. Since the stable
intersection Trop(C) N L is equal to m, there is only one leg under Trop(C) N L. Therefore, the
tropical momentum theorem gives us the unique position of this leg (of course, it is evident via
balancing — we know all the infinite edges of a tropical curve except one, therefore the coordinates
of this last edge can be found via the balancing condition). O

Proposition 3.3.20 (see [34], Proposition 4.5). For each compact connected component C of C1NCx
the sum of X coordinates (and the sum of Y-coordinates) of the valuations of the intersection points
of C7,Cs with valuations in C, can be calculated just by looking on behavior of C; and C5 near C.

Indeed, we use tropical Menelaus theorem, this gives us sum of the momenta of all the legs of
m¢,C1 going to —oo by Z-coordinate.
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3.3.3 Proof of the tropical Weil theorem

We carry on with a proof of the tropical Weil theorem. Given two tropical meromorphic functions
f,g on a tropical curve C we want to define the map C — TP? z — (f(z),g(z)) and then use
tropical Menelaus theorem. Here we have to use tropical modification, because a priori, the image
of tropical curve under the map (f,g) : C — T? with f, g tropical meromorphic functions, is not a
plane tropical curve: balancing condition is not satisfied near zeroes and poles of f and g.

Definition 3.3.21. We call a triple (C, f, g) of a tropical curve C' and two meromorphic function
f,g: C — TP on it admissible if all the zeroes and poles of f, g are located at different one-valent
vertices of C.

Lemma 3.3.22. Given a triple (C, f, g) of a tropical curve C' and two meromorphic function f,g :
C — TP! on it, we always can extend the function f, g on the modification D = M (f),div(g)C Of
C, such that the obtained triple (D, f’, ¢’) is admissible and

Z f(x) - ordgx — Z g(z)-ordsx = Z f'(z) - ordga — Z g (z)-ordpz. (3.7)

zeC zeC zeD zeD

Proof. We perform tropical modifications of C in order to have all zeros and poles of f, g at the
vertices of valency one. Namely, for a point p such that p is in the corner locus of f we add to C
an infinite edge | emanating from p. We define f on [ as the linear function with integer slope such
that the sum of slopes of f over the edges from p is zero, i.e. f(x) = f(p) —ordsp-x where x is the
coordinate on [ such that x = 0 at p and then x grows. We define g on this edge as the constant
g(p). We perform this operation for all roots and poles of f. Then we do the symmetric procedure
for g. O

Proof of the tropical Weil theorem. By the lemma above we may suppose that the triple (C, f,g) is
admissible. Now £, g define a map C' — T? and the image is a tropical curve D = (f(z, g(x))|z € O):
indeed, at every vertex of the image the balancing condition is satisfied; all one-valent vertices go
to infinity by one of the coordinates. Now it is easy to verify that g(x) - ords(x) is a term in the
definition of the momentum of D with respect to (0,0): if ords(z) # 0, then D has a horizontal
infinite edge, and its y-coordinate is g(z). Finally,

Z f(x) - ordgx — Z g(zx) -ordsx = p((0,0)) = 0. (3.8)

zeD zeD O

Remark 3.3.23. If f, g come as limits of complex functions f;, g;, having ordy, (p;) = k, ordg, (p;) =
m,limp; = p, then the tropicalization of {(fi(z),g:(z))|x € C;} will not have vertical (with multi-
plicity k) and horizontal (with multiplicity m) leg from a common divisor point p of f and g, but
will have one leg of direction (k,m). Nevertheless, because of the tropical Menelaus theorem or the
balancing condition, it has no influence on the (3.8).

3.3.4 Difference between the stable intersection and any other realizable inter-
section

One may ask if the only obstruction for a modification is the generalized tropical Menelaus theorem?
As we will see in this section, not at all.

75



Let us start with a variety M’ C K" and a hypersurface N’ C K" and their non-Archimedean
amoebas M, N C T™. We suppose that the intersection of M with a tropical hypersurface N is not
transverse. We ask: how does the non-Archimedean amoeba of of intersections of M’'N N’ looks like?

First of all, as a divisor on M (or N) it should be rationally equivalent to the divisor of the stable
intersection of M and N, as it has been shown for the case of curves in [123|. In the general case in
follows from the results of this section.

It it easy to find some additional necessary conditions. Let us restrict on M’ the equation F of
N', and take the valuations of all these objects M', N’, F. We get some function f = Trop(F') whose
behavior on a neighborhood of N N M is fixed but its behavior on M is under the question.

Definition 3.3.24. Let M be an abstract tropical variety and an embedding ¢ : M — T™ be its
realization as a tropical subvariety of T™. Let f is a tropical function on T". We define the pull-back
of o*(f) to M as for. We call t*(f) frozen at a point p € M if f is smooth at ¢(p).

Note that in general the slopes of f on «(M) does not coincide with slopes of t*(f) on M. From
now on we consider tropical functions which have frozen points, the motivation is explained in the
following definition.

Definition 3.3.25. A principal divisor P on an abstract tropical variety M is called subordinate
to a principal divisor @ (we write P < @), which is defined by a tropical meromorphic function f
with frozen points, if P can be defined by a tropical meromorphic function h, which satisfies h < f
everywhere and h = f at the points where f is frozen.

Remark 3.3.26. As it is easy to see, the fact of being subordinate depends only on P, (), and does
not depend on particular choice of f,h as long as the sets of frozen points in M is fixed.

Example 3.3.27. Refer to Example 3.2.19. Let us start from the tropical curve M given by
max(3+X +3Y,3+ X +2Y,3+ X +Y,3+X,2+2X+2Y,2+2X+Y,2+2X,14+Y,1,3X —2) (3.9)

and a horizontal line N given by max(Y,0). We want to understand the valuations of possible
intersections of M’ N N’ where Trop(M') = M, Trop(N') = N.
We can choose the equation for M’ in the form

Flz,y) =t +ag+t 'y +a2(t 3 +ar +t39°) + 22t 2 + ag +t 7 2) + 22t + a3), (3.10)

where val(ag) < 1,val(aq) < 3,val(az) < 2,val(as) < —2. It is clear, that for any A < 1,B <
3,C < 2 by choosing y of the form 1 + «,val(a) < 0 and then with careful choice for oy, s, ag we
can obtain (see Figure 3.9)

F(X) = Val(F(z,1+a)) = max(A, B+ X,C + 2X, -2 + 3X). (3.11)

In this example the set X > 4 on N is frozen for Trop(F'), that is why we have a choice for
the constant term A. If the intersection is a compact set (as in Example 3.2.13), then the constant
term is also fixed. Note that for the stable intersection our tropical function is Trop(F)(X,0) =
max(1,3+ X,2+2X,-2+3X) and f(X) < Trop(F)(X,0) at every point.
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Figure 3.9: Refer to Example 3.3.27. On the left figure we see the vertical part of the modification of
the curve given by F(x,y) = (=t +t5/3 4t Yy) 4o (t Sy — (t 3+t 5/6) 4 a?(t 2y —t =2 +¢73/2) 42342
along the line y = 1. On the right figure we see the tropicalization of the restriction of F' on y = 1,
i.e. the function max(3X —2,2X + 1.5, X 4+ 5/6,—5/3).

Now we prove the following theorem whose proof consists only in a reformulation in the language
of tropical modifications and staring to the pictures, see Remark 3.2.14 a an illustration.

Fix an abstract tropical variety M, its tropical embedding ¢« : M — T", and a tropical hypersur-
face N C T™, given by a tropical function f. As we know, the pullback of the divisor of the stable
intersection of «(M) with N is given by ¢*(f). Note that the function ¢*(f) has frozen points by
Definition 3.3.24.

Theorem 3.3.28. In the above hypothesis, if N and M’ are such that Trop(N’) = N, and N’ C
(K*)™ is given by an equation F' = 0, and Trop(M') = M, M’ C (K*)", then the pullback of
Val(N' N M") to M is subordinate (Definition 3.3.25) to the divisor of *(f) (Definition 3.3.24).

Proof. Let f = Trop(F), f : T" — T. Let us make the modification of T" along N. Look at the
image m¢(M) of M under this map. Clearly, the valuation of the set {(z, F(x))|z € M’} belongs to
m (M), therefore the graph of the function Trop(F|y) on M belongs to my(M). Also, Trop(F )
coincides with f at the points where f is smooth. Therefore the pullback of t*(Trop(F'|as7)) is at most
*(f) everywhere, and ¢*(Trop(F|p)) = ¢*(f) at the points where ¢*(f) is frozen. So, the divisor of
*(Trop(F|pr)) on M is subordinate to the pullback of the stable intersection by definition. O

The graph of Trop(F|p;7) can be lower than the graph of Trop(F)|ys because when we substitute
the points on M’ to F, some cancellation can occur, which are invisible when we consider F' as a
function on K”. Recall that if the image of the valuation map val is T, we know that Trop(F)(X) is
the maximum of val(F(z)) with Val(z) = X. On the other hand, Trop(F;)(X) for X € M is the
maximum of val(F(z)) with Val(z) = X and x € M’. Clearly, the latter maximum is at most the
former maximum.
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Example 3.3.29. Refer to Figure 3.10. We have the stable intersection A+ B+ C + D of the curves
given by max(0,Y) and max(0, X,2X — 1,3X —3,4X -6, X +Y,2X +Y —1,3X +Y — 3). The
divisor A+ B’ 4+ C’ + D is rationally equivalent to A+ B + C + D, the function which participate in
this rational equivalence is bigger than the function max(0, X,2X —1,3X — 3,4X — 6) coming from
the restriction.

\é BlBClg l/

Figure 3.10: The divisor A+ B’ 4+ C’ + D is not-realizable as the intersection of the lifts of the curves
defined by max(0,Y) and max(0, X,2X —1,3X —3,4X -6, X+Y,2X+Y —1,3X+Y —3). On the
right we see the function which carries this rational equivalence out, is it bigger than the function
for the stable intersection.

3.3.5 Interpretation with chips

In the case of curves we can represent a divisors on a curve by a collection of chips. In the last
subsection we proved Theorem 3.3.28 which says that any realizable intersection is subordinate to
to the stable intersection. So, one might ask for a method to produce all the subordinate divisors
to a given divisor (though, it is possible that not all of them are realizable as the valuation of an
intersection).

Let us start with the stable intersection of two tropical curves, this intersection is a divisor
(collection of chips) on the first curve. Then we allow the following movement: pushing continuously
together two neighbor chips on an edge, with equal speed. We do not allow the opposite operation —
when we slide continuously two points apart from each other (so, the operation in Figure 3.10 does
not provide a subordinate to A + B + C + D divisor).

This corresponds to the following: we look at the modification of the first curve along the second
curve, given by a tropical polynomial Trop(F'). By decreasing the coefficients of the monomials in
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t*(f) on C, one by one, we can obtain any function less than +*(f).

This reasoning can be applied to the intersection of any two tropical varieties, if one of them is
a complete intersection. We restrict the equations of the second variety on the first, that gives us a
stable intersection, then we have a situation similar to Definition 3.3.25.

Example 3.3.30. Consider the function max(0, X —1,2X —3). This function defines the divisor on
T! with two chips, one at X = 1 and the second at X = 2. When we decrease the coefficient in the
monomial X — 1, these chips are moving closer. For example, the function max(0, X — 1.3,2X — 3)
defines the divisor with chips at the points with the coordinates 1.3 and 1.7.

Remark 3.3.31. Note that if the stable intersection is not compact, then we need to add a chip at
infinity (or to treat infinity as a point with one chip). Now let A, B be two chips, A is at infinity
and B is on the leg of V going to A. Then, pushing together A, B moves only B towards infinity.
This corresponds to decreasing the constant term in Example 3.3.27.

Example 3.3.32. Big order tangency with only two degrees of freedom. ([34], Lemma 3.15). We
consider a line y — ax — 3 = 0,val(a) = 0,val(8) = 0 and a curve ag + a1y + azzy’ = 0 with
val(ag) = 0,val(a;) = 0, val(az) = 0.

Clearly, we have non-transversal intersection, we can perform substitution y = ax + 3, that
gives ag + ai(ax + B) + asx(azx + B) = (ag + a18) + z(ara + azBl) + Ziié as B0 12, The
contraction may only appear at two coefficients: the coefficient before x and the constant term. So
we have only two degrees of freedom. Let us present the intersection points as chips. By changing
the coefficients «, 3, a; we change the intersection, so we can look at how the chips move. So, when
val(ag +a13) < val(ap), this correspond to the movement in Remark 3.3.31, one chip moves towards
infinity while the others do not move at all. Also we can push two chips together by decreasing the
valuation of aja + ao3'. Note that I — 2 chips at the point (0,0) are unmovable.

Here we have only two degrees of freedom because we have only two degrees of freedom in the
equation ag + a1y + asxy' = 0.

Question 13. Motivated by the above example, we give the following suggestions which seems to be
reasonable for the realizability of intersections. Suppose that we have a tropical line and a tropical
curve defined by a tropical polynomial f. While defining ¢*(f) we keep track of all the monomials
m; of f and then in Definition 3.3.25 we allow g to contain only monomials of the type ¢*(m;). Le.
if f =3 a;x'y’, then we only allow g of the type max(c;; + ¢*(x%y’?)) with ¢;; < val(a;;) which
coincides with f on the frozen set of f. We explain why we restricted to the case when one of the
curves is a line. Normally, we can perturb the coefficients of the equations of both curves. If one
of the curves is a line, we can always suppose that its equation is fixed. For the general case, one
should expect that apart from ¢*(f) on M we can find another thin structure s, which responds for
deformation of the equation of M being immersed to T, something like “a pull-back of the normal
bundle”, coming from the map .

Example 3.3.33. Difference between a leg of big weight and a root. Take the curve C given by
F =0 where F(z,y) = 1+ (t7' + )z + (2671 + 2 + tHa? + (¢3 + 2tYa® + t 1oy + 2t~ 22y and
intersect it with the line given by t°z +y + 1 = 0.

Performing the tropical modification along the line we see that the resulting curve has a leg of
weight three going to —oo. But it is not a root of multiplicity three! If we substitute y = —1 — t°x
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to the equation, we will see that the obtained polynomial 1 + tz + t?z2 + t323 has three roots of
the valuation 1, but they do not coincide. But if we consider the curve C’ given by the equation
F=0,F(z,y) =1+t +3t)z+ (2t + 32 + t4)2? + (¢ + 2t1) 23 + t Loy + 2t~ 122y, we see that
Trop(C) = Trop(C”) and C’ has a tangency of order three with the line.

The same example can be constructed for the similar Newton polygon (0,0) — (1,1) — (n,1) —
(n+1,0), where we also can obtain the tangency of the order n + 1.

Question 14. Suppose that the intersection of a tropical line with a tropical curve is a segment. Is
it always possible to make a modification in order to have a leg of the weight equal to local stable
intersection (Definition 1.7.1)7 If yes, is it always possible to find the coefficients for the equations in
order to have a tangency of the order equal to the stable intersection? Also, we can ask this question
for any two curves with non-transverse intersection.

