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ABSTRACT. Toric Geometry originated from investigations of torus actions
on geometric and algebraic objects. It is addressed through algebraic geome-
try, symplectic geometry, equivariant topology, as well as the theory of convex
polyhedra within discrete mathematics. In spite of using their own language
these completely different disciplines often observe similar or even identical
combinatorial phenomena. Thus toric geometry leads to a fascinating and
fruitful interplay between these disciplines.
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Introduction by the Organisers

The workshop Toric Geometry was organised by Klaus Altmann (Berlin), Victor
Batyrev (Tiibingen), and Yael Karshon (Toronto). The meeting was attended by
almost 50 participants from many European countries, Canada, and the USA. We
are grateful for the Oberwolfach OWLG program and NSF grants, which enabled
us to invite additional young researchers. The workshop program consisted of 23
talks, leaving ample room for informal discussions in small groups.

Toric geometry is a fascinating combination of polyhedral and algebraic, or of
polyhedral and symplectic geometry. In contrast to the 2006 Oberwolfach work-
shop “Convex and Algebraic Geometry”, we now tried to also combine the alge-
braic and the symplectic aspects of the theory. While we intended not to overem-
phasize polytope theory and tropical geometry, which have their own Oberwolfach
workshops, these subjects were naturally part of the conference.

One of the main topics at the center of the conference was the amount of
information that arbitrary varieties can inherit from morphisms to toric varieties,
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e.g. from different toric ambient spaces or from toric contractions or quotients.
In this context, Jirgen Hausen, Diane Maclagan, and Jenia Tevelev focused on
the structure of the Mori cone and the Cox ring, and Sam Payne represented the
Berkovich analytification as an inverse limit.

Michel Brion presented vanishing theorems for generalizing the Hodge theory of
complete intersections in toric varieties to other ambient manifolds. Greg Smith
investigated the relation between defining varieties by 2 X 2 minors and the syzygies
of subrings of the Cox ring. Overweight deformations were presented by Bernard
Teissier. They provide a method to find simultaneous resolutions of singularities
along toric degenerations. In the talk of Lutz Hille conditions for the existence
of full, (strongly) exceptional sequences on rational surfaces were given. Each of
these sequences leads to a “toric model” of this surface as well as of the sequence
having the same Cartan matrix.

A central theme in toric geometry is to translate (algebro or symplectic) geo-
metric facts or problems into the language of polytopes and combinatorics. This
was especially done by Dusa McDuff in her detection of displaceable fibers of the
moment map and in her extraction of topological information of the Hamilton-
ian group from the polytope. Sandra Di Rocco related toric fibrations to Cayley
polytopes. This led to fertile discussions with the polytope people like Christian
Haase and Benjamin Nill. Miguel Abreu expressed Kéhler-Sasakian metrics on
toric symplectic cones in terms of potentials on polyhedral cones. Mounir Nisse
gave new relations between coamoebas and Newton polygons. Taras Panov defined
the toric Kempf-Ness set and expressed its integral cohomology ring in terms of the
fan. Victor Buchstaber presented a universal approach to deal with combinatorial
invariants of polytopes.

Mirror symmetry did not play a big role as it did in the 2006 workshop. How-
ever, it was present in Bernd Siebert’s talk about the tropical vertex. One of
the most celebrated features of toric geometry, namely providing a test ground
for general concepts and conjectures, came into the play when Tom Braden spoke
about symplectic and Koszul duality. He presented this general approach for the
special case of hypertoric varieties. Vladimir Baranovsky showed how to extend
BGG to the Cox ring via utilizing A structures.

Many talks addressed the subject of lower-dimensional torus actions. While
Dmitri Timashev uses valuations for describing those situations, Nathan Ilten re-
ported on the description of divisors on T-varieties via piecewise linear functions on
the coefficients on polyhedral divisors. Gavin Brown presented an example arising
from 3-dimensional flips — this still waits for a description using one of the present
theories. Yi Lin extended topological properties of moment maps to torus actions
on generalized complex manifolds. Michele Vergne computed the equivariant K-
theory of certain complements of hyperplane arrangements. Valentina Kiritchenko
considered compactifications of reductive groups and the associated action of the
maximal torus. Here, the gap arising from the missing torus dimensions was filled
by the Gelfand-Zetlin polytopes.
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The workshop was closed on Friday night by an informal piano and cello recital
by young Workshop participants Milena Hering, Laura Hinsch, and Benjamin Nill.
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Abstracts

Overweight Deformations of Weighted Affine Toric Varieties
BERNARD TEISSIER

I report on some recent progress in the program outlined in ([3], [4]) which tends
to show that any excellent equicharacteristic germ of space X with an algebraically
closed residue field k can be formally embedded in an affine space AN (k) in such
a way that it then has an embedded resolution by a toric modification of AN (k).

The simplest example is the plane branch, say in characteristic zero, with equa-
tion (U3 — U3)? — UPUz = 0. It cannot be resolved by any toric modification of
the plane but if we embed it in A3(k) as U — U7 —Us = 0,U3 — U7Us = 0 it is re-
solved by any toric modification of A3(k) which resolves the monomial curve with
equations U3 — U3 = 0,U2 — UPU, = 0, to which it specializes flatly by putting
a parameter in front of Us in the first equation and which is the toric curve cor-
responding to the semigroup of values (4,6, 13) taken on the local algebra of the
curve by its unique k-valuation.

The approach I use is to begin by studying the analogous problem for local
uniformization. This means that given a valuation of the local excellent equichar-
acteristic ring of our germ X, we wish to embed it so that a toric modification of
AN (k) makes the strict transform of X regular at the point picked by the valua-
tion. After reductions which are outlined in [3]) one is led to study the following
situation:

Let k& be an algebraically closed field and ® a totally ordered abelian group of
finite rational rank r.

A weight on the rings k[Uy,...,Un] or k[[Uy,...,Un]] is an homomorphism of
groups A: ZV — & which is induced by an homomorphism of semigroups NV —
®, . Tt induces a weight on monomials by w(U™) = A(m) and a monomial order
by U™ < U™ < A(m) < A(n).

This rather general situation can be reduced to a more familiar one thanks to
the following result (see [3], Proposition 4.12):
The positive semigroup of a totally ordered semigroup if finite rational rank r is
the union of a nested sequence of free subsemigroups of rank r:

"'Nzh)CNzh-rl)C"'C(I)Jrv

the inclusions being semigroup maps.

As explained in loc.cit. this result can be viewed as an avatar of the Jacobi-
Perron algorithm for approximating vectors in RV by integral vectors.

So we may assume in the sequel that ® = Z" with a total order, but there are
good reasons to begin as I did.
Then denoting by e; the i-th basis vector of ZV and setting v; = A(e;) € Z"
we may consider the semigroup I' generated by v1,...,vn and the toric variety
Xo = Speck[t"'] where k[t'] is the semigroup algebra with coefficients in k. It is the
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closure of the orbit of the point (1,1,...,1) € AN (k) under the action of the torus
E*" determined by (¢t,21,...,2n5) — (" 21,..., 8V zy) with ¢ = (t1,...,t,) € K"
and £ = ¢} 40"

Denoting by £ the lattice which is the kernel of A\, we may choose a system of
generators (Ume — U"e)ge 1, for £, where all the exponents are non negative.
The ideal I of k[Uq, ..., Un] generated by the (Um[' — U"[)eeL is a prime binomial
ideal defining the embedding X < A (k). The Krull dimension of k[t'] is equal
to r; it is the dimension of Xy. If we denote by Hy the hyperplane of RY which
is dual to the vector m’ — n® € RV, it is shown in [2] that any regular fan ¥
with support the first quadrant of R and compatible with the hyperplanes Hy
for ¢ € L determines a toric modification Z(3) — A% (k) which gives an embedded
resolution of the toric variety Xj.

We are going to show that some of these toric modifications also resolve the
singularities of some special deformations of Xg, called overweight, at the point
picked by a valuation which is determined by the weight w.

An overweight deformation of our affine toric variety Xy is described by a defor-
mation of its equations of the following form:

F=Um —U" + 3 dUP with w(U?) > w(U™) = w(U™), € L.
p

Here the F; are elements of k[[Uy, ..., Un]]. We denote by I the ideal which they
generate.

The initial forms of the series F; with respect to the monomial order determined
by the weight w are the binomials (Umg — U"e)geL. We assume as part of the
definition that the dimension of the ring R = k[[Uq,...,Un]]/I is equal to r, or
equivalently that the (U m _ U"[)ge L generate the initial ideal of I with respect
to w.

Then one can check that the ring R is endowed with a valuation defined in the
following manner:

Define the order v(z) of an element of R as the maximum weight of one of its rep-

resentatives in k[[Uy, ..., Uy]] (this maximum exists if  # 0). This order defines
a filtration of R whose associated graded ring is the quotient of k[U,...,Un] by
the initial ideal of I. By our assumption it is k[U1,...,Un]/Io and an integral

domain, so that v is a valuation.

It is shown in [3] that any complete equicharacteristic local ring endowed with
a rational valuation whose associated graded ring is finitely generated over k is
obtained in this manner.

Now we want to find a fan subdividing Rf , compatible with the hyperplanes
Hy, and such that the strict transform of each Fy is a deformation of the strict
transform of its initial form at the point determined by the valuation. This will
ensure the nonsingularity at that point of the strict transform.
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The idea is very simple to explain in the case where the value group ® (or the
order on Z") is of rank one. For simplicity let us look at one equation F' =
um—-u"+ Zp cpUP.
Let
E' = ({p—n/c, # 0}, m —n) CRY,

where as above (a,b,...) denotes the cone generated by a,b,... Since there are
infinitely many exponents p, the strictly convex cone E’ may not be rational, but
the power series ring being noetherian E’ is contained in a rational cone E, also
strictly convex.

Given a regular cone o = (a',...,a") C RY, set Z(0) = Speck[s N M].
The map Z(o) — AV (k) is monomial and we write it as:

1 N
Ui Y Y, 1<i<N.

Assuming that ® is of (real) rank one, choose an ordered embedding ® C R and
using it define the weight vector

w = (w(Uy),...,w({Uy)) € RY.

The center of the valuation v is in Z(o) if and only if the weights w(Y;), which are
uniquely determined by the monomial map since the a’ form a basis, are all > 0,
which is equivalent to the condition that w € 0. Note that w is in the hyperplane
H of RY corresponding to the vector m — n and that our overweight hypothesis
says precisely that w lies in the interior of the intersection with H of the convex
dual F of E. Note that E is of dimension N.

So if ¥ is a regular subdivision of Rf which is compatible with H and E, it will
contain a regular cone o of dimension N whose intersection with H is of dimension
N — 1 and which contains w. By compatibility with H the cone o is entirely on
one side of H so we may assume that the scalar products (a’,m — n) which are
not zero are all > 0. By compatibility with £ the cone o is contained in F C E’,
so that the (a’,p —n) are all > 0. In the corresponding chart Z(o) the transform
of our equation F' by the monomial map can then be written:

Y1<al’"> . .Y]\<,’1N’n> (Yf“l’m*"> . .Y]f,aN’mfm -1+ Z cpY1<al’]”7"> . .Ylé,aN’pfm).
P

This shows that the strict transform of F', which is the quantity between paren-
thesis, is a deformation of the strict transform of its initial part, and this gives in
this case the result we seek, since the initial part is obviously non singular.

The proof in the general case follows the same line but is somewhat less simple
especially when the (real) rank of the value group is > 1.

One should note that unlike the case of plane branches or more generally of
quasi-ordinary hypersurfaces (see [1], 5.3), one may have to choose a resolution of
the toric variety adapted to the deformation and not just any resolution.

REFERENCES

[1] P. Gonzdlez Pérez, Toric embedded resolutions of quasi-ordinary hypersurfaces, Annales
Inst. Fourier (Grenoble) 53, (2003), 1819-1881.
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Ring of Combinatorial Polytopes and Applications
VICTOR M. BUCHSTABER

A combinatorial polytope is a class of combinatorially equivalent convex poly-
topes. Denote by Vs, the abelian group generated by combinatorial n-dim poly-
topes in which addition is given by the disjoint union of polytopes and the zero
is the empty set. Introduce a graded commutative associative differential ring
V= Zn>0 V5, in which multiplication is given by the direct product of polytopes,
the unit is P° = (point) and derivation dP is the disjoint union of all facets of P.

A convex n-dim polytope P" is said to be simple if exactly n facets meet at each
vertex of this polytope. The ring of simple polytopes P is a differential subring in
V. For a simple polytope P™ the polynomial

f(P™) = f(P")(a,t) = " + frp_1ta™ P+ 4 o at" ta+ foot™
is called an enumerating polynomial (a polynomial of faces, or an f-polynomial)
of P", where f,,_ 1 is the number of its k-dimensional faces.
Theorem 1. Let F: P — Z[a, t] be a linear mapping such that
F(dP™) = %F(P"), F(P™)],_, = o™
Then F is the ring homomorphism and F(P") = f(P").

A convex polytope is said to be k-simple if any of its k-dimensional faces is the
intersection of exactly n — k of its facets. The ring homomorphism f: P — Z|a, t]
can be extended to the ring homomorphism f: V — Za, t].

Theorem 2. Let P € V. Then f(dP") = %f(P") + 6(P"™), where §(P™) =
Sot?a™ 3 4+ . 40, 1t" tand 6 >0, k=2,...,n— 1. A convex polytope P" is
k-simple if and only if 6,,_x_1 = 0; in this case §; =0 forany 1 <i<n—k— 1.

The correspondence P — §(P) defines an f-derivation 6: V. — Z[a,t], i.e.
§(Pr x Py) = 0(P1) f(P2) + f(P1)0(F%).

Set h(P™)(a,t) = hoa™ + hita™ ™t + ... + ht" = f(P™")(a — t,1).
Theorem 3 (Dehn—Sommerville relations). Let P™ be a simple polytope. Then

f(P") e t) = f(P")(—a,a+1) and h(P")(a,t) = h(P")(t, )

Set VI = {P €V : dP € P}. The group S generated by simplicial polytopes

is a remarkable differential subgroup in V1.

Using that f(P"*1)(a,0) = f(P""1)(—a, a) for any polytope P we obtain from
Theorems 2 and 3 an analog of Dehn-Sommerville relations for V1.
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Corollary 1. Let P! € V! then
FP N (a,t) = (P (—a,a + 1) + 6 (P (e, ),
where 6(P?) = 0 and for n > 2

51(P"+1)(oz,t) _ i 5k(Pn+1) {(71)71716 [(a + t)k+1 - ak+1] o tk+1} a™ k.
P k+1
For example: 2f2,1 = 3f370 + 52(P3); 2f2,2 = 2f173 + f371 + %52(P4) and f272 =
fi,3+ fao+ iég(P‘l). Here 65, > 0.

Let P™ be a simple polytope. We have for a = a+t, b=at, z = a—bZ

[n/2] . [n/2] . [n/2]
h(a,t) = Z gib'h(A"%) = Z b (I = a™ Z izt = a"y(z),

i=0 i=0 i=0

where go = 1, g; = hi — hi—1, i > 0, and AF, I* are k-dim simplices and cubes.
It gives that the vector + is transformed into the vector g by an integer lower
triangular matrix with nonnegative coefficients and unit diagonal. We explicitly
found (see [4]) this matrix and its inverse, which has alternating coefficients.

Corollary 2 (see [4]). (1). Let v;(P™) > 0 for a given simple polytope P™. Then
29 n+1

Z-P">i1":(1— ) ).

sz gl = (1- 2 (")

(2). The condition v;(P™) > 0 is equivalent to the condition

o (" e 2o
§=0

In the case of flag-polytopes it gives a Charney—Davis form of known Gal con-
jecture.

The results obtained are applied to the description of generating series with
specially chosen coefficients of the f-, h- and ~y-polynomials of the following re-
markable series of simple polytopes: simplices A = {A"} | cubes I = {I"},
associahedra As = {As™ = K42} (Stasheff polytopes), cyclohedra Cy = {Cy"}
(Bott—Taubes polytopes), permutohedra Pe = {Pe™} and stellohedra St = {St"}.
We obtained differential equations that define these series and found their solutions
(see [4]).

Corollary 3 (see [4, 3]). (1). The generating series of h-polynomials of the families
A, I, Pe, and St are related by I, Pey, = ApSty,.

(2). The generating series Ay, and Pey, coincide with the exponential of formal
group laws corresponding to the fundamental two-parameter Hirzebruch genera,
which give the classical Todd genus for ¢t = 0.

A collection B of non-empty subsets of the set [n+1] = {1,...,n+ 1} is called
a connected building set on [n+ 1] if:(1) 5,5’ € Band SNS' #0 = SUS’ € B;
2) {i} e Bforallie [n+1]; (3) [n+ 1] € B (see [5]).
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Let ls = (Ig1,...,lsn) for S C [n+1], S # [n+ 1], where

1, ifies 0 ifieS
lsi=14 " C i (1) €S, lsi={ " if(n+1)es,
S {0, figs, 1CTDES s {1, figs, LT

) i (1) ¢S,
5 uwn4+1)—u(S), if (n+1)€S,

where p(.9) is the number of S; € B such that S; C S.
For a connected building set B consider

P(B)={zeR" : (ls,z) > —as, S€ B, S # [n+1]}.

