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If the statement is not true, one simply has to change the assumptions.
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Abstract

In this work, we study the equivariant algebraic cobordism rings for the action of
a torus 1" on smooth varieties over an algebraically closed field of characteristic zero.
Algebraic cobordism is the universal oriented cohomology theory which generalises Chow
groups and connective K-theory. Due to its universality, one needs more sophisticated
frameworks in order to describe the algebraic cobordism rings using the universal formal
group law.

This work is split into five main parts. In the first part, we recall the construction of
algebraic cobordism and define equivariant algebraic cobordism as well as horospherical
and spherical varieties which are the objects of main interest throughout this work.
These objects are illustrated by presenting several relevant computations which provide
the necessary tools being subsequently used in the following chapters.

In the second part, the current state of research related to computations in equivariant
cobordism is reviewed. Furthermore, we prove a relation in equivariant cobordism which
will be essential in the sequel of this work. Additionally, we prove that the localisation
at T-fixed points also holds for a refinement of coefficients. Lastly, for a connected
reductive algebraic group G and a maximal torus 7T in G, we provide a proof of a
Kiinneth formula in T-equivariant cobordism for smooth projective G-varieties X and
Y if X x Y has finitely many T-fixed points with respect to the diagonal action. The
last two results of course imply similar statements for equivariant Chow groups and
equivariant connective K-theory the first of which is a new result even for Chow groups.

The third part is dedicated to the main theorem of this work. First, we review the
proof techniques for the computations of rational T-equivariant Chow groups of smooth
projective spherical G-varieties which we then adapt to rational equivariant cobordism
making the necessary modifications. Using the relation from the second part, we can
prove the structure theorem which describes the rational T-equivariant cobordism rings
of smooth projective spherical G-varieties.

In the fourth part, we provide a plethora of computations in order to apply the main
theorem of this work. We describe the geometry of smooth projective horospherical
varieties of Picard number one including the odd symplectic Grassmannians and compute
their rational T-equivariant cobordism rings. Additionally, we extend these results to
some specific smooth projective horospherical varieties of Picard number two. These
results of course imply similar statements for e.g. rational T-equivariant Chow groups.
Furthermore, the given computations were previously unknown even in the Chow group
case.

The last part of this work provides computations of classes in rational equivariant
cobordism. To be more precise, we can determine the ring structure for certain smooth
T-filtrable schemes by describing the generators of the rational equivariant cobordism
module in the rational equivariant cobordism ring. This develops the state of research
because we can now multiply certain classes inside the rational T-equivariant cobor-
dism ring. This will then be applied to the example of the odd symplectic Grassman-
nian IG(2,5) in which we describe the generators of the rational T-equivariant cobor-
dism module geometrically and then compute their classes in the rational T-equivariant
cobordism ring. As above, similar results for rational T-equivariant Chow groups can
be deduced from the previous result.






Résumé

Dans ce travail, nous étudions les anneaux de cobordisme algébrique équivariant pour
I’action d’un tore 1" sur des variétés lisses sur un corps algébriquement clos de caractéris-
tique nulle. Le cobordisme algébrique est la théorie cohomologique orientée universelle
qui généralise les groupes de Chow et la K-théorie. En raison de son universalité, on a be-
soin de techniques plus sophistiquées pour décrire les anneaux de cobordisme algébrique
en utilisant la loi de groupe formelle universelle.

Cette these est divisée en cing parties. Dans la premiére partie, nous rappelons la
construction du cobordisme algébrique et définissons le cobordisme algébrique équiva-
riant ainsi que les variétés horosphériques et sphériques qui sont les principaux objets
d’intérét tout au long de ce travail. Ces objets sont illustrés par la présentation de plu-
sieurs calculs pertinents qui fournissent des outils nécessaires qui seront utilisés dans les
chapitres suivants.

Dans la deuxiéme partie, nous présentons 1’état actuel des recherches aux calculs en
cobordisme équivariant. De plus, nous prouvons une relation en cobordisme équivariant
qui est essentielle dans la suite de ce travail. Nous prouvons aussi que la localisation aux
points fixes de T reste valide pour un raffinement des coefficients. Enfin, pour un groupe
algébrique réductif connexe G et un tore maximal T dans G, nous donnons une preuve
d’une formule de Kiinneth en cobordisme T-équivariant pour des G-variétés projectives
lisses X et Y si X x Y a un nombre fini de points fixes de 1" par rapport a l'action
diagonale. Les deux derniers résultats bien stir impliquent des résultats similaires pour les
groupes de Chow équivariants et la K-théorie équivariant. Le résultat sur le raffinement
des coefficients est nouveau méme pour les groupes de Chow.

La troisiéme partie est consacrée au théoréeme principal de cette these. Dans un
premier temps, nous passons en revue les techniques de preuve pour les calculs des
groupes de Chow rationnels T-équivariants des G-variétés sphériques projectives lisses
que nous étendons ensuite pour le cobordisme rationnel T-équivariant. En utilisant la
relation de la deuxiéme partie, nous prouvons le théoreme principal qui décrit les anneaux
de cobordisme rationnels T-équivariants des G-variétés sphériques projectives lisses.

Dans la quatrieme partie, nous effectuons de nombreaux calculs qui illustrent le théo-
reme principal de ce travail. Nous décrivons la géométrie des variétés horosphériques pro-
jectives lisses de nombre de Picard 1, y compris les grassmanniennes symplectiques im-
paires, et calculons leurs anneaux de cobordisme rationnels T-équivariants. De plus, nous
étendons ces résultats a certaines variétés horosphériques projectives lisses de nombre
de Picard 2. Ces résultats se spécialisent au cas des groupes de Chow rationnels T-
équivariants et sont déja nouveaux dans le cas des groupes de Chow.

La derniére partie de ce travail fournit des calculs de classes de nature géométrique en
cobordisme rationnel T-équivariant. Comme on peut déterminer la structure d’anneau de
certaines variétés lisses T-filtrable en décrivant les générateurs du module de cobordisme
rationnel T-équivariant et en localisant aux points fixes, on peut désormais multiplier
ces classes géométriques dans ’anneau de cobordisme rationnel T-équivariant. Nous ap-
pliquons ces techniques au cas de la grassmannienne symplectique impaire IG(2,5) dans
laquelle nous décrivons les générateurs du module de cobordisme rationnel T-équivariant
de maniere géométrique puis calculons leurs classes dans ’anneau de cobordisme ration-
nel T-équivariant. Comme ci-dessus, un résultat similaire pour les groupes de Chow
rationnels T-équivariant peut étre déduit du résultat précedent.

VII






Kurzfassung

In dieser Dissertation berechnen wir aquivariante Kobordismusringe fiir die Wirkung
eines Torus T auf glatten Varietéten iiber einem algebraisch abgeschlossenem Koérper
von Charakteristik null. Algebraischer Kobordismus ist die universelle orientierte Ko-
homologietheorie und verallgemeinert aufgrund dessen Chowgruppen und konnektive
K-Theorie. Die Beschreibung von Kobordismusringen benétigt weitergehende Metho-
den, weil das universelle Gruppengesetz fiir Berechnungen der Ringstrukturen verwendet
werden muss.

Diese Arbeit ist in filnf Kapitel gegliedert. Im ersten Kapitel wird die Konstruktion
von algebraischem Kobordismus wiederholt und dquivarianter Kobordismus definiert.
Des Weiteren werden sphérische und horosphérische Varietédten eingefiihrt, welche die
wichtigsten Beispielklassen fiir die dargelegten Berechnungen darstellen. Diese Objekte
werden anhand von einigen Beispielen am Ende des ersten Kapitels veranschaulicht.

Im zweiten Kapitel wird der aktuelle Forschungsstand hinsichtlich der Berechnungen
von &dquivariantem Kobordismus von Varietdten dargelegt. Weiterhin wird eine Rela-
tion in Aquivariantem Kobordismus bewiesen, welche im weiteren Verlauf der Arbeit
mehrfach verwendet wird. Zudem wird ein Lokalisierungstheorem fiir einen verfeinerten
Koeffizientenring formuliert und abschlieend eine Kiinneth Formel fur T-dquivarianten
Kobordismus gezeigt, wobei T' ein maximaler Torus ist. Die letzten beiden Resultate
implizieren ahnliche Resultate fiir &quivariante Chowgruppen und dquivariante konnek-
tive K-Theorie, wobei das verfeinerte Lokalisierungstheorem sogar ein neues Resultat
fiir Chowgruppen darstellt.

Das dritte Kapitel befasst sich mit dem Hauptsatz der vorliegenden Arbeit. Zuerst
werden die Beweistechniken fiir die Berechnungen von rationalen dquivarianten Chowrin-
gen von glatten, projektiven und sphéarischen Varietidten dargestellt, welche im Laufe des
Kapitels fiir rationalen dquivarianten Kobordismus erweitert werden, um den Hauptsatz
zu beweisen. Hierbei ist die beschriebene Relation aus Kapitel zwei von besonderer Rele-
vanz. Letztere ermoglicht die Berechnung von rationalen 7T-dquivarianten Kobordismus-
ringen von glatten, projektiven und sphérischen Varietéten.

Im vierten Kapitel werden unter Verwendung des Hauptsatzes zahlreiche explizite
Rechnungen durchgefithrt. Zunéchst wird die Geometrie von glatten, projektiven und
horosphérischen Varietdten von Picard-Rang eins analysiert, um danach deren rationa-
le T-aquivariante Kobordismusringe zu berechnen. Unter anderem werden diese Ringe
fiir ungerade symplektische Grassmann-Varietédten berechnet und des Weiteren auch fiir
einige glatte, projektive und horosphérische Varietdten von Picard-Rang zwei. Wir erhal-
ten dadurch auch neue Ergebnisse fiir rationale T-dquivariante Chowringe von glatten,
projektiven und horosphérischen Varietéten.

Im letzten Kapitel der Arbeit werden die Klassen der Erzeuger im rationalen T-
aquivarianten Kobordismusring berechnet. Die Ringstruktur der rationalen T-dquiva-
rianten Kobordismusringe kann beschrieben werden, indem die Erzeuger des Moduls in
der Algebra identifiziert werden. Dies erweitert den aktuellen Forschungsstand, da nun
fiir glatte und T-filtrierbare Varietdten die Klassen der Erzeuger miteinander multipli-
ziert werden kénnen. Diese Theorie wird dann am Beispiel der ungeraden symplektischen
Grassmann-Varietit 1G(2,5) angewendet, indem die Erzeuger des Moduls geometrisch
beschrieben werden, was fiir die Berechnung der Klassen notwendig ist. Dadurch kann
der rationale T-dquivariante Kobordismusring von 1G(2,5) beschrieben werden, was er-
neut dhnliche Resultate fiir rationale T-dquivariante Chowringe liefert.
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1 Introductions

1.1 Introduction (English version)
1.1.1 Motivation

Cohomology theories have been always of great interest in algebraic geometry, let it be
the notions of Chow groups, K-theory or quantum cohomology. One needs to distiguish
between non-oriented and oriented cohomology theories and our main focus will lie on
the latter ones. The orientation basically means that the cohomology theory has the
additional structure of Chern classes for complex vector bundles. These cohomology
theories are primarily used in order to understand the geometric intersection theory of
varieties, the latter being the main part of Hilbert’s 15" problem.

The original motivation to understand algebraic cobordism was to find an analogue to
the cobordism of differentiable manifolds introduced in the fundamental paper of Quillen
(cf. [48]). Quillen observed that the complex cobordism theory MU*(X) is the universal
complex oriented cohomology theory on the category of differentiable manifolds. Later
on, Levine and Morel (cf. [37]) were able to prove analogues of MU* for the category
of smooth k-schemes for any field k of characteristic zero. They called the resulting
universal oriented cohomology theory * algebraic cobordism and furthermore, they
gave applications and examples explaining the relations between 2* and the functor Ky
of Grothendieck groups or the Chow ring functor CH*.

Equivariant cohomology theories originally arose because one wanted to understand
the ordinary cohomology theory of classifying spaces. Subsequently, equivariant co-
homology theories were studied as they include group actions on varieties into their
computations. It turned out that those are a very powerful tool in order to describe the
ordinary cohomology theories and many computations were made in equivariant coho-
mology theories (e.g. [I, 7, 8, @} [T}, (12} (17, 20, B0, BT, 32, 34, 50]) for different kinds of
varieties. As we are mainly interested in algebraic cobordism, we also mostly investigate
equivariant algebraic cobordism of smooth varieties over a field of characteristic zero.

The last objects of interest in this thesis are spherical varieties. Those were studied
for example in [6l 16, 29] B9, [41], 42 [43], 44, [45] [46, [47]. This class of varieties includes
a wide range of very well known varieties as for example flag varieties, toric varieties,
symmetric varieties, wonderful varieties or horospherical varieties. The geometry of the
latter was intensively studied for example in [16] [41], [42] 43] [44], [46]. In this thesis our
main focus lies on computations of equivariant algebraic cobordism of spherical varieties
and on explicit computations for horospherical varieties. In fact, this last class of varieties
includes a phletora of interesting examples as flag varieties, toric varieties or the odd
symplectic Grassmannian IG(k,2n + 1) for n > 2 and k € [2,n].

The motivation specifically for this work was the state of the research at the time this
project was started. Let G be a connected reductive algebraic group with a maximal
torus T' in GG over some algebraically closed field k of characteristic zero. Brion computed
the rational T-equivariant Chow rings for smooth projective spherical G-varieties (cf. [7])
and T-equivariant cobordism rings were already computed for e.g. smooth toric varieties
(cf. [34]), flag varieties (cf. [28]), wonderful symmetric varieties of minimal rank (cf. [28])
and smooth projective varieties with finitely many 7T-fixed points and finitely many 7-
stable curves (cf. [3I]). Therefore, a natural question is the generalisation of Brion’s
results to rational T-equivariant cobordism for any smooth projective spherical G-variety
especially because the geometry of spherical varieties is an active field of research.



1.1 Introduction (English version)

1.1.2 Main results

In this section, we describe our main results. We start by providing necessary no-
tations and definitions needed in the main theorems of this thesis. First of all, the
following lemma illustrates the correspondence between formal group laws and oriented
cohomology theories which is one of the fundamental facts of this theory (see Section

for more details).

Lemma. [37, Lemma 1.1.3] Let A* be an oriented cohomology theory on Smy, for any
field k of characteristic zero. Then there is a unique power series

Fa(u,v) = Zamuivj e A*(k)[[u, v]]

]

with a; j € A" (k) such that for any X € Smy, and any pair of line bundles L and M
on X, we have

Fa(er(I), e1(M)) = ex(L @ M),
Furthermore, the pair (A*(k), F4) is a commutative formal group law of rank one.

For example Chow groups are associated to Fop(u,v) = u + v and K-theory to
Frg(u,v) = u+ v — puv. Algebraic cobordism corresponds to the universal commutative
formal group law Fq of rank one.

Next, we fix some notation which we use throughout the thesis. Let G be a connected
reductive algebraic group G over an algebraically closed field k£ of characteristic zero.
Furthermore, let B C G be a Borel subgroup, 7' C B a maximal torus, W the Weyl
group of G corresponding to the maximal torus of B and U the unipotent radical of B.
Additionally, we choose the order on weights induced by the Borel subgroup B, i.e. for
two weights x, x’ we have xy > X’ if x — X’ is a non-negative linear combination of simple
roots.

Definition. Let X be a normal G-variety. We call X spherical if it contains an open
B-orbit.

In the following, we recall that the T-equivariant cobordism ring {27.(X) for a smooth
variety X is given by an inverse limit of ordinary cobordism rings of mixed quotients,
the latter being constructed from the group 7' (cf. Definition . We remark that
O5H(X) is an QF.(k)-algebra and furthermore, for any smooth projective variety X with
finitely many T-fixed points, the generators in the 7 (k)-module (7.(X') are some classes
[f : Y — X] where f is a projective T-equivariant morphism from a smooth variety Y
(cf. [B1, Corollary 4.8]). From now on we use S(T") := Q5(k). We also recall that
the T-equivariant cobordism ring S(7') is isomorphic to the graded power series ring
L[[t1, ..., tn]]gr (cf. Construction where n denotes the rank of the torus 1" (cf. [32]
Proposition 6.7]) and L the Lazard ring (cf. Construction [2.§)).

In order to proceed to the main results of this thesis, we define the rational T-
equivariant cobordism ring 5.(X)g = Q7(X) ®z Q for a smooth variety X where this
tensor product denotes the graded topological tensor product (cf. Construction .
We remark that %.(X)q is an S(T")g-algebra if X is smooth.

Now, we give the state of the art before this project was conducted. The next
proposition is a generalisation by Krishna [31] of classical localisation results (cf. [7, 12,



Henry July

17]) which is a very powerful tool in order to compute rational T-equivariant cobordism
for varieties having finitely many fixed points and stable curves.

Proposition. [31, Theorem 7.8] Let X be a smooth projective scheme where a torus
T acts with finitely many fized points x1,...,xp and finitely many stable curves. Let
i: XT — X be the inclusion of the fized point locus. Then the image of

i1 Qp(X)g = Qp(XT)g = S(T)y

is the set of (fi,...,fp) € S(T)‘a such that f; = f; mod x whenever x; and x; are
connected by a stable irreducible curve where T acts through the weight x.

This proposition already suggests several possible generalisations which are first of
all of course extending the statement to smooth projective varieties with a torus action
where T acts with finitely many 7T-fixed points, but infinitely many 7T-stable curves.
One class of potential candidates is the class of smooth projective spherical varieties as
those always have finitely many T-fixed points (cf. Lemma . Therefore, we tried to
generalise the statements for rational T-equivariant Chow groups for smooth projective
spherical G-varieties. Since there is no presentation of the T-equivariant cobordism
module, one cannot run the same proof as for rational T-equivariant Chow groups, but
instead one needs different lemmata in order to be able to run a similar strategy. The
first technical result is the following lemma (cf. Lemma .

Lemma. Let T be a torus of rank n and F be a finite subgroup. Then we have a graded
L-algebra isomorphism

Qr(k)e = Q7/p(F)o-

This statement ensures that the rational T-equivariant cobordism does not see a
difference between actions of maximal tori of SLg or PSLy. These actions occur naturally
in Brion’s description of fixed point loci of spherical varieties, see below. This lemma is
proved only using formal group laws and computations in formal power series. Indeed,

this statement also holds if one considers coefficients in Z[pi, i] where p1, ..., py are

= Dy
the primes occurring in the prime factorisation of the order of the group F'.
The following result by Brion describes the fixed point loci of spherical varieties.

Proposition. [7, Proposition 7.1] Let X be a spherical G-variety and let T" C T be a
subtorus of codimension one.

(i) Each irreducible component of X*' is a spherical Cq(T")-variety.
(i) If T' is regular, then XT is at most one-dimensional.

(iii) If T' is singular, then XT" s at most two-dimensional. Furthermore, any two-
dimensional connected component of XT" is either a rational ruled surface

F, = P(OI[M ©® Op1 (n))

where Ca(T") acts through the natural action of SLy, or the projective plane where
Ca(T") acts through the projectivisation of a non-trivial SLa-module of dimension
three.



1.1 Introduction (English version)

Before we are able to state the main result of this thesis, we provide some more
background regarding formal group laws. We recall the existence of a unique formal
graded power series x(u;) € L[[u1, ..., un]]gr which satisfies Fo(u;, x(u;)) = 0 where Fq
denotes the universal commutative formal group law of rank one. For any positive integer
b € Z>1 we establish the following notations.

u; + g uj = Fo(ug,ug) € Li[ug, ugl]gr,
[—1]pqui := x(wi) € L[[ui]lgr,
u; — Ry, uj i= Fo(ug, x(uj)) € L{[ui, ugllgr,
[0] 7 ui == 0,
[b] Fqui := Fo(ui, [b — 1] rqui) € L{[ui]]gr

It is clear that [b]g,u is divisible by w for any u € L{[u1, ..., up]]gr of degree 1.

The next theorem is a replacement for the fact that we do not have any explicit
presentation of T-equivariant cobordism as in the case of T-equivariant Chow groups.
This result (cf. Theorem is crucial for the proof of the structure theorem for the
rational T-equivariant cobordism rings of smooth projective spherical G-varieties.

Theorem. Let X be a smooth T-variety, [h:Y — X]| the equivariant fundamental class
of a T-stable cobordism cycle and f € k(Y) a rational T-eigenfunction with weight x.
Denote by Zy and Z, the zeros and poles of f, respectively, and assume that they are
smooth. Then the relation

cf (Ly) - [Y = X] = hiFa ([Zo = Y, [-1] [ Zoo — Y1)

holds in QI (X) where Fq denotes the universal formal group law and [—1]g, is the
inverse in the universal formal group law.

Next, we provide the last two definitions which are necessary in order to state the
main theorem of this thesis (cf. Theorem |4.13)).

Definition. Let v € L[[uy,...,un)]gr be a homogeneous element of degree 1. Then for
n € Z>1 we define

[=n]rou = [~k ([P o) -

Furthermore, if there exists a homogeneous element v’ € (L[[u1, ..., un]lgr)q of degree 1
such that [m]p v’ = u holds for m € Z>1, then we define

il
— u::=u.
’I’TLFQ

Definition. In the setting of the above definition we define the operator pyp, by

Pn/mU =

in (L{[u1, ..., un]lgr)o for any n € Z\ {0} and m € Z>;.

Now, we established all the necessary tools in order to be able to state the main
theorem (cf. Theorem [4.13|) of this thesis. The ordering of the T-fixed points in the

4
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connected components of X7 for singular codimension one subtori 77 C T will be
described in the paragraph below the following theorem.

Theorem. For any smooth projective and spherical G-variety X, the pullback map
i Wp(X)g = (X )g
is injective. Moreover, the image of i* consists of all families (fy),cxr such that

(i) fz = f, mod cl (L) whenever x and y are connected by a T-stable curve where T
acts through the weight x.

(ii) (fz— fy) + p1j2ct (La)(fz — fz) =0 mod ¢f (La)? whenever « is a positive root of
G relative to T, x,y and z lie in a connected component of X Ker(a)? isomorphic to
a projective plane P? and x > y > z are ordered by their corresponding weights.

(ii) fuw — fr— fy+ f- =0 mod ¢l (Ly)? whenever v is a positive root of G relative to
T, w,z,y and z lie in a connected component of X Ker(a)? isomorphic to P' x P!
and w > x,y > z are ordered by their corresponding weights.