Due to combinatorial restrictions in tropical terms, sometimes we can see that it is impossible to
have a singular point with high multiplicity on a curve. Note that even in this case we can have a
leg of big multiplicity after the modification, see Example 3.3.33.

3.3.6 Digression: a generalization of the tropical momentum

A natural generalization of the vector product (or cross product) in R3,

(21,91, 21) X (22,2, 22) = (Y122 — Y221, T221 — T122, Y122 — Y221) (3.12)
is the following. Given k vectors vy, v, ..., v € R™ k < n we consider the vector consisting of all
the minors k x k of the matrix & x n constructed as the matrix with the vectors vy, ..., v, as rows.
We call this vector of minors generalized cross product of vi,va,. .., vg.

Consider a tropical variety V¥ € T™, k < n. Let us choose a basis in all faces of V of codimension
one and zero, i.e. for a face F' we choose a basis in the lattice associated with the integer affine
structure of this face. For each face G of codimension one in V' and the faces Fi, F5, ..., F; of codi-
mension zero, containing G, we choose vectors vg(F;) which participate in the balancing condition
along G. Now we can define the sign sg(F') € {+1,—1} which is +1 if the basis in G with added
vector vg(F') at the last place gives the same orientation in F' as the basis in F, and —1 otherwise.

Definition 3.3.34. Let & (V') be the abelian group generated formally by all the faces G of V' of
codimension one. For a face FF C V of maximal dimension define m(F) € &(V) to be the sum
Y ccrSa(F)-G. For each bounded face F' C V' of maximal dimension we add the relation m(F') to
&(V).

Definition 3.3.35. Let A be a point in T™. Pick a face F' of V' of codimension zero and let B be a
point in F. Then, define r4(F') as the generalized cross product of the vector AB and the vectors
in the basis in F. Finally, define

pa(F) = ra(F) g m(F) e RGH) @ &(V). (3.13)

Proposition 3.3.36. For any point A € T" we have ), pa(F') = 0, where F' runs over all the
unbounded faces of V' of the maximal dimension.
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Proof. In spirit, the proof is the same as in Lemma 3.3.13. We consider the sum of the momenta for
all the faces F' of V' of maximal dimension. We show that ) pa(F') does not depend on the point
A. Indeed, for each face G of the codimension one we consider the terms in )| pa(F") which contain
G. It is easy to see, that thanks to the balancing condition along G and our choice of signs, the sum
of these terms is zero. O

Example 3.3.37. Compare Definition 3.3.35 with the proof of Lemma 3.3.14. For the case of planar
tropical curve C the group &(V) is generated by all the vertices of C. Then, each internal edge of C
gives the relation that its ends are equal. Therefore, in that case the group &(V) is Z with generator
1 and for each unbounded F' we have m(F) = 1.

Question 15. It seems that in general situation, if V' is a tropical curve, then, again, (V') is Z. On
the other hand, it seems that if the dimension of V' is a at least two, then &(V) is freely generated
for the unbounded faces of V' of codimension 1.

3.4 Applications of a tropical modification as a method

3.4.1 Inflection points

An inflection point of a curve is either its singular point, or a point where the tangent line has order
of tangency at least 3. It was known before that the number of real inflection points on a curve
of degree d is at most d(d — 2) and the maximum is attainable. The question, attacked in [34] is
which topological types of planar real algebraic curves admits the mazimal number of real inflection
points? Using classical way to construct algebraic curves — Viro’s patchworking method — the authors
construct examples, for what they study possible local pictures of tropicalizations of inflection points.
The property to be verified is tangency, but intersection of tropical curve with a tangent line at some
point in most cases is not transversal and it is not visible what is the actual order of tangency. To
see that, the authors do tropical modifications.

3.4.2 The category of tropical curves

For the treatment of this question with tropical harmonic maps see |6, 7|. G. Mikhalkin defines the
morphisms in the category of tropical curves as all the maps, satisfying the balancing and Riemann-
Hurwitz conditions (see, for example [20]) and subject to the modifiability condition:

Definition 3.4.1. A morphism f: A — B of tropical curves A, B is said to be modifiable if for any
modification B’ of B there exists a modification A’ of A and a lift f’ of f which makes the obtained
diagram commutative.

Proposition 3.4.2. The modifiability condition ensures that a morphism came as a degeneration
of maps between complex curves (see Section 3.1.1).

Sketch of a proof. After a number of modifications we may have the map f’ contracting no cycles.
Then we construct a family of complex curves B; such that lim B; = B’ in the hyperbolic sense (see
section 3.1.1). Finally, since f’ should come as a tropicalization of a covering, the complex curves
A; with lim A; = A’ are constructed as coverings f; : A; — B; over B; where the combinatorics
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(ramification profiles, local degrees at points of tori contracting to tropical edges) of f; is prescribed
by f’. Balancing and Riemann-Hurwitz conditions follow. O

3.4.3 Realization of a collection of lines and (4,d)-nets

Which configuration of lines and points in P? with given incidence relation are possible? That is a
classical question and even for seemingly easy data the answer is often not clear.

Definition 3.4.3. A (4,d)-net in P? is four collections by d lines each of them, such that exactly
four lines pass through any point of intersection of two lines from different collections, all these four
lines are from different collections.

It is not clear whether a (4, d)-net exists for d > 5. In [71] the authors proved, using tropical
geometry, that there exists no (4, 4)-net.

The one of the key ingredients is the following: if some net exists in the classical world, then it
exists in the tropical world. The problem is the following: if we have more than three tropical lines
through a point on a plane, then the intersection will be non-transversal. But thanks to modifications
we always can have transversal intersection, but probably in the space of bigger dimension. For that
we just do modification along lines which has non-transversal intersection, after this modification,
all intersections with it become transversal and the modified lines goes to infinity. Then, let us
think about the following theorem, announced by the authors of [71], from the point of view of
modifications:

Question 16. If for some combinatorial data of intersection of linear spaces can be realized in P¥,
does there exists a tropical configuration of tropical linear spaces which realize the same data in TPF
with k' > k?

Indeed, consider the realization in P*. By passing to the tropical limit we obtain a tropical
configuration, but the intersection dimensions may increase. Then, by doing the modifications, we
want repair the right dimensions.

3.4.4 A point of big multiplicity on a planar curve

In its most general form, this question could be formulated as follows: given a cohomological class a
of subvariety S in a bigger variety, how many singularities S may have? For example, is it possible
for a surface of degree 4 in CP* to have four double points and three two fold lines?

There are several reasons why tropical geometry may provide tools for such questions. We will
demonstrate these tools in the case of curves, where this deed has been already done. Combinatorics
of a tropical curve is encoded in the subdivision of its Newton polygon. We proved in Chapter 1
that a singular point of multiplicity m influences a part of the subdivision of area of order m?2,
what is in accordance with the order of the number of linear conditions (%) that a point of
multiplicity m imposes on the coefficients of the curve’s equation. For a general treatment of the
tropical singularities, see [81],[82] and Chapters 1,2.

In this section we will only demonstrate how to apply modification technic in this problem,

though we will obtain weaker estimation — but still of order m?2.
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The idea is the following: if a curve C has a point p of multiplicity m, then for each curve
D, passing through p, the local intersection of C' and D at p is at least m. The multiplicity of a
local intersection of C' and D can be estimated from above by studying the connected component,
containing Val(p), of the stable intersection Trop(C') N Trop(D) for the non-Archimedean amoebas
of C and D, see Theorem 3.3.3.

So, the method: we take the polynomial F' defining D, and use the fact that the image of C
under the map mp : (z,y) — (z,y, F(x,y)) intersects the plane z = 0 with multiplicity at least m.
That implies existence of a modification of Trop(C) along Trop(D), which has a leg of weight m
going in the direction (0,0, —1), exactly under the point Val(p). The latter modification is obtained
just by taking the non-Archimedean amoeba of mp(C) C mp(P?).

Now we reduce the problem for its combinatorial counterpart: is it possible for two given tropical
curves, that after the modification along the second, the first curve will have a leg of weight m, which
projects exactly on the given point Val(p)? After some work with intrinsically tropical objects, we
will get an estimate of this point’s influence on the Newton polygon of the curve.

We are not going to consider this problem in the full generality, so we will have a close look at
the simplest interesting example. Suppose that Val(p) is inside some edge E of the tropical curve
Trop(C') and this edge is horizontal.

Suppose that p is of multiplicity m for C. Let us take a line D through p, such that Trop(D)
contains Val(p) inside its vertical edge. Clearly the intersection Trop(C) N Trop(D) is one point,
and the multiplicity of this point should be at least m. That immediately implies that the weight
of F is at least m. Hence the lattice length of d(F) is at least m. (Cf. with Proposition 1.7.6 and
Proposition 1.7.8.)

If we consider the modification of C' along the horizontal line L, then the contribution to the
edge of direction (0,0, —1) consists of the horizontal components of the edges which intersect C' N L
at exactly one point, see Example 3.2.19 and Proposition 1.7.7.

What to do if there is a rational component, a part of C, through Val(p)? We perform the
modification along the horizontal line L. If a part of the curve goes to the minus infinity, that means
that we can divide the equation of F' by some degree of L. That means that the Newton polygon
of C has two parallel vertical sides. The components which do not go to the minus infinity do not
contribute to the singularity.

Let & be the stable intersection of Trop(C') and the horizontal line; clearly £ C €& (cf. with
notation in Section 1.9.1). Now, let us compute the sum of the areas of the faces d(V') corresponding
to vertices V' of Trop(C) on €. It is possible that more than two faces correspond to one singular
point, if the edge with the singular point has an extension, see again Example 3.2.19.

First of all, we consider the simplest case.

Proposition 3.4.4 (cf. Proposition 1.7.8). Suppose that a horizontal edge E contains a point Val(p)
of multiplicity m. Suppose also that the vertical edge d(E) is dual to E in the dual subdivision of
the Newton polygon. Let the endpoints of E be A, Ay and two faces d(A1),d(As2) adjacent to d(E)
have no other vertical edges. Then the sum of widths of the faces d(A4;), d(As2) is at least m, so their
total area is at least m?/2.

Proof. Let us look at the dual picture in the Newton polygon. Two faces d(A4;),d(A2) adjacent to
the vertical edge have the sum of width in the (1,0) direction at least m (by Proposition 3.3.1),
d(E1) has length m, so the sum of the areas of d(A;),d(As) is at least m?/2. O
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Remark 3.4.5. Note that if the stable intersection of Trop(C) with the horizontal line is m, then
we can uniquely determine the position of the valuation of the singular point, see Lemma 3.3.19.

Suppose that a tropical curve has edges A1 Ag, AsAs, ..., Ap_1Ag and Ay, Ao, ..., A are situated
on a horizontal interval Ay A = &. Suppose that p, point of multiplicity m, is on the edge AgAq11.
The method above doesn’t work. Indeed, we compare this situation to Section 1.9.1. Making a
modification along a line containing A; Ay in the horizontal ray we estimate only the common width
of faces corresponding to Ay, A, ... A, which gives no good estimate for the sum of areas of d(A;)
(cf. Proposition 1.7.7).

So we will make a modification along a quadric.

Lemma 3.4.6. In the hypothesis above the sum of areas of all faces d(A1),d(As2),...,d(Ag) is at
least m/2 + m?/4.

Proof. Let a; be the width of i-th face on the right (i.e. a; = w(1,0)(d(Ast:)) for i > 1), b; be the
width of i-th face on the left (i.e. a; = w(; )(d(As—)) for i > 0), ¢; be the length of i-th vertical
edge on the right (i.e. ¢; = w(o1)d(AsyiAstiv1),i > 1), d; be the 1ength of the i-th vertical edge on

the left (i.e. ¢; = wi1)d(As—iAs—it1),i > 1). Then, let Z a; = Ap, Z b; = Bi. With the same

calculations as above, making the modification along a plece of a quadric w1th vertices on Ag_ ;A1
and Asi;Asy14i we get A; + ¢; + Bj + dj > m. Denote min(¢; + A;) = A, min(d; + B;) = B, so
K] K3

A+ B>m.
Then, ¢; > A — A;,dj > B — B;. Sum S of areas can be estimated as

28 > (m+c) A1+ Y _(Aig1 — Ai)(ci + cip1) + (m+d1) By + Y _(Biy1 — Bi)(di + dit1)

25> (m+A—A1)A1 + Z(Ai+1 —A)A-Ai+A-Aq)+
(m+B—B1)B + Z(Bi—i-l —B;)(B—Bj+ B —Bjy1) >

Ay(m — A) + A% + Bi(m — B) + B> > m +m?/2.
So, § > m/2 4 m?/4.
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Chapter 4

Tropical approach to legendrian curves in
CP’

UVNUOVEUE OV TOUEV TETTWXAC YOl HETAUVONCOVY ol TA TpdStal Epya Tolncov
el 8¢ un €pyoual ool xal xvhow THY Auyviay cou éx ol TéTou avTiic

€av unueTovonong

Revelation 2:5

Inspired by Gromov-Witten invariants, one can try to count holomorphic curves under some addi-
tional restrictions. We will see what can be said about counting of legendrian curves in CP3, passing
through prescribed number of generic points and one generic line.

This problem was given to me by G. Mikhalkin, and previously mentioned by I. Vainsencher. His
student, Eden Amorim [8] also studied the same question, but with different methods (localizations)
and a bit different setup (he was looking for the number of rational legendrian curves through
2d + 1 generic lines). In fact, the goal was to enlarge tropical gear, conquest new territories such
as tropical differential forms, tropical distributions, etc. Finally, some combinatorial properties of
tropical contact curves have been found, but the mystery remains.

Below we summarize what is known about complex legendrian curves in CP3, and mention some
related questions. However, in what follows we don’t use these facts, our approach is completely ele-
mentary, if not only computational. We use Macaulay2 and Mathematica. The code is incorporated
into this text, so the reader can verify the results.

The recent study of the complex legendrian curves (see also [3]), by itself, is motivated by minimal
surfaces in four dimensional sphere!. The map (21, 22, 23, 24) — (21 + j22, 23 + j24) from C* to H?
yields so-called twistor (or Penrose) map ¢ : CP? — HP! = S and Bryant has shown [35] that
the images of the legendrian curves in CP3 under ¢ are superminimal surfaces in S*. Furthermore,
each minimal immersion S? — S* can be obtained as ¢(C) where C is a rational legendrian curve
in CP3. Then, each Riemann surface M can be mapped to a legendrian curve in CP3, using two
meromorphic functions (f,g) on M. This proves that for each Riemann surface M? there exists a
conformal minimal immersion M? — S*, and such immersions are nowadays constructed mostly by
this approach?.

'read [116] and [28] about minimal surfaces in R* and S®, respectively.
2see also [165] about isometric deformation of minimal surfaces in S*
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The area of the image of a harmonic map f : S%2 — S* equals 47d if f(S?) comes as ¢(C),
where C' is a legendrian rational curve in CP3 of degree d. The dimension of the space Mo of
legendrian maps CP! — CP3 of degree d is proven to be 2d + 4 [25],[98],[162], [163] (and see [91] for
the legendrian maps CP! — CP?"*1). This is done via studying the pairs of meromorphic function
(%, i—i) of degree d with the same ramification divisor. Up to degree six the space M, is a smooth
complex manifold [24], see a survey [80] and references therein about minimal immersions S2 — S?7.