Using the results from [5] we obtain that P(B) is the simple polytope and one
can describe the set Fjp of all facets of P(B)
as the set {Fg, S € B, S# [n+1]}.

We will consider the set Fp as the ordered set, where Fg < Fg, if |S| < |S'| or
if |S| = |57|, and lexicographically S < S’ as subsets in [n + 1].

Using this ordering, let us form the (n x m)-matrix Lpgy whose column are
the vectors I € R™, where m = [F|. We have Lpp) = (I,,, L), where I, is the
unit matrix.

Theorem 4. (1). Moment-angle manifold Zp(p) (see [1, 2]) is a complete inter-
section of real quadratic hypersurfaces in R?™

sz{((xl,yl),...,(:I:m,ym)) xf —l—y? —le7k($i +y,§):aj}, j=n+1,...,m,
k=1

where j = j(S) is the number in our ordering of Fg and ;1 = lsk, a; = as.

(2). The (m — n)-dim subgroup H = {(e%ﬁwl, eV TYm) ¢ T™}, where
Yk == i1 bk, k=1,00,15 Ynig = @g, ¢ =1,...,m — n, acts freely on
Zp(p) and the orbit space Zp(p)/H is a toric manifold M?"(B).

REFERENCES
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Some Aspects of Symplectic Toric Geometry
Dusa McDurr

In my talk I discussed two questions in symplectic toric geometry that I have
recently been thinking about. Both concern the Hamiltonian group Ham(M, w),
which is the group of Hamiltonian symplectomorphisms of the closed symplectic
manifold (M,w). Recall that each element ¢ € Ham(M,w) is the time 1 map of a
Hamiltonian isotopy ¢ : M — M, t € [0, 1], where the path ¢! ¢ € [0, 1], starting
at ¢g = id in Ham is generated by the family of functions H; : M — R according
to the following recipe: for all (x,t) € M x [0,1], the tangent vector X% to the
path s +— ¢, (z) at the point ¢ (z) satisfies the equation w(X¥,-) = dHy(+).

1. DISPLACING TORIC FIBERS

Consider a symplectic toric manifold (M, w,T) with moment map ® : M — t*,
where t* denotes the dual of the Lie algebra t of the (real) torus 7' = (S')". The
image ®(M) = A is the (convex) moment polytope. The inverse image of each
interior point u € A is a smooth Lagrangian manifold L,,, that is w|r, = 0.

Question 1. Which toric fibers L, are displaceable? i.e. are such that ¢(L,) N
L, = 0 for some ¢ € Ham(M,w).

Example. If (M,w) is CP™ with its usual toric structure, the moment polytope
is the simplex. Every fiber except that over the barycenter ug is displaceable by
some unitary transformation. But L,,, the so-called Clifford torus, is not dis-
placeable. This was first proved by Entov—Polterovich in [1] by analytic methods,
using the existence of a Calabi quasimorphism. Their argument shows that for
many toric manifolds (and in particular for M = CP™) at least one toric fiber is
nondisplaceable.

In a recent series of papers [3, 4], Fukaya-Oh—Ohta—Ono construct Floer ho-
mology groups HF*(L,) that vanish whenever L, is displaceable. For example,
they give examples in 2-dimensions of moment polytopes with a line segment of
nondisplaceable fibers: see Figure 1.

FiGURE 1. The dark dots and heavy lines show the points u for
which the Floer homology of L, is nonzero. The dotted lines
show permissible directions of probes. It is easy to check that in
these cases all the points whose Floer homology is trivial may be
displaced by probes.
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I am interested in the opposite problem of developing geometric methods that
displace fibers. The most powerful method I have so far discovered (one that
displaces all fibers that I know to be displaceable) is that of the probe. This is a
line segment inserted into a moment polytope from the interior of a facet pointing
in an integral direction, i.e. there is an integral basis for the ambient affine space
containing A consisting of an integral vector parallel to the probe together with
some other vectors parallel to the facet. It is easy to show that any point that is
less than half way along such a probe is displaceable. This is enough to displace
all the fibers in a two point blow up of CP? for which the Floer homology groups
constructed in Examples 4.7, 9.17 and 9.18 of [3] are zero.

Question 2. Some 2-dimensional polytopes have open subsets of points that
cannot be displaced by a probe. Are these points really nondisplaceable? Can this
be detected by some version of Floer homology? (The groups described in [3, 4]
are nontrivial only on 1-dimensional subsets.)

There are many similar question in higher dimensions. In particular, Fano
moment polytopes (with facets placed so that the corresponding symplectic form
is in the class ¢}) have a unique interior integral point, that algebraic geometers
usually put at the origin. Entov—Polterovich gave a symplectic characterization
of this point (they called it the special point) and showed in [2] that it cannot be
displaced.

Question 3. Can every point in a Fano moment polytope except for this special
point be displaced by a probe?

After discussions at the conference with Benjamin Nill, it seems that this ques-
tion is closely related to the Ewald conjecture. These ideas will be discussed
further in [5].

2. POLYTOPES WITH MASS LINEAR FUNCTIONS

This is joint work with Sue Tolman. The problem here is to understand
the image of the group m1(7") in the fundamental group (Ham(M ,w)) of the
Hamiltonian group. There is an intermediate group m; (IsomO(M , JA,w)), where
Isomg (M, Ja,w) is the identity component of the group of isometries of the toric
manifold (M,w) with respect to the natural Kahler structure (Ja,w) induced by
thinking of (M, w) as the quotient CV // K, for a suitable subtorus K C T™. (Note:
this Kéhler structure is canonical (depending only on A) because we take N to be
the number of nonempty facets of the moment polytope, i.e. there are no hidden
facets.) Here are a few of our results:

e Isomg (M, Ja,w) is a maximal compact connected subgroup of Ham(M, w).
e For “generic” (M,w), the homomorphism
U:m(T) > m (Ham(M,w))

is injective. (If it is noninjective, A either has a facet that meets all the others or
it has a flat facet, i.e. a facet F' with a product neighborhood F x I.)
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e U has finite image if and only if (M,w) is a product of projective spaces with
the product toric structure.

e The kernel of the homomorphism 71 (T") — 71 (Isomg (M, Ja,w)) can be described
by an explicit formula depending only on A.

e If dim M < 6 then the homomorphism 7 (Isomg(M, Ja,w)) — 71 (Ham(M, w))
is injective provided that M is not a CP2-bundle over CP!. In a subsequent
paper we classify all 8-dimensional manifolds for which this homomorphism is not
injective.

Our analysis is based on studying mass linear functions, i.e. linear functions on
the polytope A whose value at the center of gravity of A depends linearly on the
positions of the facets. For more details see [6].
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Vanishing Theorems for Log Homogeneous Varieties
MIiCHEL BRION

This talk is based on the preprint [5]. The main motivation comes from the
well-developed theory of complete intersections in toric varieties. In particular,
the Hodge numbers of these complete intersections were determined by Danilov
and Khovanskii, and their Hodge structure, by Batyrev, Cox and others (see [7,
2, 13]). This is made possible by the special features of toric geometry; two key
ingredients are the triviality of the logarithmic tangent bundle T'x (— log D), where
X is a complete nonsingular toric variety with boundary D, and the Bott—Danilov—
Steenbrink vanishing theorem for Dolbeault cohomology: H*(X,L @ %) = 0 for
any ample line bundle L on X and any ¢ > 1, j > 0.

A natural problem is to generalise this theory to complete intersections in al-
gebraic homogeneous spaces and their equivariant compactifications. As a first
observation, the preceding two results also hold for abelian varieties and, more
generally, for the “semi-abelic” varieties of Alexeev (see [1]), that is, toric fibra-
tions over abelian varieties. In fact, for a complete nonsingular variety X and a
divisor D with normal crossings on X, the triviality of Tx (—log D) is equivalent
to X being semi-abelic with boundary D, by a result of Winkelmann (see [16]).
Moreover, it is easy to see that semi-abelic varieties satisfy Bott vanishing.
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The next case to consider after these “log parallelisable varieties” should be that
of flag varieties. Here counter-examples to Bott vanishing exist for grassmannians
and quadrics, as shown by work of Snow (see [15]). For example, any smooth
quadric hypersurface X in P?™ satisfies H™ ! (X, Q% (1)) # 0.

However, a vanishing theorem due to Broer asserts that H*(X, L ® Q%) = 0 for
any nef line bundle L on a flag variety X, and all ¢ > j (see [6]). This also holds
for nef line bundles on complete simplicial toric varieties, in view of a recent result
of Mavlyutov (see [14]).

We have obtained generalisations of Broer’s vanishing theorem to any “log ho-
mogeneous” variety, that is, to a complete nonsingular variety X having a divisor
with normal crossings D such that T'x (— log D) is generated by its global sections.
Then X contains only finitely many orbits of the connected automorphism group
AutO(X , D), and these are the strata defined by D. The class of log homogeneous
varieties, introduced and studied in [4], contains of course the log parallelisable
varieties, and also the “wonderful (symmetric) varieties” of De Concini-Procesi
and Luna (see [8, 12]). Log homogeneous varieties are closely related to spherical
varieties; in particular, every spherical homogeneous space has a log homogeneous
equivariant compactification (see [3]).

Our main result asserts that H* (X, L ® QJX) =0 for any nef (resp. ample) line
bundle L on a log homogeneous variety X, and for any i > j+q+r (resp. i > j).
Here g denotes the irregularity of X, i.e., the dimension of the Albanese variety, and
r its rank, i.e., the codimension of any closed stratum (these are all isomorphic).
Thus, g+ r = 0 if and only if X is a flag variety; then we recover Broer’s vanishing
theorem.

We deduce our main result from the vanishing of the logarithmic Dolbeault
cohomology groups, H'(X,L~' ® Q% (log D)), for L nef and i < j — ¢, where
¢ < ¢+ is an explicit function of (X, D, L). The latter statement is optimal, but
we do not know whether H*(X,L ® Q%) = 0 for L nef on log homogencous X,
and ¢ > j.

Since the proof of these results is somewhat indirect, we first present it in the
setting of flag varieties, and then sketch how to adapt it to log homogeneous
varieties. For a flag variety X = G/P, the tangent bundle Tx is the quotient of
the trivial bundle X x g (where g denotes the Lie algebra of G) by the sub-bundle
Rx of isotropy Lie subalgebras. Via a homological argument of “Koszul duality”,
Broer’s vanishing theorem is equivalent to the assertion that H*(Rx,p*L) = 0 for
all ¢ > 1, where p : Rx — X denotes the structure map. But one checks that
the canonical bundle of the nonsingular variety Rx is trivial, and the projection
f: Rx — g is proper, surjective and generically finite. So the desired vanishing
follows from the Grauert—Riemenschneider theorem.

For an arbitrary log homogeneous variety X with boundary D, we consider the
algebraic group G := Aut’(X, D), with Lie algebra g := H° (X7 Tx(—log D)) We
may still define the “bundle of isotropy Lie subalgebras” Rx as the kernel of the
(surjective) evaluation map from the trivial bundle X x g to Tx (—log D), and the
resulting map f : Rx — g. If G is linear, we show that the connected components
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of the general fibres of f are toric varieties of dimension < r. Moreover, any nef
line bundle L on X is generated by its global sections. By a generalisation of
the Grauert—Riemenschneider theorem due to Kolldr (see [9, Cor. 6.11]), together
with a vanishing theorem of Fujino for toric varieties (see [10]), it follows that
HY(Rx,p*L ® wry) = 0 for any i > r. Via homological duality arguments again,
this is equivalent to the vanishing of H* (X LT QJX (log D)) for any such L, and
all i < j—r. In turn, this easily yields our main result, under the assumption that
G is linear.

The case of an arbitrary algebraic group G may be reduced to the preceding
setting, in view of some remarkable properties of the Albanese morphism of X: this
is a homogeneous fibration, which induces a splitting of the logarithmic tangent
bundle, and a decomposition of the ample cone.

The geometry of the morphism f : Rx — g bears a close analogy with that of
the moment map ¢ : Q% — g*, studied in depth by Knop for a variety X equipped
with an action of a connected reductive group G (see [11]). Our construction
differs from that of Knop in general, but they coincide in the case where X is a
G x G-equivariant compactification of a connected reductive group G: one may
then identify Ry with Q4 (log D), and f with the compactified moment map.
As applications, we obtain very simple descriptions of the algebra of differential
operators on X which preserve D, and of the bi-graded algebra H*® (X , 0% (log D)) .
The structure of the latter algebra also follows from Deligne’s description of the
mixed Hodge structure on the cohomology of GG, while the former seems to be
new. It would be very interesting to describe these algebras for larger classes of
log homogeneous varieties.
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Flag Varieties and Gelfand-Zetlin Polytopes
VALENTINA KIRITCHENKO

I describe a relation between geometry of complete flag varieties and combina-
torics of Gelfand—Zetlin polytopes. This is similar to the rich interplay between
toric varieties and their Newton polytopes. For motivation, I will first recall some
well-known results for toric varieties and then outline their partial extension to
the setting where a toric variety is replaced by a regular compactification of an
arbitrary reductive group.

Let X be a smooth complex toric variety of dimension n, and D a very ample
divisor on X. Recall that with a pair (X, D) one can associate a convex lattice
polytope Pp C R™ called the Newton polytope of X (e.g. Pp can be defined as
the convex hull of all Laurent monomials occurring in the defining equation of
D). Many geometric invariants of X can be computed explicitly in terms of the
polytope Pp (see the list below). One of the key ingredients in such computations
is a one-to-one correspondence between G-orbits in X and faces of Pp. This
correspondence preserves dimensions and incidence relations.

e The self-intersection index D™ of the divisor D is equal to n! times the
volume of Pp [7].

e The Picard group of X is isomorphic to the group of virtual lattice poly-
topes analogous to Pp (i.e. having the same normal fan) modulo parallel
translations.

e The Euler characteristic x(D; N...N D,,) of a complete intersection of
hypersurfaces can be computed explicitly for any m < n [7].

e There is an explicit description of the cohomology ring H*(X) by genera-
tors and relations [4]. In particular, there is the following formula for the
intersection product of the divisor D with the G—orbit Or corresponding
to a face I'.

DOr = Y d(v,A)0a4,
ACD
where the sum is taken over the facets A of I'. Here v € I'NZ™ C R" is any
point with integer coordinates, and d(v, A) denotes the integral distance
from v to the face A.

Consider now a more general case. Let G be an arbitrary connected complex
reductive group of dimension n. Note that the left and right actions of G on itself
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are in general different so it makes sense to consider the action by the doubled
group G x G. Let X be a G x G-equivariant compactification of G, that is,
the group G x G acts on X with the open dense orbit isomorphic to G and on
this orbit the action coincides with the action by left and right multiplications.
As in the toric case, X will always consists of a finite number of G x G-orbits.
One way to construct such a compactification is to take a projectively faithful
representation 7 : G — End(V'). Then the closure X, of P(7(G)) in the projective
space P(End(V)) is a G x G equivariant compactification of G. In particular, when
G is a complex torus all projective toric varieties can be obtained in this way.

An important class of G x G—equivariant compactifications consists of regular
compactifications introduced in [3]. These are the closest relatives of smooth toric
varieties. In particular, the closures of all G x G—orbits in a regular compactifica-
tion are smooth and intersect each other transversally. Regular compactifications
include all smooth toric varieties and wonderful compactifications of semisimple
groups of adjoint type.

As in the toric case, with each very ample divisor D one can associate a convex
lattice polytope Pp C RF. Here k is the rank of G, that is, the dimension of a
maximal torus, and Z* C R” is identified with the weight lattice of G. E.g. when
X = X, and D is the divisor of hyperplane section then Pp is the weight polytope
of m. There is a one-to-one correspondence between G x G—orbits in X and orbits
of the Weyl group of GG acting on the faces of Pp. This correspondence preserves
codimensions and incidence relations. In particular, vertices of Pp correspond to
the closed orbits in X, which have dimension n — k and are isomorphic to the
product G/B x G/B of two flag varieties. Again there is a strong relation between
geometry of X and combinatorics of Pp.

e Fix a fundamental Weyl chamber D C R*. Then

D" = n!/ F(z)dx,
PpND

where F is a homogeneous polynomial function on R of degree n — k that
depends only on the group G and not on X and D [5, 2]. In particular, if
GG is a complex torus, then F' = 1.

e The Picard group of X is isomorphic to the group of virtual lattice poly-
topes analogous to Pp and invariant under the action of the Weyl group
modulo parallel translations.

e The Euler characteristic x(Dy N...N D,,) of a complete intersection of
hypersurfaces can be computed explicitly for any m < n [8, 9].