(iv) p_pns2ci (La)(fy = f2) + pnjoct (La)(fw — fo) = 0 mod ¢f (Ly)? whenever o is a
positive root of G relative to T, w,x,y and z lie in a connected component of
X Ker(a)? isomorphic to a rational ruled surface F,,, n > 1, and w > x >y > z are
ordered by their corresponding weights.

This theorem allows us to describe the rational T-equivariant cobordism rings as long
as we can determine the surfaces occurring in the connected components of the fixed
point subschemes X 7' One more major tool in the proof of the previous theorem is
the computation of the rational T-equivariant cobordism ring of projective planes and
Hirzebruch surfaces (cf. Proposition . In order to be able to state this proposition,
we describe the irreducible components of XZ' for singular codimension one subtori 7"
coming from the previous in some more detail.

Therefore, let D be the torus of diagonal matrices in SLy and let a be the positive
root. First, we want to consider the two cases of P(V') for a non-trivial SLo-module V
of dimension three. Set V41 := Sym"+1(k2). Let V = Vi @ V1 be the first non-trivial
SLo-module of dimension three. The weights of D in V are «/2,0 and —«a/2 induced
by the given group action of D on V from Example We denote by z,y and
z the corresponding fixed points of D in P(V') which are also described in Example
To be more explicit, the corresponding fixed points to the weights /2,0, —a/2
are x =[1:0:0],y=1[0:1:0] and z = [0 : 0 : 1], respectively. Therefore, we identify
Q5 (P(V)P)q with S(D)3,.

Similarly, for the second non-trivial SLo-module V' = V5 = sl, of dimension three,
the corresponding weights are «,0 and —a whereas the corresponding fixed points are
againx =[1:0:0],y=[0:1:0] and z = [0: 0 : 1], respectively.

Next, we consider the case Fg = P! x P! with D-action given by

d-([a:b],[u:v])) = ([da:d '], [du:d o))

We denote by w and z the D-fixed points ([1: 0],[1: 0]) and ([0 : 1], [0 : 1]), respectively.
Further, we denote the remaining two D-fixed points ([1 : 0],[0 : 1]) and ([0 : 1],[1 : 0])
by x and y, respectively.



1.1 Introduction (English version)

Lastly, we have a look at the rational ruled surfaces IF,,, n > 1, which we describe in
large detail in Example We recall that F,, has four D-fixed points w,x,y and
z with corresponding weights (n + 1)a/2, a/2, —a/2 and —(n + 1)a/2, respectively, by
the induced D-action on [F,, which is presented in Example Therefore, we can
identify QF,(F)q with S(D)3.

Now, we are able to state the previously announced proposition (cf. Proposition
4.16)).

Proposition. Let X be a Hirzebruch surface F,, or a projective plane P(V').

(i) The image of the pullback
i*: Qp(Fp)o — S(D)a
consists of all (fw, fa, fy, f2) € S(D)a such that

fo=fe=f,=f modc(L,) and
fw - fx - fy + fz =0 mod CID(LCY)2

hold for n =0 and of all (fuw, fu, fy, =) € S(D)fl@ such that

fw=fz=fy=f mod ClD(La) and
pn2ct (La)(fy = f2) + pnjact (La)(fw — fz) =0 mod ¢ (La)?

hold for n > 1.
(i) Moreover, the image of
i QH(P(V))g — S(D)B
consists of all (fy, fy, f-) such that
fe=fy,=f modc(Ly) and
(fe — fy) + Pl/2C?(La)(fz — fz) =0 mod C?(La)2
hold.

The major application of the main is given by describing the geometry of
smooth projective horospherical G-varieties X of Picard number one. These varieties
were classified by Pasquier [43] and the classification is given by the following theorem.

Proposition. [453, Theorem 0.1] Let G be a connected reductive algebraic group. Let X
be a smooth projective horospherical G-variety with Picard number one. Then one of the
following cases can occur.

(i) X is homogeneous.

(i) X is horospherical of rank 1. Its automorphism group is a connected non-reductive
linear algebraic group, acting with exactly two orbits.

Moreover, in the second case X is uniquely determined by its two closed G-orbits Y and
Z, isomorphic to G/Py and G /Py, respectively, and (G, Py, Pz) is one of the triples of
the following list.
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(1) (B, P(wn—1), P(wy)) forn >3
(2) B37P(w1)’P<w ))

(
( 3
(3) (Cn, P(wm), P(wim—1)) for n > 2 and m € [2,n]
(Fa, Pw2), P(ws))

(

(5) (G2, P(w1), P(w2)

Here we denote by P(w;) the maximal parabolic subgroup of G corresponding to the
dominant weight w; using the notations from Bourbaki [5].

Remark. In our notation P(w;) denotes the maximal parabolic subgroup Pg\,, for the
simple root «; associated to the fundamental weight w;.

In the sequel, we are only interested in the cases which are not homogeneous because
the rational T-equivariant cobordism for the homogeneous varieties can be described
using [31, Theorem 7.8]. Therefore, we recall the construction from [I6], Section 1.3].

Let X be a smooth projective horospherical but non homogeneous variety of Picard
number one with associated triple (G, Py, Pz). In this case, we denote the previous
triple also by (G, P(wy ), P(wz)) for the corresponding fundamental weights wy and wy.
Furthermore, the dense orbit is given by G/H = G - [vy +vz] C P(Vy & Vz) where Vy
and Vz are the irreducible G-representations with highest weights wy and wz and the
corresponding highest weight vectors vy and vz. We conclude by the construction that
Py and Py are the stabilisers of [vy] and [vz] in P(Vy) and P(Vz) and that Y and Z
are the G-orbits of [vy] and [vz] in P(Vy) and P(Vy), respectively. Lastly, we have that
X =G - [vy +vz] CP(Vy & Vz) is the closure of the G-orbit G- [vy +vz] in P(Vy & Vyz).

The T-fixed points of X are given by the T-fixed points of the two closed G-orbits.
Now, we analyse the T-stable curves and the fixed point subschemes X7' for some
given X in order to be able to use the main with the aim of obtaining the
rational T-equivariant cobordism of X. It is known how to determine the T-stable
curves in the closed orbits G/Py and G/ Py which are flag varieties (see e.g. [15]). Next,
we investigate the T-stable curves meeting the dense open orbit G/H for any smooth
projective horospherical variety X of Picard number one. We will use the diagram

G/H
Jﬂ
G/(Py N Py) (1.1)
G/Py / \ G/Py

where 7 is a C*-bundle corresponding to the fact that X is horospherical of rank one.

Additionally, we define x := wy —wz to be the difference of the two given fundamental
weights. Having established these notations, we are able to state another essential result
of this thesis (cf. Lemma [5.23).



1.1 Introduction (English version)

Lemma. For any smooth projective horospherical variety X of Picard number one we
have the following properties.

(1) The only T-stable curves in X meeting the open orbit G/H occurring as a connected
component of XT' for some codimension one subtorus T' are of the form 7 1(2)
where z € G/(Py N Pz) is a T-fized point.

(2) The surfaces occurring in XT" only arise from codimension one subtori of the form
T' = Ker(wa)? = Ker(wy)® for some positive root o which is a non-zero multiple of
x and some w € W.

This result is the main ingredient for the which determines the surfaces in
the connected components of X', Here, we refer to Example in which we describe
all occurring surfaces in the connected components of X 7" for all smooth projective
horospherical varieties X of Picard number one. From this we can then deduce the
structure of the rational T-equivariant cobordism rings of all smooth projective horo-
spherical varieties of Picard number one which are explicitly given in Example
We emphasise that all of these computations in the mentioned examples also hold for
rational T-equivariant Chow groups and that even for Chow groups, those computations
were previously unknown.

Next, we investigate some smooth projective horospherical varieties of Picard num-
ber two using the same Furthermore, in the classification of these varieties,
products of varieties are explicitly excluded, but nevertheless it is always a natural ques-
tion to evaluate the T-equivariant cobordism rings of products of varieties. Therefore,
we establish some Kiinneth formula for T-equivariant cobordism (cf. Proposition [3.63))
which also reduces to a Kiinneth formula for T-equivariant Chow groups.

Proposition. (Kinneth formula) Let X,Y be smooth projective G-varieties such that
X XY has finitely many T-fized points with respect to the diagonal action. Then there
exists an isomorphism

Q7 (X) ®ay ) Qp(Y) = Qp(X x V).

We recall that S(T)g[M ~1] is the graded ring obtained by inverting all non-zero linear
forms 377, m;t; in S(T')g which is described more generally in Construction [3.43, For
a smooth k-scheme X with a torus action, we denote Q(X)g ®s(1), S(T)q M~1] by
U (X)g[M ).

The following definition (cf. Definition is well-defined because the pushfor-
ward map i, : Q5(XT)g — Q5(X)g becomes an isomorphism after base change to
S(T)g[M~1] for a smooth T-filtrable variety X (cf. Corollary .

Definition. Let X be a smooth T-filtrable variety with an action of a torus T. Further,
let [Y = X] € Q(X)o[M™Y] and x € X be an isolated T-fized point. We distinguish
between isolated fized points and connected components F C XT which are not an isolated
point. For any isolated fized point we define the equivariant multiplicity

6x7x[Y — X] S S(T)Q[Mﬁl]
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of X at x to be given by the equality

YV = X]=i| Y ex[V = X[z —a]+ Y ep[F = F]
zeXT FCXT
isolated

which holds in Vr(X)g[M 1] for some ep € S(T)g[M 1] and [F' — F] € Q(F)q.

Using this definition, we can state the last main result (cf. Proposition which is
used in order to compute classes in 25.(X)q for smooth T-filtrable schemes X.

Proposition. Let X be a smooth T-filtrable scheme with a T-action. Let x € X be an
isolated fized point and [f : Y — X] a class in the S(T)g-algebra ¥5-(X)g. Assume
further that all fized points in the fibre f~'(x) are isolated. Then we have

exx[Y > X|= Y ey[Y =Y]

yeyT
fy)=z

The second obvious generalisation of the first is to consider some refined
coefficient ring which results in mainly proving the localisation theorem (cf. [31, Theo-
rem 7.6]) with a refined coefficient ring. The following result (cf. Theorem [3.59)) proves
the localisation result for a refined coefficient ring Z[S;(l] where Sy denotes some mul-
tiplicative set which will be discussed in more detail in Definition This theorem
also generalises Brion’s result [7, Theorem 3.3] for Chow groups because it considers a
finer coeflicient ring.

Theorem. Let X be a smooth projective variety where a torus T of rank n acts with
finitely many isolated fixed points xo,...,xp. Let i : XT — X be the inclusion of the fized
point locus. Then the image of i* : Q*T(X)Z[Sq] — Q}(XT)Z[SA] is the intersection of
X X
the images of the restriction maps
s (X g1 — Un(XT)

[S%'] Z[Sx']

where T' runs over all subtori of codimension one in T .

This theorem enables us to make almost all of our computations also for this refined
coefficient ring. In some cases, we need to invert p = 2 additionally, if it is not already
inverted in Z[Sy'], because the difference of SLy and PSLy, which is a group of order
two, plays a major role in the proof of our main This result then of course also
generalises the description of rational T-equivariant Chow groups of smooth projective
G-spherical varieties to the finer coefficient ring Z[S;(l] and furthermore, this gives a
new result even for Chow groups.

1.1.3 Organisation of the thesis

In this section, we outline the structure of the thesis including the organisation of
the five chapters.

In Chapter [2| we mainly present established notions and constructions which will
be used in the sequel of the thesis. First of all, we recall the construction of algebraic
cobordism 2* due to Levine and Morel [37] in Sectionand discuss its main properties
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originally provided in [37]. In what follows, we define equivariant algebraic cobordism
(cf. Definition which was independently invented by Krishna [32] and Heller,
Malagén-Lopez [20]. We subsequently analyse its most important properties proved in
[201, 132].

In the last section of Chapter 2 we discuss spherical and horospherical varieties (cf.
Definition and investigate examples which will be essential throughout the thesis.

In Chapter (3| we provide necessary notions in order to be able to state main known
results for computations in equivariant algebraic cobordism (cf. [20, 28] 3T, [34]). In this
chapter, we are mainly interested in torus actions on schemes.

We start this chapter by introducing the notion of T'-filtrable schemes (cf. Section
. Next, we prove that the rational T-equivariant cobordism ring is isomorphic to
the rational T'/ F-equivariant cobordism ring if F' is a finite subgroup of T' (cf. Lemma
. Indeed, this statement also holds if one only considers coefficients in Z[p%, s é]
or appropriate primes p1, ..., p¢. In what follows, we prove that T-equivariant cobordism
satisfies a certain relation (cf. Theorem which reduces to Brion’s relation (cf. [7,
Theorem 2.1]) in Chow groups described earlier in this chapter.

After having defined the necessary notions, we present the description of the rational
T-equivariant cobordism ring of smooth projective varieties with finitely many 7-fixed
points and finitely many T-stable curves which was proved by Krishna in [3T, Theorem
7.8]. One of the main purposes of this chapter is to generalise the previous statement
to finer coefficient rings (cf. Proposition using the refined localisation theorem (cf.
Proposition .

For later use, we proceed by proving a Kiinneth formula for T-equivariant cobordism
of smooth projective varieties with finitely many 7T-fixed points (cf. Proposition .

In Chapter 4] we describe the rational T-equivariant cobordism rings of smooth
projective G-spherical varieties X (cf. Theorem . The proof of the latter result
specifically requires the fact that we are working over an algebraically closed field because
one has to take n-th roots of unity in order to describe the connected components of
XT" for codimension one subtori 7/ C T which can be seen in the proof of [7, Theorem
7.1]. Later on, Theorem can be reduced to computing the rational T-equivariant
cobordism of projectives planes and Hirzebruch surfaces (cf. Proposition . The
previous results can also be proved over some refined coefficient ring Z[p%’“'i] (cf.
Remark .

We finish the chapter computing the rational T-equivariant cobordism rings of the
odd symplectic Grassmannians IG(k,2n+1) for n > 2 and k € [2,n] (cf. Example[4.31).

The main purpose of Chapter [5|is the computation of rational T-equivariant cobor-
dism rings for smooth projective horospherical varieties using Theorem[d.13] This is done
by describing the T-stable curves and the T-fixed points of the corresponding varieties.

In the following, we are mainly interested in smooth projective horospherical G-vari-
eties X with Pic(X) = Z. These varieties were classified in [43] and the geometry was
described in [I6]. We extend the understanding of the geometry of the given varieties
and using that, we describe their rational T-equivariant cobordism rings.

To finish this chapter, we compute the rational T-equivariant cobordism of some
specific smooth projective horospherical G-varieties X with Pic(X) & Z2.

In the closing Chapter [6] we finally study classes in the rational T-equivariant
cobordism rings which were only described combinatorially up to this point. First, we
define the notion of equivariant multiplicities (cf. Definition based on the idea of
equivariant multiplicities for equivariant Chow groups (cf. [7]). Using this definition,

10
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we investigate the equivariant multiplicities for some classes [f : Y — X] in the rational
T-equivariant cobordism ring of smooth T-filtrable schemes X at isolated fixed points
z € X (cf. Proposition[6.7). This result can be similarly proved for the refined coefficient
ring. An essential ingredient in the proof is the self-intersection formula proved by
Krishna [31, Proposition 3.1]. The rest of this chapter is mainly dedicated to examples
which show the significance of the results in this thesis. In all the computations we can
deduce that it is enough to invert finitely many primes in the coefficient ring, and in
most cases it is even enough to invert p = 2.

Furthermore, we discuss the differences between equivariant cobordism and other
oriented equivariant cohomology theories such as equivariant connective K-theory or
equivariant Chow groups.

Many results of this thesis are in [26].

1.2 Introduction (version francaise)
1.2.1 Motivation

Les théories cohomologiques ont toujours été d’un grand intérét en géométrie algé-
brique, que ce soit les notions de groupes de Chow, de K-théorie ou de cohomologie
quantique. On peut faire la distinction entre les théories cohomologiques orientées et
non orientées. Nous nous concentrerons principalement sur les premieres. L’orientation
signifie essentiellement que la théorie cohomologique dispose d’une notion de classes de
Chern pour les fibrés vectoriels complexes. Ces théories cohomologiques sont principale-
ment utilisées pour comprendre la théorie de I'intersection géométrique des variétés qui
trouve sa source dans le 15eme probleme de Hilbert.

La motivation originale pour comprendre le cobordisme algébrique était de trouver
un analogue au cobordisme des variétés différentielles introduit dans l’article fonda-
mental de Quillen (cf. [48]). Quillen a observé que la théorie du cobordisme complexe
MU*(X) est la théorie cohomologique orientée universelle complexe sur la catégorie des
variétés différentielles. Plus tard, Levine et Morel (cf. [37]) ont pu montrer l'existence
d’une théorie analogue & MU* pour la catégorie des k-schémas lisses pour tout corps k
de caractéristique nulle. Ils ont appelé cobordisme algébrique la théorie cohomologique
orientée universelle 2* ainsi obtenue et en outre, ils ont donné des applications et des
exemples expliquant les relations entre Q0* et le foncteur Ky des groupes de Grothendieck
ou le foncteur d’anneaux de Chow CH*.

Les théories cohomologiques équivariantes sont apparues a 1’origine parce qu’on vou-
lait comprendre la théorie cohomologique ordinaire des espaces de classification. Par la
suite, les théories cohomologiques équivariantes ont été étudiées car elles incluent des
actions de groupe sur les variétés dans leurs calculs. Il s’est avéré que celles-ci sont un
outil tres puissant pour décrire les théories cohomologiques ordinaires et de nombreux
calculs ont été effectués dans des théories cohomologiques équivariantes (par exemple
[T, 7, 18, 9L [T, 12} 17, 20, B0, B1L B2, B4, B50]) pour différents types de variétés. Comme
nous nous intéressons notamment au cobordisme algébrique, nous étudions aussi princi-
palement le cobordisme algébrique équivariant des variétés lisses sur un corps de carac-
téristique nulle.

Les derniers objets d’intérét de cette these sont les variétés sphériques. Celles-ci ont
été étudiées par exemple dans [6, 16, 29, B9, 41} [42], 43, 144 [45] 46, [47]. Cette classe
de variétés comprend un large éventail de variétés tres connues comme par exemple les
variétés drapeaux, les variétés toriques, les variétés symétriques, les variétés magnifiques

11
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ou les variétés horosphériques. La géométrie de ces dernieres a été intensivement étudiée
par exemple dans [16], [4T], [42], [43], [44], [46]. Dans cette theése, nous nous concentrons princi-
palement sur les calculs du cobordisme algébrique équivariant des variétés sphériques et
sur les calculs explicites pour les variétés horosphériques. En fait, cette derniere classe de
variétés comprend de nombreux exemples intéressants comme les variétés drapeaux, les
variétés toriques ou la grassmannienne symplectique impaire IG(k,2n + 1) pour n > 2
et k € [2,n].

La motivation spécifique pour ce travail était I’état de la recherche au moment ol ce
projet a été lancé. Soit G un groupe algébrique réductif connexe avec un tore maximal
T dans G sur un corps algébriquement clos k£ de caractéristique nulle. Brion a calculé les
anneaux de Chow rationnels T-équivariants pour les G-variétés sphériques projectives
lisses (cf. [7]) et des anneaux de cobordisme T-équivariants ont déja été calculés pour
par exemple les variétés toriques lisses (cf. [34]), les variétés de drapeaux (cf. [28]), les
compactifications magnifiques des variétés symétriques de rang minimal (cf. [28]) et les
variétés projectives lisses avec un nombre fini de points fixes de T' et un nombre fini
de courbes T-stables (cf. [31]). Par conséquent, une question naturelle est la généralisa-
tion des résultats de Brion au cobordisme rationnel T-équivariant pour toute G-variété
sphérique projective lisse, d’autant plus que la géométrie des variétés sphériques est un
domaine de recherche actif.

1.2.2 Principaux résultats

Dans cette section, nous décrivons nos principaux résultats. Nous commencons par
donner les notations et définitions nécessaires aux principaux théorémes de cette these.
Tout d’abord, le lemme suivant illustre la correspondance entre les lois formelles de
groupes et les théories cohomologiques orientées qui est 'un des faits fondamentaux de
cette théorie (voir la Section [2.1) pour plus de détails).

Lemme. [37, Lemme 1.1.3] Soit A* une théorie cohomologique orientée sur Smy, pour
un corps k de caractéristique nulle. Alors il existe une unique série formelle

Fa(u,v) = Zamuivj € A*(k)[[u, v]]
i\j

avec a; ; € A'TI(k) telle que pour tout X € Smy, et toute paire de fibrés en droites L
7]
et M sur X, nous avons

FA(CI(L),Cl(M)) = Cl(L &® M)

De plus, le couple (A*(k), Fa) est une loi de groupe formelle commutative de rang un.

Par exemple, les groupes de Chow sont associés & Fep(u,v) = u+ v et la K-théorie a
Fr(u,v) = u+v— puv. Le cobordisme algébrique correspond & la loi de groupe formelle
commutative universelle Fn de rang un.

Ensuite, nous fixons quelques notations que nous utilisons tout au long de la these.
Soit G un groupe algébrique réductif connexe sur un corps algébriquement clos k de
caractéristique nulle. De plus, soit B C G un sous-groupe de Borel, " C B un tore
maximal, W le groupe de Weyl de G correspondant au tore maximal de B et U le radical
unipotent de B. Nous choisissons I'ordre sur les poids induit par le sous-groupe de Borel
B, c’est-a-dire que pour deux poids x,x’ on a xy > X’ si x — X’ est une combinaison
linéaire non négative de racines simples.

12
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Définition. Soit X une G-variété normale. On dit que X est sphérique si elle contient
une B-orbite ouverte.

Dans la suite, nous rappelons que ’anneau de cobordisme T-équivariant €27.(X) pour
une variété lisse X est donné par une limite inverse des anneaux de cobordisme ordinaires
de quotients mixtes, ces derniers étant construits a partir du groupe 7' (cf. Définition
. Nous remarquons que 275.(X) est une 2} (k)-algebre et de plus, pour toute variété
projective lisse X avec un nombre fini de points fixes de T, les générateurs dans le Q%.(k)-
module ©7.(X) sont certaines classes [f : Y — X] ol f est un morphisme projectif T-
équivariant de source une variété lisse Y (cf. [31, Corollaire 4.8]). A partir de maintenant
nous utilisons S(T") := Q% (k). Nous rappelons également que I’anneau de cobordisme
T-équivariant S(T') est isomorphe & I'anneau de séries formelles gradué L[[t1, ..., tn]]er
(cf. Construction ou n désigne le rang du tore T' (cf. |32, Proposition 6.7]) et L
anneau de Lazard (cf. Construction [2.8)).