In [168](unpublished, see also [114]) it is proven that with d > g + 3 the part of the space My 4,
which consists of smooth contact curves in CP? of degree d and genus g, is smooth. Besides, it is
proven there, that a complete intersection can not be a contact curve. That complicates the study
of the surfaces of higher genus, which was approached in [42], [43] [43]. In [99] it is proven that the
dimension of My, is 2d — g + 4 for d > max(2g, g + 2), and in [42] it is proven that the dimension
of each irreducible component of M, 4 is between 2d — 4g + 4 and 2d — g + 4, where upper bound is
always attained by the totally geodesic immersions (whose image is in a line) and the lower bottom
is obtained on M 1 and Mggi143k,4. See [43], for further details about other possible pairs (d, g)
with non-trivial contact curve. All this means that for ¢ > 1 we need to take the degree d of the
curve at least 6 what is now beyond our abilities to compute.

For a general overview of complex contact varieties and deformations of contact curves see 36|,
[168], [169]. Real algebraic contact structures are numerous, the questions about polynomial distri-
butions went back to [70, 142], see Example 4.1.4.

For the works of the same spirit we mention the study of legendrian curves of minimal degree
through two points with prescribed tangency |66] and contact curves in PSL(2,C) [124].

For an introduction to tropical geometry see [30] and [33]| and references therein. See also first
few pages of Chapter 1 and introductions in Chapters 2,3.

4.1 The contact structure on CP?

Definition 4.1.1. A holomorphic form w € Q!(CP3) is said to be a contact form if wAdw is nowhere
zero.

Example 4.1.2. The form w = ydzr — xdy + wdz — zdw is contact.
Indeed, consider the restriction of w to the chart w = 1. We have
Wy=1 =u =dz +ydr — xdy,u Ndu = —2dr Ady ANdz # 0,
similar formulae hold in other charts.
Theorem 4.1.3 ([92]). Each contact holomorphic form w on CP3 is of the type
(py — qz + aw)dx + (—px + rz + bw)dy + (qz — ry + cw)dz + (—ax — by — cz)dw (4.1)

where a, b, ¢, p, q,r are constants and pc + gb 4+ ra # 0. Furthermore, all such forms are equivalent
under the GL(4,C) action.

Proof. We only sketch the proof. Let a be a holomorphic contact form in CP3. The form a A dw
gives a section of the canonical bundle. Considering transition function for « we conclude that
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c1(CP3) = 2a. It means that if Pdx + Qdy + Rdz is a contact form in the chart w = 1, then it
extends to the whole CP? only if the transition function to another charts have w in denominator
in degree at most 2. Therefore P, @, R are polynomials of degree 1. The explicit form of all such
polynomials that w is contact follows from the direct computation. O

On the other hand, there are many algebraic contact structures on RP3.

Example 4.1.4 (Numerous real algebraic contact forms). Consider o’ = (y2? + yw?)dz + (—22? —
zw?)dy + (2%w + y?w + w)dz + (—2%2 — y?z — 2)dw, or w(z?y + > + y2® + yw?)dr — (23 + zy? +
122 + 2w?)dy + (2w + y?w + 22w + w3)dz — (222 + y?2 + 23 + zw?)dw. Then, a small perturbation
of the coefficients of a real contact structure doesn’t affect the fact w A dw # 0, hence we can perturb
the coefficients of w'.

At the same time, it seems to be hard to enumerate real algebraic curves which are contact with
respect to these contact structures.

Question 17. Does there exist a real algebraic contact form with all the coefficients of degree two?

Proposition 4.1.5. Any irreducible algebraic curve C € CP? of degree at least three is legendrian
with at most one algebraic contact structure.

Indeed, when we intersect the distribution given by (4.1) with the distribution given by w =
yxd — xdy + wdz — zdw, we obtain a vector field v almost everywhere (except finite collection of
points as the code below shows). On the other hand, we know that there is a line, tangent to the
obtained distribution, through each point in CP3. Therefore the integral curves for v are lines almost
everywhere. Hence, the only locus where a curve, tangent to both distribution, can leave, is the set
where these two contact forms coincide, i.e. a finite collection of points.

use QQlp,q,r,a,b,c,x,y,z,w]
al=p*y-qg*z+a*w
a2=-p*x+r*z+b*w
a3=q*x-r*y+c*w
ad=-ax*x-b*y-c*z

I=ideal (al*x-a2*y, a2*w-al3*x,al3*z-ad*w)

C=minimalPrimes I

J=C_8 --all the other ideals C_0,C_1,... give lines if we fix a,b,c,p,q,T
dim J --=1, so it is just a collection of points.

The global Reeb vector field for the contact structure w = ydxr — xdy + wdz — zdw is given by
y% — 336% + w% — z%. Its trajectories (i.e. the fibers of the Penrose map) are

R GGES)) t (t+k)?2-1) (t+ k)
olt) = <A(t2 0 ey Plasrzay Blarnz+ 1)) (4.2)

and (gﬁ ) = t24i1’ ( t22f}1 ) = i;j& So, the Reeb vector field just rotates in xy plane and zw plane

on the same angle. For each fixed angle this gives a linear transformation.
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4.1.1 Contact form automorphisms

It is known that the group of automorphisms of CP? which preserve the form w = ydx — zdy +
wdz — zdw is® the symplectic group Sp(4,C). The dimension count gives dim Sp(4,C) = 10 and
dim PGL(4,C) = 15, what agrees with the fact the set of all contact structures ((4.1)) is five-
dimensional.

~—

Proposition 4.1.6. We list the set of generators of this group Sp(4, C).

1 200 0010
01 0 0 0 0 01
e 1)z —az+ My, 00 10 e 3)x— 2,y = w, 100 0
0 0 01 01 0 0
0O 1 0 O 1 0 0 A
-1 0 0 O 01 00
e 2)r—yy— —x, 0 010 e d)xr =+ w,z— 2+ Ny, 0N 1 0
0 0 0 1 0 001
A0 00
0 1/A 0 0
e 5)x— Ar,y = y/A, 00 1 0
0 0 01

Proposition 4.1.7. The restriction of a contact structure (4.1) on a plane z = w = 0 is pydz —
prdy = 0 by an easy computations.

Therefore the vector field, generated by the contact form, at a point (z,y) equals z, y, so the only
integral curves are the lines passing through the origin. Since all the planes are equivalent under the
action of GL(4,C), all the planar contact curves are collections of lines.

Let us choose an arbitrary plane L.

Proposition 4.1.8. Each contact curve in L is a collection of lines through a point p € L. Moreover,
L is the contact plane at p, i.e. L is the zero set of w computed at this point p.

4.1.2 Macaulay2 code for the action of contactomorphism group on triplets of
points

Proposition 4.1.9. All the elements of Sp(4, C) which preserve (0,0,0,1),(1,1,1,1),(—-1,1,-1,1)
are of the form

1 0 0 0
Stabi::U—>ac,y—>y—i—,u(z—a:),z—>z,w—>w—u(z—x), _()H (1) lf 8 (4.3)
w0 p 1

3We have 6 conditions on the coefficients of a matrix A € GL(4,C), since A preserves w and conditions det A # 0,
but one can check (by Macaulay2 for example), that the set of such A C C'° is a quasiprojective variety of dimension
10.
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Proof. Direct calculation. O

It is easy to send any point of CP? to (0,0,0,1) by an element of Sp(4). Then, points of CP3 can
be divided in two classes: those, lying on the plane L through (0, 0,0, 1) such that w((0,0,0,1))|, =0
and all the others. The subgroup of Sp(4), stabilizing (0, 0,0, 1) acts on both these classes transitively.
Now, consider a point p which is not on the contact planes through (0,0,0,1) and (1,1,1,1). We
prove that there exists an element in the subgroup of Sp(4) stabilizing (0,0,0,1) and (1,1, 1,1) that
sends p to (—1,1,—1,1).

Lemma 4.1.10. The group Sp(4) is generically 3-transitive, i.e. every three points p1, pa, p3 € CP3
in general position can be sent to every three points ¢i, g2, g3 € CP? in general position by an element
a € Sp(4,C). In general, the set {a € Sp(4)|a(pi;) = ¢i,© = 1,2,3} is of dimension one.

The following code in Macaulay2 produces a matrix preserving the contact form w, which brings
generic points (al,bl,cl,1),(a2,b2,c2,1),(a3,b3,c3,1) to (0,0,0,1),(1,1,1,1) and (-1,1,-1,1). The group of
contactomorphisms is generated by the matrices A,B,C,D (see Proposition 4.1.6 and below formulae)
and by straightforward combination of them we arrive to the answer.

--generators of the contactomorphism group Sp(4,C),

-- their action on a matrix M

-- X->xt+lambda y
A=(lambda,M)->(matrix{{1,lambda,0,0},{0,1,0,0},{0,0,1,0},{0,0,0,1}}*M)
--X->y,y->-X
B=M->(matrix{{0,-1,0,0},{1,0,0,0},{0,0,1,0},{0,0,0,1}}*M)
--x<->Z,y<->w
C=M->(matrix{{0,0,1,0},{0,0,0,1},{1,0,0,0},{0,1,0,03}}*M)
--x->x+ lambda w, z-> z+lambda y

D=(lambda,M)->
(matrix{{1,0,0,lambda},{0,1,0,0},{0,1lambda,1,0},{0,0,0,1}}*M)

--special contactomorphism, which preserve (0,0,0,1),(1,1,1,1)
--and brings (x,y,z,w) to (-1,1,-1,1)
Q=0Q[x,y,z,w];

c:= (x-y+z-w)/(4xz);

a:=-(y+z)/(2%z);

b:=(-x+y+z-w)/(2*(y-2)) ;
M:=matrix{{a+1,b+c-a+axb-1,-bx(a+1),03},
{a,c+a*x(b-1),-b*a,0},{0,0,c,0},{0,b,c-1-b,1}};
MO:=inverse (M) ;

den:= denominator MO_(0,0);

MO=den*MO;

MO=1ift (MO,Q);

--this function gives the matrix for the contactomorphism which
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--brings (al,bl,c1,1),(a2,b2,c2,1),(a3,b3,c3,1) to
-- (0,0,0,1),(1,1,1,1) and (-1,1,-1,1)
transformation = (al,bl,cl,a2,b2,c2,a3,b3,c3,R)->(

use R;
T1:=matrix{{al,a2,a3},{b1,b2,b3},{c1,c2,c3},{1,1,1}};
T2:=C(T1);

lambdal := -(entries(T2)_0)_0;

T3:=C(A(lambdal,T2));
lambda2:=-(entries(T3)_0)_0/(entries(T3)_0)_1;
T4:=B(A(lambda2,T3));
lambda3:=-(entries(T4)_0)_0/(entries(T4)_0)_3;
T5:=D(lambda3,T4) ;
T6:=B(C(T5));
lambda4 :=-((entries(T6)_1)_0 + (entries(T6)_1)_1)/(entries(T6)_1)_1;
T7:=C(B(A(lambda4,T6)));
lambdab5 := ((entries(T7)_1)_2-(entries(T7)_1)_0)/(entries(T7)_1)_1;
T8:=B(A(lambda5,T7));
lambda6 := ((entries(T8)_1)_2-(entries(T8)_1)_0)/(entries(T8)_1)_1;
T9:=A(lambda6,T8) ;
den:=denominator T9_(0,2);
T9=den*T9;
T9=1ift(T9,R);
(p1,p2,p3,p4) :=((entries(T9)_2)_0, (entries(T9) _2)_1,
(entries(T9)_2)_2,(entries(T9)_2)_3);
M1:=sub(M0,{x=>pl,y=>p2,z=>p3,w=>p4});
revers:=XX->(
YY:=A(-lambda4,B(B(B(C(A(-lambda5,B(B(B(A(-lambda6, (M1*XX)))))))))));
C(A(-lambdal,C(A(-lambda2,B(B(B(D(-lambda3,C(B(B(B(YY))))))))))))
);
SR:=revers(matrix{{1,0,0,0},{0,1,0,0},{0,0,1,0},{0,0,0,1}}1);
SR=1ift (SR,R);
SR)

4.1.3 Curves on a hypersurface of degree two

Consider a contact form w as in (4.1). We are going to find the restriction of w on the surface X,
given by

{zy — 2w =0} = Im(f: CP' x CP* — CP?), f: (u: 1)), (v : V) = (w/, pv, pv, p/v/'). (4.4)

Note, that any irreducible hypersurface X’ of degree 2 in CP3 is projectively equivalent to X,
therefore in this way we will describe all the legendrian curves on all the non-degenerate hypersurfaces
X' of degree 2.

Computing in the affine chart (p, v, uv, 1), we obtain
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3 — 0 + 0.9 — 2 —i—xﬁ
on ox Yoz ov oy o
The fact that w(f*(M% + N%) =0 at (u, v, uv, 1) is equivalent to

Je

(pv — quv + a)M + (—pp 4+ rpv + b)N + (qu —rv + o) (Mv + Nu) =0, ie

M(pv +a — v + cv) + N(—pp + b+ qu? + cp) = 0.

If a curve is locally of type (u(t), v(t)), then its tangent vector is given by the formula p’ % +v/ %.
But this, after reparametrization, means that

dﬂ:(c

i ~((p+cv+a—rv?). (4.5)

)i+ b+ 2 W
p)p ‘JM dt

We are looking for the algebraic leafs of this foliation. See [61, 160] for details about space
of foliations with algebraic leafs, [12] for the classification of the quadratic systems with the first
integral.

Example 4.1.11. Consider the curve (,t2,¢3,1) which lies on the hypersurface {zy — zw = 0}. It

is legendrian with respect to the form 3dx — 3dy + wdz — zdw = 0, so we put p=3,c=1,g =a =
r=b=0and (4.5) becomes (i/,) = (—2u, —4v) = (i, 2v), hence u = !, v = €2* which is the same

as (u,v) = (t,t?), and subsequently pv = t3.

Depending on the coefficients, each equation % = cg + 12 + cpx? after a linear change of the

coordinates (over complex numbers) becomes one in the following list:

[ ] %267

o It =g,

o L= g2

o L= c(z?—1).

Example 4.1.12. If ¢ W= co(p?—1), % =, (?2-1),

. That implies log ({77 1) =

4 log(H_l) + ¢5, and finally 06(u+1) = C7(u+1)d1 which is algebralc if d1 €Q.

To the contrary, the case Cfl—’; =co(u?—1), Cclllt’ = c1v? always gives a non-algebraic curve if cocy # 0
because this gives an equation of the type Z—Jr} = el/v,

Theorem 4.1.13. After a linear change of coordinates fi = ¢o + c1t, 7 = c2 + c3v any legendrian
curve on the quadric xy — zw = 0 with parametrization (4.4) can be written in one of the following
standard forms :
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o ()M = cp®

. co(u—;l)dl = v,
o couv +cip+ cov =0,
o copt+civ+ca2 =0,
e copuv +cip+c2 =0,
o couv 4+ v+ co =0,
* 1= cp,
e U=y,
where ¢; € C,d; € Ny are some constants.