However, no description of H*(X) by generators and relations is known. In order to
obtain such a description it might be useful to consider a bigger polytope Pp CR"
that fibers over Pp N D with fibers equal to the product of two Gelfand-Zetlin
polytopes. Such a polytope has been recently constructed in a much more general
setting [6]. The bigger polytope Pp contains more information about the variety
X. In particular, the self-intersection index D™ is equal to n! times the volume of
ﬁD, exactly as in the toric case.
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In a sense, a regular compactification X is made up of a toric variety (cor-
responding to the smaller polytope Pp) and the product of two flag varieties
(corresponding to the product of two Gelfand-Zetlin polytopes). I hope that the
relation between flag varieties and Gelfand-Zetlin polytopes will help to get new
insights into geometry of regular compactifications of reductive groups.

I will now come to the main object of my talk. Let G be the group GL,(C),
and X = G/B the complete flag variety for G. Recall that with each strictly
dominant weight A of G one can associate the Gelfand-Zetlin polytope @ so that
the integral points inside and at the boundary of @) parameterize a natural basis
in the irreducible representation of G with the highest weight A\. The Gelfand-
Zetlin polytope @ is a convex polytope in R? with vertices lying in the integral
lattice Z¢ C RY. Here d = n(n — 1)/2 denotes the dimension of X.

I have constructed a correspondence between the Schubert cycles in X and some
special faces of the Gelfand-Zetlin polytope [10]. Namely, an I-dimensional face
T" of the Gelfand-Zetlin polytope is assigned to each [-dimensional Schubert cycle
Z using Demazure modules for a Borel subgroup in G. There are some degrees of
freedom in the construction, namely, the same Schubert cycle can be represented
by different faces (different choices of a face correspond to different choices of a
Borel subgroup containing a given maximal torus). For some Schubert cycles, it is
possible to choose a face I' so that combinatorics of I' captures geometry of D very
well (let us call such faces admissible). In particular, admissible faces behave well
with respect to the incidence relation between Schubert cycles. Then the classical
Chevalley formula [BGG] for the intersection product of Z with the divisor Dy on
X corresponding to the weight A has the following interpretation in terms of an
admissible face T'.

DyZr = d(v,A)Za,
ACT

where the sum is taken over the facets A of I' (these correspond to the Schubert
cycles Za of codimension one at the boundary of Zr). Here v is a fixed vertex
of the face I'. Note that in this form the formula is completely analogous to
the formula for toric varieties mentioned above and to the analogous formula for
regular compactifications of reductive groups [9].

Many Schubert cycles can be represented by an admissible face, but not all of
them. In particular, all Schubert cycles that degenerate to a single toric variety
under the Caldero’s construction [11] of toric degenerations of flag varieties can
be represented by admissible faces. However, there are many other examples of
Schubert cycles represented by admissible faces. E.g. for the flag variety of GLs
all Schubert cycles can be represented by admissible faces (although one of the
2-dimensional Schubert cycles degenerates into the union of two toric subvarieties
under the Caldero’s construction). For GLy4, exactly two Schubert cycles can not
be represented by an admissible face. These two cycles are the homology classes
of Schubert cells whose closures in the flag variety are not smooth. I conjecture
that all Schubert cycles defined by Schubert cells with smooth closures can be
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represented by an admissible face. In our joint work with Evgeny Smirnov, we are
currently proving this conjecture.
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Classifying Polytopes via Toric Fibrations
SANDRA D1 Rocco
(joint work with A. Dickenstein and R. Piene)

A toric fibration, f : X — Y is a proper surjective map, with connected positive
dimensional fibers, between a normal toric variety X and a normal variety Y.

A polarized toric fibration is a a toric fibration f : X — Y together with an
ample equivariant line bundle, L, on X.

Standard examples of toric polarized fibrations are given by projective bundles.
Let Lo,...,L; be ample equivariant line bundles on a toric variety X and let
¢ be the tautological line bundle of the vector bundle £ = Lo @ ... & Lg. The
projection 7w : P(E) — X with the ample line bundle g is a toric polarized
fibration. The polytope associated to the embedding (P(E), s§) is an example of
a Cayley polytopes.

Given lattice polytopes Py, ..., P, C R™, let ey, ..., ex, be a basis of Z¥ and ey = 0.
The Cayley sum of Fy,..., Py of order s is defined as

[Po*...x Py]® = Conv((sei, Pi)i=o,... k) C R™HF
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When the polytopes are strongly combinatorially equivalent, defining the inner
normal fan 3, the Cayley sum is called a strict Cayley polytope and it is denoted
by Cayleys.(Po, ..., Py).

The polytope Cayleys,(Pp,. .., Px) defines the polarized toric fibration
(P(Lo®...,Lg),s&) where L; is the ample line bundle on the toric variety X (X),
given by the fan X, defined by the polytope P;, see e.g. [2] for details.

This class of polytopes is particularly interesting because it can be described
by imposing combinatorial and geometrical constraints.

If P C R" is a smooth maximal dimensional polytope then the following state-
ments are equivalent:

(1) There is a § > 0 and strictly combinatorially equivalent lattice polytopes
Py, ..., Pnts defining the normal fan ¥ such that P is affinely equivalent
to Cayleys(Py, ..., Pnis).

2

(2) The smooth toric embedding defined by P has dual defect 4, i.e. the dual
variety has codimension equal to ¢ + 1.

(3) P is a smooth Q-normal polytope with codeg(P) > 22,

(4) Zfaces @#FCP(il)COdlm(F) (dlm(F) + 1)'VOZ(F) = 0

(1) & (2) & (4) is proven in [3].

(1) < (3) is the main result in [2].

In order to understand the equivalence (1) < (3) the notions of codegree and
@Q-normality need to be defined.

For a lattice polytope P C R"™ the codegree is defined as

deg(P) = n + 1 — codeg(P), where codeg(P) = ming{t,(tP NZ")" £ (}.

In [1] Batyrev and Nill classified polytopes of degree 0 and 1 and found that all
have the structure of a Cayley sum. This motivated them to pose the following
question:

Given a positive integer d, does there exist an integer N(d), depending on d,
such that every polytope of degree d and dimension > N(d) is affinely equivalent
to a Cayley sum?

A first answer to this question was given in [4] where it is shown that
N(d) < %. The equivalence (1) < (3) above shows that if P is smooth and
Q@-normal then N(d) = 2d 4+ 1 and the Cayley structure is strict.

The notion of Q-normality is dictated by the geometrical methods used in the
proof. Because strict Cayley polytopes with large fibers are in fact Q-normal, as
showed in [2], this assumption is in fact quite natural.

IfP= ﬂH;;_ai then “by going r steps inwards” one defines P" = QH;,—M—H-
We generalize the notion of codegree as

codegq (P) = inf@{%, (aP)® # 0}.

Moreover we say that a smooth polytope P is r-spanned at a vertex m = N7 H,, _q,
if the point m(r) = NV H,, —q,—r € P". We say that p is r-spanned if it is r-spanned
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at every vertex. The nef value of P is defined as
T(P) = iNfQ{%, aP is b-spanned}.

Finally we say that a smooth polytope P is Q-normal if 7(P) = codegQ(P).
The proof of (1) < (3) is mainly algebro-geometrical and can be outlined as
follows:
e Let (X, L) be the polarized variety associated to the polytope P. We first
show that 7(P) = 7(L) = infr{7, Kx + 7L is nef }.
e Using the description of Pic(P(Lo @ ..., Lx)) we prove that
k+1

S

7(Cayleys (P, . .. ,PnTM)) = codegQ(Cayleylz(Po, ce PnTM)) =

when dim(P;) > £t and the P; are combinatorially equivalent. This
proves (1) = (3).

o Let ¢, : X — Y be the nef-value morphism. Using the hypothesis that P
is Q-normal we prove that this morphism is not birational.

e Finally the hypothesis 7 > ”T'H implies that this is a flat morphism, with
connected fibers and in fact a contraction of an extremal ray of the Mori
cone, which gives X the structure of a fibration, with all fibers isomorphic
to linear projective spaces. This proves (3) = (1).
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Hamiltonian Torus Actions on Generalized Complex Manifolds
Y1 LiN

Generalized complex geometry was introduced by Hitchin [H02] and was further
developed by his students Gualtieri and Cavalcanti. On the one hand, it unifies
both symplectic and complex geometries, and so is well suited to the study of
phenomena related to both, e.g., mirror symmetry. On the other hand, it provides
a natural geometric framework for other structures and physical models of interest
to string physicists.

Recently, there have been considerable interests in extending the techniques
of reduction and quotient construction in symplectic and Poisson geometries into
the realm of generalized complex geometry, cf. [BCGO5], [LT05], [Hu05], [SX05]
and [Va05]. In collaboration with Susan Tolman, I [LT05] extended the notion of
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Hamiltonian actions and Marsden-Weinstein reduction in symplectic geometry to
the realm of generalized complex and generalized Kahler geometries.

In the presence of a Lie group G acting on an n-twisted generalized complex
manifold M, our construction involves a generalized moment map p : M — g*
and a moment 1-form a € (Q'(M) ® g*)¢ for which n + « is an equivariantly
closed 3-form in the Cartan model; moreover, it induces naturally an extended
action of G on TM & T*M. As a first application, we worked out very simple
explicit construction of bi-Hermitian structures on C'P™, the blown-up of C'P"
at arbitrarily many points, Hirzebruch surfaces, many other toric surfaces, and
complex Grassmannians.

As Hamiltonian symplectic geometry is the mathematical theory underlying
classical mechanics, Hamiltonian actions on generalized complex manifolds have
also been found to be something very natural in physics. In particular, it has
been shown by Kapustin and Tomasiello [KT06] that our mathematical notion of
Hamiltonian actions on generalized Kéhler manifolds corresponds exactly to the
physical notion of general (2,2) gauged sigma models with three form fluxes.

To encode the cohomological information of extended group actions on T'M &
T*M, it is not surprising that we need some generalization of the usual equivari-
ant cohomology theory. For the Hamiltonian action of a group G on a generalized
complex manifold M, I [LO7b] observed that the twisted equivariant cohomology
Hg(M,n + «), obtained from the usual equivariant cohomology twisted by the
three form 7 + «, is the right equivariant cohomology theory which carries infor-
mation for the extended action of G on TM & T*M. As an application of this
equivariant cohomology theory, I [LO7b] generalized the Duistermaat-Heckman
theorem in symplectic geometry to generalized Calabi-Yau manifolds in the sense
of Hitchin [HO2]. On the other hand, using the generalized Hodge theory I proved
a stronger version of the Equivariant formality theorem for Hamiltonian actions
on generalized Kahler manifolds.

Y. Nitta [NY07b] proved in a recent interesting work that the generalized mo-
ment map for a compact Hamiltonian generalized complex T-space has very nice
Morse-Bott properties . Building on Nitta’s result, T. Baird and I [BLOS] es-
tablished the Equivariant formality, Kirwan injectivity and surjectivity results
for Hamiltonian torus actions on compact twisted generalized complex manifolds.
More specifically, consider the Hamiltonian action of a torus 7" on a compact 7-
twisted generalized complex manifold with a generalized moment map p : M — t*
and a moment one form o € QT (M) ® t*. The following results were proved in
[BLOSJ>.

1) (Equivariant formality) The twisted equivariant cohomology Hr (M ;n+
@) is isomorphic to H(M;n) ® St*, where H(M,n) is the usual de Rham
cohomology group twisted by the closed three form 7.

1Using this result, Nitta himself generalized the Atiyah-Guillemin-Sternberg convexity theo-
rem to the setting of Hamiltonian generalized complex torus actions.

2Indeed, we proved these results in a slightly more general setting which for instance includes
the Kirwan injectivity and surjectivity for ordinary equivariant cohomology as special cases.
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2) (Kirwan injectivity) The localization map
i+ Hp(M;n + o) — He (M0 + a)

is an injection, where i* is induced by the inclusion map i : M7 — M
from the fixed point set M7 to M.
3) (Kirwan Surjectivity) For a regular value a € t* of y, the Kirwan map

Hy(M;n+a) — H(p"'(a);n +a)
is a surjection.

The Equivariant formality and the Kirwan package plays an important role in
equivariant symplectic geometry. Their generalized complex analogues are also
essential of our understanding of Hamiltonian torus actions in generalized complex
geometry. For instance, as a first application of these results, T. Baird and I
[BLO8b] proved that if there is an effective Hamiltonian action of a k dimensional
torus on an n-twisted generalized complex manifold and if the closed three form 7
is cohomologically non-trivial, then k£ <n — 2.

The notion of Hamiltonian generalized complex manifolds introduced in [LT05]
is a direct generalization of that of Hamiltonian symplectic manifolds. It is a very
natural question to ask to which extent Hamiltonian generalized complex manifolds
are more general than Hamiltonian symplectic manifolds. To date, there are two
different constructions of compact examples of Hamiltonian torus actions on (non-
symplectic) generalized complex manifolds.

Resorting to the minimal coupling construction, I constructed first such exam-
ples in [LO7b]. In the simplest case, suppose that we have the following initial
data:

e a generalized complex manifold M;
e the sphere S? equipped with the area form and the action of S! by rotation.

Applying this construction, we get a fibration X — M with fiber S? together with
a generalized complex structure on the total space X. The action of S' on each
fiber S? extends to a global action on X which is Hamiltonian in the sense of
[LT05].

More recently, Baird and I [BLO8b] found a large class of interesting new ex-
amples of Hamiltonian generalized complex torus actions. For instance, by using
a surgery technique, out of any given Hamiltonian symplectic T™-space M?" we
obtain a Hamiltonian generalized complex T™ 2-space X 2" which has a cohomo-
logically non-trivial twisting. It will be very interesting to use these examples
to study the similarities and differences between Hamiltonian symplectic torus
actions and Hamiltonian generalized complex ones.
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Tropicalization of Subvarieties of Toric Varieties and Nonarchimedean
Analytification

SAM PAYNE

In the first half of this talk I presented a framework for understanding trop-
icalizations of toric varieties as orbit spaces under nonarchimedean analogues of
compact tori. In this setup, the tropicalization of a subvariety of a toric variety is
just its image in this orbit space.

In the second half of this talk I discussed nonarchimedean analytification follow-
ing Baker’s account [1] of Berkovich’s work [2], and its relation to tropicalizations
of closed embeddings in toric varieties. All of the results and proofs presented work
over any algebraically closed field with a nontrivial valuation, but I restricted to
the case of a specific field of generalized power series for simplicity.

Let K = C((t®)) be the field of generalized power series with complex coef-
ficients and real exponents. A generalized power series ¢ € K is a formal sum
a = ,cg ait’ such that the support supp(a) = {i € R | a; # 0} is well-ordered.
Let v : K* — R be the valuation taking a generalized power series to its leading
exponent, the minimum of its support set. Associated to this valuation we have a
nonarchimedean norm | | on K given by

la| = exp(—v(a)).
Inside of K, we have the valuation subring R = {a | v(a) > 0}, and the multi-
plicative group of invertible elements of R is R* = {a | v(a) = 0}.
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Since K and C are uncountable algebraically closed fields of characteristic zero,
algebraic geometry over K and C are extremely similar. However, the metric
geometry over K with respect to the nonarchimedean norm above feels like a world
apart from the usual metric geometry over C. Comparing these two geometries
suggests the following analogy.

| Nonarchimedean | Archimedean |

K C
K* C*

v —log]| |
R D?
R* 51

Here, D? is the unit disc of complex numbers of absolute value at most one,
and S! is the unit circle of complex numbers of absolute value exactly one. In
particular, (R*)"™ may be thought of as analogous to the maximal compact torus
in the algebraic group (K*)™. Given an algebraic variety X over K with an action
of (K*)™ it is then natural to consider the geometry of the orbit space X/(R*)™.
Tropical geometry may be thought of as the geometry of such orbit spaces of toric
varieties, as follows.
Let X be the toric variety over K associated to a fan A in R".

Example 1. Suppose X is the one-dimensional torus K*. Two points in K* differ
by an element of R* if and only if they have the same valuation. Therefore, the
map taking the orbit of a point a in K* to v(a) gives a natural identification

K*/R* = R.
The traditional tropicalization map
(K*)n Trop R"™

taking a point (aq,...,a,) to its coordinatewise valuation (v(a1),...,v(a,)) is
naturally identified with the projection to the orbit space (K*)"/(R*)™ = R".

Example 2. Suppose X is the n-dimensional affine space K™. Let R be the
extended real line R U co, with the topology of a half-open interval. Extend the
valuation to a map v : K — R by setting v(0) = co. Then the tropicalization map
extends to a projection

K" —- R",
where R™ = K™/(R*)™ is the corresponding orbit space.