Afin d’énoncer les résultats principaux de cette these, nous définissons ’anneau de
cobordisme rationnel T-équivariant 5(X)g = Q5(X) ®z Q pour une variété lisse X
ou ce produit tensoriel désigne le produit tensoriel topologique gradué (cf. Construction
[3.30). Nous remarquons que Q7.(X)g est une S(T')g-algeébre si X est lisse.

Nous donnons maintenant 1’état de ’art avant la réalisation de ce projet. La proposi-
tion suivante est une généralisation par Krishna [31] des résultats classiques de localisa-
tion (cf. [7, 12} [I7]) qui est un outil trés puissant pour calculer le cobordisme rationnel
T-équivariant pour les variétés ayant un nombre fini de points fixes et de courbes stables.

Proposition. [31, Théoréme 7.8] Soit X un schéma projectif lisse ot un tore T agit
avec un nombre fini de points fizves x1,...,x, et un nombre fini de courbes stables. Soit
i: XT — X Uinclusion du lieu des points fizes. Alors I'image de

i (X))o = Q0 (XT)g = S(T)g

est l’ensemble des (f1,..., fp) € S(T)% tels que f; = f; mod x chaque fois que z; et x;
sont reliés par une courbe irréductible stable ou T agit par le poids x.

Cette proposition suggere déja plusieurs généralisations possibles dont une est I’ex-
tension de I’énoncé aux variétés projectives lisses avec une action de tore ou 1" agit avec
un nombre fini de points fixes de T', mais un nombre infini de courbes T-stables. Une
classe de candidats potentiels est la classe des variétés sphériques projectives lisses, car
celles-ci ont toujours un nombre fini de points fixes de T' (cf. Lemme . Par consé-
quent, nous avons essayé de généraliser les résultats de Brion [7] concernant les groupes
de Chow rationnels T-équivariants pour les G-variétés sphériques projectives lisses. Puis-
qu’il n’y a pas de présentation du module de cobordisme T-équivariant, on ne peut pas
faire la méme preuve que pour les groupes de Chow rationnels T-équivariants, mais on
a besoin de différents lemmes afin d’adapter la stratégie. Le premier résultat technique
est le lemme suivant (cf. Lemme [3.36)).

Lemme. Soit T un tore de rang n et F' un sous-groupe fini. Nous avons alors un iso-
morphisme des L-algébres graduées

Qr(k)e = Q7/p(Fo-

Cet énoncé assure que le cobordisme rationnel T-équivariant ne voit pas de différence
entre les actions des tores maximaux de SLo ou de PSLy. Ces actions apparaissent natu-
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1.2 Introduction (version francaise)

rellement dans la description de Brion des lieux de points fixes des variétés sphériques,
voir ci-dessous. Ce lemme est prouvé uniquement en utilisant des lois de groupe formelles
et des calculs sur les séries formelles. En effet, cette affirmation est également valable
si 'on consideére des coefficients dans Z[p%’ v p%] ou pi, ..., p¢ sont les nombres premiers
apparaissant dans la factorisation en nombre premiers de 'ordre du groupe F'.

Le résultat suivant de Brion décrit les lieux de points fixes des variétés sphériques.

Proposition. [7, Proposition 7.1] Soit X un G-variété sphérique et soit T C T un
sous-tore de codimension un.

(i) Chaque composante irréductible de X' est une Cq(T")-variété sphérique.
(ii) SiT' est régulier, alors X' est au plus de dimension un.

(iii) Si T’ est singulier, alors XT'" est au plus de dimension deuz. De plus, toute com-
posante conneze de dimension deuz de X1 est soit une surface réglée rationnelle

F, = ]P)(OIP’l ® Opr (n))

ot Ca(T") agit par Uaction naturelle de SLa, soit le plan projectif ot Cq(T") agit
par la projectivisation d’un SLo-module non trivial de dimension trois.

Avant de pouvoir énoncer le résultat principal de cette theése, nous fournissons quel-
ques informations supplémentaires sur les lois des groupes formelles. Nous rappelons
I'existence d'une unique série formelle graduée x(u;) € L[[u1, ..., un]]er qui satisfait la
relation Fo(u;, x(ui)) = 0. Pour tout entier positif b € Z>; nous fixons les notations
suivantes.

wi +r, vy = Fo(ui,uj) € Li[ug, ujllgr,
[~y ui == x(wi) € L{[wi]]gr,
Ui — o Uy = Fo(ui, x(uy)) € Ll[ui, uj]]gr,
[0] 7, ui == 0,
[0 o wi == Fo(ui, [b — 1] pyui) € Li[ui]]g-

On voit que [b]p,u est divisible par u pour tout v € L[uy, ..., up]]gr de degré 1.

Le théoréme suivant permet de contourner le fait que nous n’avons pas de présen-
tation explicite du cobordisme T-équivariant comme dans le cas des groupes de Chow
T-équivariants. Ce résultat (cf. Théoreme est essentiel pour la preuve du théoreme
de structure pour les anneaux de cobordisme rationnels T-équivariants des G-variétés
sphériques projectives lisses.

Théoréme. Soit X une T-variété lisse, [h : Y — X]| la classe fondamentale équivariante
d’un cycle de cobordisme T-stable, f € k(Y') une T-fonction propre rationnelle de poids
X et soient Zy et Z le lieu des zéros et le lieu des poles de f. De plus, nous supposons
que Zy et Zo, sont lisses. Alors on a la relation

ci (Ly) - [V = X] = hiFa ([Zo = Y], [-1]7y [Zoc = Y))

dans QI (X) ou Fo désigne la loi de groupe formelle universelle et [—1]g, est linverse
dans la loi de groupe formelle universelle.
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Ensuite, nous donnons les deux dernieres définitions qui sont nécessaires pour énoncer
le théoréme principal de cette these (cf. Théoréme [4.13)).

Définition. Soit u € L{[uy, ..., up)]gr un élément homogéne de degré 1. Pour n € Z>1 on
définit

[_n]FQu = [_1]FQ ([n]Fﬂu) :

De plus, s’il existe un élément homogéne u' € (L[[u1,...,un]lgr)o de degré 1 tel que
[m| gt = u est vrai pour m € Zx1, alors nous définissons

I
— u=u.
mFQ

Définition. Dans le cadre de la définition ci-dessus, nous définissons l'opérateur py, /m,
par

Pn/mU =
dans (L[[u1, ..., un)]gr)Q pour tout n € Z\ {0} et m € Z>1.

Nous avons maintenant établi tous les outils nécessaires afin de pouvoir énoncer le
théoreme principal (cf. Théoréme |4.13)) de cette theése. L’ordre des points fixes de T
dans les composantes connexes de X1 sera décrit dans le paragraphe apres le théoreme
suivant pour les sous-tores singuliers 7" C T' de codimension un.

Théoréme. Pour toute G-variété sphérique projective lisse X, le tiré en arriére
(X = (X )g

est injectif. De plus, 'image de i* est constituée de toutes les familles (fz),cxr telles
que

(i) f: = fy, mod cf(Ly) chaque fois que x ety sont reliés par une courbe T-stable ot
T agit par le poids x.

(ii) (fz—fy)+p120] (La)(fz— fz) =0 mod ¢ (La)? lorsque a est une racine positive
de G par rapport a T, x,y et z se trouvent dans une composante conneze de X Ker(a)®

isomorphe d un plan projectif P2 et x > y > z sont ordonnés par leurs poids
correspondants.

(i4) fw — fz — fy + f- =0 mod ¢l (Ly)? lorsque o est une racine positive de G par
rapport a T, w,x,y et z se trouvent dans une composante connexe de X Ker(a)?
isomorphe a P! x P! et w > x,y > z sont ordonnés par leurs poids correspondants.

(iv) p_pnsaci (La)(fy — f2) + pn/gc{(La)(fw — f2) =0 mod ¢l (L,)? lorsque o est une
racine positive de G par rapport a T, w,x,y et z se trouvent dans une composante
connere de XKer(@)" isomorphe da une surface réglée rationnelle F,, n > 1, et
w > x >y >z sont ordonnés par leurs poids correspondants.
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Ce théoreme nous permet de décrire les anneaux de cobordisme rationnels T-équiva-
riants dés que nous pouvons déterminer les surfaces apparaissant dans les composantes
connexes des lieux de points fixes X 7' Un autre outil important dans la preuve du
théoreme précédent est le calcul de I'anneau de cobordisme rationnel T-équivariant des
plans projectifs et des surfaces de Hirzebruch (cf. Proposition . Afin de pouvoir
énoncer cette proposition, nous décrivons un peu plus en détail les composantes irréduc-
tibles de X' pour les sous-tores singuliers 7" de codimension un issus de la
précédente.

Par conséquent, soit D le tore des matrices diagonales dans SLo et soit « la racine
positive. Dans un premier temps, nous voulons considérer les deux cas de P(V) pour
un SLy-module V' non trivial de dimension trois. Nous fixons V11 := Sym"™*1(k?). Soit
V = Vi ® V1 le premier SLo-module non trivial de dimension trois. Les poids de D dans
V sont /2,0 et —a/2 induits par 'action de groupe donnée de D sur V' de 'Exemple
. Nous désignons par z,y et z les points fixes de D correspondants dans P(V)
qui est également décrit dans 'Exemple Pour étre plus explicite, les points fixes
correspondants aux poids /2,0, —a/2sont t =[1:0: 0],y =[0:1:0] et z=[0:0: 1],
respectivement. Par conséquent, nous identifions Q% (P(V)P)g avec S (D)(?@

De méme, pour le second SLo-module non trivial V' = V5 = sl, de dimension trois,
les poids correspondants sont «, 0 et —a tandis que les points fixes correspondants sont
anouveau x =[1:0:0,y=[0:1:0] et z=1[0:0: 1], respectivement.

Ensuite, nous considérons le cas Fg = P! x P! avec I’action de D donnée par

d-([a:b)],[u:v]) = ([da:d '], [du:d 1 v]).

Nous désignons par w et z les points fixes de D qui sont donnés par ([1 : 0],[1 : 0])
et ([0 : 1],[0 : 1]), respectivement. De plus, nous désignons les deux points fixes de D
restants ([1: 0],[0 : 1]) et ([0 : 1],[1 : 0]) par x et y, respectivement. Enfin, nous nous
intéressons aux surfaces réglées rationnelles IF,,, n > 1, que nous décrivons en détail dans
I’Exemple Nous rappelons que F,, a quatre points fixes de D que nous désignons
par w,x,y et z avec leurs poids correspondants (n + 1)a/2, /2, —a/2 et —(n + 1)a/2,
respectivement, induits par ’action de D sur IF,, qui est présentée dans I’Exemple
Par conséquent, nous pouvons identifier Q% (F2)g avec S (D)a.

Maintenant nous sommes en mesure d’énoncer la proposition annoncée précédemment

(cf. Proposition |4.16)).

Proposition. Soit X une surface de Hirzebruch F,, ou un plan projectif P(V').

(i) L’image du tiré en arriére i* : Q5 (Fp)o — S(D)f’@ consiste en tous les tuples
(fw7f$7fy7fz) € S(D)a tels que

fo=fe=f,=f modcP(Ly,) et
Jo—"Jfe— fy+[-=0 mod c{j(La)2

sont valables pour n =0 et en tous les (fuw, fz, fy, f2) € S(D)a tels que

fo=fe=f,=f modcP (L) et
P—n/zch(La)(fy —fa) + pn/zc?(La)(fw — fz) =0 mod ClD(La)2

sont valables pour n > 1.

16



Henry July

(ii) De plus, l'image de i* : Q1 (P(V))g — S(D)% consiste en tous les tuples (fz, fy, f=)
tels que

fe=fy=f modcl (L) et
(fe — fy) + Pl/ZC?(La)(fz — fz) =0 mod C?(La)g-

Nous donnons une application du [T'héoreme| principal en considérant les variétés
horosphériques projectives lisses X de nombre de Picard un. Ces variétés ont été classées
par Pasquier [43] et la classification est donnée par le théoréme suivant.

Proposition. [/3, Theorem 0.1] Soit G un groupe algébrique réductif connexe. Soit X
une G-variété horosphérique projective lisse de nombre de Picard égal a un. Alors l'un
des cas suivants peut se produire.

(i) X est homogéne.

(ii) X est horosphérique de rang 1. Son groupe d’automorphisme est un groupe algé-
brique linéaire connexre mon réductif, agissant avec exactement deuz orbites.

De plus, dans le second cas, X est déterminé de maniére unique par ses deux G-orbites
fermées Y et Z, isomorphes a G/ Py et G/Py, respectivement, et (G, Py, Pyz) est un des
triplets de la liste suivante.

(
(
(3) (Cny P(wim), P(win—1)) pourn >2 et m € [2,n].
(Fy, P(w2), P(ws))

(

Nous désignons ici par P(w;) le sous-groupe parabolique mazximal de G correspondant au
poids dominant w; en utilisant les notations de Bourbaki [5].

Remarque. Dans notre notation P(w;) désigne le sous-groupe parabolique maximal
Pg\n, pour la racine simple «a; associée au poids fondamental w;.

Dans la suite, nous ne nous intéressons qu’aux cas qui ne sont pas homogenes car le
cobordisme rationnel T-équivariant pour les variétés homogenes peut étre décrit a I'aide
de [31, Théoreme 7.8]. Par conséquent, nous rappelons la construction de [16, Section
1.3).

Soit X une variété horosphérique projective lisse mais non homogene de nombre
de Picard un avec le triplet associé (G, Py, Pz). Dans ce cas, nous désignons le triplet
précédent également par (G, P(wy ), P(wz)) pour les poids fondamentaux correspondants
wy et wyz. De plus, Porbite dense est donnée par G/H = G - [vy +vz] C P(Vy & Vy)
ou Vy et V; sont les représentations irréductibles de GG de plus hauts poids wy et wz et
les vecteurs de plus hauts poids correspondants vy et vz. On conclut par construction
que Py et Pz sont les stabilisateurs de [vy] et [vz] dans P(Vy) et P(Vyz) et que Y et
Z sont les G-orbites de [vy] et [vz] dans P(Vy) et P(Vy), respectivement. Enfin, nous
avons que X = G - [vy +vz] C P(Vy & Vz) est la fermeture de la G-orbite G - [vy + vz]
dans P(Vy @ Vyz).
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Les points fixes de T sont donnés par les points fixes de T" dans les G-orbites fermées.
Maintenant, nous analysons les courbes T-stables et les sous-schémas des points fixes
XT" pour un certain X donné afin de pouvoir utiliser le principal dans le but
d’obtenir le cobordisme rationnel T-équivariant de X. On sait comment déterminer les
courbes T-stables dans les orbites fermées G/ Py et G/ Pz qui sont des variétés drapeaux
(voir par exemple [I5]). Ensuite, nous étudions les courbes T-stables rencontrant I’orbite
ouverte dense G/H pour toute variété horosphérique projective lisse X de nombre de
Picard un. Nous utiliserons le diagramme

G/H
lw
G/(Py N Py) (1.2)
G/Py / \ G/Py

ou 7 est une C*-fibration correspondant au fait que X est horosphérique de rang un.

De plus, nous définissons y := wy —wyz comme étant la différence des deux poids fon-
damentaux donnés. Apres avoir établi ces notations, nous sommes en mesure d’énoncer
un autre résultat essentiel de cette these (cf. Lemma .

Lemme. Pour toute variété horosphérique projective lisse X de nombre de Picard un,
nous avons les propriétés suivantes.

(1) Les seules courbes T-stables dans X qui rencontrent l’orbite ouverte G/H apparais-
sant comme une composante connexe de X7 pour un sous-tore T de codimension
un sont de la forme 7=1(z) ot z € G/(Py N Pyz) est un point fize de T

(2) Les surfaces apparaissant dans XT" ne proviennent que des sous-tores de codimen-
sion un de la forme T" = Ker(wa)® = Ker(wx)? pour une racine positive o qui est
un multiple non nul de x et un élément w € W.

Ce résultat est I'ingrédient principal de lfalgorithme| qui détermine les surfaces dans
les composantes connexes de X7. Nous nous référons ici 4 I'Exemple dans lequel
nous décrivons toutes les surfaces apparaissant dans les composantes connexes de X7'
pour toutes les variétés horosphériques projectives lisses X de nombre de Picard un.
Nous pouvons alors en déduire la structure des anneaux de cobordisme rationnels T-
équivariants de toutes les variétés horosphériques projectives lisses de nombre de Picard
un, qui est explicitement donnée dans I'Exemple [5.25] Nous soulignons que tous ces
calculs dans les exemples mentionnés sont également valables pour les groupes de Chow
rationnels T-équivariants et que méme pour les groupes de Chow, ces calculs étaient
auparavant inconnus.

Ensuite, nous étudions quelques variétés horosphériques projectives lisses de nombre
de Picard deux en utilisant le méme De plus, dans la classification de ces
variétés, les produits de variétés sont explicitement exclus, mais néanmoins, il est toujours
naturel d’évaluer les anneaux de cobordisme T-équivariants des produits de variétés. Par
conséquent, nous établissons une formule de Kiinneth pour le cobordisme T-équivariant
(cf. Proposition qui se réduit également & une formule de Kiinneth pour les groupes
de Chow T-équivariants.
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Proposition. (Formule de Kinneth) Soit X,Y des G-variétés projectives lisses telles
que X XY a un nombre fini de points fixes de T par rapport a l'action diagonale. Alors
il existe un isomorphisme

Qp(X) ®qz ) Qp(Y) = Qp(X xY).

Nous rappelons que S(T)g[M '] est anneau gradué obtenu en inversant toutes les
formes linéaires non nulles 3°7_; m;t; dans S(T')g qui est décrit plus généralement dans
la Construction [3.43] Pour un k-schéma lisse X avec une action d’un tore 7', nous
désignons Q7(X)g @g(1) S(T)a[M '] par Q5(X)g[M ).

La définition suivante (cf. Définition est bien définie car le poussé en avant
ix 1 Q(XT)g — Q5(X)g devient un isomorphisme aprés un changement de base vers
S(T)o[M~'] pour une variété lisse T-filtrable X (cf. Corollaire .

Définition. Soit X une variété lisse T-filtrable avec une action d’un tore T. De plus,
soient [Y — X]| € Qn(X)o[M™Y] et z € X un point fize de T isolé. Nous distinguons
deuz types de composantes connexes de X1 : celles qui sont formées d’un point fize isolé,
notées x € X et les autres, notées F C XT. Pour tout point fize isolé, nous définissons
la multiplicité équivariante

exx[Y — X] € S(T)g[M ™)

de X d x comme étant donnée par ’égalité

Y=o X =i, | Y ex[Y 2> X|z—al+ Y ep[F — F]
zeXxT FCXT
isolé
ot ep € S(T)o[M~Y et [F' — F) € Un(F)q qui est toujours satisfaite dans ’anneau
Q7 (X)o[M ™.

En utilisant cette définition, nous pouvons énoncer le dernier résultat principal (cf.
Proposition [6.7]) qui est utilisé afin de calculer les classes dans 27(X)g pour les schémas
lisses T-filtrables X.

Proposition. Soit X un schéma lisse T-filtrable avec une action de T'. Soit x € X un
point fize isolé et [f 1Y — X] une classe dans la S(T)g-algébre 25-(X)q. Supposons en
outre que tous les points fizes de la fibre f~1(x) sont isolés. Nous avons alors

exx[yY = X]= > e[y Y]

yey T
fy)==

La deuxiéme généralisation évidente de la premiére consiste & considérer
un anneau de coefficients raffiné, ce qui a pour conséquence de prouver principalement le
théoréme de localisation (cf. [31, Theorem 7.6]) avec un anneau de coefficients raffiné. Le
résultat suivant (cf. Theorem prouve le résultat de localisation pour un anneau de
coefficients raffiné Z[Sy'] ott Sx désigne un ensemble multiplicatif qui sera discuté dans
la Définition Ce théoreme généralise également le résultat de Brion [7, Theorem
3.3] pour les groupes de Chow car il considére un anneau de coefficients plus fin.
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Théoréme. Soit X une variété projective lisse ot un tore T de rang n agit avec un
nombre fini de points fives isolés xg, ..., xp. Soit i : XT — X lVinclusion du lieu des
points fizes. Alors limage de i* : Q;(X)Z[Sfl] — Q%(XT>Z[571} est lintersection des
X X
images des cartes de restriction
i U (XT,

* T

ot T parcours tous les sous-tores de codimension un de T.

Ce théoreme nous permet de faire presque tous nos calculs également pour cet anneau
de coefficients raffiné. Dans certains cas, nous devons inverser p = 2 en plus, s’il n’est pas
déja inversé dans Z[S)_(l], car la différence entre SLy et PSLo, qui est un groupe d’ordre
deux, joue un role majeur dans la preuve de notre principal. Ce résultat
généralise bien sir la description des groupes de Chow rationnels T-équivariants des
G-variétés sphériques projectives lisses a I’anneau de coefficients plus fin Z[S;(l] et de
plus, cela donne un nouveau résultat méme pour les groupes de Chow.

1.2.3 Organisation de la thése

Dans cette section, nous décrivons la structure de la theése, y compris I'organisation
des cinq chapitres.

Dans le Chapitre (2], nous présentons principalement des notions et des constructions
connues qui seront utilisées dans la suite de la these. Tout d’abord, nous rappelons
la construction du cobordisme algébrique 0* de Levine et Morel [37] dans la Section
et discutons ses principales propriétés fournies a l'origine dans [37]. Dans ce qui
suit, nous définissons le cobordisme algébrique équivariant (cf. Définition inventé
indépendamment par Krishna [32] et Heller, Malagén-Lépez [20]. Nous analysons ensuite
ses propriétés les plus importantes démontrées dans [20] [32].

Dans la derniere section du Chapitre [2], nous discutons des variétés sphériques et
horosphériques (cf. Définition et étudions des exemples qui seront essentiels tout
au long de la these.