Question 18. Given that classification one might count the legendrian curves of given degree and
genus lying in a quadric. For example, all rational quartics lie on a quadric surface. So we can count
them.

4.1.4 Legendrian curves of degrees one and two

Definition 4.1.14. A map f : M — CP3 is totally geodesic if f(M) is a legendrian line.

Let us study the rational legendrian curves of degrees one and two. In the case degx,y,z =1 or
2, it happens that such curves are parametrized by (f,p + q¢f,r + pf), where f is a polynomial of
degree 1 or 2.

Consider a general line | = (ag + bgs, a1 + b1s, as + bas, az + bzs) in CP3. Putting it into the
contact form we conclude that the line [ is legendrian iff a1bg — agb; + asba — agbs = 0.

It means that for a point A we have 1-dimensional family of legendrian lines through A, this
family is just the contact plane through A.

Therefore the number of legendrian lines through 1 point and 1 line equals 1.

Let us observe one important property of legendrian lines. One can think about a line  in CP? as
four section x, i, z, w of O(1) on CP!. Let X,Y, Z, W be the roots of x,y, z,w, x = ag+bps, X = —‘;—8,
y = a1 + bys, etc.

Proposition 4.1.15. The following three conditions are equivalent:

e the line [ is legendrian,
o y(X)/2(X) = w(2)/2(Z),

o 2(Y)/w(Y) = 2(W)/y(W).
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Proof. Look at table with values of z,y, z,w in X, Y, Z, W.

X = (0 a1bol:b1ao azbol;bwo azbg—bsag
’ 0 ’ 0 ’ 0
Y = (aob1*albo 0 a2bi—a1bs 0«3b1*0«1b3)
- 1 ’ ’ b1 ’ 1
7 = agba—agby a1 b2;a2b1 0 a3b2;a2b3)
2 ’ 2 ’ ’ 2
W = (aObB*CLSbO aibz—asby  azbz—asbs 0)
b3 ) b3 ) b3 )

O]

Question 19. Is it possible to generalize this theorem for the curves of higher degree? As we see in
Example 4.2.6, the straightforward generalization is not true.

4.1.5 Legendrian cubics via Macaulay2

clearAll

--coefficients of the parametrization of the cubic
mainvar=(a0,al,a2,a3,b0,b1,b2,b3,c0,cl1,c2,c3,d0,d1,d2,d3)
R=QQ[mainvar]

P=R[s]

--polynomials for each coordinate
x=al+al*s+a2*s*ks+a3d*s*s*s

y=bO+bl*s+b2*s*s+b3*s*s*s

z=c0+cl*s+c2*s*s+c3ks*sks

t=d0+d1*s+d2*s*s+d3*s*s*s

cont = y*diff (s,x)-x*diff(s,y)+t*diff(s,z)-zxdiff(s,t)
--in M we have our relation for variables since in cont
--(as a polynomial in z) all the coef. should be zeroes

(C,M) = coefficients cont
(A’B’C)=(0)11_1)

xA=sub (x,{s=>A})
xB=sub (x,{s=>B})
xC=sub (x,{s=>C})

yA=sub(y,{s=>A})
yB=sub(y,{s=>B})
yC=sub(y, {s=>C})

zA=sub(z,{s=>A})
zB=sub(z,{s=>B})
zC=sub(z,{s=>C})

tA=sub(t,{s=>A})
tB=sub (t,{s=>B})
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tC=sub(t,{s=>C})

--choose random points

(p11,p12,p13,p14)=(29,-6,13,11)
(p21,p22,p23,p24)=(-3,-17,7,-5)
(p31,p32,p33,p34)=(16,-5,6,23)

--conditions that our curve passes through chosen points
(i1,i2,i3)=(pl4*xA-pl1ixtA,pl4*yA-p12%tA,pld*zA-p13*tA)
(31,32, j3)=(p24*xB-p21*tB,p24*yB-p22*tB, p24*zB-p23*tB)
(k1,k2,k3)=(p34*xC-p31*tC,p34*yC-p32*tC,p34*zC-p33*tC)

use R
N= M_O
1=i->1ift(i,R)

J = ideal(il1,i2,i3,1(N_0),1(N_1),1(N_2),1(N_3),1(N_4))
S = minimalPrimes J

JO = 8_0
J1 =8_1
J2 = 8_2

--S_3 does not exist

di=i->dim variety i

use P

Null = ideal(x,y,z,t) --if Null is a subset of our ideal,
-- 1t means that x,y,z,t are all zeroes at some point,

-- so we are not interested in such coefficients a0,al,

di JO -- 7
di J1 -- 8 that raise our suspicioms...
di J2 -- 7

--ideal(s-A) means evaluation at A

isSubset (Null, promote(JO,P)+ideal(s-A)) -- false,

isSubset (Null, promote(J1,P)+ideal(s-A)) --true, eliminate!
isSubset (Null, promote(J2,P)+ideal(s-A)) --false

use R

S0 = minimalPrimes (JO+ideal(j1,j2,3j3))
J00=S50_0

J01=80_1

--50_2 do not exist

use P
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isSubset (Null, promote(J00,P)+ideal(s-B)) --false
isSubset (Null, promote(JO1,P)+ideal(s-B))--true! eliminate

use R

S01 = minimalPrimes (J00+ideal (k1,k2,k3))
J000=S01_0

J001=S01_1

use P
isSubset (Null, promote(JO00,P)+ideal(s-C)) --false
isSubset (Null, promote(J001,P)+ideal(s-C)) --true eliminate

di JO0O--1
degree J0O00--1, so it is linear!

S2 = minimalPrimes (J2 + ideal(j1,j2,33))
J20=S2_0
--S2_1 does not exist

isSubset (Null, promote(J20,P)+ideal(s-B)) --true, eliminate!

As we see, we impose all the constrains on the coefficients a;, b;, ¢;, d; and found that the subvariety
of the coefficients of legendrian cubics through three generic points is of dimension one (as expected)
and of degree one (it was not expected).

4.1.6 Legendrian cubics

Any rational non-planar cubic is equivalent to (¢,t2,¢3,1). We can choose a contact form w; such
that (,t2,¢3,1) was legendrian with respect to it.

Lemma 4.1.16. The cubic (¢,¢2,¢3,1) is legendrian with respect to only one contact structure
w1 = Jydzr — 3zdy + wdz — zdw.

Proof. Direct calculation, using (4.1). O

We fix the contact form wi, then by a contactomorphism we can bring any three generic points
to (0,0,0,1),(1,1,1,1),(—1,1,—1,1). The main result of this section is the following theorem (in
the previous Section we already predicted that the family of such curves should be parametrized by
a line).

Theorem 4.1.17. All the rational cubics passing through (0,0,0,1),(1,1,1,1),(-1,1,—1,1) and
tangent to w; = 3ydx — 3zdy + wdz — zdw are of the form

It ) = (4,82 + p(t —t3), 63,1 = 3u(t — t3)). (4.6)

The result of the theorem is not surprising. We have the orbit of the action of Stabi (see 4.3) on
(t,t2,¢3,1). Therefore, the only problem is to show that there are no other solutions.
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Corollary 4.1.18. For each complex contact form on CP? the number of rational contact cubics
through three generic points and a line in general position is equal to three.

Proof. We intersect the family (4.6) with a generic line L of the type (¢, p1 +qit’, p2 + got’, p3s + qst’).
Because of the genericity, L does not pass through (0,0,0,1) = (0, u), therefore we may suppose
that at any intersection of L and I(t, ) we have t # 0. Therefore, at a point of intersection we have
t' = ct for some ¢, and then

p1+ qt’ = c(t2 + u(t — t3))7p2 + ot = ct3,p3 +qst’ = (1 — 3u(t — t3)). (4.7)

We have 3(p1 + qit’) + p3 + qst’ = c(3t2 + 1), therefore, substituting ¢ = ct we obtain ¢ =

&%. Then, using the first equality in (4.7), we get u = %. Then, since c(t3 —qot) =

pa, we have t3 — got = 3pfj_p3 (3t2 — 3q1t — g3t + 1). Choosing pa, g2 appropriately, we see that the
last equation usually has three roots. O

Proof of Theorem 4.1.17. Each rational cubic curve has a parametrization of the form
(ap 4 art + agt® + agt®, by + byt + byt + b3t>, co + c1t + cot® + c3t3, do + dyt + dot® + dst?).

We may suppose that our cubic passes through points (0,0,0,1),(1,1,1,1),(-1,1,—1,1) at t =
0,1, —1 respectively. Substituting ¢ = 0 in the parametrization, we obtain ag = by = ¢ = 0,dy = 1.
Substitutions t = £1 give us

a1 +ax+az3=by+bys+bs=c1+co+c3=1+4+d; +ds+ds,
ar—aztaz=—-bi+by—bz=c1—catez=1—dy +dy—ds.

Therefore, ao = b1 + b3 =co =di +d3,a1 +a3=bs =c1 +c3 =1+ ds.
Substituting indeterminates with bigger indices as functions of the indeterminates with smaller
indices we obtain that our curve is parametrized by

(alt + a2t2 + (bQ — al)t?’, byt + b2t2 + (CLQ — bl)tg, cit + a2t2 + (b2 — Cl)t3, 1+ dit+ (bg — ].)t2 + (CLQ — dl)t3).

Evaluating the form 3ydx — 3xdy 4+ wdz — zdw on the curve we obtain

3(byt + bat*+(ag — b1)t*) (a1 + 2ast + 3(by — a1)t?) — 3(art + agt® + (ba — a1)t®) (b1 + 2bat + 3(az — b1)t*)+
(1 +dit + (b — 1)t2 + (az — d1)t3)(c1 + 2ant + 3(by — ¢)t?)—
(Clt + a2t2 + (bQ — Cl)t3)(d1 + 2(b2 — 1)t + 3(&2 — dl)t2) =0.

The coefficient before t° should be equal to 0, so ¢; = 0. The parametrization rewrites as

3(b1t + b2t2 + (CLQ - bl)t3)(a1 + 2aot + 3(b2 — al)t2) - 3(a1t + a2t2 + (b2 - al)t?’)(bl + 2bot + 3(@2 — b1)t2)+
(1 +dit + (b2 — 1)t* + (ag — d1)t*)(2aat + 3bat®) — (agt? + bot®)(dy + 2(by — 1)t + 3(ag — d1)t*) = 0.

Coefficient before t' equals 2as, so as = 0.
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3(bit 4 bot®>—b1t3) (a1 + 3(ba — a1)t?) — 3(art + (by — a1)t?)(by + 2bot — 3b1t2)+
(1 +dit + (by — 1)t? — dyt®)(3bot?) — (bat®)(dy + 2(by — 1)t — 3d;t?) =
3(byt 4 bot®—b1t3) (a1 + 3(by — a1)t?) — 3(art + (by — a1)t®)(by + 2bot — 3byt?)+
bot?(3 + 3dyt 4 3(by — 1)t2 — 3d1t3 — dit — 2(by — 1)t? + 3d,t3) =
3(bit — b1t®) (a1 + 3(ba — a1)t?) — 3(ast + (by — ay)t3)(by — 3byt?)+
bat?(3(bg — a1)t? — 3aj + 3 + 2d1t + (by — 1)t?) =
bit3(—=3a1—9(by — a1)t* +9(by — ay) + 9a; — 3(b2 — a1) + (b2 — a1)t?) + bit(3a; — 3a1)+
bot?(3(by — a1)t® — 3a1 + 3+ 2d1t + (by — 1)t?) =
6b1bot® + bot®(3(by — a1)t* — 3ay + 3 + 2dit + (by — 1)t?) =
bot?(6b1t + 3(by — a1)t? — 3aj + 3 + 2dt + (by — 1)t?) =
bot?(t(6by 4 2dy) + t2(4by — 3a; — 1) — 3a; +3) =0

Therefore, either bo =0 or a1 = 1,by = 1,d; = —3b7.
In the first case the curve is going to be as follows:

(art — art®, byt — bit3,0,1 4+ dit — t* — dit3) = (ayt, bit,0,1 4 dit).
what is not really a cubic, but in the second case we have

(t,bit +t2 — byt® 13,1 — 3byt + 3b1t3) = (£, 8% + p(t — t3),£3,1 = 3u(t — t3)).
As we predicted in the previous Section, we obtained a linear family of cubics. O

Remark 4.1.19. One can look at what happens in the limiting case y = oo. The family of curves
converges to a point (0, —1/3,0). On the other hand their tangent vectors at ¢t = 0,1, —1 converge to
(0,1,0), (—3,—4,-3), (3, —4, 3) respectively. So, contact lines from (0,0,0,1),(1,1,1,1),(-1,1,—1,1)
with these tangent vectors all intersect in (0,—1/3,0). So, this family converges to these three lines,
these three lines with the embedded point (0, —1/3,0) is a point on the boundary of the Hilbert
scheme of rational cubics in CP? (see [137] for more details about the compactification of the space
of rational cubics).

Question 20. If it is true for higher degrees? The hypothesis is that there always exist at least d
legendrian rational curves of degree d passing through d generic points and a line. Indeed, we take
the one dimensional family of the degree d legendrian curves through d points in a plane L and write
the equation of the surface that they sweep. Then we intersect this surface with L. We obtain a
collection of d lines in the intersection, therefore the degree of the surface is at least d, therefore there
is al least d legendrian curves through d generic points and one generic line. Also, this approach
works for any genus, as long as the set of the curves is not empty.
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4.1.7 Cubic surface containing the family of legendrian cubics

Here we find the equation of the surface containing all the cubics in the previous subsection. The
equation of this surface is F(z,y, z, w) = 22° + 21222 — 27y 2z — 5dyzw — 272w? 4+ 60222 + 2523, Such
a surface intersects a generic line in three points, this gives another proof of Corollary 4.1.18.

We found the family of legendrian cubics through (0,0,0,1),(1,1,1,1),(—1,1,—1,1) and tangent
to w = 3ydx — 3xdy +wdz — zdw. Therefore the family (3¢, 2+ u(t —3), 3,1 —3u(t —t3)) is tangent
to w = ydr — xdy + wdz — zdw but passes through (0,0,0,1),(3,1,1,1),(—=3,1,—1,1). Therefore we
apply the contactomorphism

1/2 0 -1/2 0
0 1 0 0
v= 0 0 1 0|’
0 1/2 0 1/2

which brings these three points to the standard ones.

After the action of ¢ the parametrization of the family of legendrian rational cubics through
(0,0,0,1),(1,1,1,1),(—1,1,-1,1) is

(3t — 3,262 + 2u(t — t3), 263, 1 + 12 — 2u(t — t3)). (4.8)

In the following computation we choose the affine coordinates (x/z,y/z,1,w/z).