Example 3. Suppose X is smooth and complete. Then X is a union of affine
spaces |J, K" indexed by the maximal cones o of A, so the orbit space X/(R*)"
is a corresponding union (J_, R".
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For any rational polyhedral cone o in R, let S, be the monoid oV NZ" of lattice
points in the dual cone. So K[S,] is the coordinate ring of the corresponding affine
toric variety U,. The extended real line R is a monoid under addition, and a point
z € U, induces a monoid homomorphism from S, to R through the composition

K[S,] & K 4 R.

It is then straightforward to check that there is a natural identification U, /(R*)™ =
Hom(S,,R). Now if 7 is a face of o, then S, is a submonoid of S;, giving an
inclusion Hom(S,,R) — Hom(S,,R). If X is an arbitrary toric variety, the orbit
space X/(R*)™ is the space

X/(R*)" = | J Hom(S,,R)
gEA
obtained by gluing along these inclusions.

Let Y be an algebraic variety over K. Then we propose that the tropicalization
Trop(Y,¢) of an embedding ¢ : Y < X should be defined as the image of ¥ in
X/(R*)™. In the second half of this talk, I discussed how, when Y is quasiprojec-
tive, the analytification of Y is naturally homeomorphic to a suitable inverse limit
of such tropicalizations of all embeddings of Y in toric varieties, following [3], and
conjectured how this result might be extended to nonquasiprojective varieties.
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Bounds on Nef Cones from Toric Embeddings
DIANE MACLAGAN
(joint work with Angela Gibney)

The goal of this project is to obtain bounds on the nef cone of projective variety
from embeddings of the variety into suitably chosen toric varieties.

The nef cone of projective variety Y is a convex cone in the Neréon-Severi space
NS(Y)r of divisors modulo numerical equivalence, which is a finite-dimensional
vector space. The cone nef(Y) is the closure of the cone of ample divisors. It is
dual to the Mori cone of curves:

nef(Y) = {[D] € NS(Y)r : [D] - [C] > 0 for all curves C C Y'}.

The nef cone thus contains information about projective embeddings of Y, and
morphisms to other varieties (such as the fibrations discussed in the talk of Di
Rocco). While the nef cone of Y is convex, it is not necessarily polyhedral.
Embeddings of Y into an auxiliary variety Z give some information about
nef(Y). The most elementary, but least useful, example of this phenomenon is
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to take Z = P for some N. If i: Y — PV is an embedding, then i*(O(1)) is very
ample on Y, and moreover i*(nef (PY)) C nef(Y).

It is more useful to apply this principle to varieties Z for which the rank of
NS(Z)g is larger and i* is surjective. In this project we focus on the case where
Z is a toric variety, which has the advantage that the Neron-Severi group and the
nef cone are well-understood.

Let X(X) be a toric variety defined by a fan ¥ C R™. For simplicity of expo-
sition we assume that X (X) is smooth in what follows, though versions of these
results hold with only minor modifications in the nonsmooth case. The rays ¥(1)
of ¥ determine the torus invariant divisors D1i,..., Digy of X(X). We have
NS(X(E)r = RFMI=" " which comes from the standard toric short exact se-
quence

0— M — Z=1 = Pic(X(2)) — 0,

where M 22 7" is the dual lattice to the lattice N C R™ containing the fan.
When X (X) is smooth projective toric variety then we have the following three
equivalent descriptions of the nef cone:

(1) nef(X (X)) is the cone of globally generated divisors;
nef(X (X)) = ﬂ pos([D;] : i & o);

[

(2) nef(X (X)) is the cone of divisors whose restriction to every T-invariant
subvariety is effective;

(3) nef(X (X)) is the cone of all divisors that nonnegatively intersect all T-
invariant curves.

Each of these descriptions has an alternative description in terms of the con-
vexity of piecewise linear functions on the fan 3.

Note that if i: Y — X (X), then i*(nef(X(X))) C nef(Y). It is often the case
that Y does not intersect every T-orbit of X(X), so there is a toric subvariety
X(A) € X(X) containing Y. A simple example of this is given by the inclusion
of P! into P? as the variety of the polynomial z¢ + =1 + 22, which misses the
torus-fixed points of P2,

When A is not complete, we can still define variations of the previous cones,
though they are no longer still all equal.

Definition. Let A be a (not necessarily complete) fan in R”.

(1) Let G(A) be the cone in Pic(X(A))r of globally generated divisors on
X (A).

(2) Let L(A) be the cone in Pic(X (A))g of divisors whose restriction to every
T-invariant subvariety is effective.

(3) If every maximal cone of A is d-dimensional, given w € RI2(@I (which
represents a class in Az(X(A))), let U(A,w) = {[D] € Pic(X(A))r :
[D] - [O,] - [w] > 0 for all 0 € A(d — 1)}, where O, is the closure of the
T-orbit on X (A) indexed by o.
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We have G(A) C L(A) CU(A,w), and both inclusions can be proper.

If C'is a curve in Y with CNT # (), and i: Y — X(A), then [C] -4*([D;]) can
be computed from the data of Trop(C'NT'). This gives rise to the definition of the
intersection number of a divisor on X (A) and a tropical curve. The cone L(A)
equal to the cone of all divisors on X (A) which nonnegatively intersect all tropical
curves. Since not every tropical curve is the tropicalization of a curve in Y, it is
possible to have i*(L(A)) C nef(Y).

The motivation for the definition of U (A, w) comes from letting w be the class
of Y under a given embedding i: Y — X (A). If the embedding is sufficiently nice
(if the tropical variety of Y NT is the support of the fan A [2]), then Y N O, is a
curve for all 0 € A(d), and i*(U(A, w)) is those divisors in NS(Y')r that intersect

Theorem (Gibney, Maclagan). Let i: Y — X (A) be an embedding of a projective
variety Y into a toric variety X (A). Then

(1) #*(G(8)) = Uncragys i (nef(X(E))) € nef(Y);

(2) If i* is surjective, then L(A) C nef(Y);

(3) If Trop(Y NT) = (A, w) then nef(Y) CU(A, w).

When Y is a Mori Dream Space [3] (so its Cox ring is finitely generated; see the
talk of Hausen), there is a natural toric variety X (A) into which ¥ embeds, which
can be chosen so that Y intersects every torus orbit of X(A). Then nef(Y) =
1*(G(A)). Tt is important to note that this equality depends on choosing this
toric embedding carefully. For example, a generic del Pezzo surface Y = Blg(P?)
embeds into a fourteen dimensional toric variety obtained from regarding Y as the
tropical compactification of the line arrangement of all lines through six general
points in the plane [4, Example 4.1]. For this toric embedding we have i*(L(A) C
nef(Y) C U(A,[Y]), even though Y is a Mori Dream Space.

Our motivating example is the moduli space My, of stable genus zero curves
with n marked points. This is the Deligne-Mumford compactification of the (n—3)-
dimensional moduli space My , parameterizing isomorphism classes of arrange-
ments of n distinct points on P'. The boundary Mo,n \ My, has a combinatorial
stratification where the codimension-k strata consists of those stable curves with
k nodes. The components of the codimension-(n — 4) strata are thus curves in
Mo,n, which are known as F-curves. Fulton conjectured that a divisor on Mo,n
is nef if and only if it nonnegatively intersects every F-curve. This is known only
for n < 7. There is a toric embedding i: Mg, — X(A) (see [4], [1]) for which
this conjecture is equivalent to the claim nef(My.,) = U(A,[My,]). For n < 6
we have £(A) = U(A,[My,]), which provides a simple conceptual proof of the
F-conjecture for this range.
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Torus Invariant Divisors
NATHAN OWEN ILTEN
(joint work with Lars Petersen, Hendrik Sif})

We shall consider a complete, normal n + 1-dimensional variety X admitting an
effective codimension-one torus action with good quotient. Such varieties are a
special case of T-varieties as described in [1]. Analog to the case of a toric variety,
we describe invariant Cartier divisors in terms of combinatorial data, and show
how these data can be used to obtain further information such as global sections,
intersection numbers, and criteria for ampleness and semi-ampleness. If further-
more X is a smooth surface, we calculate the arithmetic genus of curves on X as
well as the Euler characteristic of semi-ample line bundles.

Each variety X as above can be described in terms of a fansy divisor. Let N
be a lattice of rank n with dual lattice M and let Y be a smooth projective curve.
A fansy divisor is simply a formal finite sum

:ZEP®P

PeYy

(1]

where the Zp are polyhedral subdivisions of N ® Q all with some common tailfan
Y.. In this case, finite means that for all but a finite number of points in Y,
Zp = X. Starting with a fansy divisor =, we can construct a complete, normal
variety X = X (Z) with effective codimension one T-action and good quotient ¥
as described in [2] and [3]. In fact, all complete, normal varieties with effective
codimension one T-action and good quotient Y can be constructed this way.

Let SF(Z) be the group of all support functions consisting of finite formal sums

h=> hp®P
PeY

where for each P, hp : Ep — Q is a continuous piecewise affine function such that
for k e N,v e NQ, if kv € N it follows that khp(v) € Z. Furthermore, for
all v € N ®@ Q, the linear part h°(v) := limy_ oo hp(kv)/k should be independent
of P. That the above sum is finite means that hp = h° for all but finitely many
PeY.

We call a support function h € SF(Z) principal if it has the form h(v) =
> pey(ap+(u,v))®P whereu € M and ) p.y apP = div(f) for some f € K(Y).
To such a principal support function h we can associate the T-invariant principal
divisor Dy, := div(f~1x~%). For some general support function h we can find
a T-invariant cover of X such that h is locally principal and thus associate to
it a Cartier divisor Dp. This induces a group isomorphism between SF(E) and
T-invariant Cartier divisors on X.
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To h € SF(Z) we can associate the polytope
Op={ueM®Q| (u,v) >h’v)VveN®Q}

as well as the function h* : O, — DivgY, where h* =3,y h}p ® P and for all
P cY, hp(u) = ming, vertex in =5} (%, v) — hp(v). Using this, we can write the
global sections of O(Dy,) as

F(XaO(Dh)) = @ F(Y,O(h*(u)) ’ Xu'

wed,NM

There are also nice criteria for the ampleness and semi-ampleness of a divisor
Dy,. Indeed, Dy, is ample if and only if h is strictly concave and h*(u) is ample
for all vertices u of Oy. Likewise, Dy, is semi-ample if and only if h is concave and
h*(u) is semi-ample for all vertices u of Oj,.

If Dy, is a semi-ample divisor, then the self-intersection number DZH can also
be calculated combinatorially. Indeed,

Dyttt = (n+ 1)!/ Z h* (u)du.
Br pey

There is a similar formula for the intersection number of n+ 1 (possibly different)
semi-ample divisors.

Now consider the case n = 2 and suppose additionally that X is smooth. For a
support function h € SF(E) set

inth = Z Z #{a € Z>ola < |hp(u)|} sgn(hp(u)).

PEY ue€D;,NM
If Dy is semi-ample, then we can calculate the arithmetic genus of any curve
C € |Dy| by
g(C) =inth+1+volOy - (g(Y) —1).
By using the adjunction formula, this leads to the equation

X(X,0Dn) = > x(Y,0(h"(u))).

wed,NM
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The Tropical Vertex
BERND SIEBERT

(joint work with Mark Gross, Rahul Pandharipande)

The global vector fields on the algebraic 2-torus T? = Speck[z*!,y*!] are gen-
erated by x0,, y0y.! Accordingly the connected component of the identity of
Aut(T?) is just G2,/k. A much more interesting structure is obtained if one works
over a complete local k-algebra (R, m) such as k[t]. Restricting to automorphisms
preserving the logarithmic holomorphic volume form df A % and gauging out the
rescaling automorphisms generated by z0,, yOy leads to an algebraic group over R
that we call the tropical vertex group Vg. This is an extremely interesting group,
introduced by Kontsevich and Soibelman [4] in their construction of rigid analytic
K3-surfaces. In [3] it turned out to be something like the engine of mirror sym-
metry, and from this work it can be expected to be related to virtually any object
turning up in mirror symmetry. This may explain its appearance in wall crossing
formulas for BPS-state counting [5], [7]. While [3] was a complex geometry (“B-
model”) application of the tropical vertex, we give here the first interpretation on
the mirror side (“A-model”) via curve counting.

Explicitly, write M = Z? and N = Hom(M, Z). Then the tropical vertex group
Vg is the projective limit of the unipotent groups over the Artinian k-algebra
Ry = R/m* with generators

g : 2" — flromlym
Here we used the identification Ry[z*!,y*!] = Ri[M], f € Ri[M] is of the form
f=1+ Z agzdmo

d>0
with ag € m, mg € M \ {0}, and ng € mg N N. So @ is the identity modulo m,
and 6(z™0) = z™0. The other monomials 2™ are multiplied by a power of f, the

exponent depending on the integral distance of m from ng, the line through my.
In particular, Vg is a pro-unipotent algebraic group over R.

An even smaller set of generators depends only on mg = (a,b) € M \ {0} and
some ¢ € m leading to

s (14 cxy®)~bw
Oap(c) : { e
y— (L+cx"y”)%y
Ordering the generators by the slope R>gmg counterclockwise leads t the notion
of ordered products in Vi. These can be graphically described as follows. A ray
0 is a half-line in R? together with an f, € R as above with +mg on the half-
line. We think of f as travelling along the ray, so the case 0 = R>gmy is called
outgoing, © = —R>¢mg incoming. A ray 0 defines a generator ¢, uniquely by
taking no the primitive generator of mg- N N that increases when passing the ray
in counterclockwise direction. Note that generators pointing in the same direction

IWe work over a field k of characteristic 0
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commute. Thus any set of rays © = {0} with only finitely many non-trivial rays
modulo m* for any k, called a scattering diagram, defines an ordered product

oo =[] ¢,

0ED

depending only on the choice of starting direction, and hence well-defined up to
conjugation. It is an important observation of [4] that given any finite set of
incoming rays there is an essentially unique way of inductively inserting outgoing
rays in such a way that ©p = Id for the scattering diagram ® thus obtained.

Our main result is an interpretation of the functions f,, 0 € ® an outgoing ray,
for given incoming rays, in terms of relative genus 0 Gromov-Witten invariants on
toric surfaces.

Theorem. Let R =K[s1,...,Se,t1,...,te] and assume my, mo € M\ {0} differ-
ent and primitive. Let ® be the scattering diagram obtained from the incoming
rays (017 f01)a (DQ, f32) with

£y L2

for = [T +5e2™), fo, = [T+ tez™).
&=1 ¢=1

If 0 € D is an outgoing ray with meyus := mo € Qsom1 + Q=gms, then

log fo = i Z k Npn[P] sF1 P2 pkmon

k=1 P=(P1,P2)
where the sum is over all ordered partitions P; of length ¢; satisfying
|P1|m1 + |P2|m2 = kMmout-

In the theorem Ny, (P) is a relative Gromov-Witten invariant related to the
toric surface X with rays —R>om1, —R>oma, R>omous as follows. Let Dy, Do,
Dyt be the toric prime divisors of X. We implement a curve count with incidence
of given multiplicities at ¢; points x;; € D; by taking the blow-up X of X in ¢;
different points in the big cell of D;. For P; = (pi1,...,pu;) let 8 € Ha(X,Z)
be the homology class of the strict transform of a curve in X intersecting D; at
x;; with multiplicity p;;. Let X° be the complement of the preimages of the 0-
dimensional torus orbits of X. Then Ny (P) is the genus 0 Gromov-Witten of X°
in class 3 relative to the preimage D¢, of Doy, with full tangency at only one
point of D¢ .. This is a virtual count of rational curves on X intersecting D; only
in the points z;;, of order p;;, and with Dy at only one point. While this is a
virtual count on an open surface one can show that there is enough properness in
the relevant moduli space of relative stable maps to define the virtual count.

Theorem generalizes in a straightforward manner to any number of incom-
ing rays. However, the most general ordered product formulas also involve non-
primitive m;’s. The solution for this case involves orbifold versions of the Ny, (P),
with the orbifold structure on the exceptional divisors of X.
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On Cox Rings of (Some) K3-Surfaces
JURGEN HAUSEN
(joint work with Michela Artebani, Antonio Laface)

This is a report on a joint article with Michela Artebani and Antonio Laface,
where we determine the Cox rings of certain K3-surfaces, see [1]. Recall that the
Cox ring R(X) of a normal complete complex algebraic variety X with a free
finitely generated divisor class group Cl(X) is the multigraded algebra

R(X) = @ I(x,0x(D)).

C1(X)

A first basic problem is to decide if the Cox ring R(X) is finitely generated.
A normal surface X has a finitely generated Cox ring if and only if its cones
of effective and movable rational divisor classes both are polyhedral and every
movable divisor on X has a basepoint free positive multiple. As a consequence,
we obtain the following characterization.

Theorem. A K3-surface has finitely generated Cox ring if and only if its cone of
effective rational divisor classes is polyhedral.

The second basic problem is to describe the Cox ring R(X) in terms of gen-
erators and relations. We first consider K3-surfaces X having Picard number
o(X) = 2. In this setting, if the effective cone is polyhedral, then it is known that
its generators are of self intersection zero or minus two. For the case that both
generators are of self-intersection zero, we obtain the following.