Dans le Chapitre [3] nous fournissons les notions nécessaires pour pouvoir énoncer
les principaux résultats connus pour les calculs en cobordisme algébrique équivariant (cf.
[20, 28, 31], 34]). Dans ce chapitre, nous nous intéressons principalement aux actions des
tores sur les schémas.

Nous commengons ce chapitre en introduisant la notion de schémas T-filtrable (cf.
Section. Ensuite, nous prouvons que I’anneau de cobordisme rationnel T-équivariant
est isomorphe a l'anneau de cobordisme rationnel T'/F-équivariant si F' est un sous-
groupe fini de 7" (cf. Lemme . En effet, cette affirmation est également valable si I’on
ne considere que les coefficients dans Z[p%, ey p%] pour les nombres premiers appropriés
1, ..., pe- Dans ce qui suit, nous prouvons que le cobordisme T-équivariant satisfait une
certaine relation (cf. Théoréme [3.39)) qui se réduit a la relation de Brion (cf. [7, Théoréme
2.1]) dans les groupes de Chow décrite précédemment dans ce chapitre.

Apres avoir défini les notions nécessaires, nous présentons la description de I'anneau
de cobordisme rationnel T-équivariant des variétés projectives lisses avec un nombre
fini de points fixes de T et un nombre fini de courbes T-stables qui a été prouvé par
Krishna dans [31, Théoréme 7.8]. L'un des principaux objectifs de ce chapitre est de
généraliser I’énoncé précédent a des anneaux de coefficients plus fins (cf. Proposition
en utilisant le théoréme de localisation raffiné (cf. Proposition [3.59)).
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Pour une utilisation ultérieure, nous démontrons une formule de Kiinneth pour le
cobordisme T-équivariant des variétés projectives lisses avec un nombre fini de points
fixes de T (cf. Proposition [3.63).

Dans le Chapitre |4 nous décrivons les anneaux de cobordisme rationnels T-équiva-
riants des G-variétés sphériques projectives lisses X (cf. Théoréme . La preuve
de ce dernier résultat nécessite spécifiquement le fait que l’on travaille sur un corps
algébriquement clos car il faut prendre les n-iémes racines de 'unité pour décrire les
composantes connexes de X7 pour un sous-tore 77 C T de codimension un ce qui se
voit en étudiant la preuve de [7, Theorem 7.1]. Nous montrons que le Théorémepeut
se réduire au calcul du cobordisme rationnel T-équivariant des plans projectifs et des
surfaces de Hirzebruch (cf. Proposition. Les résultats précédents peuvent également
étre prouvés sur un anneau de coefficients raffiné Z[pil, pie] (cf. Remarque .

On termine le chapitre en calculant les anneaux de cobordisme rationnels T-équiva-
riants des grassmanniennes symplectiques impaires IG(k,2n+1) pour n > 2 et k € [2,n]
(cf . Exemple [4.31)).

Le but principal du Chapitre [5|est le calcul des anneaux de cobordisme rationnels
T-équivariants pour les variétés horosphériques projectives lisses en utilisant le Théoréme
Ceci est fait en décrivant les courbes T-stables et les points fixes de T' des variétés
correspondantes.

Dans la suite, nous nous intéressons principalement aux G-variétés horosphériques
projectives lisses X avec Pic(X) = Z. Ces variétés ont été classées dans [43] et la géomé-
trie a été décrite dans [16]. Nous étendons la compréhension de la géométrie des variétés
données et en utilisant cela, nous décrivons leurs anneaux de cobordisme rationnels 7T'-
équivariants.

Pour terminer ce chapitre, nous calculons le cobordisme rationnel T-équivariant de
certaines G-variétés horosphériques projectives lisses spécifiques X avec Pic(X) = Z2.

Dans le Chapitre [6] de cloture, nous étudions enfin les classes dans les anneaux de
cobordisme rationnels T-équivariants qui n’ont été décrites que de maniére combinatoire
jusqu’a maintenant. Dans un premier temps, nous définissons la notion de multipli-
cité équivariante (cf. Définition basée sur 'idée de multiplicités équivariantes pour
des groupes de Chow équivariants (cf. [7]). En utilisant cette définition, nous étudions
les multiplicités équivariantes pour certaines classes [f : ¥ — X] dans 'anneau de
cobordisme rationnel T-équivariant des schémas lisses T-filtrables X aux points fixes
isolés x € X (cf. Proposition . Ce résultat peut étre prouvé de maniere similaire
pour 'anneau de coefficients raffiné. Un ingrédient essentiel de la preuve est la formule
d’auto-intersection démontrée par Krishna [31], Proposition 3.1]. Le reste de ce chapitre
est principalement consacré a des exemples qui montrent I'importance des résultats de
cette these. Dans tous les calculs, on peut déduire qu’il suffit d’inverser un nombre fini
de nombres premiers, et dans la plupart des cas il suffit méme d’inverser p = 2.

De plus, nous discutons les différences entre le cobordisme équivariant et d’autres
théories cohomologiques orientées équivariantes telles que la K-théorie équivariante ou
les groupes de Chow équivariants.

De nombreux résultats de cette thése se trouvent dans [26].
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2 Preliminaries

The main goal of this chapter is to present the established notions and constructions
of algebraic cobordism and equivariant algebraic cobordism. Therefore, we mainly refer
to 20} [32], 37, 38].

Notations 2.1. Let k be a field of characteristic zero. Firstly, we require all k-schemes
to be separated and of finite type over k. Since we will be concerned with the study of
schemes with group actions of linear algebraic groups and the corresponding quotient
schemes which often require the underlying scheme to be quasi-projective, we assume
throughout this thesis that all schemes over k are quasi-projective if nothing else is
explicitly mentioned. Next, we establish the well known notations which are mainly
used in the literature. Therefore, the category of quasi-projective k-schemes will be
denoted by Schy. A scheme is meant to be an object of this category Schy. Varieties
will be irreducible and reduced schemes. Furthermore, the full subcategory of Schy
consisting of smooth and quasi-projective k-schemes will be denoted by Smy. Similarly,
if G is a linear algebraic group over k, we denote the category of quasi-projective k-
schemes with a group action of G and G-equivariant maps by G — Schy. Frequently
these schemes will be called G-schemes. The corresponding category of smooth quasi-
projective G-schemes will be denoted by G — Smy. We assume all group actions to be
linear, i.e. for any G-action on a scheme X there exists a representation G — GL(V') on
a finite-dimensional vector space V' and a G-equivariant immersion X — P(V).

We will pass freely between vector bundles over X and the corresponding locally free
sheaves of Ox-modules where Ox denotes the structure sheaf of a scheme X. For a
locally free coherent sheaf £ on a scheme X, we let ¢ : P(£) — X denote the projective
bundle associated to £. For a vector bundle E — X, we write P(E) instead of P(Ox (E)),
where Ox (E) denotes the sheaf of sections of £. We might omit the subscripts if there
is no confusion possible.

2.1 Oriented cohomology theories

In this section, we recall the main notions of oriented cohomology theories (cf. [37]).
Here we take the notations and conventions from [37].

Definition 2.2. Let V be a full subcategory of Schy. This subcategory V is said to be
admissible if it satisfies the following conditions.

(i) Speck and the empty scheme ) are in V.

(ii) If Y — X is a smooth and quasi-projective morphism in Schy such that X € V,
then'Y € V.

(iii) If X andY are inV, then so is the product X X Y.
(iv) If X and'Y are in V), then sois X [[Y .

It immediately follows that any such V contains Smy. In this thesis we will be mainly
interested in the case where V is the admissible subcategory Smy,.

Notations 2.3. For Z € Smy we denote by dimg(Z, z) the dimension over k of the
connected component of Z containing z € Z. Let d € Z be an integer. A morphism
f:Y — X in Smy, has relative dimension d if we have dim (Y, y) —dimg (X, f(y)) = d
for each y € Y. We also say that f has relative codimension —d.
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2.1 Oriented cohomology theories

Definition 2.4. Let f : X — Z and g : Y — Z be two morphisms in an admissible
subcategory V of Schy,. We say that f and g are transverse in V if

(i) Tor$%(Oy,Ox) = 0 holds for all ¢ > 0 and
(ii) the fibre product X xz Y is in V.
If V = Smy, then we just say that f and g are transverse.

For what follows R* denotes the category of commutative, graded rings with unit.
We recall that a functor A* : (Smy)°? — R* is additive if A*()) = 0 and for any
pair (X,Y) € (Smyg)? the canonical ring map A*(X[[Y) — A*(X) x A*(Y) is an
isomorphism.

Definition 2.5. LetV be an admissible subcategory of Schy. An oriented cohomology
theory on V is given by

(D1) An additive functor A* : VP — R*.

(D2) For each projective morphism f:Y — X inV of relative codimension d, a homo-
morphism

foi A(Y) = A*H(X)

of graded A*(X)-modules. Furthermore, we observe that the ring homomorphism
[* AY(X) = AX(Y) gives A*(Y) the structure of an A*(X)-module.

These satisfy the following conditions.

(A1) One has (Idx). = Idp«(x) for any X € V. Moreover, given projective morphisms
f:Y—=Xandg:Z =Y inV of relative codimensions d and e, respectively, one
has

(fog)k= fiogs: AY(Z) — A*+d+e(X)'

(A2) Let f: X — Z and g : Y — Z be transverse morphisms in V), giving the cartesian
square

WLX
b
y % .7

in which we assume f to be projective of relative dimension d (thus so is f'). This
implies g* o f, = fLog™*.

(PB) Let E — X be a rank n vector bundle over some X € V and O(1) — P(E) the
canonical quotient line bundle with zero section s : P(E) — O(1). Let1 € A°(P(E))
denote the multiplicative unit element. Define ¢ € AY(P(E)) by

)= 8" (s4(1)).
Then A*(P(E)) is a free A*(X)-module with basis

(17 ’(/}7 _..’len_l).
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(EH) Let E — X be a vector bundle over some X € V and letp : V — X be an E-torsor.
Then p* : A*(X) — A*(V) is an isomorphism.

A morphism of oriented cohomology theories on'V is a natural transformation of functors
VP — R* which commutes with the maps fs.

Remark 2.6. The morphisms of the form f* are called pullbacks and the morphisms of
the form f, are called pushforwards. Furthermore, the axiom (PB) will be referred to
as the projective bundle formula and the axiom (EH) as the extended homotopy
property.

Given any oriented cohomology theory A*, one may use Grothendieck’s method (cf.
[18]) to define Chern classes ¢;(E) € A*(X) of a vector bundle £ — X of rank n over X
which will be very important in the study of oriented cohomology theories. Axiom (PB)
from Definition [2.5| implies that there exist unique elements ¢;(E) € A*(X) for 0 <i<n
such that ¢o(E) = 1 and

n

> (=1 e (Bt =0.

1=0

These Chern classes are characterised by the following properties where the properties
can be checked using the axioms listed above (cf. [37]).

(i) For any line bundle L over X € Smy, c¢1(L) equals s*s.(1) € AY(X), where the
morphism s : X — L denotes the zero section.

(ii) For any morphism f:Y — X in Smy and any vector bundle £ — X, one has
a(f*E) = fH(a(E))
for each 7 > 0.
(iii) If
0—>FE -E—E =0

is a short exact sequence of vector bundles over X € Smy, then one has
n
Cn(E) = Z CZ'(E/)Cn,Z'(EN)
i=0
for each integer n > 0. This formula is referred to as Whitney sum formula.

Following Quillen [48], the main difference with Grothendieck’s axioms [I§] is that in
general it is not true that

Cl(L®M) = Cl(L) —|—61(M)

holds for line bundles L and M over the same base scheme. This leads to the theory of
formal group laws.

Definition 2.7. A commutative formal group law of rank one with coefficients
in R is a pair (R, FR) consisting of a commutative ring R and a formal power series
Fr(u,v) =3 a; juv’) € R[[u,v]] satisfying the following conditions.
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2.1 Oriented cohomology theories

(i) F(u,0) = F(0,u) = u € R[[u]].
(ii) F(u,v) = F(v,u) € R[[u,v]].
(iii) F(u, F(v,w)) = F(F(u,v),w) € R[[u,v,w]].

Construction 2.8. Now, we will analyse the construction of the so-called Lazard Ring.
Therefore, we set L := Z[{A;;|(i,j) € N?}] and F(u,v) = ¥, ; Aiju'v’ € L[fu,v]]. We
define the Lazard Ring IL to be the quotient of L by the relations obtained by imposing
the conditions of a commutative formal group law to F. Then we denote by

F = Zamuivj € L[[u,v]]

i?j

the image of F under the projection map p : L — L where we define a; j to be the image
p(A; ;). We would like the Lazard Ring to be a commutative graded ring and therefore,
we assign the degree 1 — ¢ — j to the corresponding coefficient a; ;. We denote this
commutative graded ring by L*. We could have also assigned the degree i +j — 1 to the
corresponding coefficient a; ;. The resulting commutative graded ring will be denoted
by L..

Lemma 2.9. [37, Lemma 1.1.3] Let A* be an oriented cohomology theory on Smy.
Then there is a unique power series

Fa(u,v) = Zai7juivj € A*(k)[[u, v]]
i?j
with a; ; € A'Y™"7I(k) such that for any X € Smy, and any pair of line bundles L and M
on X, we have

Faer(L), er(M)) = e1 (L ® M),
Furthermore, the pair (A*(k), F4) is a commutative formal group law of rank one.

Lazard proved in [36] that a universal commutative formal group law of rank one
exists and also showed that it is a polynomial ring with integer coefficients in countably
many variables. The above construction leads to the following proposition.

Proposition 2.10. The pair (L, F1) is the universal commutative formal group law of
rank one. Furthermore, for every formal group law of rank one (F,A), there exists a
unique ring homomorphism ®p : L — A such that ®(F1) = F holds.

Example 2.11. Fulton shows in [I3] that the Chow ring CH*(X) is an example of an
oriented cohomology theory on Smy. Additionally, he shows the additivity of the Chern
classes which leads to the additive formal group law Fey(u,v) = u+v on Z = CH*(k)
by Lemma [2.9

Remark 2.12. In this thesis we will be mainly concerned with Chow rings and algebraic

cobordism, their equivariant theories and the comparison between them. Therefore, the
preceding example is essential for this thesis and the underlying theory.
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2.2 Algebraic cobordism

In this section, we describe the construction and the main properties of algebraic
cobordism following Levine and Morel (cf. [37]). The main goal of this section is to
give a reminder of the most important characteristics of algebraic cobordism for the
convenience of the reader.

Definition 2.13. Let X be a k-scheme.
(i) A cobordism cycle over X is a family (f : Y — X, Ly, ..., L) consisting of

(i’) a projective morphism f:Y — X where Y € Smy, is integral and
(ii’) a finite sequence (L1, ..., L) of r line bundles over Y (this might be empty).

The dimension of this cobordism cycle is dimg(Y') —r € Z.

1) An isomorphism ® of cobordism cycles
(i) y Y
(Y = X, Ly,....L,) = (Y = X, L], ...,L;,,)
is a triple

o= (¢:Y =Y 0,(¢1,....¢))
consisting of
(i”) an isomorphism ¢ : Y —Y' of X-schemes,
(ii”) a bijection o : {1,....,r} = {1,...,r'} and
(iii”) an isomorphism of line bundles over Y, i.e. ; : L; = gb*(LﬁT(i)) for each
1e{l,..,r}.

(iii) Let Z(X) be the free abelian group generated by the isomorphism classes of cobor-
dism cycles over X. The dimension of the cobordism cycles makes Z(X) into a
graded abelian group Z,.(X). The image of a cobordism cycle (f : Y — X, Ly, ..., L)
in this group is denoted by [f : Y — X, L1, ..., L,].

Remark 2.14. Given Y = ]_[JYJ in Smy, with line bundles Lq,...,L,. on Y and a
projective morphism f : Y — X in Schy, we write [f : Y — X, L1, ..., L,] for the sum
>ilfi Yy = X, L, .., Ljr] in Z4(X), where f; and Lj; are the restrictions of f and L;
to Y.

Now, we want to describe pullbacks, pushforwards and first Chern class homomor-
phisms for the graded abelian group Z,(X).

Definition 2.15. Let X and X' be smooth k-schemes.

(i) Let g : X — X' be a projective morphism. The pushforward along g is defined
as the map

gu t Zo(X) = Z.(X)
[f:Y = X,L1,...L,] = [gof:Y = X', L1, ..., L]

of graded abelian groups.
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(ii) Let g : X — X' be a smooth equi-dimensional morphism of relative dimension d.
The pullback along g is defined as the map

01 Za(X) = Zepa(X)
[f Y — X,aLla "'7L7"] = [p2 : (Y XX/ X) — XapT(L1)7 apT(LT)]

of graded abelian groups where p; denote the corresponding projections.

(iii) Let L be a line bundle on X. Then the first Chern class homomorphism of
L is defined as the map

(L) : Z(X) = Z1(X)
[f:Y > X,Li,.. L] = [f: Y = X, L1, ..., L, f(L)]

of graded abelian groups.

Lastly, we define the external product on the graded abelian group Z,(X) before we
are able to begin the construction of algebraic cobordism explicitly.

Definition 2.16. Let a« = [f : X' — X, Ly,...,L;) and B = [g : Y — Y, My, ..., M|
denote two cobordism cycles. Then the external product is defined as

Xt Z(X) % Z,(Y) = Zo(X x4 Y)
(o, 8) = [fxg: X' xY" = X XY, p{(L1), ..., pi(Ly), 05 (M1), ..., p3 (Ms)].

In addition, X is associative and commutative.

Remark 2.17. This definition implies that Z,(k) has the structure of a commutative
graded ring with unit 1 := [Idg] € Zy(k). Therefore, for each X € Smy, the group
Z,(X) has the structure of a graded Z,(k)-module.

Now, we want to construct algebraic cobordism €2, (X) by successively imposing three
relations on Z,(X). As a graded abelian group, we build the appropriate quotient by
the corresponding subgroups. In fact, these relations will not affect any of the above
mentioned structures of the functor Z,. This can be verified using [37, Section 2.1.5]
where this procedure is described in detail.

Construction 2.18. The construction begins by imposing that every composition of
n Chern class homomorphisms vanishes if n exceeds the dimension of the base scheme.
Precisely, this means that algebraic cobordism satisfies the following axiom

(Dim) For any X € Smy and any family (Ly,..., L,) of line bundles on X with
n > dimg(X), one has

ci(Ly)o---oci(Ln)(lx) =0 € Q. (X),

where 1y = [Idx : X — X] which is also known as the fundamental class of X.
For any irreducible X € Smy this is imposed by denoting RP™(X) C Z,(X) the
subset consisting of all elements of the form

Y — X, Ly,..., L],
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where dimg(Y) < r is satisfied. We denote by Z,(X) the corresponding quotient
Z.(X)/RP(X).

After having imposed axiom (Dim), we want to impose the second axiom which gives
a relation between the first Chern class homomorphism associated to a line bundle and
the fundamental class of the zero-subscheme of its sections. Expressed differently, this
means

(Sect) For any X € Smy, any line bundle L on X and any section s which is transverse
to the zero section of L, one has

a(L)(1x) = ix(12),

where i : Z — X is the closed immersion of the zero-subscheme of s.
Now, one repeats the procedure of imposing relations which, for each irreducible
X € Smy, leads to the subset R¢*(X) C Z,(X) consisting of all elements of the form

a(L)(1x) — [Z = X],

where L is a line bundle over X, s : X — L a section transverse to the zero section
and Z — X the closed zero-subscheme of s which is smooth by the assumption that
s is transverse to the zero section. We denote by ,(X) the corresponding quotient
Z.(X)/R5(X) which we refer to as algebraic pre-cobordism.

Lastly, we want to obain algebraic cobordism €, (X) as a quotient of L,®£, (X) which
implies the existence of a homomorphism ® : L, — ,(k), being the given composite
L, — L.®Q,(k) = Q(k). This will be in fact the ring homomorphism from Proposition
for which it can be checked that it is a graded ring homomorphism. After we will
have defined Q. (X), we want it to satisfy the axiom (FGL) given by

(FGL) Let @ : L, — Q.(k) be the ring homomorphism giving the L,-structure and
let Fo € Qu(k)[[u,v]] be the image of the universal formal group law Fy, € L,[[u,v]]
under ®. Then for any X € Smy, and any pair (L, M) of line bundles on X, one has

Fo(ei(L),c1(M))(1x) = c1(L @ M)(1x) € Q.(X).

Here we remark that the order of imposing these relations matters as the left-hand side
of the axiom (FGL) only makes sense if the axiom (Dim) has already been imposed.

The axiom (FGL) is imposed by taking for any irreducible X € Smy the subset
RECGL(X) C L, ® 2,(X) consisting of elements of the form

Fi(ai(L),1(M))(1x) — (L ® M)(1x),

where L and M are line bundles over X and Fy, is the universal formal group law.
Unfortunately, this extension of scalars is necessary as we need a ring homomorphism
from L, to the corresponding coefficient ring and since we want to keep the universal
property which we will point out later. Furthermore, we have to consider the subset
L. RYCL(X) C L, ® Q,(X) of elements of the form a ® p for a € L, and p € RFSE(X).
This is necessary since the procedure of taking the quotient of these functors only works
in this case if the corresponding L.-module structure is given. Finally, building the
quotient yields algebraic cobordism
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Remark 2.19. For the formal group law (L, Fp) there exists a unique power series
x(u) € Ll[u]] with leading term —u which satisfies the equality Fgo(u, x(u)) = 0 (cf.
[37]). We introduce the following notations:

u+p, v:= Fo(u,v) € L[[u, v]],
[—1]pyu == x(u) € L[u]],
u—p, v = Fo(u, x(v)) € L[[u,v]].

We will use the same notations when we will be considering equivariant algebraic cobor-
dism in the sequel.

Remark 2.20. In fact, €, is an oriented Borel-Moore homology theory on Smy and
using [37), Proposition 5.2.1] it is possible to construct a functor Q* : Sm;°® — R* which
is an oriented cohomology theory. Furthermore, for an equi-dimensional X € Smy of
dimension d, one has Q/(X) = Qu_;(X) for all i € Z.

The following results describe the main properties of algebraic cobordism and its
relevance.