R=QQ[x,y,w]

T=QQ[t,m]

cubic ={(3*t"2-1)/(2), (2*xt~1+2*m* (£t~2-1))/(2), (£"3+t~1-2*m* (t~2-1))/(2)}
--isContact (-t~ 3+3*t, 2%t~ 2+2*xm*x (t-t~3) ,2%t~3,t"2+1 - 2*xm*(t-t~3),t)
f=map(T,R, cubic)

I=ker f

1=mingens I

g=1_0_0 -- 2x73+21x"2-27y"2-54yw-27w~2+60x+25

R=QQ[x,y,z,w]

g1=2%x"3+21%x" 2%z -27*y~ 2%z -54* ykz*kw-27*z* W~ 2+60*x*2~2+25%2"3

gl-g --=0

sub(gl,{x=>3*%t-t"3,y=>2*%t"2+2*m* (t-t~3) ,z=>2%t "3, w=>1+t"2-2*m* (t-t~3) })
sub(gl,{x=>0,y=>0,z=>0,w=>1}) --=0

sub(gl,{x=>1,y=>1,z=>1,w=>1})--=0

sub(gl,{x=>-1,y=>1,z=>-1,w=>1})--=0

-- surface containing all legendrian cubics through (0,0,0,1),(1,1,1,1),(-1,1,-1,1)
cubicSurface=(x,y,z,w) ->(-2%¥x"3-21*x~2%z+27*y 2%z -60*x*2"~2-25%z " 3+54*y*z*u+27*z*w"2)

--check if the functions x(s),y(s),...give a contact curve
isContact = (x,y,z,w,s)->

(

a:= y*diff(s,x)-x*diff (s,y)+w*xdiff(s,z)-z*xdiff (s,w)

)
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4.2 Tropicalization of legendrian curves

In what follows we suppose that small letters stand for complex numbers of complex-valued func-
tions of t. By the same big letters we denote the corresponding limit of log,. For example,
limy 0 log, |a(t)| = A. We do not specify each time whether a small letter stands for a function or
is a complex number, because it is clear from the context.

Definition 4.2.1. A tropical curve C C TP? is a tropical legendrian curve if there exists a family
C; € CP3 of complex legendrian curves, such that lim; . log,(Cy) = C in the Hausdorff sense.

Now we state the problem: given three points P;, Py, Py € TP? in general position, we want to
describe the family S(Pi, Py, P3) of tropic legendrian cubics through them.

Proposition 4.2.2. The problem is correct in the sense that the set of the tropicalizations of the
legendrian curves through generic liftings of Pj, P, P3 to the families of points p, pg,pg such that
lim¢_, o0 log, (pt) = P; coincide.

Proof. Indeed, a small change of points p1, p2, p3 to p}, ph, p§ affects Si(p1, p2, p3) only a few, because
we can apply the contactomorphism which brings pi, p2, p3 to p}, ph, ph, and since we found its form,
we see that its matrix is close to the identity matrix. That finishes the proof. O

Similar statements are valid in general situation. If we consider some family of complex curves,
then the dimension of the deformation space of a generic curve in this family coincides with the
dimension of the deformation space of a generic tropical curve in the corresponding family of tropical
curves. On the other hand, if a generic complex curve is superabundant, the same is true for the
corresponding tropical curves. Another argument could be that the family of legendrian curves
through three points sweeps a cubic surfaces, and we can look at the tropicalization of this surface.

4.2.1 Tropical legendrian lines

Consider a tropical legendrian line L, i.e. L is the limit of legendrian complex lines [;.

Equations in Proposition 4.1.15 survive under tropical limit, and in the same notation but in
the tropical situation we have y(X) + z(Z) + (V) + y(W) = 2(X) + w(Z) + z(W) + w(Y). But
(x(Y),y(X), 2(X),w(Y)) is the coordinates of the first vertex and (x(Z),y(W), z2(W),w(Z)) is the
coordinates of the second. So, sum of two vertices lies on the plane X +Y = Z 4+ W, we call this
condition divisibility condition and it completely defines tropical legendrian lines.

Consider a tropical curve C' C T2, pick an edge E of C with two vertices A, B.

Definition 4.2.3. We say that a tropical curve looks like a legendrian line along the edge F if
e the edge E is parallel to the vector (1,1,0),

e A belongs to the part of T? where X +Y < Z, valency of the vertex A is three, and two other
edges (others than E) from A are parallel to (1,0,0) and (0,1,0),

e B belongs to the part of T? where X +Y > Z, valency of the vertex B is three, and two other
edges (others than E) from B are parallel to (0,0,1) and (1,1,1).
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We say that C satisfies the tropical legendrian divisibility property along F if C' looks like a legendrian
line along F and the middle point of E belongs to the plane X +Y = Z.

We say that C satisfies the tropical legendrian divisibility property if for each edge E of C,
either C' does not look like a legendrian line along E or C satisfies the tropical legendrian divisibility
property along E.

Proposition 4.2.4. All the tropical lines satisfying the tropical legendrian divisibility property can
be obtained as tropical limits of complex legendrian curves.

Proof. 1f a tropical line has vertices of the type (A, B,C), (A", B’,C") with A+ A’+ B+ B' = C+ ('
then these two points are of the following types.

e (AABLA+ B+ X),(A+X,B+ X,A+ B+ X) and the corresponding family of legendrian
curves are (tA + tAs, 2B + tB& tA+B+X + tA+Bs),

e (A,B,A+B),(A+X,B,A+ B+ X) and (t* +t4s,t8 1B Xs tAtB _ (tA+B _tA+B=X)q),

e (A,B,A+ B),(A,B+ X, A+ B+ X), similar to the previous case.

4.2.2 Tropical legendrian rational cubics via Macaulay2

We found all the legendrian cubics through (0,0,0,1),(1,1,1,1),(—1,1,—1,1), but if we tropicalize
these points, they go to (—oo,—00, —0),(0,0,0),(0,0,0) in the affine coordinates, which seems
to be not very interesting. We want to tropical tropical legendrian curves through three points
(Xl, Yl, Zl), (XQ, }/2, ZQ), (Xg, 1/3, Zg) S Tg with different Zl, ZQ, Zg and Xz —i—Y; S ZZ We start with
an example.

Example 4.2.5. Let (Xl, Yl, Zl) = (9, 2, 14), (XQ, YQ, Zz) = (—16, —23, —2), and (Xg, Yg, Zg) =
(—31,—22,—12). Then, by direct calculation we can find the tropical cubic, it is given by max(3x +
321, 2x+y+328, 2x+2+327, 20+325, x+y+2+334, x+y+332, x+2+347, x+2y+335, x+22+349, v+
337,3y 4342, 2y + z + 340, 2y + 328, y + 22 + 356, y + 342, y + 2 + 354, 3z + 347,22 4 361, z + 359, 347)

Then we can directly find one of the legendrian curves, it is drawn in the surface. We give the
following code in Mathematica [1].

fs = {3*%x + 321, 2*%x + y + 328, 2%x + z + 327, 2%x + 325, x + y + z + 334, x + y + 332,

x +z + 347, x + 2%y + 335, x + 2xz + 349, x + 337, 3*xy + 342, 2xy + z + 340,

2%y + 328, y + 2%z + 356, y + 342, y + z + 354, 3xz + 347, 2xz + 361, z + 359, 347};
conds = Table[{Equal @@ fs1i,

And @@ Table[First@fsl >= f, {f, Complement[fs, fs1]}]}, {fsl, Subsets[fs, {2}11}];

aa = ContourPlot3D[

x - y == 15, {x, -50, 50}, {y, -50, 50}, {z, -50, 50},

ContourStyle -> {Yellow, Opacity[0.5]},

AxesLabel -> {"x", "y", "z"}I;
cc = Graphics3D[{PointSize[Large], Green, Point[{9, 2, 14}], Green,
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Point[{-16, -23, -2}], Green, Point[{-31, -22, -12}]1}];

bb = Tablel
ContourPlot3D[Evaluate@First@c, {x, -32, 50}, {y, -32, 50}, {z, -32, 50},
RegionFunction -> Function[{x, y, z} , Last@c], AxesLabel -> {x, y, z},
ContourStyle -> Directive[Orange, Opacity[0.5]]1], {c, conds}];

s1 = Graphics3D[{AbsoluteThickness[10], Blue,
Line[{{26/3, 26/3 - 15, -50}, {26/3, 26/3 - 15, -12}}1}];

s2 = Graphics3D[{AbsoluteThickness[10], Blue,
Line[{{26/3, 26/3 - 15, -12}, {12, -3, 2}}1}];

(*s1,s2,... stands for parts of the blue tropical curve *)
Show[bb, cc, s1, s2, s4, s5, s6, s7, s8, s9, s10, si11, s12, s13, si14, si5,
PlotRange -> {{-20, 20}, {-20, 20}, {-20, 20}}]

Figure 4.1: The tropical cubic containing all the legendrian cubics through
(9,2,14), (—16,—23,-2), (—31, —22, —12).

On Figure 4.1 we see that even though the three chosen points are in the part X +Y < Z, we can
not guarantee that the part of the curve in X +Y > Z will be in one plane of the type X —Y =c.

If we choose our three fixed points not in the part X + Y < Z, then the picture becomes even
more complicated, see Figure 4.2.

4.2.3 Code for producing tropical legendrian cubics and their spanning surface

We want to draw the tropical cubic surface which contains the tropical legendrian lines through three
fixed points. So, we choose three points, which have desired tropical limits as ¢ tends to infinity.
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Figure 4.2: The tropical cubic containing all the legendrian cubics through
(20,2,17), (20,18, 25), (12,20, 5).

Then, using code in Section 4.2 we find the contactomorphic matrix M which brings our points to
the standard ones, and then we know the explicit equation (4.8) for the cubic surface, containing all
the legendrian rational cubics through these three standard points. Using this matrix M, we obtain
the equation of such a surface for our points, then we take the valuation.

S=QQ [p]

a1=2%p~(13)
b1=2%p= (20)
c1=p~(33)
a2=2%p~(11)
b2=2%p~ (5)
c2=p~(31)
a3=2%p~ (4)
b3=2%p~(13)
c3=2*p~(27)

Mi=transformation(al,bl,cl,a2,b2,c2,a3,b3,c3,8);
R=S[symbol x, symbol y,symbol z,symbol w,s,m, Degrees=>
{{1,0,0},{0,1,0},40,0,1},{0,0,0},{0,0,0},{0,0,0}}]

M3=matrix{{x},{y},{z},{w}}

mma=(inverseMatrix(M1,S)*M3)_0
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(x1,y1,z1,wl)=(mma_O,mma_1,mma_2,mma_3)
g=cubicSurface(x1l,yl,z1,wl)

leadterms2:=(ww) ->(

(M,C) :=coefficients(ww, Variables=>{x,y,z,w});

Cl:=matrix(for i in entries(C_0) list (degree lift(leadTerm(i),S)));
(MxC1) _(0,0))

gg=leadterms2(g)

mon = {x‘3,x‘2*y,x‘2*z,X‘Q*W,x*y*z,x*y*w,x*z*w,x*y‘2,

X*¥Z72,X*¥W"2,y7 3,y 2%Z, Y 24w, y*2"2, y*u"2, y*kzrw, 273,27 2%w, zxw "2, w3}
ggg=for i in mon list ((matrix{degree(i)}* matrix{{x},{y},{z},{0}})+coefficient(i,gg))
ans= html(for i in ggg list i_0_0)

The variable ans gives us

{3*x+228, 2*x+y+217, 2%x+z+208, 2%x+236, x+y+z+203, x+y+230, x+z+223, x+2*y+209,
x+2*xz+192, x+250, 3*y+200, 2*y+z+196, 2*y+223, y+2*z+185, y+243, y+z+216,
3*z+172,2%z+205, z+236, 263}

which we put into the code in Example 4.2.5 as fs. This gives the following pictures, Figure 4.3:

Figure 4.3: The tropical cubic containing all the legendrian cubics through
(13,20,33), (11,5,31), (4,13, 27).
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Example 4.2.6. Now we are ready to find some concrete examples of tropical legendrian rational
cubic curves. A priori, it is not simple, because all what we have is only the parametrization of a
curve. If we try to directly take the valuation of the parametrization, we obtain only a part of our
curve. So, we will use another approach. A rational curve can by determined by the roots of its
coordinates. So, if a curve has a parametrization of the type (z(s),y(s), z(s), w(s)), we find zo, x1, z2
which approximate the roots of x(s), i.e. val(z(x;)) << 0, then we do the same for other coordinate
functions. Then we can calculate (val(z(xg)), val(y(zo)), val(z(zo)), val(w(zo))), and then the same
for x;, yi, 2z, wi 1 = 1,2, 3.

While trying to find xy we sometimes experience the problem that we need to take square roots
or cubic roots. The way to avoid such problems is to choose an appropriate prime number such that
the Newton method for finding roots of polynomials works without passing to the extensions of the

base field.

S=QQ [p]
N=2897
S=2Z/N[p]
al=1/p~4
bl=1/p~4
cl=p~4
a2=3%p~12
b2=4/p~8
c2=5%p~(12)
a3=6*p~16
b3=7*p~(8)
c3=2%p~(32)

R=QQ[s,m,t,Inverses => true,MonomialOrder => Lex]

if char(S)>0 then R=ZZ/N[s,m,t,Inverses => true,MonomialOrder => Lex]
var={s,m}

mapR=map(R,S,{t})

Mi=transformation(al,bl,cl,a2,b2,c2,a3,b3,c3,3);

T1=mapR(M1);

--function f(s) of degree 3, starting point x0, number of iterations is k
newton:=(f,s0,k)->(

sl:=s0;

f1:=sub(f,{s=>s+s1});

(a,b) :=coefficients(f1,Variables=>{s});

dl:=degree leadTerm(b_0_3);

d2:=degree leadTerm(b_0_2);

d:=d1-d2;
den:=0;
cc:=0;
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for i from 1 to k do(
fl=sub(f,{s=>s+s1});
(a,b)=coefficients(f1,Variables=>{s});
dl=degree leadTerm(b_0_3);
d2=degree leadTerm(b_0_2);
d=d1-d2;
cc=(coefficient (t~(d2_0),leadTerm(b_0_2)));
if char(R)==0 then den=1/cc else (
for i from 1 to N do (if mod(i*cc-1,N)==0 then den=i);
);
s1=s1-t~(d_0)*(coefficient (t~(d1_0),leadTerm(b_0_3)))*den;
)s
sl
)

--calculates the valuation of curve f(s,m) with s=s1 and mu=ml
--then the resulting affine coordinate
setpoint:=(s1,ml,curve)->(
point:=sub(curve,{s=>sl,m=>ml});
11:=degree(point_0_3);
(degree(point_0_0) -11,degree(point_0_1) -11,degree(point_0_2) -11)

leadterms:=(ww) ->(

(M,C) :=coefficients(ww, Variables=>var);

Cl:=transpose matrix{for i in entries(C_0) list (degree leadTerm(i))_O0};
(MxC1) _(0,0))

Tcoeff:=(w)->(coefficients(w,Variables=>{s})

)

--2 all contact cubic curves

curve=matrix{{-s~3+3*s},{2*%s~2+m*(s-5"3) },{2%s~3},{s"2+1 - m*(s-s"3)}}
resultl1=T1x*curve;

result=resultl;

--3 we have resultl, which is the curve over S, need to draw, but...
x:=result_0_0O;

y:=result_0_1;

z:=result_0_2;

w:=result_0_3;

for i from O to 3 do (print leadterms(result_0_i))

mO=t~2
for i from -30 to 5 do print setpoint(t~(i),m0,result)
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f=sub(z,{m=>m0,s=>s});

leadterms (x)
f=sub(x,{m=>m0}) ;
rxl=newton(f,t~(-18),10)
rx2=newton(f,1,10)
rx3=newton(f,-1,10)
setpoint (rx3,m0,result)

leadterms(y)
f=sub(y,{m=>m0})
ryl=newton(f,t~(-4),20)
ry2=newton(f,1,10)
ry3=newton(f,-1,10)
setpoint (ry2,m0,result)

leadterms(z)

f=sub(z, {m=>m0}) ;
rzl=newton(f,t~(-10),10)
rz2=newton (f,94*t~(-1),10)
rz3=newton(f,-94*xt~(-1),10)
setpoint (rz3,m0,result)

leadterms (w)

f=sub (w, {m=>m0}) ;
rwl=newton(f,-1+t~(-10),10)
rw2=newton(f,-1+132*%t~(-5),10)
rw3=newton(f,-1-132*xt~(-5),10)
setpoint (rwl,m0,result)

As always, the first few terms of the roots we need to find by hands, look at w-coordinate. The
number 132 and 2897 are chosen in such a way that the series in ¢ for roots of w may be written
using integer (finally, sure, from a finite field) coefficients.