Theorem. Let X be a K3-surface with Cl(X) = Zw; @ Zws, intersection form
given by w? = w3 = 0 and wy-wy = k > 3, and assume that wy, wo are effective.

(1) The effective cone of X is generated by w; and we and it coincides with
the semiample cone of X.
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(2) The Cox ring R(X) is generated in degrees wy, we and wy + we, and one
has

dim (R(X)w,) = 2, dim (R(X)w,1uw,) = k+2.

In particular, any minimal system of generators of R(X) has k + 2 mem-
bers.

(3) For k = 3, the Cox ring R(X) is of the form C[T4,...,T5]/(f) and the
degrees of the generators and the relation are given by

deg(Ty) = deg(Ts) = wy, deg(Ty) = deg(T5) = wa,
deg(Ts) = wy + wa, deg(f) = 3wy + 3wo.

(4) For k > 4, any minimal ideal Z(X) of relations of R(X) is generated in
degree 2wy + 2ws, and we have

k(k — 3)
.

The statements on the generators are directly obtained, and for the relations,
we use the techniques developed in [4]. When at least one of the generators of the
effective cone is a (—2)-curve, then the semiample cone is a proper subset of the
effective cone. We show that in this case the number of degrees needed to generate
the Cox ring can be arbitrarily big by giving a lower bound for this number in
terms of the intersection form of C1(X).

For the K3-surfaces X with Picard number o(X) > 3, we use a different ap-
proach. A basic fact is that most K3-surfaces X with o(X) > 3 and polyhe-
dral effective cone admit a non-symplectic involution ¢ € Aut(X), i.e., one has
oc*wx # wx. The associated quotient map 7: X — Y is a double cover. If it
is unramified then Y := X/(o) is an Enriques surface, otherwise Y is a smooth
rational surface. In the latter case, one may use known results and techniques to
obtain the Cox ring of Y.

This observation suggests to study the behaviour of Cox rings under double
coverings m: X — Y. As it may be of independent interest, we consider more
general, e.g., cyclic, coverings m: X — Y of arbitrary normal varieties X and Y.
We relate finite generation of the Cox rings of X and Y to each other and provide
generators and relations for the Cox ring of X in terms of 7w and the Cox ring of
Y for the case that 7 induces an isomorphism on the level of divisor class groups.
This enables us to compute Cox rings of K3-surfaces that are general double covers
of Fy or of del Pezzo surfaces.

Besides F and the del Pezzo surfaces, other rational surfaces Y = X/(o) can
occur. For 2 < o(X) < 5, these turn out to be blow ups of the fourth Hirzebruch
surface Fy in at most three general points, and we are in this setting if and only
if the branch divisor of the covering 7: X — Y has two components. Then, in
order to determine the Cox ring of X, we have to solve two problems. Firstly, the
computation of the Cox ring of Y. While blowing up one or two points gives a
toric surface, the blow up of F4 in three general points is non-toric; we compute
its Cox ring using the technique of toric ambient modifications developed in [3].

dim (I(X)le +2ws2 )
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A further problem is that 7: X — Y induces no longer an isomorphism on the
divisor class groups. We obtain the following results in the case of Picard number
2 < o(X) <5.

Theorem. Let X be a generic K3-surface with a non-symplectic involution and
associated double cover X — Y and Picard number 2 < p(X) < 5. Then the Cox
ring R(X) is given as follows.
(1) For o(X) = 2 one has R(X) = C[T1,...,T5]/(T2 — f) and the degree of
T; is the i-th column of

1010 2 .
[01012_ it Y o= K,
10 -1 -1 -1 .
[01 1 1 3| ity =,
1020 3 . 7
[01416_ it Y =T

(2) For o(X) = 3 one has R(X) = C[T1,...,Ts]/(T¢ — f) and the degree of
T; is the i-th column of

if Y = BlL(Fo),

S O =
o~ o

0
0
1

=

if Y = BL(Fy).

_ = O _ =0

S O =

S = O

—_ o O

W = N
\

(3) For o(X) = 4 one has R(X) = C[T1,...,T7]/(T? — f) and the degree of
T; is the i-th column of

1000 1 0 27

0100 0 1 2 .

0010 1 1 3 if ¥ = Bly(Fo),
0001 -1 —1 —1 |

10002 0 3]

01003 15 . 7
0001 2 1 4,

(4) For p(X) =5 one has the following two cases.
(a) The surface Y is the blow up of Fy at three general points. Then the
Cox ring R(X) of X is

(C[Tl,-- -,Tll]/<f17-' 'af57 T121 _g>7
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where f1,...

relations in 77, ..

0 0 0O
1.0 00
0 1 0O
0 010
0 0 01

-1

-1

-;TIO] and fl; e
., T19. The degree of T; is the i-th column of

,fs,9 € Cl[T,..
1 1 1 1 1
-1 -1 0 0
0 0 -1 -1
0 -1 0 -1 0
0 0 -1 0 -1

1
0
0
-1
-1

, [5 are the Pliicker

— = =W

(b) The surface Y is the blow up of 4 at three general points. Then the
Cox ring R(X) of X is

C[Ty, ..., To) /(ToTs + TyTs + TrTs, T¢ — f),

where f € C[Ty,..
T; € R(X) is the i-th column of

0

OO OO
S O O

0

o O = O

0

o= O O

.,Tg] is a prime polynomial and the degree of

0

— o O O

0
1
-1
1
0

-2
-2
-1
-1

1

2
3
1
2
-1

— o O

If Y = X/(o) is a del Pezzo surface, then the Cox ring of Y is known by [2]
and [4]. We obtain the following for the Cox ring of X.

Theorem. Let X be a generic K3-surface with a non-symplectic involution, asso-
ciated double cover 7: X — Y and intersection form U(2)EBA’1“72, whereb < k <09.
Then Y is a del Pezzo surface of Picard number k£ and

(1) the Cox ring R(X) is generated by the pull-backs of the (—1)-curves of Y,
the section T' defining the ramification divisor and, for £ = 7, the pull-back

of an irreducible section of H(Y, —Ky),

(2) the ideal of relations of R(X) is generated by quadratic relations of degree
7*(D), where D? = 0 and D-Ky = —2, and the relation T2 — f in degree
—27*(Ky), where f is the pullback of the canonical section of the branch

divisor.
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Exceptional Loci and Toric Models of Mg’n
JENIA TEVELEV
(joint work with Ana-Maria Castravet)

Let X be a Q-factorial projective variety. The basic gadgets encoding combi-
natorics of its birational geometry are the Mori cone NE and the effective cone
Eff. By Kleiman’s criterion, the cone Nef C Eff dual to NE is nothing but the
nef cone (the closure of the ample cone). One has a polyhedral decomposition of
Eff into cones called Mori chambers (Nef is one of them). If X is very nice (a so
called Mori Dream Space) then this is a finite decomposition, all Mori chambers
are rational polyhedral cones and correspond to birational contractions X --+ Y,
i.e. birational maps with Q-factorial Y such that for any resolution X «— W — Y,
Exc(W — X) C Exc(W — Y). If Y is toric then we call it a toric model of X.
The most familiar examples of birational contractions are small modifications, for
instance flops.

Let Mo,n be the moduli space of stable rational curves with n marked points.
Mo,n is stratified by the topological type of a stable rational curve and so it has
“natural” boundary effective divisors. For example, M075 is isomorphic to the
blow-up of P? in 4 points, and boundary divisors are the ten (—1)-curves. They
generate Eff(Mg5) = NE;(Mgs). For n = 6, Keel and Vermeire showed that
Eff(Mp ) is not generated by classes of boundary divisors. Up to symmetries,
there is only one extra divisor for Mo,fj, which we call the Keel-Vermeire divisor.
There are at least two known geometric description of the Keel-Vermeire divisor,
but they do not easily generalize to higher n. We introduce a new description,
which does generalize and gives many new divisors for each n. We also construct
very interesting toric models of Mo,n- Before our work, essentially the only known
toric model of Mo,n was the permutohedron toric variety studied by Losev and
Manin.

To introduce our approach, let us give the following (very close) analogy, which
we find useful. Suppose C is a general smooth curve of genus g. Let ng 11 C
Pic?*! be the locus of line bundles with h°(L) > 1 and let G}, , be its canonical
blow-up parameterizing pencils of degree g + 1. By the Brill-Noether theory,
Wy = PicfT(C), G,y is smooth, and the morphism G},, — W, ; has an
exceptional divisor F contracted to the locus Wg2 1 (of codimension 3 in Picf™!).
So we see immediately that E generates an edge of E(G; 4+1). For example, if
C C P? is a smooth quartic curve (of genus 3) then G} is a blow-up of Pic* in one
point weo € Pic?*.

This is exactly what we do to produce exceptional loci on Mo,n, except that we
take a very reducible hypergraph curve instead of a smooth curve. To continue
with the previous example, let C C P? be the most degenerate quartic curve,
namely the union of 4 lines. Then Pic* ~ G, (more precisely, we take line bun-
dles with degree 1 on each line) and it has a canonical compactification, namely
the compactified Jacobian Pic of torsion-free sheaves on C' semi-stable w.r.t. the
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canonical polarization. It is a toric variety and its polytope is a rhombic dodeca-
hedron. Pic is not Q-factorial, but if we blow-up its 6 singular points, we will get
a Q-factorial toric variety Y. Let G4(C) be the blow up of Y in a single point,
namely the log-canonical line bundle we C Pic. Then it turns out that Gl is a
small modification of Mo,fj, Y is its toric model, and an exceptional divisor over
wc is a proper transform of the Keel-Vermeire divisor! To see how M(m enters the
scene, notice that My ¢ naturally embeds in G§(C), namely each choice of 6 points
in P! gives a natural degree 4 map C — P! which sends nodes of C to prescribed
6 points.

Quite remarkably, tt turns out that almost any degeneration of a genus g curve
to a union of rational curves (and the choice of g + 1 of these components) gives
rise to a new extremal divisor of M 3.
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Torus Actions of Complexity One
DwMITRI A. TIMASHEV

The theory of toric varieties is now classical [4]. The general philosophy behind
this theory is that the classification and geometric properties of toric varieties are
expressed in terms of combinatorial data from convex geometry (polyhedral cones,
fans, polytopes, etc). A natural question arises: can this philosophy be extended
to arbitrary torus actions on algebraic varieties?

Let T = (C*)" be a complex algebraic torus acting on a complex algebraic
variety X. The complezity ¢(T,X) is the codimension of generic T-orbits in X.
Without loss of generality we may assume that the action is effective, i.e., generic
T-orbits have trivial stabilizers. Every torus action admits a rational section, i.e.,
X is birationally and T-equivariantly isomorphic to 7' x Z with T acting thereon
by translations of the first factor. Obviously, ¢(T, X) = dim Z.

Toric varieties are exactly those of complexity 0. In this talk we give a com-
binatorial description of torus actions of the second level of complexity, i.e., of
complexity 1, in the language of convex geometry in the same spirit as for toric
varieties. We restrict our consideration to normal T-varieties.

In the case of complexity 1, Z is an algebraic curve, which may be assumed
smooth and projective. The curve Z is a birational invariant of the T-action,
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which determines its birational type. The problem which we address is to classify
normal T'-varieties X birationally and T-equivariantly isomorphic to T' x Z.
The starting point is the following theorem, due to H. Sumihiro:

Theorem 1. Let an algebraic torus 7" act on a normal variety X. Then every
point z € X has a T-stable affine open neighborhood.

By this theorem, X is covered by finitely many T-stable affine charts X;. Thus
the classification of T-varieties of complexity 1 reduces to two problems: (1) Clas-
sify affine T-varieties of complexity 1; (2) Indicate how to patch them together.

First suppose that X is affine. It is determined by its coordinate algebra C[X].
The latter is a finitely generated integrally closed algebra, whence

CX|={feC(TxZ)|vp(f) >0, VD C X},

where D ranges over all prime divisors in X and vp denotes the valuation of
the field of rational functions C(T x Z) corresponding to D, i.e., the order of a
function along D. Furthermore, it is easy to see that the set of vp corresponding
to non-T-stable D does not depend on X and

{f | vp(f) > 0 for each non-T-stable D} = C[T] ® C(Z).

Hence X is uniquely determined by the set V(X) of the T-invariant valuations
corresponding to the T-stable prime divisors in X.

Now we describe T-invariant discrete valuations of C(T" x Z) taking values in Q
(T -valuations in short). They are completely determined by the restriction to the
multiplicative group of T-eigenfunctions, which is isomorphic to A x C(Z), where
A ~ 7" is the weight lattice of T'. Restricting a valuation to A and C(Z), in turn,
we obtain a vector v € H := Hom(A, Q) ~ Q" and a valuation hv, of C(Z), where
he€Q4, z € Z, and v, is the order at z of a function on Z.

Proposition 1. The T-valuations of C(T x Z) are in a 1-1 correspondence with
the triples (v,h,2), v € H, h € Q4, z € Z, modulo the equivalence relation
(7,0,21) = (7,0, 22), Vz1, 20 € Z. Hence the set of T-valuations is identified with
V = U.cz V., where the half-spaces V, = H x Q4 are patched together along their
common boundary hyperplane H.

The set V is called a hyperspace.
By the above, X is uniquely determined by the set V(X) C V. Instead of V(X),
it is more convenient to introduce another invariant determining X:

Definition 1. A hypercone in V is a union C = |
cones C, C V, such that:

(1) C. N'H =: K does not depend on z € Z;

(2) C. =K x Q4 for all but finitely many z;

(3) Let P, be the convex hull of the projections to H of the vertices of C, N
(H x {1}); then P := 3 ., P. C K\ {0}. P is called the center of C.
(P = () whenever P, =0, i.e., C. C H for some z € Z.)

.ez C» of pointed polyhedral
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(4) For any face Ko C K, KogNP # 0, and any A € A, (A, Ko) =0, (A\,K) >0,
put £, = min(), P.); then a multiple of > _, . - z is a principal divisor
on Z.
Note. The most intricate condition (4) holds automatically if Z = P!, i.e., if X is
rational, because > ., £, = 0.

Theorem 2. The normal affine T-varieties X with a fixed birational equivariant
isomorphism X ~ T x Z are in a 1-1 correspondence with the hypercones C C V.
Here C consists of all T-valuations v having center on X. The T-stable prime
divisors in X correspond to the primitive lattice generators of the edges of the C,’s
not intersecting P. C[X] is spanned by f € A x C(Z) such that v(f) > 0, Vv € C.

This theorem is similar to the description of affine toric varieties via pointed
polyhedral cones in H. In the same spirit we classify T-stable subvarieties in X.

Definition 2. Let C be a hypercone in V with center P. A face of C is either a
face C' of some C, (z € Z) such that C' NP = () or a hypercone C' C C such that
each C. is a face of C,, C. ¢ H, and C' NP # 0.

In the case P # 0 we define the (relative) interior of C as the union of the
interiors of C., z € Z, with the interior of X =C, N'H.

Proposition 2. Suppose X is the affine T-variety corresponding to a hypercone C.
The T-stable irreducible closed subvarieties of X are in a 1-1 correspondence with
the faces of C. For such a subvariety Y C X, the interior of the respective face
Cy C C is the set of all T-valuations having center Y on X. We have Y C Y’ if
and only if Cy- is a face of Cy-.

Theorem 2 and Proposition 2 are used in the talk to obtain a classification of
normal affine surfaces with an effective C*-action and a qualitative description of
orbits and invariants of this action in an easy way. This problem was addressed
previously by H. Flenner and M. G. Zaidenberg [3].

Now we are ready to classify arbitrary (normal) T-varieties of complexity 1.
As we have seen above, such a variety X is a union of T-stable open affine sub-
varieties X;. These affine charts are determined by hypercones C;. The T-stable
subvarieties Y C X correspond to the faces of the C;’s. It follows from the valu-
ative criterion of separation that the interiors of these faces are pairwise disjoint.
Thus we arrive to the following:

Definition 3. A hyperfan in V is a collection F of cones and hypercones with
non-empty centers such that:

(1) The interiors of all C € F are pairwise disjoint;

(2) If C € F and C’ is a face of C, then C’' € F;

(3) There exist finitely many hypercones C; such that each C € F is a face of
one of the C;’s and all faces of the C;’s belong to F.

Theorem 3. The normal T-varieties X with a fixed birational equivariant iso-
morphism X ~ T x Z are in a 1-1 correspondence with the hyperfans F in V.
The T-stable irreducible closed subvarieties Y C X are in an inclusion reversing
1-1 correspondence with C € F.
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This theorem is similar to the description of toric varieties via fans in H.