Proposition 2.21. [37, Theorem 1.2.6] The functor X — Q*(X) is the universal ori-
ented cohomology theory on Smy. Thus, given an oriented cohomology theory A* on
Smy,, there is a unique morphism

6.0 — A"
of oriented cohomlogy theories.

Proposition 2.22. [37, Theorem 1.2.7] The canonical homomorphism ¥ : L* — Q*(k)
is an isomorphism.

Proposition 2.23. [37, Theorem 3.2.7] Let i : Z — X be a closed immersion in Schy,
and j : U — X the open immersion of the complement of Z. Then the localisation
sequence

0(Z) 25 0.(X) L5 0, (U) = 0
15 exact.

Now, we want to give another result which relates Chow rings with algebraic cobor-
dism. This gives rise to the motivation of generalising known results about Chow rings
to algebraic cobordism as these two theories behave similarly in several situations.

Proposition 2.24. [37, Theorem 1.2.19] The canonical morphism Q* — CH* induces
an isomorphism Q* Q.+ Z =, CH".

2.3 Some computations for toric varieties

In this section, we want to illustrate and motivate the study of wider classes of
varieties in order to obtain new computations of algebraic cobordism. First, we have a
look at toric varieties for which Chow groups and algebraic cobordism are known (cf.
[14, 34]). Nevertheless, this class of varieties already gives us a lot of information about
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the behaviour of Chow rings and algebraic cobordism. Therefore, we have a look at
some examples. The theory of toric varieties is assumed to be known throughout the
whole thesis. For further details, we refer to [14] where the theory is explained in detail.
Nevertheless, we recap some essential results which will be relevant for our examples.

Proposition 2.25. [1], Proposition, p. 29] A toric variety X is smooth if and only if
the corresponding fan A consists of cones which are each generated by a part of a basis
for the lattice N.

Definition 2.26. A cone is called simplicial if it is generated by linearly independent
generators.

Remark 2.27. The most known results of computations of Chow rings concern the
theory of smooth toric varieties. In fact, in the simplicial case one can obtain similar
results with rational coefficients ([I14]).

Now, we want to establish the key assumption which is used by Fulton (cf. [14]) in
order to describe the Chow ring of toric varieties.

Definition 2.28. For any ordering o1, ...,0m of the top-dimensional cones in a fan
corresponding to a complete, smooth (or simplicial) toric variety, we define a subsequence
of subcones 7; C 04, 1 <1 < m, by letting 7; be the intersection of o; with all those o that
come after o;, i.e. j > i, and that meet o; in a cone of dimension n — 1. In particular,
71 = {0} and 1, = op,. This sequence has to satisfy the following condition.

(¥) If 7 is contained in o, then i < j.

Lemma 2.29. [1J, Lemma, p. 101] If X is projective and the corresponding fan A

sitmplicial, then the top-dimensional cones of A can be ordered so that condition (x)
holds.

Remark 2.30. Fulton computes the Chow ring for smooth (or simplicial) projective
toric varieties X in [I4, Proposition, p. 106]. It is remarked that this computation
can be generalised to complete smooth (or simplicial) toric varieties. Our motivating
example is not complete and therefore, we cannot use Fulton’s result. Thus, we will
compute the Chow ring using localisation sequences for Chow rings.

Example 2.31. Let A be the following two-dimensional fan in N = Z2.

The corresponding toric variety is Xa = P! x P\ {(0,0), (00,0)}. Fulton describes
the Chow ring of toric varieties under certain conditions. He considers complete toric
varieties that are non-singular or at least simplicial and furthermore satisfy the ordering
condition (*). Our example is not complete and therefore, condition (x) is not defined.
Thus, we will compute the Chow ring of this variety using localisation sequences for
Chow rings. This leads to the exact sequences

CHO({(0, 00), (00, 0)}) 5 CH2(P! x P1) 255 CH2(X ) — 0,
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CH™L({(0,00), (00,0)}) =5 CHY (P! x P!) 255 CHY(XA) — 0,
CH2({(0, 0), (00,0)}) =3 CHO(P! x P!) 255 CHO(XA) — 0.

The reader recognises immediately that the only difference between CH*(P! x P!) and
CH*(Xa) is described by the first sequence. We know by the Kiinneth formula that
CH*(P! x P') = Zc, d]/(c?, d?) holds, where ¢ and d are the classes of the corresponding
one-dimensional subspaces. Furthermore, it is known that CH®({(0, o0), (00,0)}) = Z2
holds. The remaining question is to which element the class of a point is being mapped
under the pushforward i,. Because of the equality CH?(P' x P') = CHo(P' x P!), the
only candidate for the image of the class of the point under i, is c¢-d by degree reasons.
This can be seen, as the image has to be a class of a zero-dimensional subspace which
corresponds to the element c - d in CH*(P! x P!) & Z[c,d]/(c?,d?). Finally, we see by
the exactness of the first sequence that cd has to vanish inside CH*(X ) which leads to
the result CH*(XA) = Zlc, d]/(c?, cd, d?).

Next, we want to compare this result with the algebraic cobordism of the same toric
variety. Therefore, we state the main result of [34]. We remark that the problematic
localisation sequence for equivariant algebraic cobordism (cf. discussion before Propo-
sition was used in order to obtain this result and it is not clear whether it can be
proved without using the equivariant localisation sequence. We will nevertheless assume
for now that the main result of [34] holds. This assumption will only affect the remaining
part of this section and none of the main results of this thesis.

First, we have to introduce the main notions. For a smooth toric variety associated
to a fan A in the lattice Mg, we denote by A, the set of r-dimensional cones in A. For
any p € Ay, let v, denote the generator of the monoid p N M. Furthermore, if S is
a subset of Ay which is not contained in any maximal cone of A, then we denote the
union of such subsets of Ay by AY. Let L*[t,] = L*[t,, p € A1] be the graded polynomial
ring over L* with each ¢, homogeneous of degree one. Let I denote the graded ideal
generated by the set of monomials {[],cgt,|S € AT} U{thH!p € Ar}.

Proposition 2.32. [3], Theorem 8.2] Let XA be a smooth toric variety associated to a
fan A in the lattice M. Then there is an IL*-algebra isomorphism

L[ty p € Al

@X e
(IA7Zp€A1[< X5 Up >]Ftp)

— Q" (Xa),

where x runs over all elements in the character group M.

Remark 2.33. We want to remark here that this result holds for all smooth toric
varieties. Compared to the result of Fulton which is discussed above, we do not need the
assumption of completeness or projectivity. Since algebraic cobordism is the universal
oriented cohomology theory, this implies in particular the more general result for Chow
rings.

Now, we are able to compute the algebraic cobordism of the toric variety X which
has already been discussed above.

Example 2.34. Firstly, we mention that v,, = p; for p1 = (1,0), p2 = (0,1), p3 = (—1,0)
and py = (0,—1). The ideal T is generated by

3 43 43 43
{tm tpa ) tﬂ1tp4a tm tﬂ3 ’ tﬂ? tﬂ4} U{tﬂl ) tpz ’ t/)3 ? tp4}
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and the sums in the quotient are given by

[< (170)7 (170) >]Ftpl + [< (170)7 (07 1) >}Ftp2
+[< (1,0),(=1,0) >]pt,, + [< (1,0), (0, —1) >]|pt,,

=1lp, — Uilps

for an invertible element wu; of degree zero. Similarly, we obtain ¢,, — uat,,. Therefore,
we conclude that ¢, =t,, and t,, = t,, hold in the quotient. This gives rise to

L* [tpl ) tpz ) tp3 ) tp4] ~ ]L* [tﬁl ) tPQ] .

(TAv tpy —tps lpy — tp4) Ia

1

(Xa)

Now, we see that I is generated by {2 ,t,,t,,,t%,} which leads to the result
L* [tpl ) th]
(tfn rEortpns t%g)

Remark 2.35. The preceding examples illustrate the relation between Chow rings and
algebraic cobordism and confirm Proposition [2.24]

OF(X) =

2.4 Equivariant algebraic cobordism

The current method of computing algebraic cobordism is introducing the notion of
equivariant algebraic cobordism and then deducing the results for algebraic cobordism.
Therefore, equivariant Chow groups will also be important for our studies as well as
their comparison with equivariant algebraic cobordism. In order to be able to define
equivariant algebraic cobordism, we have to define the niveau filtration on algebraic
cobordism which will lead to a refined version of the localisation sequence. The latter
will be crucial in the further applications of equivariant algebraic cobordism.

Following the conventions in [32], let X be k-scheme of dimension d. For j € Z, let
Zj be the set of all closed subschemes Z C X such that dimg(Z) < j holds where the
empty scheme is assumed to have infinite negative dimension. Then Z; is ordered by
inclusion and we define

Q(Z)) = lim Q;(Z) and Q.(Z;) = P U(Z)).
AV A 120
We see immediately that the latter is a graded L,-module and that there is a graded
L-linear map Q. (Z;) — Q. (X).

Definition 2.36. We define F;Q.(X) to be the image of the natural L.-linear map
0 (Z;) = Qu(X). Ezxpressed differently, F;Q.(X) is the image of all Q.(W) — Q. (X),
where W — X is a projective map such that dim(Im(W)) < j. This leads to the canonical
niveau filtration

0=F_10,(X) C FyQu(X) C -+ C Fy_19.(X) C Fy(X) = Q.(X).
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Proposition 2.37. [32, Theorem 3.5] (Refined localisation sequence) Let X be a scheme
over k and let Z be a closed subscheme of X with complement U. Then for every j € 7Z,
there is an exact sequence

Q.(2) Q.(X) Q. (U)

.2 B Ee)

For this section, let G be a linear algebraic group of dimension g over k. Furthermore,
all representations of G will be finite dimensional. The definition of equivariant algebraic
cobordism considers a certain kind of mixed spaces which may not be a scheme even if
the original space is a scheme. From [32] Lemma 4.1] we know that this problem does
not occur in any of the situations described in this work.

Now, we consider for any integer j > 0 a corresponding pair (Vj,U;) where V; is an
l;-dimensional representation of G and Uj is a G-stable open subset of V; such that the
codimension of the complement (V; \ U;) in V; is at least j. Furthermore, G acts freely
on Uj such that the quotient U;/G is a quasi-projective scheme. Such a pair will be
called a good pair for the G-action corresponding to j. It is well known that such a
good pair always exists (cf. [I2, Lemma 9]).

Let X x© U; denote the mixed quotient of the product X x U; by the free diagonal
action of G which exists as a scheme because the G-action on X is linear. For a k-scheme
X of dimension d with a G-action and an integer j > 0, let (V}, U;) be an l;-dimensional
good pair corresponding to j. For all i € Z, we set

Qi —o (X xCU;
08 (x); = oo ) (2.1)
Fartj—g—jSivi;—g (X xG Uj)

Lemma 2.38. ([32, Lemma 4.2]) For a fized j > 0, the group QY (X); is independent
of the choice of the good pair (V;,Uj;).

Corollary 2.39. ([32, Lemma 4.3]) For j' > j > 0 there is a natural surjective map
QF (X); > QF (X);.

Definition 2.40. Let X be a k-scheme of dimension d with a G-action. For any i € Z,
we define the equivariant algebraic cobordism of X to be

Q8 (X) = lim Q7 (X);.

Remark 2.41. One should note that the equivariant algebraic cobordism can be non-
zero for any ¢ € Z unlike the ordinary algebraic cobordism Q*. Furthermore, we set

Q8 (X) =P af(x).

1E€EZL

If in addition X is an equi-dimensional k-scheme with G-action, we let Q4 (X) = QF ,(X)
and analogously Q% (X) := @,z Q5 (X). We denote the equivariant cobordism Q% (k)
of the underlying base field by S(G). This is also called the algebraic cobordism of
the classifying space of G which is denoted by Q*(BG). Furthermore, if G is the trivial
group, equivariant algebraic cobordism reduces to ordinary algebraic cobordism. Besides
that, equivariant algebraic cobordism with rational coefficients is defined by the graded
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topological tensor product Q%(X)g = Q5(X)®zQ which will be discussed in more
detail in the sequel (cf. Section .

Secondly, for any X € G — Schy, and a projective morphism f : Y — X in G — Schy,
where Y is smooth of dimension d we obtain for any j > 0 and any /;-dimensional good
pair (V;,U;) an ordinary cobordism cycle [V x& U; — X x¢ Uj] of dimension d +1; — g
by [32, Lemma 5.1]. Hence, this defines an element a; € Q§(X);. Since the image
of e is a; for all j/ > j we obtain a unique element o € Qg(X ) which we call the
G-equivariant fundamental class of the cobordism cycle [f : Y — X].

Remark 2.42. For a closed subgroup H < G of dimension h, any /;-dimensional good
pair (V},Uj) for the G-action is also a good pair for the induced H-action. With some
further arguments this induces the natural restriction map

rix 1 Q0(X) = 9(X)

for any X € G — Schy, via taking the inverse limit of the corresponding pullback maps of
X xHU; - X x9U;. Taking H = {1} we obtain the forgetful map r§ : Q¢ (X) — Q.(X)
from equivariant algebraic cobordism to ordinary algebraic cobordism.

In the following, we want to establish the main properties of equivariant algebraic
cobordism which will be useful and necessary for our further purposes. Firstly, we remark
that there is a gap in the proof of the localisation theorem given by Heller and Malagén-
Lépez (cf. [20, Theorem 20]) which is described in more detail in the work of Khan and
Ravi (cf. |27, Example 12.18]). Nevertheless, we obtain a slightly weaker result. Later
on, we will present a case where the localisation in equivariant cobordism still works

under milder assumptions (cf. Corollary |3.48)).

Proposition 2.43. [32, Theorem 5.3] Let X be a G-scheme over k of dimension d and
f:U — X a G-stable open subscheme. Then the restriction map f* : Q¢ (X) — Q% (U)
18 surjective.

Proposition 2.44. [32, Theorem 5.2] The equivariant algebraic cobordism satisfies the
following properties.

(i) Functoriality: The assignment X — QS (X) is covariant for projective maps and
contravariant for smooth (and even l.c.i.) morphisms in G — Schy. Moreover, for
the diagram

x L x
)
VY
in G — Schy, with f projective and g smooth, one has g* o f. = fl o g"*.

(ii) Homotopy invariance: If f : E — X is a G-equivariant vector bundle over some
X € G — Schy, then f* is an isomorphism.

(iii) Chern classes: For any G-equivariant vector bundle f : E — X of rank r, there
are equivariant Chern class operators ¢S (E) : Q¢(X) — Q¢ , (X) for0 <m <r
with c(?(E) = 1. These Chern classes have the same functorial properties as in the
non-equivariant case. Moreover, they satisfy the Whitney sum formula.
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2.5 Spherical and horospherical varieties

(iv) Free action: If G acts freely on X with quotient Y, then QF(X) =5 Q.(Y).
(v) Exterior Product: There is a natural product map
QF(X) @7 QF (X') = Q% (X x X').

In particular, QS (k) is a graded algebra and QS (X) is a graded QF (k)-module for
every X € G — Schy. Furthermore, for X smooth, the pullback of the diagonal
morphism X — X x X turns Q¢ (X) into an S(G)-algebra.

(vi) Projection formula: For a projective map f : X' — X in G — Smy, one has
fe(@ - f*(2)) = fu(@') -2 for any v € Qu(X) and 2’ € QF(X').

Remark 2.45. [31], Section 2.5] If X is smooth, we identify the commutative subalgebra
of Endp,(Q,(X)) generated by the Chern classes of vector bundles with a subalgebra of
the equivariant cobordism ring QF(X) via ¢f'(E) — c¢¥(E) ([Id : X — X]). Therefore,
we will also denote this image by ¢ (E). Since we pass freely between vector bundles
E and their corresponding locally free coherent sheaves we will also write ¢{'(€) for a

locally free coherent sheaf £.

To finish this section, we present one of the main results concerning actual com-
putations of equivariant algebraic cobordism. Since taking the quotient by the niveau
filtration is very hard to be computed in general, one can make use of the following result
by Krishna [32].

Proposition 2.46. [32, Theorem 6.1] Let {(V},U;)};>0 be a sequence of l;-dimensional
good pairs such that

(i) Viz1 = V; @ W; as representations of G with dim(W;) > 0.
(i) Uy @ W; C Ujq1 as G-stable open subsets.
(ZZZ) COdiIIleJrl (Vj'i‘l \ Uj-‘rl) > COdimVj(Vj \ UJ)
Then for any scheme X € G — Schy, of dimension d and any i € Z, one has
QF (X) = Lim Qiyi, g (x x0;).
J
Moreover, such a sequence of good pairs always exists.

2.5 Spherical and horospherical varieties

In this section, we want to summarise the main properties of spherical varieties for
convenience of the reader which are mainly taken from [41], 42} [47].

For the remaining part of this chapter, let G be a connected reductive algebraic group
over an algebraically closed field k of characteristic zero, B C G a Borel subgroup, T'C B
a maximal torus, W the Weyl group of G corresponding to the maximal torus of B and
U the unipotent radical of B.

Definition 2.47. Let X be a normal G-variety.
(i) We call a closed subgroup H C G containing U horospherical. In this case, the

homogeneous space G/H ‘s said to be horospherical.
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(ii)) A G/H-embedding for a homogeneous space G/H is a couple (X,x) for v € X
such that the orbit G - x is open and isomorphic to G/H.

(ii) We call X horospherical if it contains an open orbit isomorphic to a horospherical
homogeneous space.

(iv) A homogeneous space G/H is said to be spherical if it contains an open orbit
under the action of the Borel subgroup of G.

(v) We call X spherical if it contains an open orbit isomorphic to a spherical homo-
geneous space.

Remark 2.48. A horospherical homogenous space G/H can be equivalently described as
a torus bundle over a flag variety G/P with fibre P/H. In this case we have P = Ng(H)
by [42, Proposition 2.2]. Furthermore, using this description one also has P = TH = BH
for all Borel subgroups B of G contained in P and for all maximal tori 7" of B.

Remark 2.49. Two G/H-embeddings (X, z) and (X', 2’) are isomorphic if there exists
a G-equivariant isomorphim between X and X’ mapping x to z’.

Definition 2.50. For a horospherical homogeneous space G/H, we call the dimension
of the fibre P/H the rank of G/H. Furthermore, for a horospherical variety X, the
rank of X is defined as the rank of its open G-orbit.

Proposition 2.51. [Jl, Thereom 14.12] The Bruhat decomposition of G is the de-
composition

G= ][] BwB
weW

of G as a disjoint union of double cosets of B.

Remark 2.52. In fact, by [4, Remark 14.16] we can also write G as the disjoint union
of double cosets

G= ]| BwP
weW /Wy

where I C S is a subset of the simple roots, W7 the subgroup of W generated by the sim-
ple reflections s, for a € I and Py the parabolic subgroup given by Pr = [[,cy, BwB.

Remark 2.53. There are several equivalent definitions of spherical varieties which will
also be used here. Namely, the following conditions for a normal G-variety X are equiv-
alent ([47, Theorem 2.1.2]).

(i) X contains an open B-orbit.
(ii) X has finitely many B-orbits.
(iii) X is spherical.

Example 2.54. We want to point out some easy examples of spherical and horospherical
varieties.

(i) Normal toric varieties are spherical.
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2.5 Spherical and horospherical varieties

(ii) Flag varieties of the form G/P for a parabolic subgroup P are spherical by the
Bruhat decomposition which gives us the Schubert cells of the flag G/P.

(iii) Normal toric varieties and flag varieties are horospherical.

(iv) Horospherical varieties are spherical. This is true because if we have a horospherical
variety X, it contains an open orbit isomorphic to a homogeneous horospherical
space G/H,i.e. H contains U. We consider the open dense orbit BwB C G coming
from the Bruhat decomposition. Since B = TU in G, we have that BwTU = BwU
is dense in G. Consequently, we know that also BwH is dense in G since H contains
U by definition and thus, we conclude that BwH/H is dense in G/H. Therefore,
G/H has a dense B-orbit, namely B(wH ), which implies the sphericity.

(v) There are more classes of spherical varieties which are not necessarily horospherical.
One example is the class of wonderful varieties for which it was proved by Luna
[39] that they are spherical, but in the sequel we will be mainly interested in
horospherical varieties and therefore, we do not introduce further details.

Definition 2.55. Let G/H be a spherical homogeneous space. We denote by D the set
of the irreducible divisors of G/H which are B-stable, but not stable under the G-action.
Furthermore, we call the elements of D the colors.

Remark 2.56. Let X be a G/H-embedding for a spherical homogeneous space G/H.
We denote by X1, ..., X, the irreducible G-stable divisors of X. We can furthermore
identify D with the set of the irreducible divisors of X which are B-stable, but again not
stable under the G-action. In fact, the latter divisors are the closures of the colors in X.
Therefore, we have DU { X7y, ..., X;,} as the union of the irreducible B-stable divisors of
X.

Definition 2.57. We call a color containing a closed G-orbit a color of X in the
setting of the previous remark.

Example 2.58. Next, we present the colors of two common classes of horospherical
varieties.

(i) We know about toric varieties that they do not have any colors since G = B =T
holds and therefore, any B-stable divisor will be also G-stable.

(ii) Secondly, flag varieties do not have G-stable divisors since they only have one
G-orbit and furthermore, the closures of the B-orbits in G/P coming from the
Bruhat-decomposition are the Schubert varieties. Therefore, the colors of G/P are
the codimension one Schubert varieties.

Remark 2.59. Following Pasquier [42], the union of the B-orbits of codimension one of
a horospherical homogeneous space G/H are the inverse images of the codimension one
Schubert varieties of G/ P where G/H is given by the torus fibration G/H — G/P which
is the natural map coming from the fact that P = Ng(H ), as described in Remark
Since we have a well known 1-to-1 correspondence of subsets I C S of the simple roots S
and the parabolic subgroups Pj containing B from above (cf. [49, Theorem 8.4.3]), the
horospherical homogeneous space is in fact given by the torus fibration G/H — G/P;.
Therefore, the B-orbits of codimension one in G/H are given by Bwys,Pr/H for some
a € S\ I, its associated simple reflection s, and the longest element in wy € W/W7.
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The colors of G/H are thus the closures D, of the B-orbits Bwgs, Pr/H which leads to
a bijection of D and S'\ I.

Definition 2.60. A spherical variety X is simple if it contains only one closed orbit.