Calculating setpoint(..., m0,results) for ...=rzl,rz2,...rw3 we obtain the following points on our
curve: (—4,8,32),(22,-12,32), (-8, —-2,12), (12, -28,12), (—24, —4,4), (10, —44,6), (13, -1, —1),

(13,—1,-3),(8,—4,—16), (44, 30, 52), (37,23, 40), (37, 23, 40).

So, we find the vertices of our curve: (22,8,32), (12, —2,12) — these are the vertices lying in the
planes Z = 32 and Z = 12. As it should be, X —Y = 14 for both vertices as the rest of the curve in
the part X +Y > Z should be in a plane X —Y = ¢. But at the bottom we see a different picture.
The leg going to —oo by X coordinate comes to the vertex (8, —4,4) on X +Y = Z, where the leg
going to —oo by Z-coordinate branches. Then the curve goes to (10, —4,6), where the leg, going to
—o0 by Y-coordinate, branches. Also, the curve came to the plane X — Y = 14 in order to unify
with the other parts of the curve. The rest of the curve is also uniquely determined, see Figure 4.4.
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Figure 4.4: On the left, the tropical cubic surface and the plane X —Y = 14, on the right we see the
part of our curve, in X —Y =14 with X +Y > Z.

As we see in this example, we have a part of tropical cubic curve which looks like a tropical line.
Also, it has vertices (22, 8,32) and (24,10,32). As we see, (22 + 8) + (24 + 10) = 32 + 32, i.e. the
middle point of the interval between the vertices is on the plane X +Y = Z.

We list here the values of the coordinates at the roots of the other coordinates.

-0 8 32 0 10 —c0 6 O 13 -1 —o0 0 14 0 22 —o0
—o00 —2 12 0 12 —oc0 12 0 13 =1 —oco O 14 0 17 —o0
-0 —4 4 0 22 —oc0 32 0 8 —4 —oo 0 14 0 17 —o0

This example is related to Question 19. It is not clear what and how should something be added
in order to obtain a similar identity. Direct attempt would be something like the following. Denote
by Y (X) the sum of Y-coordinate at the roots of the X-coordinate, etc. If we try to verify the
identity Y(X) — Z(X) = W(Z) — X(Z), we see that it does not hold.

4.3 'Tropical differential forms

4.3.1 Infinitesimal considerations via the logarithmic Gauss derivative

We define logarithmic Gauss derivative, cf. [104, 111, 132].

Definition 4.3.1. For s € K and f : K — K we define the logarithmic Gauss derivative P at s

by (7P f)(s) = SJ;((SS)). So, Y f is a function K — K.

We are going to study the logarithmic Gauss derivates of tropical functions. We start with a
polynomial f : K — K where K is a valuation field, f(s) = >_I" ;a;s'. The tropicalization of f is
Trop(f)(S) = max}_(val(a;) + iS), where S = val(s) is the tropical parameter.
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Lemma 4.3.2. Consider s € K,S = val(s) and k such that val(ay) + kS > val(a;) + S for all
1€0,...,n,i # k. In this case,

o if k # 0, then val(f'(s)) = val(f(s)) — val(s). Also, Y'"Pf(s) = k+ higher order terms,
val(y"P f(s)) = 0;

e if k =0, then val(f/(s)) < val(f(s)) — val(s), and val(y*°P f(s)) < 0.

Proof. We calculate f'(s) = >.Iia;s°". Note that val(a;s’) = val(ia;s"~1) + S, except the case
i = 0. Therefore max]" ,(val(a;) +iS) = max]" ;(val(ia;) + (i — 1)S) + S everywhere except the place
where the maximum is attained for ¢ = 0. To resolve the case i = 0 we consider g = > = | a;s".
Clearly, f' = ¢', val(g(s)) < val(f(s)) for s such that the monomial ag strictly dominates all the a;s’
in f. Now, for the function g we have the equality val(¢'(s)) = val(g(s)) — val(s), which concludes
the proof. O

4.3.2 Tropical legendrian lines and tropical forms

We consider a rational cubic curve C' over K parametrized by

(z,y,z,w) = (ag+a15+azs® +azs>, bo+bys+bys® +b35>, co+c154cos® +c35°, do+dys+dos® +dss®).
(4.9)

Lemma 4.3.3. If C C K3 is legendrian curve, a point p = (x,y,2) € C and val(zy) > val(z), then
the difference between the X-coordinate and Y coordinate of Trop(C') near Val(p) is locally constant.

Proof. We substitute this parametrization into the form w = ydx 4+ xdy + wdz + zdw. Let us choose
local parametrization such that w = 1. The condition that our curve is legendrian is

2(s)y(s) <”“"/((S)> 3;/((58))> + 2(s) <j((§)>> = 0. (4.10)

Locally, val(z(s)), val(y(s)), val(z(s)) are tropical polynomials, so we can apply the reasoning
form Lemma 4.3.2. Since 7"°Pz(s) = 1( 2(s)) 4 val(s) is at most zero, then in order to have zero

n (4.10) we need that val(s) (3;/((88)) — y((;))> < 0 by Lemma 4.3.2, i.e. yTPx(s) = ~Py(s) locally.

Therefore either the leading term is constant in both z(s),y(s), or ¥"°Px(s) = k+ higher order
terms, and 7'"Py(s) = I+ higher order terms, and so we have to have k = I. O

Proposition 4.3.4. Analogously, we can prove that in the part val(zy) < val(z) a tropical legendrian
curve has locally constant Z-coordinate.

Definition 4.3.5. A tropical curve C C T3 = {(X,Y,Z)|X,Y,Z € T} satisfies the tropical leg-
endrian tangency property, if in the part of the space X +Y > Z this curve C is tangent to the
distribution dX — dY, and in the part X +Y < Z this curve C is tangent to the distribution dZ.
In other words, if Z > X +Y (resp. Z < X +7Y), then the curve locally lies in a plane of the type
Z = const (resp. X —Y = const).

Proposition 4.3.6. A tropical legendrian curve C' C TP? (Definition 4.2.1) satisfies the tropical
legendrian tangency property.
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In particular, all the edges E of C' with endpoints on different sides of the plane X +Y = Z are
parallel to the vector (1,1,0).

Proof. Indeed, this proposition follows from Lemma 4.3.3 and Proposition 4.3.4. O

Proposition 4.3.7. A tropical line L C T? is a tropical legendrian line (Definition 4.2.1) if and only
if L satisfies the tropical legendrian divisibility property (Definition 4.2.3) and the tropical legendrian
tangency property (Definition 4.3.5).

Proof. We just verify that all the tropical legendrian lines (we have the full description in Proposi-
tion 4.2.4) satisfy the hypothesis of our proposition. O

4.3.3 Tropical divisibility property for curves

Here we prove a version of the divisibility property (Definition 4.2.3) for the rational curves which
have only one intersection with the plane w = 0, such a curve always has a parametrization of the

type
(ap+ a15 4+ ags® + ..., bg +bys +bys® +...,co+c15+cos> +...,1) C KP3. (4.11)
Suppose that somewhere our parametrization looks like
(2(5),y(s),2(5) = (- Fars' + - Faps® +... st ot s L) (412)

in the affine coordinates. This notation means that on the interval for s that we consider, at
the beginning, the monomials a;s', bys¥, ¢y are the dominating monomials in the z,y, z coordinate
respectively. Then, at some moment, s = s; in the z-coordinate the monomial ays® becomes
dominant. And then, at some moment s = sy the monomial c,s” becomes dominant in the z-
coordinate. We suppose that nothing more happens during this period of time. That means that
the tropicalization C' of our curve has the following behavior in between on val(s;) < S < val(ss).
The curve starts in the part Z > X + Y of the space and has a vertex P at S = val(s1), because
val(a;s!) = val(ays¥) and C changes its direction. Then C' goes to the part Z < X + Y and has a
vertex () there, when val(cg) = val(cpsh). Also, these conditions mean that the leg of C' which goes
from B to —oo by Z-coordinate does not branch.

Theorem 4.3.8. In the above hypothesis, (kK — )P + pQ@ belongs to the plane X +Y = Z.

Proof. Let us find the valuation of the parameter s at the roots si,se of the first and the third

= w,wxl(sz) — vallco)=vallen) W denote Ay =

coordinates, respectively. Then val(sy) -

val(ag), By, = val(bg), etc.
Therefore the coordinates of these two vertices of C are given by

A— A A — A
A= (Ak‘i‘kﬁka"i_kH:CO)a
e G-c, (4.13)

B=(Ay+k p,BkJrkT,Co)-
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The condition that (k —[)A + pB belongs to the plane X +Y = Z is the following:
(k—0DAr + k(A — Ag) + (k= 1)Br + k(A — Ag) + pAr+
k(Cy — Cp) + pBy, + k(Cy — Cp) = (k — 1+ p)Cp.
So we need to verify that
Ak =1—k—k+p)+ Ai(k+ k) + Bi(k — L+ p) = 2kCp, + Co(k — I + p — 2k). (4.15)
Since ydxr — xdy + dz = 0, we have

(4.14)

(bps™) (lags'™ + kags®1) — (ars' + aps®)kbps® 1 = pe,sP~1.

This implies p—1 = k+1—1 and (k—1)a;by, = pc, i.e. Aj+ By = C,. Finally, it is easy to verify
that (4.15) follows from the equalities p — k — 1 =0 and A; + By, = C). O

Remark 4.3.9. We can reformulate the conditions (4.11),(4.12) as follows. We consider a part of a
tropical curve C', an edge PQ of C, with the following conditions. The direction of the edge PQ is
(k,k,0), the direction of edges from P are (I, k,0) and (k —1,0,0), these edges are the infinite legs
of C'. Also @ has a vertical infinite leg in the direction (0,0, p).

4.3.4 Divisibility conditions for “line”-similar parts of the tropical rational leg-
endrian cubics

Theorem 4.3.10. Suppose that a tropical rational legendrian cubic looks like a tropical legendrian
line (Definition 4.2.3) along an edge PQ. Then the middle point (P + Q)/2 of this edge PQ belongs
to the plane X +Y = Z.

Proof. Since our curve is a rational cubic, we always can choose a local parameter s such that this
part is given by
(ap+ars+...,bo+bis+...,cot+cis+...,do+dis+...) (4.16)

or

(a13+a282+...,bg+b13—|—b232—I—...,co+cls+0232+...,do+d13+...) (4.17)
such that for some parameter sy we have val(a1sg) = val(ags?), val(b1sg) = val(bas3), val(cisg) =
val(ces?), val(do) = val(dy o), because the second parametrization also looks like a line. We use the
same notation as in the previous section.

In the first case the proof is the same as for a line, because we do not see the higher degree
terms. For the second case, it is also a computation. We evaluate the contact form on the curve and
obtain boa; + doci — cody + s(2azbg + 2docz) + s2(...). This means that Ay + By = Do + Cy and
By + A1 = Cy + Dy because C; — Cy < D1 — Dgy. Now we compute the coordinates of the vertices
of the curve, they happen to be (A; + By — B, By, Cy, Dp) and

(A2 + 2(01 — CQ), By + 2(01 — CQ), 2C7 — Oy, DO), (418)
we need to verify that
A1 +2By— B1+ Ay + By =Coy+ Dy +2C5 + Dy — (1. (419)

This follows from B; — Bo =C1 — Cy = A1 — Ay = Dy — D1,Bg + Ay = Dy + Cs.
[
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4.4 Tropical differential forms in legendrian geometry

We start with an example; then we briefly explain how this example proves the tropical legendrian
divisibility property. A formal proof with complete definitions will appear elsewhere.

4.4.1 Integration on a tropical line

Consider the line z +y + 1 = 0 and the form 2 = d% on it. We are going to study the behavior
of all these objects in the tropical limit, i.e. after the map Log, as t — oco. Namely, we consider
the map f; obtained as Log,(C*)? — R? followed by a retraction to the tropical curve C given by
max(X,Y,0). Retraction is given by the map r¢ : R? — C sending each point in R? to the closest
point in C. So, f;: = r¢ o Log;,.

Consider the integral of Q over a preimage of the point (—a, 0) for a > 0. We have fffl(fa,o) Q=1,
because the curve f;'(—a,0) = (et~ +o(t™),1 —at™* 4+ o(t™%)),a € C,|a| = 1, is a circle around
a pole of Q. The same is true for a point (a,a),a > 0. But the integral of Q over the preimage of
(0, —a) is zero. Now we consider integral over liftings of the intervals.

Let s be a lift of the interval [(—a,0), (—a + e,0)] using f;'. Tt is something like a path from
(791 —t79) to (797, 1 — t%%¢). Let us assume that s turns around the cylinder only some a
priori bounded number R of times. Then, the integral of 2 over this path is equal to a logarithm,
up to the constant R. So, [, Q is log(t~*"¢) — log(t™%), i.e. m- Lhe same formula holds when we
take a lift of a path on the diagonal edge of the tropical line.

Now compute integrals over vertical edge. Consider the following lift of [(0, —a), (0, —a — €)]:
take s as the preimage of a path from (1 —¢=% ¢t~%) to (1 —¢~*"¢,¢7?¢). The integral of {2 over this
path equals to log(1 —¢7%7¢) — log(l —t7%) ~ % Similar effect can be observed for an abstract
tropical curve and a differential of the given type on it.

4.4.2 Tropical differential forms

Consider a tropical curve C. Let F be the set of edges of C, we take each edge in two exemplars,
with different orientations, the edge —e is the edge e € E with the reversed orientation. For a vertex
v of C' we denote by deg(v) the degree of v. Also we suppose that each vertex of C' is equipped with
a non-negative integer number g(v), the “genus” at v. A tropical differential form is a linear form on
the oriented edges of C, i.e. a correspondence Q'°PE — 7 with QP (—e) = —Q'°P(e) for all e € E.
More detailed exposition of the following notions can be found in [97] (Definitions 1.25, etc).