This talk is based on the results of [6]. The theory of T-varieties of complexity 1
can be generalized to arbitrary reductive group actions of complexity 1 [7]. (Here
the complezity is the codimension of generic orbits of a Borel subgroup.) On the
other hand, K. Altmann, J. Hausen [1], and H. Siif§ [2] introduced a language of
polyhedral divisors to classify T-actions on normal varieties (of arbitrary complex-
ity). We compare their approach with ours. Finally, we mention the symplectic
counterpart of the above classification problem: to describe the effective Hamil-
tonian actions of compact (n — 1)-dimensional tori on 2n-dimensional symplectic
varieties. This problem was solved by Y. Karshon and S. Tolman [5].
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Toric Kahler-Sasaki Geometry in Action-Angle Coordinates
MIGUEL ABREU

1. INTRODUCTION

In the same way that a contact manifold determines and is determined by a
symplectic cone, a Sasaki manifold determines and is determined by a K&hler cone.
Kahler-Sasaki geometry is the geometry of such a pair. This talk is given from the
Kaéhler side of this pair. It presents the Burns-Guillemin-Lerman [4] and Martelli-
Sparks-Yau [11] generalization to toric Kédhler-Sasaki geometry of the action-angle
coordinates approach to toric Kéhler geometry [2]. It also shows how this approach
can be used to relate a recent new family of Sasaki-Einstein metrics constructed
by Gauntlett-Martelli-Sparks-Waldram in 2004 [7, 8], to an old family of extremal
Kéhler metrics constructed by Calabi in 1982 [5].
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2. Toric KAHLER-SASAKI CONES

Definition 2.1. A symplectic cone is a triple (M,w, X), where (M,w) is a con-
nected symplectic manifold and X € X (M) is a vector field generating a proper
R-action p; : M — M, t € R, such that p}(w) = e*w. A Kdihler-Sasaki cone is
a symplectic cone (M, w, X) equipped with an w-compatible complex structure J
such that the Reeb vector field K := JX is Kéahler. Any such J will be called a
Sasaki complex structure on the symplectic cone (M,w, X).

A Kahler-Sasaki cone (M,w, X, J), with Reeb vector field K = JX, is said to
be:

o reqular if K generates a free S'-action.

o quasi-reqular if K generates a locally free S*-action.

o irreqular if K generates an effective R-action.
Define r := |K|| = [| X|| : M — RT. Then

e K is the Hamiltonian vector field of —r?/2;

e X is the gradient vector field of 72 /2;

e the smooth manifold N := {r =1} C M is a Sasaki manifold.
The Kdhler reduction of (M,w, X, J) by the action of K, B := N/K, is

e a smooth Kéhler manifold if the KS cone is regular.

e a Kéhler orbifold if the KS cone is quasi-regular.
e only a Kahler quasifold if the KS cone is irregular.

Definition 2.2. A toric symplectic cone is a symplectic cone (M, w, X) of dimen-
sion 2(n + 1) equipped with an effective X-preserving T"*!-action, with moment
map p: M — t* = R such that p(pi(m)) = e*py(m), Vm € M, t € R. Tts
moment cone is defined to be the set C := u(M) U {0} C R**1.

Definition 2.3 (Lerman). A cone C C R""! is good if there exists a non-empty
minimal set of primitive vectors v, ...,y € Z"T! such that
(i) C =N {z e R : f,(2) = (x,v,) > 0}.
(ii) any codimension-k face F of C, 1 < k < n, is the intersection of exactly k
facets whose set of normals can be completed to an integral base of Z"*1!,

Theorem 2.4 (Banyaga-Molino, Boyer-Galicki, Lerman [10]). For each good cone
C C R™! there exists a unique toric symplectic cone (Mc,we, Xo, pc) with
moment cone C.

Example 2.5. Let P C R” be an integral Delzant polytope. Then, its standard
cone

C:={z(x,1)ER"xR: z€P, 2>0} cR"™!
is a good cone. Moreover, the toric symplectic manifold (Bp,wp, up) is the S =
{1} xSt € T+ symplectic reduction of the toric symplectic cone (M¢,we, X¢, fic)
(at level one).

Definition 2.6. A toric Kdhler-Sasaki cone is a toric symplectic cone (M, w, X, 1)
equipped with a toric Sasaki complex structure J.
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3. CoONE AcCTION-ANGLE COORDINATES

It follows from the classification theorem that any good toric symplectic cone
has toric Sasaki complex structures. In fact, these can be written very explicitly
in suitable cone action-angle coordinates, i.e. linear coordinates (z,y) € M =
p~H(C) = C x T, C = interior of C, such that

a n+1 a
M:dm/\dy, u(m,y)zw and Xllv[:2$£:2;$ia_zia
as
0 —-§-1 0?5
J= with S =S8(z) = (S”(SC)) = <5$0$‘> >0
s 0 o

for some symplectic potential s : C — R of the form
s=Sc+sy+h.

Here s¢ is the canonical symplectic potential associated to the cone

Ze )log la(z),

sp determines the Reeb vector field K, = (0,b), b € C*, and is given by

sp(x) := 1 ({x,b) log{z,b) — (x, K¢) log(z, Ko)) , Ko = ZV“’

2

and h : C — R is homogeneous of degree 1 and smooth on C'\ {0}. See [2, 9, 4, 11].
The norm of the Reeb vector field is then given by ||K||? = ||(0,b)]|*> = 2(z, b) .
The characteristic hyperplane Hp and polytope P, are defined as

Hy:={x e R"™ : (2,0) =1/2} and P,:=H,NC.

Note that N := u~1(Hp) is a toric Sasaki manifold and P, is the moment polytope
of B=M//Kp.

Definition 3.1. Let P C R" be an integral Delzant polytope and C' C R™*! its
standard good cone. Given a symplectic potential s : P — R, define its Boothby-
Wang symplectic potential §: C'— R by

1 v
S(x,z) = zs(x/z) + §z10gz, Vexe P, zeR".

Example 3.2. If P = ﬂg_l{x ER™ : Ly(x) :=(x,v,) + Ay > 0} and

Ze )log lq(x) — ;Eoo(z)logﬁoo(z),

where oo () := >, la(x) = (x, Voo) + Ao, then
5(z,2) = sc(x, 2) + sp(x,z) with b=(0,...,0,1).
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Proposition 3.3 (Calderbank-David-Gauduchon [6]). Symplectic potentials re-
strict naturally under toric symplectic reduction.

Proposition 3.4. Let P C R™ be a polyhedral set and C c R**! its standard
cone. Given a symplectic potential s : P - R, let s : C — R be its Boothby-
Wang symplectic potential. Then, s defines a toric Kahler-Einstein metric with
Sc = 2n(n + 1) iff § defines a toric Ricci-flat K&hler metric. When this happens,
the corresponding toric Sasaki metric is Einstein.

4. NEW SASAKI-EINSTEIN FROM OLD KAHLER-EINSTEIN

Calabi [5] constructed in 1982 a general 4-parameter family of U(n)-invariant
extremal Kéhler metrics, which he used to put extremal Kéhler metrics on

H! =P(O(-m)®C) — P" ' nmeN,

in any possible cohomology class. In particular, when n = 2, on all Hirzebruch
surfaces.

When written in action-angle coordinates, using symplectic potentials, Calabi’s
family can be seen to contain many other interesting Kéhler metrics [1, 3].

In particular, it contains a 1-parameter family of Kéahler-Einstein metrics di-
rectly related to the Sasaki-Einstein metrics constructed in 2004 by Gauntlett-
Martelli-Sparks-Waldram [7, 8].

This is given by the 1-parameter family of symplectic potentials s : (RT)" — R

of the form
1 n
s(x) = 5 <; Tglogxy + h(r)) ,

n—1

where r = 21 + -+ -2, and b (r) = —%—km, 0<A<n™/(n+1)"t.

These symplectic potentials can be seen to define Kéhler-Einstein singular met-
rics with Sc¢ = 2n(n +1) on certain H? :=P(O(—m)® C) — P"~. For a count-
ably infinite set of values for the variable parameter A, the corresponding singu-
lar Boothby-Wang cones are GL(n + 1) equivalent to good cones - precisely the
ones corresponding to the Sasaki-Einstein metrics of Gauntlett-Martelli-Sparks-
Waldram (at least when n = 2). Since symplectic potentials transform naturally
under GL(n 4 1) transformations, one gets this way an alternative explicit con-
struction of these smooth Ricci flat Kahler-Sasaki metrics, with explicit formulas
for the corresponding symplectic potentials.
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Toric Kempf-Ness Sets
TARAS E. PANOV

In the theory of algebraic group actions on affine varieties, the concept of a Kempf—
Ness set is used to replace the categorical quotient by the quotient with respect
to a maximal compact subgroup. By making use of the recent achievements of
“toric topology” we show that an appropriate notion of a Kempf-Ness set exists
for a class of algebraic torus actions on quasiaffine varieties (coordinate subspace
arrangement complements) arising in the Batyrev—Cox approach to toric varieties.
We proceed by studying the cohomology of these “toric” Kempf—Ness sets. In the
case of projective non-singular toric varieties the Kempf-Ness sets can be described
as complete intersections of real quadrics in a complex space.

Classical setting. Let G be a algebraic group acting on an affine variety X, and
C[X] the algebra of regular functions on X. The categorical quotient X/ G is the
affine variety corresponding to the subalgebra C[X]“ of G-invariant polynomial
functions on X. It coincides with the topological quotient X /G only if all G-orbits
are closed.

Let K be a maximal compact subgroup of G; then there exists a compact K-
invariant subset KNx C X (the Kempf-Ness set) satisfying the following two
properties:

e the composition KNx — X — X//G is proper and induces a homeomor-
phism KNx /K — X//G;
e there is a K-equivariant deformation retraction of X to KN x.
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Toric Kempf-Ness sets. Now let X5, be the toric variety corresponding to a
fan ¥ with m one-dimensional cones. By means of the Batyrev—Cox construction,
Xx may be obtained as the categorical quotient U(X)/G. Here U(X) C C™ is the
complement to a certain coordinate subspace arrangement in C™ determined by
3, and G is a subgroup in the algebraic torus (C*)™. The categorical quotient
coincides with the topological one U(X)/G iff ¥ is simplicial.

As U(X) is not an affine variety (it is only quasiaffine in general), the classical
approach to construct a Kempf—Ness set does not work. However, a compact K-
invariant subset in U (X) with necessary properties still exists, at least for simplicial
fans, and is known to toric topologists as the moment-angle complex [BP]. It is
constructed as follows. Identify the set of one-dimensional cones of ¥ with the
index set [m], and consider the unit polydisc

(D)™ = {(21,-,2m) € C™: |z;| < 1 for all 5}.
Given a cone o € X, define
Z(0) = {(21,--,2m) € (D)™ |25 = L if j ¢ o},
and 2(9) = | 20),
ceX
where the union is taken inside (D?)™.

Theorem 1. Assume that ¥ is a simplicial fan.
(a) If ¥ is complete, then the composition Z(X) — U(X) — U(X)/G induces
a homeomorphism Z(X)/K — U(X)/G.
(b) There is a T™-equivariant deformation retraction of U(X) to Z(X).

We therefore refer to Z(X) as the toric Kempf-Ness set. For complete simplicial
fans ¥ the space Z(X) is known to be a manifold [BP].

For non-singular projective toric varieties Xy there is a symplectic version of
the Batyrev—Cox construction (due to Kirwan, Guillemin—Sternberg). It identifies
Xy with the symplectic reduction space p~!(a)/K for the Hamiltonian K-action
on C™. (Here pi: C™ — ¢ =2 R™ ™" is the moment map, and a is its regular value.)
In this case the toric Kempf-Ness set Z(X) can be identified with the level set
p~t(a) via a T™-equivariant homeomorphism. The latter level set is a complete
intersection of real quadratic hypersurfaces [BPR].

Topology of toric Kempf-Ness sets. We are able to identify the cohomol-
ogy (both ordinary and equivariant) of toric Kempf-Ness sets, using our previous
results on moment-angle complexes [P].

Denote by Ky the simplicial complex on [m] determined by ¥ (whose simplices
correspond to the cones), and Z[Kx)] its Stanley—Reisner face ring.

Theorem 2. For every simplicial fan ¥ there are ring isomorphisms
H* (Z(Z); Z) = Tor%u1 il (Z[ICZ], Z) = H[A[ul, ce U] @ Z[IKs], d}.

where the latter denotes the cohomology of a differential graded algebra with
degu; =1, degv; = 2, du; = v;, dv; =0 for 1 < i < m.

.....
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Given a subset I C [m], denote by K(I) the corresponding full subcomplex of IC,
or the restriction of K to I. We also denote by H*(K(I)) the ith reduced simplicial
cohomology group of K(I) with integer coefficients. A theorem due to Hochster
expresses the Tor-modules above in terms of full subcomplexes of Ky, which leads
to the following description of the cohomology of Z(X).

Theorem 3. H* (Z(Z)) =] ®Ic[m] I:Tk_m_l(ICE(I)).

There is also a description of the product in H*(Z(X)) in terms of full subcom-
plexes of Kyx.

Explicit cohomology calculations show that the toric Kempf-Ness set Z(X) may
be quite complicated topologically even for simple fans.
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Strongly Exceptional Sequences of Line Bundles on Toric Varieties
LuTtz HILLE
(joint work with Markus Perling)

1. STRONGLY EXCEPTIONAL SEQUENCES

In this note X is always a smooth and projective algebraic variety. We are
mainly interested in toric surfaces. On X we consider sequences ¢ = (L1, ..., Ly)
of line bundles satisfying the following conditions:

T1) Ext (L;, L;) = 0 for all [ # 0 (each L; is exceptional),

T2) Extly(L;, L;) = 0 for all [ and all j < i (the sequence is exceptional if T1) and
T2) hold),

T3) Exth (Li, L;j) = 0 for all I # 0 (the sequence is strongly exceptional of T1),
T2) and T3) hold),

T4) the bundles L;,i = 1,...,n generate the derived category of coherent sheaves
on X.

A full strongly exceptional sequence of line bundles on X induces an equiva-
lence of triangulated categories between the bounded derived category of coherent
sheaves on X and the bounded derived category of finitely generated modules

R Hom(®L;, —) : D*(Coh(X)) — D’(mod —A),
where A is the endomorphism algebra of ©L;.
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The standard example of a full, strongly exceptional sequence of line bundles is
(0,0(1),...,0(n)) on P,

For an exceptional sequence of line bundles we define the Cartan matrix C' =
(@i ;) with entries the Euler characteristic

d
ai; = x(Li, Lj) = Y _(—1)' dim Extly (L;, L),

=1
where d = dim X. This matrix is upper triangular with one on the principal di-
agonal. For a strongly exceptional sequence the entries are just the dimension of
homomorphism spaces dim Homx (L;, L;). In Section 2 we consider polynomial
equations in the entries. In Section 3 we classify full, strongly exceptional se-
quences of line bundles on toric surfaces. Moreover, we also prove some partial
results for rational surfaces.

The existence of a full, (strongly) exceptional sequence on a variety X is a
very strong condition: in particular, the classes [L;] form an integral basis of the
Grothendieck group K of vector bundles on X (it coincides with the Grothendieck
groups of coherent sheaves). Consequently, Ky ~ Z™. For X toric, n is just the
number of d-dimensional cones in the fan of X, or, in other words, the number
of fixed points under the torus action. As a consequence, the length of a full,
(strongly) exceptional sequence is the rank n of the Grothendieck group.

2. POLYNOMIAL INVARIANTS

In this part we study polynomials that are invariant in the entries of the Car-
tan matrix. The first invariants work for any full, strongly exceptional sequence of
coherent sheaves. The second type of invariants work only hold for full, strongly
exceptional sequences of line bundles on surfaces. We note that all those invariants
also work for exceptional sequences, if we replace the dimension of the homomor-
phism spaces by the corresponding Euler characteristic.

2.1. Polynomial Invariants. We are interested in polynomials F' in the ring
R, =k[z;; |1<i<j<n]inn(n—1)/2 variables corresponding to the possible
non-vanishing values a;; above. Such a polynomial is called an invariant if its
value F'(a; ;) does only depend on the underlying variety X and not on the chosen
sequence. It is not obvious that such invariants exist, however we can construct
several ones. Another interpretation is the following: one can show, that those
invariants are invariants under a certain braid group action.