Remark 2.61. [47, Section 3.1] If G/H is a spherical homogeneous space, then all
G/H-embeddings X are recovered by the simple G /H-embeddings which are contained
in X. Indeed, let Y be a G-orbit in X for a G/H-embedding X. Then the subset
Xya={r € X |Y C Gz} is G-stable and open in X. Let Gz for z € Xy, be a closed
G-orbit in Xy g, then Gz = Xy g NG is the closure of Gz in Xy . Since Y is contained
in Xy,¢ and Gz, we conclude Y = Gz and therefore, the unique closed G-orbit in Xy,
is Y. In particular, this implies that X can be covered by finitely many G-stable open
subsets with a unique closed G-orbit.

Definition 2.62. A spherical variety X is called toroidal if it does not have any color.

In the following, we want to recap the main results of the Luna-Vust theory for horo-
spherical varieties and consider some easy examples at the end of this section. Therefore,
we introduce some further notations.

From now, we fix a horospherical homogeneous space G/H and keep the notations as
above. Additionally, we denote by M the characters of P = P; whose restrictions to H
are trivial. This determines a sublattice of the characters of T or B since P =TH = BH
for B, T contained in P. Further, we define NV to be the dual of M, Mg := M ®z R,
and Ng := N @z R. Lastly, we denote by k(G/H)®) the set of rational functions f on
G/H such that there exists a character x¢ of B such that f(bgH) = xf(b)f(gH) holds
for all b € B and g € G. Tt is known that the map k(G/H)B) /k* — M, f + x; is an
isomorphism (cf. [42]).

Now, let X be a G/H-embedding. We define a map

o:DU{Xy,..Xnm} = N

by the following: Let D be a B-stable divisor of X which leads to the natural B-stable
valuation vp, i.e. vp(b- f) = vp(f) for all b € B, on the function field k(G/H) = k(X).
Therefore, we obtain a homomorphism k(G/H)) /k* — Z which is in fact the restriction
of vp to k(G/H)B) /k*. Using the above isomorphism, we get an element in N which
we denote by o(D).

Lastly, when we restrict ¢ to D we sometimes denote the image of the color D,
associated to a € S\ I by «; instead of o(D,,) since it is the restriction of oV to M by
[42]. We remark that o may not be injective, e.g. in the case H = P we have N = 0.

Definition 2.63. Let G/H be a horospherical homogeneous space of rank n with the
associated data containing the parabolic subgroup P = Pr, the subset I C S of simple
roots and the lattice N of rank n with the associated map o : D — N.

(i) Then we define a colored cone to be a pair (C,F) with C C Ng and F C D with
the following properties.

(i’) C is a convex cone generated by finitely many elements of N containing o(F).
(ii’) C does not contain lines and o(F) # 0 for all F € F.

(ii) A colored face of a colored cone (C,F) is a pair (C', F') such that C' is a face of
C and F' is a subset of F such that o(F') € C' for all F' € F.

39
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(iii) A colored fan is a finite set F with the following properties.

(i’) Every colored face of a colored cone of F is also in F.

(ii’) For each element u € Ng, there exists at most one colored cone (C,F) € F
such that u is contained in the relative interior of C.

(iv) The support of a colored fan [ is the set of elements of N contained in the cone
of any colored cone of F.

(v) We say that the fan F is complete if for any element x € Ny there exists a colored
cone (C,F) inF such that x is contained in C.

(vi) A color of a colored cone of F is an element of D € D such that there exists a
colored cone (C,F) € F such that D € F.

Remark 2.64. For G = T there are no colors and therefore, we obtain the definition of
a fan which is used to describe the geometry of toric varieties.

Let X be a simple G/H-embedding and Y be the unique closed G-orbit in X. Then
we set F to be the union of the colors containing Y. Furthermore, let C be the cone
generated by o(F) and o (D) for any irreducible G-stable divisor D of X. The described
cone (C,F) is the colored cone associated to the simple G/H-embedding X. For any
G /H-embedding X, the colored fan is described by the colored cones associated to
the simple G/H-embeddings which are contained in X and will be denoted by Fx.
Furthermore, the colors of X coincide with the colors of the associated colored fan F .

Now, we want to recap an important result in the theory of horospherical varieties
which classifies G/H-embeddings using their associated colored fans. The following
proposition is a special case of [29, Theorem 4.3] in which the statement is formulated
with G/H spherical.

Proposition 2.65. [/2, Theorem 2.5] Let G/H be a horospherical homogeneous space.
The above construction of the colored fan Fx defines a bijection X — Fx between the
isomorphism classes of G/ H -embeddings and the set of colored fans in Ng. Furthermore,
complete G/ H-embeddings correspond to complete colored fans.

Remark 2.66. For G/H a torus, we obtain the classification of toric varieties associated
to fans which is described in [14].

Example 2.67. [41, Example 1.13] Let G = SLy and H = U be the unipotent radical
of SLy. Then SLy /U is clearly a horospherical homogeneous space and thus a torus
bundle over SLy /P. In this example we have P = B where we choose B to be the upper
triangular matrices. Therefore, the rank of SLs /U is equal to one where the dimension of
SLs /U is two. Using the notation as above we have S = {a} and I = () and furthermore,
we observe that SLy /U is isomorphic to k2 \ {0} by sending gU to (g11,g21) where g is

. g1 912
given by g = (921 922
therefore, we can identify SLy /U — SLy /B by the projection from k2 \ {0} to P*.

Next, we consider the natural SLo-action on k? which induces an action on the pro-
jective plane P2 = P(k @ k?). Further, we denote the homogeneous coordinates of P2 by
Tg, 71, 2 and we see that SLy +[1 : 1 : 0] is isomorphic to k2 \ {0} which implies that P? is
an SLo /U-embedding. Additionally, it may be observed that SLy /U corresponds to the

. One may also observe that SLy /B is isomorphic to P! and
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open subset {[1: z; : z2] | (x1,22) € K2\ {0}} C P2. We denote by 0 the SLy-fixed point
[1:0:0] € P2 by D the line {[zo : z1 : 2] € P? | 9 = 0} which implies P2\ D = k?
and by E the exceptional divisor of the blow up of 0 in P?2. Then we have the following
non-trivial SLy /U-embeddings.

SLy /U-embedding  SLo-stable closed color
X divisors SLs-orbits  of X
1 k? 0 {0} D,
2 P2\ {0} D D 0
3 P2 D D and {0} D,
4 Bl{o} k? E E 0
5 Blygy P? Dand E. Dand E 0

For the homogeneous horospherical space SLg /U the only color D, is given by the
set {[1 : 21 :0]| 21 € k*}. Since the embeddings 1,2 and 4 contain only one closed
SLo-orbit, they are simple horospherical varieties. We see that the embeddings 2,4 and
5 do not have any color since D, does not contain any closed SLs-orbit. Therefore,
by Definition these varieties are toroidal. We remark that Bl P? is covered by
P2\ {0} and Blgy k% whereas P? is covered by P? \ {0} and k2. Furthermore, in our
particular example we have that M = N = Z since the characters of P = TU which
become trivial after the restriction to U, correspond to the characters of T

Now, we draw the line Ng with the images under o of the B-stable divisors of Blyg) P2
which will be used later on to construct the corresponding colored fans. The images
can be obtained by considering the subset of rational functions k(SLy /U)®) /k* which
consists of rational functions of the form f(z1/zo,x2/x0) = (x2/x0)" for n € Z with the
corresponding coordinates on SLg /U. The valuations which are induced by the divisors
lead to the images of o.

(D) o(Da) = o(B)

¢mm-t-mmboc - -@---D---d----t---3 N
0

Using the procedure described above to obtain colored fans from their corresponding
SLg /U-embeddings, we obtain the following five non-trivial colored fans. Hereby, the
black points represent the origin, the white points the colors and the gray annuli around
the white points the colors of a fan. Furthermore, the colored cones of the colored fan
are given by the black half-lines starting from the origin.

Using Proposition we can also verify that there are only five non-trivial SLg /U-
embeddings since there are no more non-trivial colored fans in the given example. Lastly,
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we remark that the trivial colored fan {({0},0)} corresponds to the trivial SLg /U-
embedding SLsy /U.

Remark 2.68. We have seen that for our example of rank 1 there were finitely many
non-trivial colored fans, but as soon as the rank of G/H is larger or equal to two,
there will be infinitely many colored fans. This behaviour is equal to the one of the
fans corresponding to toric varieties even though there are more colored fans than fans
coming from toric varieties.

Now, we want to recall the smoothness criterion for horospherical varieties which was
first described by Pasquier (cf. [4I]). In order to be able to state it, we need some more
notation which we take from [41].

Proposition 2.69. [/1, Proposition 2.2] Let X be a G/H -embedding for a horospherical
homogeneous space G/H defined by the colored fan Fx. Then X is locally factorial if
and only if for every colored cone (C,F) of Fx

(i) the elements F € F have pairwise distinct images under o and
(ii) C is generated by a part of a basis of N containing o(F).

Definition 2.70. Let I and J be two disjoint subsets of the set of simple roots S. We
denote by I'g the corresponding Dynkin diagram of G and by Uiy the subgraph of I'g
containing the nodes of I and J and the edges of I's joining two elements of I U J. We
say (I, J) is smooth if every connected component I' of I'1y satisfies one of the following
conditions.

(i) T is a Dynkin diagram of type A, for which every knot is in I except the first or
the last one which is in J.

(ii) T is a Dynkin diagram of type Cy, for which every knot is in I except the first one
(connected with a simple edge) which is in J.

(iii) T is any Dynkin diagram for which every knot is in I.

Example 2.71. Let I'g be a Dynkin diagram of type Cg where we denote the nodes by
o; for 1 <i<n.

(i) Furthermore, let I} = {9, a5, a6} and J; = {a1, a4 }. In this case (11, J1) is smooth
since the connected component containing {1, as} satisfies condition (i) and the
connected component {4, as, o} satisfies condition (ii).

(ii) Now, let Is = {ai1,a3} and Jo = {aa}. In this case we see that there is only one
connected component which does not satisfy any of the conditions since the first
and the last knot are contained in I. Therefore, (I3, .J2) is not smooth.

Now, we can state the smoothness criterion for horospherical varieties.

Proposition 2.72. [/1, Theorem 2.6] Let G/H be a horospherical homogeneous space.
As above, I C S denotes the subset of the simple roots associated to H (cf. Remark
. A G/H-embedding X defined by a colored fan Fx is smooth if and only if the
following two conditions are satisfied.

(i) X s locally factorial, i.e. the colored cones satisfy the conditions of Proposition

[2.69.
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(ii) For each maximal colored cone (C,F) in Fx, we denote by Jr the union of the
a € S\ I such that Dy is in F. Then (I, Jr) is smooth.

Next, we want to have a look at another horospherical homogeneous space of rank
one which we will need in the sequel of this work and for which we want to apply the
previous smoothness criterion.

Example 2.73. We consider the horospherical homogeneous space SLg /., U where pu,,
is a finite group of order n > 1 which is given by diagonal matrices with entries (&,&71)
where ¢ is an n-th root of unity. In this case we have again P = Ng(u,U) = B and
I = ) as in Example The rank of SLg /u,U is again one and S = {a}. Now, we
want to have a look at M which are the characters of P, i.e. the characters of T" in this
case, whose restrictions to u,U are trivial. We see that a character

¢:T—>C*,<é t01> —

restricts trivially to p,U if and only if m = a - n for a € Z. Therefore, M = nZ and
N = Homgy(nZ,Z) = 7 is the dual lattice. Now, we want to determine the possible fans
of the SLy /pu,U-embeddings. Therefore, we do not need to know the varieties, but only
the image of the color D, under the map ¢ which was already used frequently above.
As mentioned above, the image of the color D, under o is given by the restriction of the
coroot a" to the sublattice M. In this case the coroot is given by

a” : Hom(T,C*) — Z, ((é t91> — tm> = m

since (a, a") = 2 has to hold for the corresponding pairing by the definition of the coroot.
If we restrict this map to M, we see that the generator n € nZ is mapped to n which
corresponds to the vector n € N via the identification Homgy(nZ, Z) NA (n—k)—k
for k € Z. Therefore, we obtain the image of the color o(D,) = a); = n.

Later on, we will be interested in the complete SLg /i, U-embeddings and therefore,
we consider the complete colored fans in this example. It is clear that there are only two
complete colored fans in this case, one containing the color D, and the other one not
containing the color as in Example [2.67} Now, we want to know which ones are smooth
and therefore, we use the smoothness criterion described above. We have already seen
in Example that for n = 1 both complete SLy /p,U-embeddings are smooth. For
n > 1 we need to verify the criterion. First, we consider the colored fan not containing
the color. It contains the colored cones (—1,0) and (1,0) for both of which the pair
(I,Jr) = (0,0) is trivial and therefore smooth. Furthermore, this SLg /u,U-embedding
is locally factorial because the conditions of Proposition [2.69| are satisfied.

Next, we take the complete fan containing the color which changes only the colored
cone (1,0) to (1,Dq). This leads to the pair (), ) which is smooth by Definition [2.70]
(i). Lastly, we need to verify the local factoriality, but here we see that o(Dy) = n
and therefore, the generators of the cone C do not contain o(D,). This implies that
the complete SLg /u,U-embedding containing the color is not smooth. The upshot is
that there exists only one smooth complete SLy /u,U-embedding and therefore, only
one smooth equivariant completion of SLg /u,U.
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3 Computations of equivariant algebraic cobordism

3.1 Filtrable schemes

We recap some basic notation from Krishna [33] which was introduced following
Brion’s work [7] on Chow groups of torus actions. Therefore, let G be a linear algebraic
group over k and let X € G — Schg. We say that X is G-filtrable if the fixed point
subscheme X is smooth and projective, there is an ordering X¢ = n—0 Zm of the
connected components Z,, of the fixed point subscheme such that there is a filtration of
X by G-stable closed subschemes

=X 1CX0C..CX,=X (3.1)

with Z,, C W, := X, \ X;n—1 and maps ¢y, : W, — Z,,, for all 0 < m < n which are
all G-equivariant vector bundles such that the inclusions Z,, < W, are the 0-section
embeddings. One should note that if X is G-filtrable then so is every closed subscheme
X,

We say furthermore that a k-scheme X is filtrable if there are closed, connected,
smooth and projective subschemes Zj, ..., Z,, of X and a filtration of X by closed sub-
schemes

=X 1CX9gC..CX,=X

with Z,, € Wy, :== X, \ X;n—1 and maps ¢y, : W, — Z,,, for all 0 < m < n which
are vector bundles such that the inclusions Z,, — W, are the corresponding 0-section
embeddings. Clearly each G-filtrable scheme is also filtrable. Furthermore, one observes
that any smooth and projective k-scheme X is filtrable by choosing Z; = W; to be the
connected components of X. Lastly, we remark that any smooth projective k-scheme X
is also {e}-fitrable by the same choice as above.

3.2 T-filtrable schemes

In this section, we will discuss the specific case G = T where T is a torus which acts
on a scheme X. For the rest of this chapter we will only consider algebraically closed
fields k of characteristic zero. First, we recap the Bialynicki-Birula decomposition (cf.
[7, Section 3]) in order to be able to discuss known results for Chow groups ([7]) which
we would like to generalise to algebraic cobordism.

Definition 3.1. For X € T — Schy,, we denote by X7 its fized point subscheme. For
any one-parameter subgroup A of T, we have X* D XT where X* = X ¥) is being used
as an abbreviation. We call X generic if XT = X* holds.

Remark 3.2. It is known [7, Section 3] that such a generic one-parameter group always
exists due to the linearity of the actions.

Construction 3.3. For a subvariety Y C X*, we define
X+, ={zxe X | %il’l(l) A(t)x exists and is in Y} and
%
X_(Y)\)={zxeX| %in% At~ Ha exists and is in Y}.
%
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Furthermore, we define the maps p+ : X4(Y,\) = Y, x> limy_,o A(t7)z. Then follow-
ing [7] X (Y, ) and X_(Y,\) are locally closed T-stable subvarieties of X and p;,p—
are T-equivariant morphisms. It is a fact that any complete T-variety X is the disjoint
union of locally closed subvarieties X (Y, \) where A is a fixed generic one-parameter
subgroup and where Y runs over all connected components of X7

Proposition 3.4. [2,[3] Let X be a complete non-singular T-variety with finitely many
T-fized points and let A be a generic one-parameter subgroup. Then for any fixed point x;
of XT, the maps p+ : X4 (x;, \) — x; make X4 (x;, \) into an equivariant vector bundle
over x;.

Definition 3.5. A scheme X € T'—Schy, is called T -filtrable if it satisfies the following
conditions.

(i) X is the disjoint union of its plus strata X (Y, \) for some generic one-parameter
subgroup \ of T.

(ii) There is an indexing Yo, ..., X, of the set of strata such that the closure 3; is
contained in the union U;>,; ¥;.

Remark 3.6. The preceding definition directly implies that there exists a closed stratum
Y = X, (Y, \) for some connected component Y of X7

The following proposition was formulated in [31, Theorem 4.5] without the assump-
tion of finitely many T-fixed points and a similar result was stated in [7, Theorem 3.1].
Without the assumption on the T-fixed points, the term “vector bundle” in the definition
of T-filtrable has to be replaced by the more general notion of an affine space bundle.
In fact, there is a counterexample to the assertion that X, (Y, A) — Y is a vector bundle
which is described in [25].

Proposition 3.7. [2, [3] Let X be a smooth projective T-variety with finitely many T-
fized points. Then X is T-filtrable.

Remark 3.8. In the case of T-filtrable schemes we will be mostly interested in the
examples given by the preceding proposition, i.e. smooth and projective T-varieties with
finitely many T-fixed points. Therefore, let X be a smooth and projective T-variety with
finitely many T-fixed points.

Definition 3.5 following [7] differs from our definition of G-filtrable schemes in Section
at first sight, but if we choose Xy := 3, where Y., is the closed stratum we mentioned
above and X; := Uj>p_i %j = Ujs,_; Xj coming from condition (ii) of Definition
this leads to the inclusion X; € X; ;1. One is left with the condition that X;;1\ X; needs
to be an equivariant vector bundle. Therefore, one verifies X;11 \ X; = X,,—;—1 which is
a T-equivariant vector bundle over the corresponding T-fixed point by Proposition

Conversely, starting with the filtration of Section [3.1] we obtain the 3; similarly
and furthermore, it is clear that an appropriate generic one-parameter subgroup A has
to exist because of the fact that any complete T-variety is the disjoint union of the
X4 (zi, ) for any generic one-parameter subgroup A and the fact that those X (z;, A)
are T-equivariant vector bundles over x; by Proposition

We conclude that these two definitions coincide for the class of smooth and projective
T-varieties with finitely many T-fixed points.
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Example 3.9. Now, we want to discuss some very elementary examples of T-filtrable
varieties.

(i)

(iii)

We consider X = P} with maximal torus T = Gy, and trivial group action. In
this case we can choose A : G,, — G,,,t — t to be the identity on G,,. This is a
generic one-parameter subgroup. Therefore, we have X7 = X* = Al U{oo}. Now,
we compute

1y Ly ot 1y _ pl
X+(IP’,)\)—{a:€]P’\%gI(1)t zeP}=P.

We see that the Bialynicki-Birula cells do not necessarily coincide with the cellular
decomposition of P'. We remark that this is an example of a smooth projective
variety with infinitely many T-fixed points.

Now, we want to have a look at the same variety X = P! with a different group
action. Therefore, let P& = {[x : 1] | x € C} U[1 : 0] and the torus T = G,, acts
on X byt-[z:1]:=[tz:1]and ¢t-[1:0] =[tl:0] =[1:0]. Again we can choose
A to be the identity on G,,. This time we have X7 = {0} U {co} and for these we
compute the Bialynicki-Birula cells

X({0},A) = {z € P! | limt- 2 =0} = A" and
*>

Contrary to the previous example, we see that we obtain the cellular decomposition
of the projective line with the natural group action. Therefore, the decomposition
into Bialynicki-Birula cells depends on the group action.

Next, we consider an example whose decomposition into Bialynicki-Birula cells will
be needed later on. Let V = Sym®(k?) @ Sym!(k?) = k @ k? and X = P(V) = P?
be the projectivisation of V' where Sym™ denotes the space of symmetric tensors
of order n. Furthermore, let G = SLa(k) be the special linear group with torus T’
being the diagonal matrices in SLo(k). By reordering of the basis elements we have
the following group action

<é t91> Azl ) =ty )

for all t € G, and [2 : ¢/ : 2'] € P2. Now, we are interested in the fixed point
subscheme which is given by X7 = {[1:0: 0]} U{[0:1:0]} U{[0:0: 1]}. Before
we are able to compute the Bialynicki-Birula cells we need a generic one-parameter
subgroup of T'. Therefore, we choose

t=1 0
A: Gy — T, tn—><0 t)

to be the given map. First, we compute the limits

; c S =T Lo 1 = 1 ) 42 =10 -
%%A(t) 1:y :2]=1lm [t .y.tz]—%g%[l.ty.tz}—[l.0.0],

t—0
; 1= 15 1 -1+ — .1
%%A(t) [0.1.2]—%5%[0.1.152]—[0.1.0],
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o . . /_. . . /_ . .
%g%/\(t)-[o.o.z]—%%[0.0.tz]—[0.0.l].

Thus, we have

X, ({[1:0: 0, N)={[1:y :2]€P?|y,2 €k} =A%
X, ({l0:1:0}1,N)={[0:1:2]e€P?| 2 ck}=A"
X, ({[0:0:1]},N) ={[0:0:1] € P?} = A"

This leads to the Bialynicki-Birula decomposition P? = A? U A' U A?. For later
use we remark that the closures of the Bialynicki-Birula cells are the T-fixed point
z = [0 : 0 : 1], the line connecting y = [0 : 1 : 0] and z which we denote by
(yz), and the whole space X = P(V). In this case, the indexing of the strata in
Definition is obviously given by ¥ := A% 3 := Al and j := AZ.

In the following, we consider an example which is similar to the previous example.
Therefore, let V' = sl, be the Lie algebra of SLy which is a non-trivial SLe-module
of dimension three and let X = P(V') as above. First, we have a look at the action
of SLg on sl,:

e e (S [ O i R ]

We deduce again by reordering of the basis elements the torus action on X which
is then given by

(é t01> iy =[tPr iy t722]

With the same generic one-parameter subgroup and the same calculations as in the
previous example, we obtain the Bialynicki-Birula decomposition of X. Later on,
we will come back to this example and show that the different induced actions on
P? will lead to different results in computations we are going to need in the sequel.