Definition 4.4.1. We consider a family of forms €); on the curves Cy with only imaginary periods.
We say that this family converges to a tropical curve C' and a differential form Q'°P if there exists
a family of maps p; : Cy — C with the following properties.

e if z € C is not a vertex, then pt_l(:v) is circle,

e if z € C is a vertex of C, then p;'(z) is a surface of genus g(v) with deg(v) boundary
components,

o if z,y € C belong to the interior of an edge e € F, then the length of the shortest geodesic
between two points in f~!(z) and f~!(y) is of the order In p(z,y) + Inlnt, where p(x,y) is the
distance between x and y on e.
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e if z € C is not a vertex, x belongs to an edge e € E, then w(x,t) = [ Q"°P over p; L (z) satisfies

1 : __ Otrop
o }g%w(x, t) = Q7P (e). (4.20)
Here we suppose that the circe p; ! (x) is oriented in such a way that the pull-back of F to Cy
and the tangent vector to the circle gives the oriented basis of Cj.

Proposition 4.4.2. It follows from the definition that if z,y € C belong to the interior of an edge
e € E, then for any liftings 2/ € p; ' (z),y’ € p; *(y) and s is a path (shortest possible) between z’,/,
then lim; 0 log; ([, Q) = Q"°P(e) - p(z,y).

Note that on the edges e with Q(e) = 0 we can find the next term in the Taylor expansion of
limy 0 log,( [, ) in . We generalize the example in Section 4.4.1 as follows. Let C has a vertex P

as a tropical line and w = % — d?y Then, Q%P is 1 on two edges from P and 0 on the third edge e.

Lemma 4.4.3 (Refined value of a tropical form). In this case, 2°P on e can be thought as 0+In¢-t%,
where a is the distance to the vertex, in the sense of above expansion in t.

Question 21. It seems that the same lemma holds in the all the contexts of tropical geometry
(hyperbolic, analytical, complex), so it should be a language exercise to rewrite the proof (and
corresponding notions from [97]) in their languages.

4.4.3 Application of refined value of a tropical form to legendrian curves

Suppose that we have a tropical legendrian curve C which looks like a tropical legendrian line
(Definition 4.2.3) along an edge e C C. Then we consider the form (% — %y) on the left part of e.

X
As we can see, it satisfies the hypothesis of Lemma 4.4.3. So, take the point P at the intersection of

C with the plane X +Y = Z + W. Then the refined value of (df - %)“Op at PisInt-t~! where [ is

the distance from P to the left vertex of e. We do the symmetric stuff for the right hand side of the

tropical curve and contact form, we get (% — %")“Op =1Int -t where I’ is the distance from P to
fLy) — @(dj _ dw

the right vertex of e. Since xy/zw is of order of a constant near P and (‘i—w -3 = (5 ) we

conclude that [ = I’ which proves the tropical legendrian divisibility property in the full generality.
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Appendix A

Combinatorics of lattice width

Lattice polytopes materialize as soon as we have a polynomial. V.I. Arnold believed that all reason-
able properties of a generic polynomial’s zero set can be expressed in terms of its Newton polytope.
The simplest invariants are volume, number of integer points, lattice width.

Integer points counting leads to the Erhart polynomial |18, 153|, and has various applications
in algebraic geometry [17|. For example, the volumes and mixed volumes of the Newton polyhedra
calculate the Euler characteristic of the intersection of corresponding varieties. Another example:
Hodge numbers of a toric variety can be read off the faces of its polyhedron [48].

With recent approach to lattice polygons ([39]), a lot of classical properties, i.e. gonality, Clifford
index of plane algebraic curves, etc., were interpreted in terms of lattice width ([40]). Also, the
lattice width has been used in [101] in a study of families of curves, swiping toric surfaces.

As it has been shown in Chapter 1, singularities with high multiplicities impose conditions on
the Newton polygon in terms of its lattice width, these conditions are kind of non-overlapping; see
Chapter 2 for details. All that motivates the estimation of the minimal volume of a polytope with a
given minimal lattice width. It happened that this problem is deeply related with a lot of classical
well-known problems in geometry.

I present here a survey of the state of the art at the current moment. We will dig into the world
of Minkowski coverings, successive minima, combinatorics of sphere packing, and Mahler conjecture.

Definition A.0.1. For aset X € R™ and an integer vector u € Z" the lattice width w, (X) of X in the
direction u is wy, (X) = zrr;g}){((m —y) - u. The minimal lattice width w(X) of X is min,ezn\ 0y wu(X).
Comparing to usual width (when we take u on the unit sphere), the lattice width is much more
discrete-oriented object. It is intuitively clear that for each n there exists a constant ¢, > 0 such
that Volume(ConvHull(X)) > ¢,w(X)™. The goal was to find the best know estimate for ¢3. The
answer is cg > 216/5’@ = 0.06582... whereas the conjectured value is ¢ = % =0.083333....
Also, we take an opportunity to formulate a question:

Question 22. The directions of the edges of a tropical curve are dual to edges in a subdivision
of its Newton polygon. In general, the tropical hypersurfaces are dual to polytopes. The vertices
of tropical curves are responsible for the concentration of the curvature (|21, 41, 94, 144]), so the
curvature should be related to the local self-intersections. We consider a surface in C*. Suppose we
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know its tropicalization (a fan, for simplicity). How the local properties of the vertex of this fun
is related to the curvature of the surface? Can we estimate the self-intersection? What is the dual
object for such a vertex?

The book [134] about lattice points reveals a lot of their aspects, particularly in number theory.
The notion of successive minima generalizes Minkowski’s well-known theorem about a body, contain-
ing an integer point. The book [47]| provides a lot of applications for sphere packing, in the following
we will also want to know the best sphere packing.

Here are some list of links (surely, non-complete) without any implicit connection with the main
topic, but I find them worth to mention: balls’ lattices [106], covering minima [83], relation between
maximal and minimal widths [2], maximal number (3¢ — 1) of lattice diameters in higher dimensions
[55] (though it was proved before, in [105] (Corollary 4)). One can estimate the surface area under
affine transformations [136].

A.1 An estimation of the volume of a body via its minimal lattice
width

Given the minimal lattice width w(D) of a convex three-dimensional body D, we want to estimate
the volume of D from below. Several general theorems may be applied after a chain of reformulations.
Since this chapter is dedicated to calculation of the best know constant in the inequality Volume(D) >
cw(D)3, we quickly survey all the approaches. The methods of Section 1.8 can be applied, but the
combinatorics in three dimensions is much more complex.

Let D C R? be a compact convex three-dimensional set.

Definition A.1.1. The lattice width of D in a direction u € Z3 is wy,(D) = max - (x — y).
x,Yye

Lattice width w(D) of V' is the minimum of all lattice widths on all non-zero directions, w(D) =
minu€Z3,u7§0 Wy, (D)

It is expectable! that there is a constant cz such that Volume(D) > c3 - w(D)?. We would like
to estimate this constant. Without loss of generality we can suppose that w(D) = 1 and look for

minimal volume of D under this constraint. This cg is proven to be at least 2%/5@ = 0.06582...,

whereas the conjectured one is cg = 1/12. The following paragraphs summarize the ideas of [105].

Lemma A.1.2. The property w(D) > 1 is equivalent to the property that the lattice of translates
of D (i.e. {v+ DJv € Z3}) is non-separable, i.e. each hyperplane intersects some body of the
lattice. O

The density of a lattice translates of D is the ratio of the volumes of D and the basic parallelo-
tope. Hence the density of our lattice is Volume(D)/1. Therefore Volume(D) is at least the density
of the thinnest (i.e. with minimal density) non-separable lattice of translates of D. Put by definition
E = (P5P)*/4.

Denote by p(D) the density of the thinnest non-separable lattice, denote by §(F) the density of
the densest lattice packing of F.

'Though I don’t know a simple argument
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Lemma A.1.3 (Theorem 1 in [105]). The property that D + Z?3 is locally a thinnest non-separable
lattice of bodies is equivalent to the property that E + Z2 is a locally densest packing of E. ]

Locally means that we have extremum among all infinitesimally near lattices. It follows from this
lemma that
Volume(D) > p(D) = Volume(D)Volume(E)/6(E). (A.1)

Idea is that E does not intersect E + u if w,(F) < |u|?, which can be translated in the non-
separability of the lattice of translates of D. So, we suppose from the beginning that D + Z3 is a
thinnest non-separable lattice of translates of D.

A.1.1 The approach by affinities decreasing the diameter

Hence the initial problem is equivalent to the estimations of densest packing for E = (£52)*/4 and
it volume. Instead, we are going to replace D with a sphere and play with volume preserving affine
transformations. The following lemma is crucial:

Lemma A.1.4. There exist A\, A, > 0 that for any convex compact set D C R”™ there exists affinity
® such that Diam(®D)™ < A, Volume(®D) for any body D and Diam(®D)"™ < X/ Volume(®D) for
centrosymmetric D.

Preserving the volume of D, we decrease its diameter by affine transformation (this does not

change p(D)) and then replace D by the sphere with the same diameter d, the lattice of such spheres
will be also non-separable. So, Volﬁ (Ife)( D) > Voli (fe)( B

(D) — Volume(D) — d"/An
It fOHOWS that Z(B) Z VZIEEZ(B) - (%)nﬁn

, where &, is the volume of unit sphere, Volume(B) =

Kn(d/2)™.
Remark A.1.5. We know values of k,: Koy = %, Kont1l = (227;:?)7;!.
By the formula (A.1) for p(B) we obtain
Proposition A.1.6.
2n K - Ky /47 27 Kn,
D) > p(B) - = = A2
pLD) 2 p(B) - 3o D WS T W (A.2)
where 9§, is the density on the densest packing on spheres in R™.
The same way for centrosymmetric D we established that 2 (D) . Volume(D) Diam(D)" , where

p(B) = Volume(B) = M/ Volume(B)
B is the sphere with diameter equals Diam(D).

A.1.2 Estimation of )\,

By k], we denote the volume of the convex hull of the unit sphere with the center at 0 and

(+£/n,0,0,0).

Lemma A.1.7. ([105]) We have X, < 2"n"/2x! where &!, is the volume of the convex hull of the
unit sphere, with the center at 0, and the point (£4/n,0,0,0).
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Lemma A.1.8 (|145], Theorem 2.4). In the above hypothesis the inequality

Volume(D)/Volume(D — D) >2"/Cy, (A.3)

holds and equality is attained only for simplexes.
Lemma A.1.9. Now? we can estimate \, by X,: using \, < 2"n™?/k! we get
An < C3 ™2 /K.

Let us compute x5. It equals to the sum of the volumes of two cones plus the volume of the
sphere, cut by x = :tl/f 3, that is /13 =2. 47’ _|_ 2. fl/f t2)dt — ln d

9v3
A3 <20-3v3-(9v3)/(24m) =5 - 27/47r = 10.74295...
By Makai’s conjecture [105], A, is as it should be for simplex, i.e.

M T 6v3 = 84852 (A.4)
n — n —"_ 17 3 — — . cee .

And for centro-symmetric bodyes, A} should be as it is for the cross-polytopes, i.e. X/, = n!.

A.1.3 Estimation of 4§,

The constant d5 (best ball packing in three-space) is known? to be 7/v/18 (Kepler conjecture). This
was proved for lattice packings by Gauss(1831)[47]. For four dimensions the densest lattice packing
has 6, = m2/16, by Korkine and Zolotareff (1872). Densest lattices are known up to dim 8.

Proposition A.1.10. For a compact convex body D C R? the inequality Volume(D) > c3w(D)?
holds with c3 = 0.0658.

Proof. We recall the flow of the estimates. It follows from Lemma A.1.2, that the optimal constant
c3 in the considered inequality is at least the volume of a convex compact body D’ C R? such that
the lattice Z3 + D’ of translates of D’ by Z3 is non-separable. Then, by Lemma A.1.3 we only need
to find the constant d3(E) and the volume of E where E = (252)*/4. Instead, we replace D by a
ball, at some cost, see Proposition A.1.6. We know x3 by Remark A.1.5. The constant A3 is found
in Lemma A.1.9.

. . . K o o 27|-\/7
Hence, in three dimensional case, p(D) > Fouss = 23.5_27/;””_”/@ 3557 — 0.06582.. whereas

the conjectured value is 1/12. O

227\'

A.1.4 The approach by Mahler’s conjecture

There is another approach to (A.1): we put § = 1 and use the Mahler conjecture. Namely, for an
origin-symmetric K we define K° = {x|sup ¢k (zy) < 1}.

2, m 2n
02" = ( n )
3Tt is known only by computer computations, a formal proof of the correctness of the algorithm announced in [72].
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Mabhler proved in 1939 that

4n
(nl)? < Volume(K ) Volume(K°) < 4".

Then he conjectured that

4m "
o
H é VOlume(K)VOlume(K ) S W
The right hand side was proved by Santalo in 1949, and the equality is attained on ellipsoids.
Define Santalo point as such a point, that if we choose it as the origin, then we get the minimal
value of Volume(K)Volume(K?) for a given K. One can prove that the extremal cases are ellipsoids
using the fact that this point is unique. The left part is not proven yet, though the progress is quite
significant.
Bourgain and Milman in 1987 proved that there exists a constant ¢ such that

n
cn% < Volume(K ) Volume(K°).

In [140] it is proven that the extremal cases in this inequality are polytope-like, i.e. they contain
no points with positive Gauss curvature. Mahler conjectured that the minimum in this class is
attained for the cube and its polar body, the cross-polytope. If this is true, then the minimum
would also be attained by mixtures of the cube and the cross-polytope, etc; thus, in the class of
centrally symmetric convex bodies the minimum is attained not for a unique convex body (up to
affine transforms). See [26] for more details about developments of this area.

Kuperberg [96] proved Mahler conjecture up to factor (m/4)"y,, where -, starts from 4/7 and
converges to /2. Therefore for n = 3 for central symmetric K it gives (7/4)% = 0.61685025 what is
very good. He also proved Volume(K)Volume(K?°) > 222(:;;?2 k2 =0.4-(47/3)% = 7.02... for n = 3,
for centrally symmetric bodies.

A.2 Estimation of area in terms of lattice width

This section is devoted to the following theorem:

Theorem A.2.1. Let A C Z? be a convex polygon. Suppose min (maﬁu (x—vy)) = a. Then
u€EZ® T,YE
u7(0,0)

area(A4) > 2a2.

Note that we proved this theorem as a particular case of Lemma 1.8.2, see Corollary 1.8.16.
Nevertheless, for completeness, we write the details of the proof. The idea is borrowed from [19, 60],
we expect that the same idea works in three-dimensional case where the current estimate is not
optimal.

Lemma A.2.2. Consider an acute-angled plane triangle with all altitudes at most d. Then its area
is at most %dQ.
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Proof. One of the angles between the altitudes and the sides of the triangle is at most 7/6, therefore

one of the sides of the triangle is at most Sh}ﬂd. This implies that its area is at most 2s§11d2 =
6 6

1 72

\/gd . O

Remark A.2.3. Equality is obtained only in the case of an equilateral triangle.

Denote by area(F') the area and by d(F') the diameter of a planar convex figure F. Let Aff be
the group of area-preserving affine transformations of R?. Among all affine images of a planar convex
figure A of non-zero area, we choose a figure F' on which the maximum fmgj}c(f area(f(A))/d(f(A))?