EXAMPLE. If n = 3 then 27 , 4+ 23 3 + 27 3 — #1272 321 3 = 0. If one considers
a strongly exceptional sequence of line bundles on P? then z15 = 723 = 3 and

x1,3 = 6 ([5])

Further invariant polynomials can be obtained as follows. Consider C' with
entries z; ; in the upper part and 1 on the principal diagonal. We define a matrix
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® := C*C~1! (its negative is called Coxeter transformation). Then we define the
Coxeter polynomial

det(® — t1d) = det(tC" — C) = Y _ Dit’ € Ry[t]
1=0

and its unique decomposition with polynomials D; € R,,. Since the Coxeter trans-
formation corresponds to the Serre functor on the level of Ky, the eigenvalues of ®
do not depend on the choice of a full exceptional sequence. Moreover, D; = D,,_;.
As a consequence the polynomials D; for ¢ = 1,...,[n/2| are invariants, even
algebraically independent. Conjecturally, the D, for ¢ = 1,..., |n/2| generate the
ring of all invariants for n odd and for n even there is one additional generator,
the Pfaffian of C* — C. Finally, also the values D;(a; ;) are known (see also [1]):

Theorem 2.1. The polynomials D; are polynomial invariants and det(® —¢Id) =
(t _ (_1)d1mX)n

The first invariant (up to a constant) is

DS vt
1<i<j<n I

where I runs over all subsets I C {1,2,...,n} of cardinality at least 3 and for

I'=(i1 <ig <...<i,) wedefine &y := T, i, Tiy i - - - Tir_1,inTiy iy

2.2. Polynomial Invariants for Surfaces. The situation for full exceptional
sequences of line bundles on surfaces is much simpler, in fact one can identify the
possible sequences (a; ;) with certain two-dimensional fans that are almost convex.

Let ¥ be a fan with lattice points v;,7 = 1,...,n. The fan is convex in v; if
Vi1 + b;v; +v;—1 = 0 for some b > —2 (note that b; is the selfintersection number
of the divisor corresponding to the ray of v;). A fan is almost convex if it is convex
in all points with at most one exception.

Theorem 2.2. a) The elements a; ; satisfy a; ; = a;; + a;; for all i < < j.
b) The elements b; = a;;+1 — 2 are the selfintersection numbers of an almost
convex fan ¥ with n rays (in cyclic order).

Part one of the theorem reduces the computation of the a; ; to the entries in the
diagonal a; ;41 above the principal diagonal. Part b) of the result also classifies
those entries. For exceptional sequences all those numbers can occur, just take the
sequence in Section 3.

According to part a) in the theorem we can define the levelled length of a
strongly exceptional sequence of line bundles on a surface. For, we define L; to
be incomparable to L; if dimHom(L;, L;) = 0 = dimHom(L;, L;). A strongly
exceptional sequence has levelled length [ if there are at most [ subsequences
consisting of pairwise incomparable line bundles.

From the classification of two-dimensional fans we obtain the maximal levelled
length of a full, strongly exceptional sequence.
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Corollary 2.3. The levelled length of a full strongly exceptional sequence is at
most 6.

A surface X, where all exceptional line L bundles satisfy H°(X,L) # 0 or
HO(X, L*) # 0, cannot admit a full, strongly exceptional sequence of line bundles.
In fact the counterexample in [3] is of this form.

3. MAIN RESULTS

In this part we collect some of our main results concerning the existence and
the construction of full, strongly exceptional sequences of line bundles on rational
surfaces.

Theorem 3.1. On each rational surface there exists a full, exceptional sequence
of line bundles.

For a toric surface one can construct such a sequence just as (O, O(E;), O(F1 +
Es),...,O(E1+E>+ ...+ E,_1)), where the F; are the torus invariant divisors
on X in a cyclic order. Such a sequence is strongly exceptional if F; > —1 for
i=1,...,n—1. This, in particular, proves the existence on any Hirzebruch surface
and on any toric Fano surface.

For each rational surface X (that is not P?) we define r(X) to be the minimal
r so that there exists a sequence of morphisms

X, =X—X,.1—...— X1 — Xy=F,

satisfying: Xy is a Hirzebruch surface F, and each morphism X; — X;_; is the
blow up of finitely many points on X;_;. Moreover, a(X) is the minimal number
a that can occur in such a sequence of blow ups.

Theorem 3.2. Let X be a rational surface with r(X) < 2. Then X admits a full,
strongly exceptional sequence of line bundles.

The proof of the theorem is constructive. The full exceptional sequences on
Hirzebruch surfaces are classified. In each step one can explicitly construct a new
sequence by inserting further line bundles in the given sequence. This process
stops after two steps. For toric surface we can also prove the converse.

Theorem 3.3. Let X be a toric surface. There exists a full, strongly exceptional
sequence of line bundles on X precisely when r(X) < 2.

The proof of this result is based on a recursive classification of all exceptional
line bundles on X via blow ups. The crucial problem are small values of a(X). In
particular, for a(X) < 2 there exist exceptional line bundles that are difficult to
handle.

Finally we consider full, cyclic strongly exceptional sequences: each sequence
(LiyLiv1, L, L1 ® w;(l, oL ® w;{l) is also full, strongly exceptional.

Theorem 3.4. If a rational surface X admits a full, cyclic strongly exceptional
sequence, then n < 9.
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In fact we can classify those sequences. The toric surface associated to such a
sequence (as in Theorem 2.2) is then a toric almost Fano surface (E; > —2 for each
torus invariant divisor F;). From the finite classification of those surfaces we obtain
n < 9: they correspond precisely to the 16 2-dimensional reflexive polytopes.
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Determinantal Equations
GREGORY G. SMITH
(joint work with Jessica Sidman)

Which projective varieties are cut out by the minors of a matrix of linear forms?
Well-known examples of this phenomena include rational normal curves, Segre
varieties, and quadratic Veronese embeddings of a projective space. Indeed, the
homogeneous ideal for these varieties is given by the (2 x 2)-minors of a generic
Hankel matrix, a generic matrix, and a generic symmetric matrix respectively.
For these classic examples, the determinantal presentation leads to the following
insights: an explicit description of the minimal graded free resolution of the ho-
mogeneous ideal of the variety, interesting connections between the combinatorics
of minors and the geometry of the variety, and equations for the higher secant
varieties. Somewhat surprisingly, Mumford [3] shows that a suitable multiple of
every projective embedding is defined by the (2 x 2)-minors of a matrix of linear
forms. To extend these insights to other projective varieties, we require a better
understanding of which embeddings are defined by minors.

To address this problem, we need an appropriate source of matrices. Compo-
sition of linear series or equivalently multiplication in the Cox ring of the variety
provides the traditional supply for such matrices. To be more explicit, observe
that, if X C P" is a scheme embedded by the complete linear series |L| corre-
sponding to a line bundle L on X, then HY(X, L) is the space of linear forms
on P". Factoring L as L = L1 ® Lo for some L1, Ls € Pic(X) yields a natural
multiplication map p: H°(X, L1) ® H*(X,Ly) — H°(X,L; ® Ls) = H°(X,L).
Choose ordered bases y1,...,ym € H(X,L1) and z1,...,2, € H(X, Ly) and let
A = [u(y; ® z;)] be the associated (m x n)-matrix of linear forms on P". Since Ox
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is a sheaf of commutative rings, it follows that the (2 x 2)-minors of A vanish on
X (see Proposition 6.10 in Eisenbud [1]). Numerous classic examples of this con-
struction can be found in Room [4]. What conditions on the line bundles L; and
L, guarantee that the homogeneous ideal of X is generated by the (2 x 2)-minors
of the matrix A7

We answer this question by providing sufficient conditions involving the minimal
free graded resolutions of modules arising from the line bundles L1, Lo, and L.
More precisely, if L = L1 ® Lq is very ample and the following conditions hold:

e the module @, H°(X, L ® L?) has a linear presentation with respect to
the polynomial ring Sym (H°(X, L)),

e the module P, H(X,L; ® L?) has a linear presentation with respect
to the polynomial ring Sym(H(X, L;)) for i # j,

e the module P ,., H(X, L} ® L$) has a linear presentation with respect
to the polynomial ring Sym(H(X, Ls)),

then the homogeneous ideal of X is defined by the (2 x 2)-minors of A. In other
words, we say that the embedding ¢|z;: X — P" is determinantal. By combin-
ing this with a cohomological criterion for a linear presentation and multigraded
Castelnuovo-Mumford regularity, we establish that every projective embedding of
a scheme determined by the complete linear series of a sufficiently ample line bun-
dle is cut out by the (2 x 2)-minors of a matrix of linear forms. Hence, given
a projective scheme X, there exists a line bundle Lo on X such that ¢ is de-
terminantal for all L € Pic(X) for which L ® Ly is numerically effective (nef).
Extending the work of Eisenbud-Koh-Stillman [2] for reduced irreducible curves,
we also specify effective bounds for Ly on products of projective spaces, Gorenstein
toric varieties, and smooth n-folds.

Finally returning to our initial motivation, this work suggests that, for an em-
bedding X C P" given by the complete linear series of a sufficiently ample line
bundle, the homogeneous ideal of the k™ secant variety Sec” (X) is defined by the
(k+2) x (k+ 2)-minors of A. Assuming this is true, it would be interesting to
have explicit bounds for “sufficiently ample” in this context.
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Equivariant K-Theory and Dahmen-Micchelli Difference Equations
MICHELE VERGNE
(joint work with C. De Concini, C. Procesi)

Let T be a torus, with Lie algebra t. Let A := [a1,aq,...,an] C t* be a list of
non zero weights of 7. Assume that A spans t*.

We consider the representation space Va = @ | Lo, where Ly, is the line with
action of T' via the character e®:.

Let H be the set of hyperplane in t*, spanned by subsets of A. The open subset

U=Va\UwenVw

of Va is the open subset consisting of points with finite stabilizers. We determine
the equivariant K-theory of U. First K4(U) = 0 if  is not equal to dim(7") mod
2.

Let

R(T)={0=> m(\e}
A

be the set of formal characters. This is a R(T")-module.
If W € H, we denote by Dw =[], ¢ (1 —¢*) € R(T). The Dahmen-Micchelli
space is
DM (A) ={© € R(T); Dw® = OforallW € H}.
The space DM (A) is a free Z-module of rank equal to the volume of the zono-
tope spanned by A.
The index theory of transversally elliptic operators gives a map

ind : K$™C(U) — R(T).
We prove that ind is an isomorphism on DM (A).
In particular, this gives a new proof of the Atiyah-Singer theorem describing a
set of generators for the R(T)-module Kr(U).

We deduce from this theorem a ” Thom isomorphism” for the index of a transver-
sally elliptic operator on a vector space with a T-action.

Simultaneous Toric Equations and the Existence of Diptych Varieties
GAVIN BROWN
(joint work with Miles Reid)

1. WHAT IS A DIPTYCH VARIETY?

A diptych variety is a special kind of affine Gorenstein 6-fold V' with an action of
a 4-dimensional torus T = (C*)%. In particular, it is an affine T-variety, in the
sense of Altmann and Hausen [1].

A diptych variety V is characterised by the following properties: V contains
two toric 4-folds T} and T5, and the toric structure of each is the restriction of the
T action; T7 and T% intersect in a cycle S = S7 U Se U S35 U Sy of four affine toric
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surfaces meeting along 1-strata; in addition, we require that S; = S3 = C? rather
than arbitrary affine surfaces. So there is a T-invariant diagram

S C 1
(1) N N
n c V.

Thinking of the toric configuration T7 D S C T3 as combinatorial data, the aim is
to recover V—or simply to prove that it exists—from this toric data.

It may be possible to make a more general definition of diptych variety (more
than four surfaces? higher dimension? triptychs?), but our naive attempts do not
seem to work, at least not in quite the same way.

The classification and construction of diptych varieties is in two steps: (1)
classify possible toric configurations (under certain hypotheses), and (2) prove
that, given such data, there exists a 6-fold V as above. The key point in our
approach to (2) is to exploit the convexity of the monomial cones of Ty and Ts
simultaneously—since the toric varieties have the same torus T acting, we can
identify their monomial lattices. The proof attempts to build the equations of
V' from those of T} and T5, preserving T-equivariance. The convexity imposes
conditions on monomials to appear in the equations of V', and, although we cannot
say what the equations are, it is just enough to prove that they exist.

This work has many relations with that of other people. For example, V is
a T-variety in the sense of Altmann, Hausen and others. The combinatorics are
related to continued fractions and resemble Riemenschneider staircases for cyclic
quotient singularities. Our application relates V' to Mori flips of Type A: certain
specialisations of V' are the canonical covers of such flips, and the combinatorics of
the toric geometry are like Mori billiards as they arise in Mori’s alternative proof
[4] of a special case of the existence of flips.

The name ‘diptych’ refers to the toric configuration, since it resembles a 4-
dimensional display consisting of two panels 77,75 meeting along a hinge C.

2. WHERE DO DIPTYCH VARIETIES COME FROM?

Our motivation comes from 3-fold Mori flips. If X — Y « X ¥ is a Mori flip (see
[3] for definitions), then

Ay = Spec EBmeZHO(Y, mKy)

is an affine Gorenstein 4-fold with a C* action determined by the Z-grading. The
flip is recovered by the variation of GIT in the familiar way. (This is analytic near
the flipping point P € Y, although in practice we often model it on an affine Y".)

Kollar and Mori [2] classify flips according to the behaviors of two general
surfaces in Y: the general elephant E C | — Ky| and the general hyperplane
section P € H C Y. They prove that P € F is an ADE singularity and classify
the types of singularity P € H into several types.
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A flip is said to be of Type A when P € FE is an A,, singularity, in which case
P € H is necessarily also of type A. So such a flip contains a pair of toric surfaces
E CY D H. These lift to the canonical C* cover Ay to 3-folds admitting three
independent C* actions, and so we make the following ansatz for such Ay:

EcC Ay D H , for affine Gorenstein toric 3-folds E and H.

This configuration has moduli coming from the equations of the terminal singulari-
ties of X. The definition of diptych variety absorbs some some of this freedom into
additonal parameters A, B, L, M which is why diagram (1) is in higher dimension.

To get from a diptych variety to a flip is easy: specialise A, B, L, M to two
variables u, ¢ (reducing the dimension to 4) and then divide by some 1-parameter
subgroup of T. (There are mild conditions on each of these choices.)

3. A TORIC 4-FOLD V4p

Fix a matrix <Z

zo = (A6, yo = £°(Bn~1)*, and define a convex cone

Z) € SL(2,Z) and a lattice M = Z* with basis £, n, A, B. Set

OAB — <§an7A7B7IanO> .

This is the monomial cone of an affine Gorenstein toric variety Vap. The 2-faces
of o ap are all basic except (zg, &) and (yo,n). If a is the least residue of a mod 7,
then (zo€"~*)/" = ¢ A € M, where ax = [a/r], so this face is the monomial
cone of the quotient surface %(a, 1). Thus this cone has semi-group generators
o, T1,...,Tr = &, and the x; satisfy relations determined by the coefficients of the
Hirzebruch—Jung continued fraction expansion of a/r. Similarly, the face (yo,n) is
the monomial cone of %(b, 1) with generators yo, y1,-..,ye = 1.

Setting A = B = 0 in Vap leaves a cycle of four surfaces S as above with
monomials cones (£,7) for S1, (n,y0) for S and so on. This gives Vap D S.
Although the cycle S seems fairly symmetric, the toric variety Vap is not: in the
image of the monomial cone o4 under the projection M — 7% = M /(AZ + BZ),
the span of all z; and y; omitting xg, yo lies in a halfspace. in this sense, the
surface S3 lies at the ‘big’ end of V45 and the surface S; lies at the ‘little’ end.

4. COMBINING THE EQUATIONS OF TWO TORIC VARIETIES

We repeat the toric construction for another matrix (; i) € SL(2,Z) and an-

other lattice to get a second toric 4-fold Vp ;. Again it contains a cycle of toric
surfaces. We want this to be the same cycle S but with the big and little ends
reversed. Elementary considerations of quotient surfaces show that this occurs
exactly when a + h and b + g are congruent to zero modulo both r and s. These
Diophantine equations can be solved: the result is that the continued fraction
expansion that determines Sy is repeating of arbitrary length: [d,e,d,e,...] for
d,e > 1 (with additional conditions when the product de is small).

In turn, this exposes the birational geometry of Vap: it admits a series of pro-
jections Vap --» Vg --» - -=» VAVB to a toric complete intersection whose
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equations have leading terms z1yo and zoy;. At each stage, the projection corre-
sponds to the elimination of either an z; or y; variable in a predictable way. The
inverses of these projections can be controlled—they are so-called Kustin—Miller
unprojections [5]—and this provides an inductive birational construction of V4p
starting from a complete intersection.