Lastly, for any positive integer n we will analyse the example of the rational ruled
surfaces F,, = P(Op1 @ Op1(n)) which are also known as Hirzebruch surfaces. We
know by [7] that F, can be obtained as the smooth equivariant completion of
SLo /unU. The fans for the corresponding SLg /u,U-embeddings have been de-
scribed in Example[2.73] Alternatively, we want to realise the surface F,, as a closed
subvariety of the projectivisation of an SLp-module. Let Vji; := Sym""!(k?)
be the space of symmetric tensors of order n + 1. We consider the SLs-module
V:=V; & V,41. At this point, we remark that each element P € V,, ;1 is a homo-
geneous polynomial of degree n + 1 in two variables 21 := (1,0)! and 2y := (0, 1),
ie.

1 1
P=apz]™ +a12lz + ... +anz128 + ani125t.

Next, we consider the SLo-action on V,, 1 for A := (Z Z) which can be described
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by the componentwise action of A on the space of symmetric tensors.

We want to show that the Hirzebruch surface F,, n > 1, is the closure of the
SLg-orbit SLy+[1:0:1:0: ... : 0] where the given vector

V=014Up41=[1:0:1:0:...:0] € P(V)

is the sum of the two highest weight vectors in v; € V} and v,+1 € V41, respec-
tively. The torus action of SLs on P(V') is given by

teo iy rap: ..t ant] = [t Tyt e " ay t_”_lanﬂ]
t 0 . .
for t = 0 1] In order to be able to determine the 7T-fixed points of [F,, we

consider the above mentioned SLs-orbit

(CCL 2)-[1:0:1:0:...:0]:[a:c:a”+1:a”c:...:ac":c”+1].
We remark that the stabiliser of v =[1:0:1:0:...:0] is given by p,U which
shows that SLa[v] = SLy /u,U holds. Now, we consider the closure X := SLy[v] of
SLa[v] in P(V') for which we want to know the T-fixed points. If we choose a =t
and ¢ = ta, we obtain

[t:ta: "o t"a o t(ta)" s (ta)" T = [1a "L e,

Then we let ¢t and a go to zero and we see that the point [v1] is in X. Similar
choices for a and ¢ lead to four T-fixed points

1:0:...:0],[0:1:0:...:0], [0:0:1:0:...:0] and [0:...:0:1].

These four points are the only T-fixed points in the closure of this orbit and there-
fore, we are left to show that X C P(V) coincides with the smooth equivariant
completion of SLg /u,U.

By the construction as an SLg /u,U-embedding we know that there are at most
two G-stable divisors in X. This leads to the SLy-stable divisor SLo[v;] which is
given by elements of the form [z/ : ¢ : 0 : ... : 0] as it is closed and SLo-stable.
Similarly, the point [v,+1] leads to the second SLg-stable divisor SLa[vy,4+1]. Recall,
that a color of X is a B-stable divisor which is not G-stable and contains a closed
G-orbit. Therefore, in our example a color would have to contain an SLe-stable
divisor which implies that there is no color in X. We conclude that X is the smooth
equivariant completion of SLgy /1, U whose fan has been described in Example m

Consequently, X describes the n-th Hirzebruch surface F,,.

Now, we want to compute the Bialynicki-Birula decompostion for F,. Therefore,
we choose again the identity as generic one-parameter subgroup and for later use
we name the T-fixed points by

w:=1[0:0:1:0:...:0],

z:=[1:0:0:...:0:0],
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3.2 T-filtrable schemes

This leads to

) a 1 a n+1 ] a 1 a n+1

and

%%A(t) [O :0: (Z)nH : (Z)n D 1] :%1_13(1) t- [0 :0: <Z>n+1 : <Z)n I 1]

as well as

HmA#)[1:0:a™:0:...:0]=lim [t:0:t" a™:..:0] =z,
t—0

t—0
; 1-0-0 - . N F .+~1.9.0- . —
}g%)\(t)[a.l.0.0.....O] —lltg%[ta.t :0:0:...:0] =y,
Hm A#)[0:0:1:0:...:0] =lim [0:0:¢"T:0:..:0] =w.
t—0 t—0

We set

M::Ha:c:anﬂ:...:cnﬂ} ‘aek,c#OEk}:AQ\Al,

N::{[O:O:<Z>n+1:...:1] Zek}:&l.

By the geometry of the Hirzebruch surface F,,, we obtain

X, (z,\)=MUN = A%,
Further, we get

Xi(x,\)={[1:0:a":0...:0] | a € k} = A!,
X (y,\)={la:1:0:...:0] | a €k} = A",
X (w,\)={[0:0:1:0:...:0]} = A"
Therefore, the Bialynicki-Birula decomposition of the n-th Hirzebruch surface [,

is given by F, = A2UA' UA'UAP. The closures of the Bialynicki-Birula cells are
the point w, the lines (zy) and (wzx), and the whole surface F,,.
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(vi)

(vii)

The case n = 0 is an exception since Fy = P! x P! and therefore, the four T-fixed
points are w := ([1 : 0],[1 : 0]),z := ([1 : 0],]0 : 1]),y := ([0 : 1],[1 : 0]) and
z:= ([0:1],[0 : 1]) for the natural SLy-action on P!. We compute the Bialynicki-
Birula decomposition in this case now. As above we need to choose a generic
one-parameter subgroup which in this case will be the map

t 0
A Gy — T, t»—><0 t—1>'

We compute the limits

lim A(1) - (fa < 0], e 0]) = lim ([ta.: 0], [t + 0]) = ([1 < 0], [1: 0]),
lim A(1) - (fa < 0], e 1]) = lim ([ta+ 0] [te = +71]) = ([1: 0,0 1)),
i A ([a: 1], e 0)) = T ([ta s ¢, [re: 0)) = ([0 = 1],[1: 0)),
i A(1) - ([a < 1], e 1]) = lim (fta =471, re 7)) = ([0 11,0+ 1]).

This leads to the Bialynicki-Birula decomposition Fp = A2 U A' UA'UAY. In
this example, the indexing of the strata according to Definition [3.5] is given by
Yy = A0 ¥y := ALY, := Al and %y := A? where the two different affine lines
come from the above computation. For later use we remark that the closures of
the Bialynicki-Birula cells are the point w := ([1 : 0],[1 : 0]), the lines (wz) and
(wy), and the whole space P! x P!.

Finally, we will again compute the Bialynicki-Birula decomposition with a different
description of the Hirzebruch surfaces F,, n > 1. We will not show that these
descriptions are T-isomorphic, but we will nevertheless compute the Bialynicki-
Birula decomposition by using its corresponding torus action.

Therefore, we consider first the case n = 1 and the fact that the above description
of Fy is isomorphic to the blow up of P? at a point. Therefore, it is well known (cf.
[24, p. 97]) that the first Hirzebruch surface F; can be described as

Fi={([¢/ o/ : &) Jus o]) € B2 x P |y — v/ = 0},

Now, we consider the action

<(t) t91> ([ ) ) = ([t ) [t )

of the torus of SLy on F; which clearly preserves the given relation for ;. This
action has six T-fixed points in P? x P!, but the points ([0 : 0 : 1],[0 : 1]) and
([0:1:0],[1:0]) are not in Fy and therefore, F; has exactly four T-fixed points

w:=([0:0:1],[1:0]),
z:=([1:0:0][1:0]),
y=(1:0:0,[0: 1)),
z:=([0:1:0],]0:1]).
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In order to compute the Bialynicki-Birula decomposition of Iy we take the same
generic one-parameter subgroup as above and obtain

A ([ 152, [ 1)) =i (' 0702 0] fru 071 = 5,
lim A(1) - (150 2, [1:0)) = lim ([1:042],[¢: 0]) =

i A(r) - (150 ], fus 1)) = Jim ([1:0: ¢2') [ru s £71]) =,
lim A1) - (050 1), [1:0) = Tim ((0:0: 1], [¢ 0]) =

where in the third computation the variable 2z’ has to vanish in F;. Thus, we have

Xz ) ={(z':1: 2], [u:1]) €eFy | 2,2, u €k} = A?,
X (z, ) ={(1:0:2],[1:0]) €Fy | 2/ € k} = A',
Xi(yA) ={([1:0:0],[u:1]) € F1 | ue k} = AL,
Xi(w, ) ={([0:0:1],[1:0]) € F1} = A”.

These components again cover the Hirzebruch surface F;. The other components
of P2 x P! do not satisfy the relation uy’ — vz’ = 0 and therefore, we obtain the
exact same Bialynicki-Birula decomposition F; = A2 U A’ UA!' UAY. Again, we
remark that the closures of the Bialynicki-Birula cells are the point w, the lines
(zy) and (wz) and the whole space F;.

Finally, we will tackle the general case IF,,, n > 1, for which we choose the same
generic one-parameter subgroup as above. Besides that, we again use the isomor-
phic description

Fo={([2" 9 : 2], [u:v]) € P2 x P! [ uy — 0"z =0},

In this case the T-action on [F,, is given by

(é t01> (2 ) Jus ) = (2 ey ] [t )

which preserves the given relation for F,,. The T-fixed points have already been
described and therefore, we compute again the Bialynicki-Birula cells as for F; and
thus, we obtain the Bialynicki-Birula decomposition F,, = A2 U A UA! U AP,

3.3 Equivariant Chow groups for torus actions

In this section, we want to recap the most important results of equivariant Chow
groups for torus actions following [7]. Later on, we want to compare these results to the
known results of equivariant cobordism for torus actions (cf .[31]) whereas Brion proves
his results for algebraically closed fields of arbitrary characteristic. First, we recall the
definition of equivariant Chow groups.

Definition 3.10. A rational G-module is a vector space V' equipped with a linear
action of G such that every v € V is contained in a finite-dimensional G-stable subspace
on which G acts algebraically.
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Definition 3.11. [7, Section 2.1] Let X be a scheme with an action of a linear algebraic
group G. Let 'V be a finite-dimensional rational G-module and U C V' a G-stable open
subset such that the quotient U — U/G exists and is a principal G-bundle. Then the
quotient for the diagonal action on X X U exists and is a principal G-bundle. For
n = dim(X),! := dim(V) and d := dim(G) we define the i-th equivariant Chow
group CHY (X) := CHyy_q((X x U)/G) if codim(V \ U) > n —i. As above for the
equivariant algebraic cobordism, the pair (V,U) will be called good pair for the G-action
corresponding to i. Following [12], such a good pair (V,U) always exists and CHS (X) is
independent of the choice of the good pair. Further, we set CHf(X) = @;>0 CHZ-G(X).
Lastly, each closed G-stable subvariety Y C X defines a class [Y] in CHY(X) by setting
Y] = (Y x U)/G].

Remark 3.12. It is known that there is an intersection product on equivariant Chow
groups which makes CHY(X) into a graded ring for a smooth scheme X which we
denote by CH{(X). If X is a smooth equi-dimensional scheme with n := dim X, then
CHL(X) = CHS ,(X) holds for all i € Z. Furthermore, it is worth a remark that
CHS(X) = 0 for all n > dim X, but CHY may be also non-trivial for n < 0 by definition
as opposed to ordinary Chow groups which vanish in negative degrees. Lastly, we will
often consider rational equivariant Chow groups by which we mean the tensor product

CH{ (X) @7 Q.

Construction 3.13. Now, we present a general construction which is going to be used
to describe the equivariant Chow groups for torus actions. Therefore, let G = T be a
torus, X a scheme with a T-action and M be the character group of T'. Let the further
notations be as above. In this case, the graded abelian group CH? (X) has the structure
of an S-module where S denotes the character ring of 1. This was firstly introduced by
Edidin and Graham [12] who also give an explicit good pair (V,U) for the torus case [12]
Section 3.1]. To define the S-action it suffices to understand the action of a character
X € M on CHI(X). First of all, we define (V,U) to be the good pair described in [12]
and let L, be the bundle which is defined by the one-dimensional representation where
T acts via weight —x. This defines another line bundle U x L, — U which descends to
the line bundle (U x Ly )/T — U/T. Finally, for any closed T-stable subvariety ¥ C X
we define multiplication by x as the first equivariant Chern class of the pullback of the
line bundle L, to X, i.e. x:[Y] = ¢l (p*L,)[Y] for the map p : X — Speck. As shown by
[7, Theorem 2.1] the S-module CHZ (X) is generated by the elements [Y] where Y C X
is a closed stable subvariety. This implies that the action above determines the action
on the whole S-module CH(X). For a G-equivariant vector bundle E on X we will
furthermore denote the mixed space (U x E)/G by Eg as in [12].

Lemma 3.14. Let X be a T-variety, Y a closed T-stable subvariety and f € k(Y) a
T-eigenfunction with weight x. Then the relation

[divy (f)] = x - [Y]

holds in CHI (X)) where divy (f) := ., ordz(f)Z with ordz(f) describing the order of
vanishing along the prime divisor Z for the rational eigenfunction f on'Y for weight x
and the sum running over all prime divisors contained in'Y .

Proof. Let f be a rational function on Y which is an eigenfunction of T of some weight
X, ie. (t-f)(y) = x(t)- f(y) for all t € T and some weight x € M. We observe that
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the support of divy (f) is T-stable because we have either f(z) = 0 or f(z) = oo for
z € Supp(divy (f)). In both cases one can see that

flt-2) =" ))z) =x(th) - f(2) = f(2)

holds since f is an eigenfunction of T" of weight y and because of the linear T-action on
rational functions. Therefore, [divy (f)] defines a class in CHZ (X). Now, we want to
show that the relation [divy (f)] = x - [Y] holds in the S-module CHZ (X). In order to
show this, we consider f as a rational section of (p*Ly )7y = (X x U x Ly)/T restricted to
(YxU)/T givenby s : (Y xU)/T — (Y xUxLy)/T, (y,u) — (y,u, f(y)). Furthermore,

s(t(y,u)) = (ty, tu, f(ty)) = (ty, tu, ¢ )(v)) = (ty, tu, x " O f(y)) = t(y, u, ()

holds because L, is defined by the one-dimensional T-module of weight —y. Thus, s is
a rational section of the line bundle (p*L, )7 restricted to (Y x U)/T. Let the divisor C
be given by C' = div(yxyy,r)(s). Therefore, the restriction of the line bundle (p*Ly)r
to (Y x U)/T is isomorphic to Oy xr)7(C). By definition (cf. [I3, Section 2.5]), this
leads to ¢! (p*Ly)[Y] = c1((p*Ly)7)[(Y x U)/T] = [C]. Lastly, C is the same as divy (f)
by the definition of the rational section s. This implies the desired relation

[divy (f)] = x - [Y].
O

For equivariant Chow groups the above relations generate all relations as explained
in the following result of Brion.

Theorem 3.15. [7, Theorem 2.1] Let X be a variety with an action of a torus T'. The
CHI (k)-module CHI (X) is defined by generators [Y], where Y C X is a closed T-stable
subvariety, and by relations [divy (f)] = x - [Y], where f is a non-constant rational
function on'Y which is an eigenvector of T of weight x.

In the following, we will be mainly interested in equivariant Chow groups and equiv-
ariant algebraic cobordism groups with rational coefficients which we will denote by
an appropriate subscript. The main reason for this is that we want to cover a wider
range of examples for which we can compute the equivariant Chow groups and by taking
this extension of scalars we can also consider examples where the Chow groups of the
connected components of X7 have torsion elements. For example [7, Proposition 3.2]
holds for Q-coefficients, but also for integral coefficients if CH,(Y") is torsion-free for one
specifically determined connected component Y C X7, It is known that we can have
torsion in the Chow groups (see e.g. [14, p.65]) and therefore, we would have to exclude
many cases, if we did not take rational coefficients in order to compute the (equivariant)
Chow groups.

Proposition 3.16. [7, Corollary 3.2] Let X be a smooth T'-filtrable variety with a group
action of a torus T. Then the inclusion of the fized point scheme i : XT — X induces
an injective S-algebra homomorphism

i*: CH(X)g — CHH(XT)g

which is surjective over the quotient field of S where S denotes the character ring of T.
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Proposition 3.17. [7, Theorem 3.3] Let X be a smooth T-filtrable variety with an
action of a torus T. Then the image of the pullback i* of the inclusion i : XT — X is
the intersection of the images of

i CHR(XT g — CHAH(XT)g
where T' runs over all subtori of codimension one in T.

Remark 3.18. Following [12, Section 3.2], we know that CHT({*}) = Z][t1, ..., t,,] holds,
where n denotes the dimension of the torus 7'. In this case, the character ring S of T’

is isomorphic to the polynomial ring Zl[t1, ..., t,]. Therefore, we have the isomorphism
CH({+}) 2 8.

Remark 3.19. The T-action on the fixed point subscheme X T/, where T” is a subtorus
of codimension one in T, is the induced T-action. We remark here that X7 is T-stable
since tx = tt'z = 'tz holds for all t € T, ¢ € T" and z € XT".

Now, we present the last important statement which is proved using Propositions[3.16]
and The following proposition is being used in order to compute equivariant Chow
groups for torus actions. But before we state the proposition we recall one important
definition which will be frequently used in the sequel.

Definition 3.20. Let G be a group. An element g € G is called primitive if, whenever
h € G satisfies hF = g for some k > 0, it follows that k =1 and h = g.

Proposition 3.21. [7, Theorem 3.4] Let X be a smooth T-filtrable variety with finitely
many fized points x1, ..., xs and finitely many stable curves under the action of the torus
T. Leti: XT < X be the inclusion of the fized point scheme. Then the image of the
pullback i* is the set of all (fi,..., fs) € S¢ such that f; = f; mod x whenever z; and
x; are connected by a stable curve where T' acts through the weight x. If moreover all
such characters x are primitive in the character group, then the statement holds over
the integers.

Remark 3.22. In the preceding proposition we can identify CH}.(XT)q with So by
Remark because of the assumption that the fixed point scheme only consists of the
fixed points 1, ..., ;.

Next, we want to come to a more general example as in Example for which
we will compute the equivariant Chow groups in the sequel.

Example 3.23. [12, Section 3.3] We consider one of the T-filtrable varieties above and
compute the equivariant Chow groups in a greater generality. Let X = P}! where T' = Gy,
acts diagonally with weights ag, ..., a, via t-[xg : ... : 2] = [t%x¢ : ... : t*2;,]. From this
example we can deduce some of the equivariant Chow groups for the examples discussed
in Example Firstly, we need to explicitly choose a good pair which will be given
by (V,U) = (A!, A\ {0}) as described in [12, Section 3.1] where V has all weights equal
to -1. Then we have codim(V \ U) =1 and U/T = P'~!. Therefore, (P" x U)/T — P=1
defines a P"-bundle, namely P(O(ag) @ ... ® O(ay,)) — P=1. Using the projective bundle
formula for oriented cohomology theories [37, Definition 1.1.2], we obtain

CH*((P" x U)/T) = CH* (P(O(ag) & ... ® O(an))) = CH*(P(E))

CH" (P 1) [¢]
(=@ + ... + (1) enta(€))

~
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where £ := O(ag)®...20(an), £ := c1(Op(g)(1)) and ¢;(€) denotes the i-th Chern class of
€. One can compute ¢;(€) using the Whitney sum formula (cf. Section whereas one has
the additive formal group law in Chow groups. By defining ¢ := ¢;(O(1)) € CHY(P!~1)
we may reduce the last expression to

CH*(P(€)) = CH* (B )[¢]/(P(£, 1))

with

n+1

P& t) = Z (—1)ie" e (agt, ..., ant),

1=0

where e; denotes the i-th elementary symmetric polynomial in the variables agt, ..., ant.
This fact can be used since £ is a direct sum of line bundles. Letting the dimension of
the representation V' go to infinity we obtain

CH7(P") = CH*((P" x U)/T) = CH*(P(£)) = Z[¢, 1]/ (P(&; 1))

We remark here that this direct computation is completely done with integral coefficients
and does not use the above results which will be used later on for different computations.

Remark 3.24. The reader may have seen a slightly different result for this computation
where the polynomial P(§,t) does not contain the alternating signs for the theory of
Chow groups. This comes from the different definitions of a projective bundle in the
literature since for example in [13] a projective bundle is defined as P(£) = Proj(Sym V)
via the dual sheaf of £. Using this definition, we would end up without having the
alternating signs because of the identity ¢;(£¥) = (—1)’c;(€) which holds in Chow groups
due to the fact that we have the additive formal group law.

3.4 Cobordism ring of classifying spaces

In this section, we discuss the cobordism ring of classifying spaces, i.e. the equivariant
cobordism ring of a point. The main constructions given here mainly refer to Krishna’s
paper [32] where the whole equivariant cobordism theory for arbitrary k-schemes with a
G-action was introduced for a linear algebraic group G.

Construction 3.25. Following [32], let R be a noetherian ring and A = @;cz A; be a
Z-graded R-algebra with R C Ag. In this case, we consider the graded power series
ring S = @;cz Si which is a graded ring where S; is the set of formal power series
f() = Xmyec amym(t) such that a,, ) is a homogeneous element of A of degree [, )|
with [, )| + [m(t)| = i. Moreover, C denotes the set of all monomials in t = (t1,..., )
and |m(t)] = i1 + ... + i, the degree of the monomial m(t) = ti'---tin. We denote
this graded power series ring by A[[t]]sr to make it easier to distinguish between the
graded formal power series ring and the usual formal power series ring A[[¢]]. From this
follows immediately that if A is only non-negatively graded, then S is the standard
polynomial ring A[ty,...,t,] over A. We will later see an example where this particular
case happens. We remark here as well that S is a graded ring which is a subring of
the formal power series ring A[[t1, ..., t5]]-

Now, we want to summarise the most important properties of the graded power series
ring.

56



Henry July

Lemma 3.26. [32, Lemma 6.5] Let the notations be as above.

(i) There are inclusions of rings Alti,....tn] € SM™ C A[t1,...,t,]], where the first
inclusion is an inclusion of graded rings.

o

(i) St [[t,]]gr S S,

(iii) % 5 80" for anyn >r > 1, where S© = A,
iq9eesbip

(iv) The sequence {t1,...,t,} is a reqular sequence in S™.

(v) If A = R[x1,x2,...] is a polynomial ring with negative degree of the variables x; and
lim; 00 || = —00, then

s = L Rzy, ..., x][[t]]gr

(2

holds.