€

is attained. Such a figure definitely exists because if f € Aff is very far from Id € Aff, then
area(f(A))/d(f(A))? is close to zero.

Lemma A.2.4. The figure F has at least two diameters with acute angle at least /4 between them.

Proof. Pick a diameter D of F'. Let us try to squeeze F' a bit in the direction of D and stretch it
out in the perpendicular direction, while preserving the area. Since max(area/d?) is attained for the
figure F, this action increases the other diameter of F', call it D’, and the angle between D and D’
is at least /4 because D’ increases when we squeeze F in such a way. O

Hence we may assume from the beginning that D and D’ are two diameters of I’ with the maximal
acute angle between them among all the pairs of diameters of F'.

Lemma A.2.5. There are two diameters of F' with the acute angle at least 7/3 between them.

Proof. Suppose that this angle is less than 7/3. In the notation of the previous lemma, we attempt
to perform an affine shift, parallel to D and decreasing D’. It should increase some other diameter,
call it D”. Recall that the acute angle between D” and D’ is less then that between D and D’. The
same is true for the acute angle between D and D" as well. Now it is easy to check that either the
angle between D and D" or between D’ and D" is at least 7/3. O

Corollary A.2.6. Any convex compact set A C R? can be transformed by an affine map f in such
a way that its image f(A) satisfies v/3D? < 45, where D is the diameter of f(A) and S is the area
of f(A).

Proof. The above lemma implies that area(F) > §sin Zd(F)? and F is an affine transformation of
A. O

Article [60] uses this fact and cites [19] for a proof. The latter is in German, I'm not sure that
the above proof represents a correct translation from German, probably, this is another proof.

Remark A.2.7. The extremal cases are convex hulls of two intervals of equal lengths with an angle
of /3 between them.

Let us notice some additional properties of lattice width.

Remark A.2.8. Recall that the usual width of a convex planar figure A in a direction (r,q) € Z>
is the length of the projection of A to a line in the direction (r,q). Suppose that ged(r,q) = 1.
Apply an affine transformation ¢ : Z? — Z? which brings (r,q) to (1,0). Usual width of ¥(B) in
the direction (1,0) is equal to w4 (B). There is another way to compute lattice width: one can

evaluate the usual width w of B in the direction (r,q). In this case w(, q)(B) = w - /7% 4 ¢%.
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Notice that lattice width is a lattice-dependent property, but now we will reformulate this notion
in purely affine terms. Suppose that the minimal lattice width w(A) of the figure A is equal to a.
Denote by aZ? a sublattice of Z? generated by two vectors (a,0) and (0, a).

Lemma A.2.9. Consider all translations of A by aZ?. Each line in the plane intersects at least one
of the images of A.

Proof. Suppose that there exists a line [ which intersects no image of A. Let aZ2(l) be the set of all
translations of the line [ by elements of aZ?. If the slope of [ is irrational, then aZ?(l) is everywhere
dense, so it intersects A. If the slope is rational, then aZ?(l) slices the parallelogram in strips of
lattice width a in the direction perpendicular to I. A must be inside a strip, so its lattice width is
less than a. We arrived at a contradiction. O

Proof of Theorem A.2.1. Now consider a lattice as described in the lemma above. By the above
corollary, we can apply an area-preserving affine transformation f in order to have F' = f(A), such
that area(F') > @d(F)Q.

Consider the smallest acute-angled triangle in the lattice f(aZ?). All altitudes of the triangle are
less than or equal to the diameter d(F'), because for each line [ (choose the directions of the sides of
such a triangle) the set aZ?(l) intersects F. Hence the area a?/2 = w?/2 of the triangle is at most
d(F)?/\/3 < 4 -area(F)/3. Therefore "2—2 < 4-area(F')/3 =4 -area(A)/3, which finishes the proof of
the theorem. O

Remark A.2.10. Let us find the cases where the inequality area(4) > 3a® is extremal. Looking
at the extremal cases of auxiliary inequalities, one can see that for even a, the extremal case is
the triangle with vertices (0,0), (a/2, —a), (a, —a/2). Indeed, the acute-angled triangle of the lattice
must be equilateral with sides of length a and the widths of F' in the directions of the sides of the
triangle must be equal to a. Therefore A is equilateral. Passing to the standard lattice, one gets
exactly the triangle (0,0), (a/2, —a), (a, —a/2) which is a lattice triangle if a is even.

In Corollary 1.8.16 we found extremal cases also for all odd a. It seems that we can repeat the
same arguments in R3.

Question 23. What is the best constant in the analog of Corollary A.2.6 in the three-dimensional
case? We might repeat all the arguments with squeezing the diameters. It is relatively easy to
find four diameters in a kind of extremal positions, but if we believe that the answer will be the
equilateral tetrahedron, then we need to work with 6 diameters. Also, estimations of the volume in
each case is straightforward but rather tedious. So, we can formulate the problem as follows. For a
given set of 4 (or 5, or 6...) equal intervals in R3, we need to estimate the volume of their convex
hull, if we know the directions of the intervals. Then, we need to understand when there exists an
infinitesimal affine volume-preserving map, which do not increase the lengths in the directions of the
intervals and decrease it for at least one of their directions.
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Appendix B

Applications of tropical geometry:
economics

A caution: this whole chapter presents only my personal opinion, and should not be
taken as some well-argued judgement.

Tropical geometry, it is said, is being used outside of algebraic geometry. Despite claiming
applications in computational biology and chemistry [126, 131], it seems that these articles need
nothing except tropical semi-ring and a bit of polytope theory, or only a logarithmic limit (without
any geometry after that). In sandpile models one obtains tropical curves as the thermodynamical
limit [38], and similar picture one can find in soliton waves [93]. All that means: tropical objects
had already been found with different circumstances, but have not yet been appropriately treated,
with the available tools.

Still, inspired by phylogenetic trees, one can investigate some toric geometry questions [58].
Tropical computations are themselves a large area of research, see software package Gfan (http:
//home . imf .au.dk/jensen/software/gfan/gfan.html) and [23]. Some physicist recently have used
tropical geometry in order to speed up their computations [73]. In algebraic geometry the following
applications are worth mentioning: [138] uses tropical intersection theory for finding a group in a
p-adic context: the author, namely, estimates the valuations of the common roots of a system of
equations; in [67] a positive Haar measure on a tropical variety is constructed, for future use in a
proof of a Bogomolov conjecture over a functional field. The study of ultradiscretization of integrable
systems (see a survey [127] and references therein) also appears to be of some interest.

However, from my point of view, the most outstanding application of tropical geometry (outside
of the classical algebraic geometry, where it is counting of curves [117], universal polynomial [10], and
estimates of how many rational points a curve with small Mordell rank contains [84]) appears to be
in economics. This chapter contains the key ideas of the article [15], that was written for economists
and is hardly readable for mathematicians!. Possibly, the following text will be interesting for
mathematicians — I did my best to keep economical notions both true and understandable. Later,
the article [158] appeared, it contains much more detailed discussion about this economical stuff,
references, etc.

hecause (& cause de) some simple mathematical proofs are written in dozens of pages, mixed with economical
examples and terminology which does not belong to mathematics
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B.1 Theses about Economics

Here I should explain some underlying ideas (in bold) which a mathematician must understand
before reading these particular economical articles. It is important to note that this chapter had
been written just after the reading and reflecting on [15], before explanations from the authors and
appearance of [158].

1. Economics is a science?. Hence, given a situation, we invent a model, then, after a time, when
someone finds that this model does not work under some conditions, we add required explanations,
and refine this model. This process frequently leads to new ideas and methods. Also, life demands
new inventions: in this case The Bank of England had to inflate the society with money.

So, when we look at all this economical gear, it is a kind of the world’s first derivative, explication
of observable variables® in formal terms.

2. We (mathematicians) need to understand economical jargon and ideas behind it, when we
read articles, without knowing the history of economical notions, motivations, etc. Therefore, the
result is a kind of second derivative of the real world. So, do not expect it to be logical or concise.

3. The main economical belief : each thing has a true price. For example, a king buys silver.
If this silver is relatively easy to mine, then price will fall down, except if there is a monopolist who
seized all the mines. But he needs money for protecting himself and silver mines from aggressors
and thieves. The final price accumulates all this complicated story: risk to be killed, guard’s salary,
bribes, etc. So, the price is a perfect bureaucratic number — characterizing everything at once. One
should distinguish the true price (intrinsic value) which is hard to calculate, and market value which
can be much easily approached* on a market and can be considered as a good estimate of intrinsic
value, if this market is functioning good enough.

4. For stability of the social (i.e. economical) life it is really important that most market
prices are actual true prices. The global world financial crisis 2007-2008 happened because of
real estate bubble, and a bubble always means that something is sold with price much higher than
it should be. Suppose you sell an insurance for a bank deposit, which is about some assurance for
a company that someone returns his credit in time. It is really hard to estimate the true price of
such a thing, for the reason that it mostly consists of expectations about future. Therefore a lot
of economists try to develop a procedure to find the true price for such things. We can not avoid
credits, seeing them as the one of the tools to “warm up” the economics. Simplified: quicker the
money moves in a society, quicker is the development of the economy.

5. A market may have or have not equilibrium. An equilibrium means that all partici-
pants (agents) sell and buy by prices, which are locally optimal for them. Optimality touches the
other economical belief: A lot of economical set-ups can be modeled by means of objective
functions which indicate “happiness” of agents and all agents try to increase it. Here
the tropical geometry come on the scene: by [112] a common person considers only two operations,
addition and maximum (recall that these operations give the tropical semi-ring). Remember your-
self in a shop: while you do only these two operations, everything is ok, but when you encounter

2and mathematics is not. New paradigms do not contradict the previous ones; no experiments. Mathematics is the
language, underlying the reality

31 like the idea that since economists start to measure a quantity, it immediately changes because politics want to
improve it.

4g0 to the Bazaar in Istanbul
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two products such that the first is better but its price is higher, you have problems. So, in first
approximation we use only piecewise linear functions.

6. Markets without equilibrium are unstable: a person with crucial information may always
earn a lot of money at the expense of others; finally that will crash this market.

7. If there are many equilibriums, it is also bad, after a fluctuations a market can switch to other
equilibrium and some other markets, depended of the considered, will be destroyed®.

8. What is the best way to find the true price? In most cases, it is auctions. Then, given a
concrete situation (e.g. you need to sell expectation), an economist firstly formalizes it in terms of
agents, goods, prices, objective functions, and then he tries to build a model of auction which can
be proven to have a unique equilibrium.

9. The hard thing to understand for mathematicians is that economics is primarily a practical
science, but with a very restricted possibility to do experimentsS. First of all we need to explain
some phenomena, which occur in real world, or invent a procedure with a desired result, for what
we need to know which parameters to control and how. Frequently there are additional restrictions:
here, for example, it was better to have only one round of the auction.

In the discussed article, tropical geometry came on the scene as a formalization of what has been
done. So, it is better to say that it is not an application of tropical geometry, but tropical geometry
emerges from Product-Mix auctions. The set-up was the following: the Bank of England wanted to
give credits for a given sum (in order to warm up the economics). A credit can be given on the
security’ of estate (strong collateral) or something else (weak collateral). Tt is more safe to use only
strong collaterals, but The Bank wanted to give more money than the players can secure by estate.
Therefore the auction is about who and with which interest rates will obtain credits.

The advantages of the auctions proposed in [90] is the following: the procedure allows to choose
the amount of buying goods (the sum of the credit) after the final price (percentage rate for the
credit) is released. Bank knows the demand of agents before releasing prices. As in many cases, the
information is the most expensive resource and here there is a balance between what is known and
what is not known.

While generalizing this algorithm to more than two goods (strong and weak collaterals), the
authors have rediscovered the features of tropical geometry, see [15].

B.2 Application of tropical geometry for auctions

As we state in the previous section, the auctions provide one of the best instruments for determining
the true price. Nevertheless, it is better to have an auction which always has an equilibrium. More
or less clear that an auction, where participants sell and buy not just one good, but the sets (bundles
in economical jargon) of different goods, is more stable because it accumulates information about
different things at once. For example, one can buy a set which consists of an amount of stable
investments with low outcome and an amount of risky investments with big possible outcome.

Smoreover, it is not clear what is a true price in this case

550, it is better to read economists who consult a government or a big enterprise

"You loose your estate if you don’t pay, and if the price of this estate decreases, you must give to the bank the
difference, which “secures” your credit. Because of this dangerous situation, sometimes, it is not profitable to borrow
a credit even with negative interest rate
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Here we see that piecewise geometry comes in. I only intend to describe important things to
know when reading [15], and forward the reader for all the details there.

Definition B.2.1. We have sets I}, = (i1,,%2,,.-.,%n,) € Z" (bundles), p = 1,...,n of indivisible
goods and for each set we have a number aj, (indicates the happiness of a person if she buys it).
Then the objection function of this person becomes fy(c1,...c¢;) = maxp—1 . n(as, + > cjijp) where
c; is the minus price of j-th good and x is the number of a person. For given c1,ca,... the person
x buys the bundle I, where f, attains its maximum.

Then a bank can state which sets I, are possible for trading and then we can ask whether there
always exists an equilibrium or not. Always means here that for any bundle B that the bank wants
to distribute, there are prices for goods such that all customers maximize their objective functions
and B is completely sold.

It happened that the most natural form of answer came in terms of tropical geometry, and it is
surprisingly easy to formulate and prove.

Proposition B.2.2. If all the intersections of the tropical hypersurfaces f,, defined by the objective
function (Definition B.2.1) of all persons, are transversal, then for each collections of goods there is
an equilibrium.

A proof is straightforward. Take a point of non-transversal intersection of the objective function,

it defines prices cq, ca, . ... Non-transversality is equivalent to the fact that the polytope, dual to this
intersection, contains an integer point inside. Taking it as the proposed bundle B we fail to find an
equilibrium. O

Also we can comment about the jargon: the Newton polygon of f, lives in the quantity space,
the hypersurface defined by f, lives in the price space.

From the economical perspective the above discussion is important because prior this article, the
economists always distinguished between substitutes (I can buy A instead of B) and complements (if
I buy A, then I also tend to buy B).

Now, using tropical geometry, we see that we are interested in the possible directions of faces of
the tropical surface defined by f,, and we seek for some kind of unimodularity of sets of edges in the
Newton polygons of f,. Edges in the Newton polygon, which are dual to the faces of f, are called
vectors in the demand space.

Claim: We should allow only such functions f,, that the intersections of the tropical surfaces
defined by f, are always transverse. That means that the edges in the Newton polytopes of f, belong
to an unimodular lattice. This can be given by a careful choice of the set of possible bundles (i.e.
points in the subdivision of the Newton polytope) to sell and buy.

Finally we can ask some questions like how many such a unimodular lattices exist?

The classification, in terms of “building blocks” of such lattices is obtained in [49] (using the
ideas of [148]). Somewhat similar approach (without real-world implementations) has been earlier
proposed by Danilov and Koshevoy (]|50]), but they lack identifying economical jargon and some
simple equivalences.
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