We apply this birational construction of V4p to build a diptych 6-fold V. To
start, we can deform Vf(‘g) easily since it is a complete intersection: we simply add
to its equations terms from the corresponding equations for Vi ;. The resulting
equations are still homogeneous for the torus T. In fact, the opposing convexity
occurring in the equations of V4 p and Vi jr—the fact that they had opposite ‘big’
ends—implies there are no other monomials at all that can be added preserving
homogeneity. Although this convexity does not continue to be quite so strong
throughout the sequence of unprojections (V' will have equations with terms in-
volving all of A, B, L, M, so not appearing in the equations of either Vag or Vi),
it is enough to be able to apply the same sequence of unprojections inductively
starting with the 6-fold complete intersection. This boils down to checking that a
prescribed divisor lies in the deformation after each unprojection, and so amounts
to proving that certain monomials could not appear (preserving homogeneity) in
the equations of the unprojection.
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On the Geometry of Coamoebas of Complex Algebraic Hypersurfaces
MOUNIR NISSE

Amoeba and coamoeba are a very fascinating notions in mathematics where
the first terminology has been introduced by I. M. Gelfand, M M. Kapranov and
A. V. Zelevinsky in their book (see [GKZ-94]) in 1994, and the second one by
M. Passare and A. Tsikh in 2001. Amoebas (resp. coamoebas) have their spines,
contours and tentacles (resp. spines, contours and extra-pieces), and they have
many applications in real algebraic geometry , complex analysis, mirror symme-
try, algebraic statistics and in several other areas (see [M1-00], [M2-02], [M3-04],
[RST-05], [FPT-00], [PR1-04], and [PS-04]). Amoebas and coamoebas are linked
in a natural way to the geometry of Newton polytopes, which can be seen in par-
ticular with the Viro patchworking principle (i.e., tropical localization) based on
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the combinatorics of subdivisions of convex lattice polytopes. The purpose of this
talk is to describe the relations and the similarities which exist between amoebas
and coamoebas of a complex algebraic hypersurfaces. Let V' C (C*)™ be a complex
algebraic hypersurface defined by a polynomial f with Newton polytope A. The
amoeba &7 of an algebraic set V' = {f(z) = 0} in the algebraic torus (C*)™ is de-
fined as its image under the mapping Log : (21,...,2n) — (log | 21 |,...,1log | z» |).
The amoeba’s complement has a finite number of convex connected components,
corresponding to domains of convergence of the Laurent series expansions of the
rational function % We know that the spine I' of the amoeba 7 has a structure
of a tropical hypersurface in R™ (proved by M. Passare and H. Rullgard in 2000
[PR1-04], and independently by G. Mikhalkin in 2000). In addition the spine of
the amoeba is dual to some coherent (i.e. convex) subdivision 7 of the integer
convex polytope A. It is shown by M. Forsberg, M. Passare and A Tsikh that
the set of vertices of 7 is in bijection with the set of complement components of
o in R™ [FPT-00]. An amoeba is called solid if the number of its complement
components in R™ is minimal i.e., equal to the number of the Newton polytope
vertices.

The coamoeba cos? of an algebraic set V = {f(z) = 0} in (C*)™ is defined as its
image under the argument mapping Arg : (z1,...,2,) — (e?®8(z1)  eiarg(zn)),
It is shown in [N2-08] that the complement components of the closure in the flat
torus of the coamoeba of a complex algebraic hypersurface defined by a polynomial
f with Newton polytope A are convex and their number don’t exceed n! Vol(A).
Using geometric properties of coamoebas we prove the famous Passare-Rullgard’s
conjecture:

Theorem 1 ([N1-07]). Let V; be an algebraic hypersurface in (C*)™ defined by a
maximally sparse polynomial f (this means its only monomials are those of index
in the vertices of its Newton polytope). Then the amoeba <7} of V; is solid.

Theorem 2 ([N2-08]). Let V; be an algebraic hypersurface in (C*)" defined by
a polynomial f with Newton polytope A and we denote by co./ the image of V¢
under the argument map Arg. Then we have:

(a) The interior of any connected component of (S1)™ \ coe/ is a convex set,

(b) the number of connected components of (S1)" \ coe/ is not greater than
n! Vol(A) where cos/ is the closure of co in the flat torus (S1)™.

Theorem 3 ([N3-08]). Let V be a complex algebraic hypersurface defined by a
polynomial f and cosf its coamoeba. Then there exists a continuous deformation
of the coamoeba coa? into the coamoeba coZy, of a complex tropical hypersurface
Vs, such that the closure in the torus of the two coamoebas have the same topology
(i.e., homeomorphic).

This means that the coamoeba of a complex algebraic hypersurface has the same
topology (i.e., homeomorphic) of the coamoeba of a complex tropical hypersurface;
more precisely, their closure in the real torus have the same topology.
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The coamoebas of a complex algebraic plane curves have a similar properties
than their amoebas, and we have the following (see [MR-00] for the amoebas):

Theorem 4 ([N4-08]). Let V be a complex algebraic plane curve defined by a
polynomial with Newton polygon A. Then the area counted with multiplicity
of the coamoeba of V cannot exceed 272 Area(A), and we have the following
equivalent statements:
(i) Area,u(coe?) = 2m? Area(A),
(ii) The curve V is real up to multiplication by a constant in C*, and its real
part RV is a Harnack curve possibly with ordinary real isolated double
points.

Let us give a brief description of our ideas without technical details. Let A be
the support of the polynomial f. The main ingredients in the construction are a
special deformation of the standard complex structure on (C*)™, Viro’s tropical
localization, and Kapranov’s theorem [K-00]. We construct a family of polynomials
ft with 0 < t < % such that f% = f, and we consider the family of the J;-
holomorphic hypersurfaces H:({f:(z2) = 0}) where H; is a self-diffeomorphism
of (C*)™ conserving the arguments. When ¢ tends to zero, we obtain a complex
tropical hypersurface V4, such that its coamoeba is a deformation of the coamoeba
of V' which conserve the same topology. In addition, using the subdivision 7 of
A dual to the spine of the amoeba of V' and Kapranov’s theorem [K-00], we
have an algorithm giving an explicit description of the coamoeba of V. In other
word, the results are obtained by deformation of the complex structure on the
hypersurface to a degenerate structure called complex tropical structure which is
a piecewise-linear polyhedral complex in R™ supplied with some lifting to (C*)™
(see G. Mikhalkin [M1-00] and [M2-02]).

We give an example of a polygon which can be never the Newton polygon of a
real algebraic plane curve (I mean defined over R) realizing the maximum number
of complement components of the coamoeba, but this maximum can be realized
by a complex plane curve.
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FIGURE 1. On the left the coamoeba of a real algebraic
curve (with five complement components) and on the right the
coamoeba of a complex algebraic curve with the same Newton
polygon as the first one (with six complement components).
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Symplectic Duality and Hypertoric Varieties
ToMm BRADEN
(joint work with Anthony Licata, Nicholas Proudfoot and Ben Webster)

Symplectic duality is a (still largely conjectural) set of relations between certain
pairs of symplectic algebraic varieties. More precisely, it involves data (9, T, 7, &),
where fM is a smooth variety over C with a holomorphic symplectic form wc, T'
is an algebraic torus which acts with finite fixed-point set, 7 is a class in H?(9;Z)
and £: C* — T is a cocharacter of T'. These are required to satisfy:
e The affinization map a: 9 — My = Spec (M, Ogy) is a resolution of
singularities,
e 7 is the first Chern class of a line bundle on 9T which is relatively ample
for a, and
e the image £(C*) has the same fixed point set as 7.
Symplectic duality is a relation between pairs (9, T,n, &), (MY, TV, nV,£Y) of
data of this type. These pairs have appeared in mathematical physics, as Higgs
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branches of dual N = 4, d = 3 supersymmetric gauge theories [6] (classical mirror
symmetry involves d = 2 theories). However, our conjectures go beyond what is
currently predicted in the physics literature. Examples of symplectic dual pairs
include the following.

(1)

(4)

M = T*(G/B), the cotangent bundle to the flag variety of a semisimple
algebraic group G. The torus T is a Cartan subgroup contained in B, the
parameter 1 is given by a dominant weight, and £ comes from a dominant
coweight. The symmetric dual variety is T*(Y*G/*B), where G is the
Langlands dual group.

For G = SL,(C), a resolution of O\ N N,, is dual to a resolution of O, N
Ny¢, where Oy denotes the nilpotent orbit with Jordan form A and N is
a transverse slice to Oj.

Certain pairs of Nakajima quiver varieties for the quiver of affine type A
should be symplectic dual. As a special case, the Hilbert scheme of n
points in C2 should be self-dual.

A hypertoric variety defined by a hyperplane arrangement (see the dis-
cussion below) is symplectic dual to the hypertoric variety defined by the
Gale dual arrangement.

There are a number of relations that should be satisfied by symplectic dual
pairs. They are all known in case (1), and by our recent work [2, 3, 4], in case (4).
Specifically, symplectic dual pairs should have:

()
(b)

()

natural isomorphisms H2(9; C) = Lie TV and H?(M";C) = Lie T, under
which the parameter 7 is sent to £V and ¢ is sent to 1V,

a natural bijection between the fixed point sets M7 and (DJTV)TV, inducing
a bijection between the components of the Lagrangian varieties X = {z €
M | lim—oo () - 7 exists} and XV = {y € MY | limy—,o0 £V (t) - y exists},

a natural order-reversing bijection between strata of the affine varieties Mg
and My (they are Poisson varieties, and so have natural stratifications by
Poisson leaves),

a perfect pairing between compactly supported cohomology groups H*(X)
and H*(XV) which induces perfect pairings on the associated graded pieces
for the filtrations induced by the decomposition theorem applied to the
resolutions M — My and MY — My (note that these groups are nonzero
in only one degree),

a perfect pairing between the equivariant homology spaces HI (9) =
Spec(Sym(H2(9M)) and HT" (M) = Spec(Sym(H2. (M)), under which
the images of the affine varieties Spec(HZ3(90)) and Spec(Hz (9MY)) are
orthogonal arrangements of subspaces,

and finally, certain abelian categories associated to the data (9, T,n,¢)
and (OMV, TV, nV,€V) should be Koszul dual. These are categories of mod-
ules over quantizations of the structure sheaves of 9 and 9", supported
on the Lagrangians X and XV.
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All of these properties are known in the case (1) of cotangent bundles to flag
varieties. In this case, the category that appears in (f) is a regular block of
Bernstein-Gelfand-Gelfand category O, and Koszul duality was established by
Beilinson, Ginzburg, and Soergel [1]. The linear duality (e) was first noticed
by Goresky and MacPherson [7], where they established it in case (2) for u = (n).

HYPERTORIC VARIETIES

The papers [2, 3, 4] show that all of these aspects of symplectic duality also hold
for hypertoric varieties, whose very explicit geometry makes direct calculations
possible. A hypertoric variety 9 = 9(V,n) is determined by giving a linear
subspace V' C R"™, defined over Q, and a vector n € R™/V which lies in the
image of the lattice Z™. The torus (C*)™ acts on T*C™ preserving the natural
holomorphic symplectic form, with moment map

O(z,w) = (z1w1, ..., ZpWn).
The hypertoric variety 9 is defined to be the GIT quotient
(V) G,

where G C (C*)™ is the subtorus with Lie algebra V+ @g C. It carries an induced
symplectic form which is preserved by the induced action of the quotient torus
T:=(CH"/G.

Just as a semiprojective toric variety can be described by its moment polyhe-
dron, the resulting hypertoric variety is governed by the hyperplane arrangement
in the affine space V;, (the linear space V translated away from the origin by 7)
whose hyperplanes are H; = {x € V,, | #; = 0}, ¢ = 1,...,n. For instance, I
has at worst orbifold singularities if and only if the arrangement is simple, which
happens for generic values of the parameter 7. For each sign vector o € {£1}",
the toric variety X, with moment polyhedron

Ay :={z €V, |a(i)z; >0foralll <i<n}

appears as a (possibly empty) T-invariant Lagrangian subvariety of 9.

A covector £ € V* which takes integral values on V N Z defines a cocharacter
C* — T'. For generic ¢ it will have the same fixed point set as 7', and the compo-
nents of the Lagrangian X are just the toric varieties X, for which the moment
polyhedron A, is nonempty and bounded above under the linear function &.

For such parameters V, n, £, the symplectic dual variety 9V is defined by the
Gale dual triple (V+, —¢, —n). Properties (a) and (e) of symplectic dual varieties
follow essentially by definition, using natural identifications H?(9;R) = R"/V
and HZ(9M; R) = R™. Properties (b) and (c) are easy consequences of combinato-
rial facts about Gale duality.

Property (f) (Koszul duality) is the subject of [3], which gives two presentations
of an algebra in terms of the data (V,7,£), so that modules over this algebra give
the required category . The first presentation is by generators and relations,



68 Oberwolfach Report 01

while the second is geometric, putting a convolution product on the vector space

P H* (Xa N Xp)[~dagl,

o,
where the sum is over o and 3 with X,, Xg C &, and d,g is the codimension of
Ay N Ag in V;. Combinatorial arguments show that this ring is Koszul, quasi-
hereditary, and Koszul dual to the same ring for the Gale dual arrangement. A
forthcoming paper [5] will show that modules over this ring are equivalent to
modules over a quantization of Ogy supported on X.

We speculate that the Koszul duality property (f) is the most fundamental
aspect of symplectic duality. To that end, we show [2] with Chris Phan that
suitable pairs of Koszul dual algebras define orthogonal subspace arrangements as
in (e), without reference to any variety. The paper [4] will treat the duality (d).
Under appropriate hypotheses, it can be deduced from Koszul duality as well.
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Coherent Sheaves on Toric Complete Intersections
VLADIMIR BARANOVSKY

Let V be a finite dimensional vector space over a field k of characteristic zero
and P(V') the projective space of lines in V. By well-known results of Serre vector
bundles on P(V), and more generally coherent sheaves, may be described via
graded modules over the polynomial algebra Sym®(V*) =: S.

By a result of Bernstein-Gelfand-Gelfand, cf. [BGG], modules over S are also
related to modules over the exterior algebra E = A®*(V). It turns out that the
two algebras are derived equivalent, i.e. one can identify complexes of finitely
generated S-modules up to quasi-isomorphism and complexes of finitely gener-
ated E-modules up to quasi-isomorphism. This result has had many applications
including description of parameter spaces of algebraic vector bundles on P(V).

Later Kapranov, cf. [Ka], have generalized the BGG correspondence to the
case of a projective variety X C P(V) which is a complete intersection given by
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quadratic equations Wp = ... = W,, = 0. In this case S should be replaced
with the quotient Sy = S/(W7i,..., W,,) by the ideal generated by the equations.
Kapranov explains in loc. cit. that one should modify the algebra E by considering
the vector space Eyw = A*(V) ®y, k[z1, ..., zm] with a product structure in which

m
V1V + Vv = ZQj(UlaUQ)Zj
=1

where @); is the bilinear form corresponding to the quadratic equation W;. Then
the derived equivalence holds for Sy and Eyy.

I consider a more general case when Sym®(V*) has a grading by a finitely
generated abelian group A, as it happens for the Cox ring of a toric variety P,
and the equations W; = ... = W,,, = 0 defining a complete intersection X C P,
are homogeneous in the A grading (but not necessarily the usual Z-grading on the
polynomial ring). One can still consider the ring Ew by taking @); which come
from the quadratic parts of W; but it is unreasonable to hope that Ey will contain
the full information about sheaves on X (e.g. when all W; have degree d > 3 in
the usual grading, the product in Ey has no information about X at all).

Nevertheless it turns out, cf. [B1], [B2], that it is possible to repair the sit-
uation by introducing an A..-structure on FEyy, i.e. a series of higher products
mg E{?{,k — FEyw which satisfy a chain of identities generalizing associativity
for my. The concept of a finitely generated module over Ey should be adjusted
accordingly, and this gives a derived equivalence between complexes of finitely
generated Sy-modules and those of Eyy-modules. Roughly speaking, the parts of
W; which have degree d in the usual grading “are responsible for” the products
mq, d Z 2.

In more detail: the original BGG correspondence uses the classical Koszul com-
plex

= A2(V) @ Sym*(V) — AY(V) @ Sym*(V) — Sym®*(V) — 0

to convert A®(V)-modules into Sym®(V*)-modules. In Kapranov’s version the
quadratic equations W; define a structure of a graded Lie algebra on a vector
space L = V @& U where U is the vector space spanned by z1,...,2,, and V is
placed in homological degree one while U is placed in homological degree two.
Then then algebra Eyw can be identified with the universal enveloping U (L) of L
and the Koszul complex turns into a differential on a tensor product U (L) ®y C(L)
where C(L) is the graded exterior algebra of L with the differential which encodes
its Lie structure (the so-called Cartan-Chevalley-Eilenberg complex of L).

In the general case I consider the same vector space L but now the homogeneous
components of W; define a structure of a homotopy Lie algebra on L (also called an
Loo-algebra) which consists of a sequence of higher brackets I3, : L®¥ — L which are
antisymmetric in the graded sense, and satisfy a chain of identities which generalize
the classical Jacobi identity. It turns out, cf. [B2], that for such objects one can
still define a universal enveloping U (L), which is an A-algebra. The differential
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of the Koszul complex generalizes to a differential on C(L) ®g U(L), which allows
to convert (complexes of) Sy-modules into modules over Ey := U(L).

To pass from A-graded modules over Sy to coherent sheaves on the toric com-
plete intersection X, one has to “eliminate” the modules supported on the “ir-
relevant ideal” V(B) € Sw. I discuss the results describing the image of such
modules under the generalized BGG correspondence, as well as a closely related
operation of “eliminating” complexes of projective modules, which gives a mathe-
matical version of the physical Landau-Ginzburg B-model arising from the poten-
tial z1 W1 + ...+ 2. Wi,
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