In the following, we will give some examples of the cobordism ring of classifying
spaces which have been already computed.

Proposition 3.27. [32, Proposition 6.7] Let {x1, ..., Xn} be a basis of the character group
of a torus T of rank n. Then the assignment t; — c{(LXZ.) yields a graded LL-algebra
isomorphism

where L. is the one-dimensional representation of T on which T acts via the weight
Xi g
—Xi and ¢ (Ly,) are the equivariant Chern classes defined in Remark .

In the sequel, let S(7T") denote the cobordism ring 27.(k) of the classifying space of T'.

Remark 3.28. In [32] the previous proposition is stated with the one-dimensional rep-
resentation L,, of T" on which T" acts via weight ;. For our purposes, we will use the
convention described above because it will not change the results in [32], but it will
be useful later on in this work. The explicit construction in the proof of the previous
proposition involves a specific choice of good pairs (Vj,U;) such that the quotient of
U;/T is a product of projective spaces. Then one uses the projective bundle formula for
the ordinary algebraic cobordism to conclude the result. This construction can be seen
in [32, Section 6.3].

Remark 3.29. For the case G = GL,, we can take the good pairs (V;,U;) described in
[50, Remark 1.4] in order to obtain Grassmannians as the corresponding mixed quotients.
Then Krishna [32] argues that one can compute the cobordism ring of this mixed quotient
using the projective bundle formula again which leads to the isomorphism

Q*(BGLy) = L{[Y1, ., Yullar

of graded LL-algebras where the v; are the elementary symmetric polynomials in the
variables t1, ..., t,.

o7
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3.5 Equivariant algebraic cobordism for torus actions

In this section, we want to compare Section [3.3| with the results of Krishna [31] which
we will later use to compute some equivariant algebraic cobordism groups, but firstly we
introduce the notion of the topological tensor product which we will need in the sequel.
Furthermore, this contruction will be compared to the regular tensor product. The main
parts of this section are taken from [32] and [31].

Construction 3.30. Following the notations in [32], let A be a commutative ring with
unit and let {L,,} and {M,,} be two inverse systems of A-modules with inverse limits L
and M respectively. We define the topological tensor product of L and M by

L@aM := Wm(Ly, @4 Mhy).
n

Following [32], if D is an integral domain with quotient field F' and if {A,,} is an inverse
system of D-modules with inverse limit A, one has

ARpF = y%n(An ®p F).
In order to simplify the notations we denote AQpF in the sequel by Ap.

If R is a Z-graded ring and M and N are graded R-modules, then M ® g N is a graded
R-module given as the quotient of M ®p, N modulo the graded submodule generated
by the homogeneous elements of type ax ® y — z ® ay where a, x and y are homogeneous
elements of R, M and N, respectively, and Ry denotes the degree zero part of the ring
R. If furthermore the graded parts M; and N; are limits of inverse systems {MZ)‘}
and {Ni)‘} of Ryg-modules, then we define the graded topological tensor product as
M®pN = @,cz(M&RN);, where

(ax @y — 2 ® ay)

A A
M5 @Ry N3
ji=i

(MBRN); = lim ( D

A

The reader may observe that this graded topological tensor product reduces to the
ordinary graded tensor product if the underlying inverse systems are trivial.

Similarly to Remark we recall the existence of a unique formal graded power
series x(u;) € L[[u, ..., up]]gr which satisfies Fq(u;i, x(u;)) = 0. For any positive integer
b € Z>1 we establish the following notations.

ui +r, vy = Fo(ui,ug) € Liug, ujlgr,
[—1poui = x(wi) € L[ug]]gr,
u; —Fy, uj = Fo(ui, x(uj)) € L{[ui, ugllgr,
0] 7 u; := 0,
[0l ui = Fo(ui, [b— 1]ryui) € Lifug]]gr.

We remark that the final relation is an inductive definition of [b] g, u;. Further, it is clear
that [b] p,u is divisible by u for any u € L[[uy, ..., up]]gr of degree 1.

Lemma 3.31. Let v € Li[u,...,un]]gr be a homogeneous element of degree 1. Then
there exists an element g € Lo[[x]] such that uw = g([b]p,u) for any b € Z>;.
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Proof. Fix b € Z>1 and write
[b]FQu =biu+ bga11u2 + b3a21u3 + b4a12u3 + b5a%1u3 + ...

for b; € Z>o for all © > 1. Now, we construct an element p of degree 0 such that
p - [bl,u = u holds. By comparison of coefficients, we observe that p is given by

1 ai bs by bs b3\ 5\ o
p= b b2¥u+ <_b%a21 - Eau + <_b% + E ajy | u” + ...

Successively replacing u with p - [b] g, v implies the claim. O

Definition 3.32. Let u € L[[uy, ..., un]|gr be a homogeneous element of degree 1. Then
forn € Z>1 we define

[_n]Fﬂu = [_1]FQ ([n]Fﬂu) :

Furthermore, if there exists a homogeneous element v’ € (L[[uy, ..., un]|gr)q of degree 1
such that [m]p,u' = u holds for m € Z>1, then we define

=
— u:=u.
mFQ

Definition 3.33. In the setting of the above definition we define the operator py,/y, by

iy ([2],,,0)

u

Pn/mU =
in (L{[u1, ..., unlgr)q for any n € Z\ {0} and m € Z>;.

Remark 3.34. The quotient p,,/,,u is indeed in (L[[u1, ..., un]]gr)q for any n € Z\ {0}

and m € Z>; because [%}F u € (L{[u1, ..., un)]gr)o is homogeneous of degree 1 and
Q

therefore, [%}F u = g(u) holds for some g € Lg[[z]] by Lemma [3.31, Further, g(u) is
Q

divisible by u by construction and thus, [n]z, ([1}1? u) is divisible by w.
Q

m

Remark 3.35. Let M be the character group of a torus T of finite rank. Using Definition
[3.33] one observes that
T
T 1 (Lnx/m)
L,)=—2—"

pn/mcl ( X) C’{'(Lx)
holds in S(T')q for any character x € M, n € Z\ {0} and m € Z>; if 7* is also a
character in M.

Now, we will prove a lemma which will be of great importance in the sequel for

comparing the equivariant algebraic cobordism with respect to a torus 7" and its quotient
T/F by a finite subgroup F.
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Lemma 3.36. Let T be a torus of rank n and F' be a finite subgroup. Then we have a
graded L-algebra isomorphism

Q7 (k)g = Q7/p(Fo-

Proof. Let {x1,...,xn} be a basis of the character group of T such that the basis of
the character group of T/F is then given by {ajxi,...,anXn} for some positive inte-
gers ajlag|---|a,. Using Proposition we know that there is an L-algebra isomor-
phism Q4.(k) = L[t1, ..., ts]]er mapping ¢l (Ly,) — t; where L,, is the one-dimensional
representation of weight —x;. Furthermore, we have Q7 (k) = L[t} ..., t]]gr for

T/F . . . . .
01/ (La;y;) — t;. Since we consider the L,, as the one-dimensional representations

of T and similarly those of T'/F', we know that
C,{(LaiXi) = C?(LX1+...+X1) = C{(sz' ®.® sz') = [ai]Fszcr{(in)

holds in Q%(k) where Fg denotes again the universal formal group law in cobordism.
On the other hand, we know that we can take cf (Lq,y,;) as generators of Q2%.(k)g instead
of cI'(Ly,) as soon as we consider rational coefficients by Lemma m This leads to the

desired isomorphism. O

Remark 3.37. The preceding lemma implies the same statement for equivariant Chow
groups and furthermore we remark that the finite subgroup F' has order ay - - - a,,. Lastly,
the statement also holds if we only take coefficients in Z[p%? e pie] where p1, .., ps are the
primes occuring in the prime factorisation of a,. Therefore, we only have to invert a
finite number of primes in order to obtain the isomorphism of Lemma [3.36

The next step for the computations in this article is to describe a result in equivariant
cobordism which is similar to the following one in Chow groups. Recall that for any T'-
scheme X, any closed T-stable subvariety ¥ C X and any rational function f on Y
which is an eigenvector of T' for weight x, we have x - [Y] = divy(f) in the CH}(k)-
module CHT(X) (cf. [7, Theorem 2.1]). We would like to have such a relation for smooth
schemes X in equivariant cobordism and therefore, we need to understand properly the
S(T)-action on Q' (X) for X € Smy.

Construction 3.38. Now, we present a similar construction to the one introduced to
prove the above relation in Chow groups in [7, Theorem 2.1]. By Proposition we
know that for any basis {x1,..., xn} of the character group of T" we have the isomor-
phism L[[t1, ..., tn]]gr = S(T),t; — ¢ (L,,), where in this case we set Ly, to be the one-
dimensional representation of T on which T" acts via weight —y;. Hereby, ClT(in) means
cl'(Ly,)[Spec k — Spec k] where [Spec k — Spec k] is by abuse of notation the equivariant
fundamental class of the ordinary cobordism cycle [Spec k — Spec k|. For any character
x and an [;-dimensional good pair (V}, U;) we have the line bundle (L, x U;)/T — U; /T
which we denote by (L, )r. Since equivariant cobordism is defined via an inverse limit
construction we consider the elements

¢f (Ly)[Speck — Speck] = lim & ((Ly)7)[U;/T — Uy /T).

We take one of the ordinary cobordism cycles [h : Y — X] and consider the ordinary
cobordism cycle [(Y x U;)/T — (X x U;)/T] in the j-th component of the equivariant
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fundamental class which we denote by [Y" — X]; for some good pair (V},U;). For the
morphism g : (X x U; x U;)/T — U;/T, that is induced by the second projection
p2 : U; x U; — Uj, we use the exterior product on equivariant cobordism which was
described in the proof of [32, Theorem 5.2] and thus, we obtain

cf (Ly) - [Y = X] = 1im(& (L)) [U;/T — U;/T] - [(Y x U)/T — (X x U;)/T])
J
=l & (9" (L)Y x Uj x U)/T = (X x Uy x Uy)/T]

J
in QT (X). We observe that in this case the line bundle g*(L,)r is obtained by the good
pair (V; x V;,U; x Uj) of dimension 2I; for j > 0.
Theorem 3.39. Let X be a smooth T-variety, [h: Y — X]| the equivariant fundamental
class of a T-stable cobordism cycle and f € k(YY) a rational T-eigenfunction with weight

x- Denote by Zy and Z., the zeros and poles of f, respectively, and assume that they
are smooth. Then the relation

i (Ly) - [Y = X] = hiFq ([Zo = Y], [-1]R, [Zoc — Y1)

holds in QI (X) where Fq denotes the universal formal group law and [—1]g, is the
tnverse in the universal formal group law.

Proof. We consider the rational function f on Y. One may observe that
s (Y xUj xUj) /T —= (Y x Uj x Uj X Ly)/T, (y, u1, uz) = (y, w1, u2, f(y))

is a rational section of the line bundle h*g*(L,)7. For this line bundle with the given
rational section, we can also write

W g (L)1 = Oty v, x0,))7(%0 = Zoo) = Oy xu, xv;)17(Z0) @ Oy s, xv,)1(Zoo)”

by the known correspondence between Cartier divisors and pairs (L, s) consisting of
a line bundle and a rational section. We simplify by setting Lo = Oy xu, xu;) 17(Zo)
and similarly Lo = Oy x U,;xU;) /T(ZOO). By the smoothness assumption we know that
the corresponding sections of Ly and Ly, coming from the rational section s are trans-
verse to the zero sections of Lg and L., respectively. Furthermore, the zero-subschemes
of these sections are T-stable and hence, they define cobordism cycles whose equivari-
ant fundamental classes are in Q7 (Y). In the following computation we will use [37,
Definition 2.1.2] axiom (A3) and [37, Definition 2.2.1] axiom (Sect). By [37, Proposi-
tion 5.2.4], we know further that the Chern class operator ¢;(L) on a smooth scheme
X is given by ¢1(L)(n) = ci1(L) - n for n € Q*(X). Lastly, we have the embeddings
of the zero-subschemes iy : (Zo x U; x U;)/T — (Y x Uj x U;)/T and similarly
ioo  (Zoo x Uj x U;j)/T — (Y x Uj x U;)/T. Using all those properties, we obtain

(g™ (L)) (Y x U x Uj) /T — (X x U; x U;) /T
=c1(9" (Ly) )Ly xv; xu;) /7]
=hsC1 (h*g*(Lx)T)[l(YxU]- xUj)/T]
=h.¢1(Lo © L)y xu, xv,)/7]
=h.Fo(c1(Lo), e1(Ls) 1y xv, xu;),7]
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=h. (El(LO)[l(YxijUj)/T] + [—1]F951(Loo)[1(ywjxUj)/T])

+ ha (Z aix1(Lo)" o 51(L2>/o)k[1(Y><Uj><Uj)/T])
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+ h (Z Aik0 4 (1(ZoxUj><Uj)/T) . ([_1]ngoo*(1(Zoo><UjXU]-)/T)) )

—h, ([Zo S Y]+ U Zec = Y]+ Y an[Zo = YT - ([~1] 5, [Zoc — Y]j)k)

i,k>1

and furthermore, the sum is finite since the ordinary first Chern classes are nilpotent.
We conclude the claim because taking the limit on these elements commutes with the
pushforward h, by the definition of the equivariant pushforward maps. O

We recall the morphism ¢ : (X x U; x U;)/T — U;/T and the given line bundle
(Ly x U;)/T — U;/T which we denote by (Ly)r (cf. Construction [3.38)). In the sequel,
we will only consider the cases in which there exists a global section of the line bundle
h*g*(Ly)r which is transverse to the zero section. In this particular case, the terms
containing Z,, disappear and one obtains the following statement.

Corollary 3.40. Assume there exists a global section s of the line bundle h*g*(Ly)r
which is transverse to the zero section. In this case, the relation

o (Ly) - [V = X] = [Zo — X]
holds in QL (X) where Zy is the zero-subscheme of s on Y.

Remark 3.41. Similarly to Theorem we know that Q7 (X) is generated by the
equivariant fundamental classes of the T-stable cobordism cycles in Q. (X)) by [31), Corol-
lary 4.8] for a smooth projective variety X with an action of a torus and finitely many
T-fixed points. At present the author does not know whether the equivariant cobordism
modules Q7' (X) are given by the equivariant fundamental classes of T-stable cobordism
cycles in ©,(X) modulo the previously described relations from Proposition but it
might be enough for smooth projective varieties X with an action of a torus and finitely
many 7T-fixed points.

Remark 3.42. Now, we want to restrict the previously described relation in equivariant
algebraic cobordism to equivariant Chow groups by using the natural transformation
¥ : Q*(X) — CH*(X). Therefore, we consider the relation from Theorem [3.39] Firstly,
we define
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Noo 1= [K(Zso) : K(h(Z0))],

where ng = neo by construction since [Zy] = [Z] € CH*(Y) and therefore, their images
under the pushforward must coincide. We compute the left-hand side of the relation
which leads to

AT (L) [Y = X)) =c

On the other hand, we have

Y (heFaq ([Zo = Y], [-1]Fy[Zoo — Y])

ik>1

= h,U ([Zo — Y] + [_1]FQ[ZOO — Y] + Z aik[Zo — Y]Z . ([_1]FQ[ZOO — Y])k>

= hyios9([12,]) — Paicox®([12..])
= ha[Z0] — hu[Zoo)]
= no[h(Zo)] - nO[h(Zoo)]

since the a;; and all the summands of [—1]g,[Zoc — Y] except the first one vanish
in CH}(X) because they are in L<". Furthermore, igp and i, are the inclusions of
the corresponding zero-subschemes and therefore, the degree of the extension of the
corresponding function fields is one. This leads to

x - [M(Y)] = no([h(Z0)] = [MZ)])

which describes the relation in Lemma [3.14] for equivariant Chow groups. Let X be a
smooth projective T-variety X with finitely many T-fixed points. By [31], Corollary 4.8]
we know that the S(T)-module Q7 (X) is generated by the fundamental classes of the
T-stable cobordism cycles [X,,, — X] where X,, denotes a T-equivariant resolution of
singularities of X,,, the latter coming from the filtration of X. Therefore, the map h is
a closed immersion up to the exceptional divisor which implies n = ng = no = 1 and
hence

Xi - [h(Y)] = [M(Z0)] — [M(Ze0)]-

Next, we want to state analogous versions of the results for equivariant Chow groups
in equivariant algebraic cobordism, but in order to be able to formulate them, we have
to introduce some further notation which we recall from [31], Section 6].

Construction 3.43. Let T be a torus of rank n and let {xi,..., xn} be a basis for
the character group M. We recall the isomorphism S(T") = (k) = L{[t1, ..., tn]]er by
Proposition where t; = ¢f (Ly;) for all 1 < j < n. From the formal group law for
equivariant cobordism (cf. [3Z, Section 6.2]), i.e. ¢l (L1 ® La) = ¢ (L1) +p, ¢l (La), we
obtain

A (Limy,) = mt; + 6 Y ait}.
i>0
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3.5 Equivariant algebraic cobordism for torus actions

Furthermore, for a character x = >>7_; m;x; we have

ZmJ FQJ_Zm]t + Z m(t)m

Im ()| >2

where we use the notation from Construction Let S(T)[M~1] denote the ring
obtained by inverting all non-zero linear forms > % ; m;t; in S(T). Then S(T')[M —1is
a graded ring and for f = >7%_; m;t; we can write

ci (Ly) = f (1 +f0Y am(t)m(t)>
|m

(t)|=2

in S(T)[M~!]. By construction, the element inside the parenthesis is homogeneous of
degree zero in S(T)[M ~!] and also invertible because the constant term is 1. This implies
that ¢l (L,) is invertible in S(T')[M~!]. For a smooth k-scheme X with a torus action,
we denote Q5 (X) ®g(ry S(T)[M 1] by Q5(X)[M .

We recall that in general we only know that the restriction map is surjective (cf.
2.43)), but now we present some results which suffice to prove [31, Theorem 7.1].

Lemma 3.44. [31, Lemma 4.6] Let X be a T-filtrable variety with a T-action and a
filtration . Then for every 0 < m < n, there is a canonical split exact sequence

0= QT (Xp1) 2205 0T (X,) 22 QT (U) — 0.

Remark 3.45. The proof of the previous lemma does not rely on the localisation se-
quence claimed by Heller and Malagén-Lépez, but instead uses arguments via the Motivic
Borel-Moore cobordism theory MGL and the refined localisation sequence (cf. Proposi-

tion .

Corollary 3.46. [31, Corollary 4.8] Let T' be a torus of rank r acting on a T-filtrable
variety X such that XT is the finite set of smooth closed points {z0,...,xn}. For any
0<m<n, let fry: Xm — X, be a T-equivariant resolution of singularities and let T,
be the fundamental class of the T-stable cobordism cycle [ X, — X] in QT(X). Then
OL(X) is a free S(T)-module with basis {Tg, ..., Tn}.

It is not clear to the author whether |31, Theorem 3.4] still holds in its generality
because the proof uses the unknown localisation result [20, Theorem 20]. Therefore, we
formulate a weaker version of [31, Theorem 3.4] which is relevant for our setting.

Proposition 3.47. Let X be a T-filtrable variety with a T-action and finitely many
T-fived points. Then the forgetful map r% : QL (X) — Q.(X) induces an isomorphism
of L-modules

7k 1 QT(X) @5 L 5 Q.(X).

If X is smooth, this is an L-algebra isomorphism.

Proof. This statement can be obtained immediately from Corollary and [2I, The-
orem 2.5] once one observes that T-filtrable varieties with finitely many T-fixed points
are indeed cellular (cf. [21], Definition 2.4]). O
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Using the previous two results, we can deduce the following corollary.
Corollary 3.48. Let X be a T-filtrable variety with o T-action and finitely many T-fized
points. For any 0 < m < n, the inclusions i : X, — X, and j : X, \ X — X, induce
the short exact sequence

0= QT (X)) = 0T(X,) 25 QT(X, \ Xim) — 0.

Proof. Using Proposition [2.43]and Lemma [3.44] repetitively, we know that j* is surjective
and that i, is injective. Thus, we only need to show exactness at the middle term in
order to obtain the statement. Since X, is T-filtrable, we may use Corollary which
implies that a general element a € Q7 (X,,) is of the form

a = a()[XO — Xm] + ...+ am[)?m — Xm]
for a; € S(T) for all 0 <4 < m. Hence, we have
Griva = agi*[Xo = Xu] + o 4 @i [Xom — Xn] =0

where j*[X; — X,,] vanish for all 0 < i < m. This implies Im(i,) C Ker(j*). Now, let
b € Ker(j*). Again by Corollary we have

for b; € S(T) for all 0 < i < n. As above we know that j*[X; — X,,] = 0 if and only if
0 <4 <m. Since j*b = 0 we have

0= b1 [ Xmg1 = Xn] + oo 4 bnj*[ X — X

and therefore, we conclude b; = 0 for all m+1 < i < n because the pullbacks j*[)?, — Xp)
do not vanish for m + 1 < ¢ < n. This implies Ker(5*) C Im(ix) which finishes the
proof. O

Now, we will state the analogous version of Proposition for equivariant algebraic
cobordism. The upcoming statement was originally formulated for smooth T-filtrable
schemes using the definition in Section but in this thesis we will be mainly interested
in smooth projective schemes with finitely many 7-fixed points and thus, we state it only
for this specific subclass of T-schemes.

The proof of the following proposition (cf. [31, Theorem 7.1]) relies heavily on the
possibly incorrect localisation sequence (cf. discussion before Proposition . Never-
theless, we are able to use the following three propositions since one can simply replace
[31, Proposition 4.1 (i)] with Corollary in the proofs of the given statements in our
setting with finitely many T-fixed points. The above mentioned fact will become even
clearer in the proof of the refined localisation theorem (cf. Proposition .

Proposition 3.49. [31, Theorem 7.1] Let X be a smooth projective T-scheme with
finitely many T-fized points. For the inclusion i : XT — X of the fized point subscheme
the S(T')q-algebra map

i1 Qp(X)g = Dr(XT)g

is injective. Furthermore, i* is an isomorphism over S(T)g[M ~1].
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3.5 Equivariant algebraic cobordism for torus actions

Remark 3.50. The preceding proposition slightly differs from Proposition because
inverting all non-zero linear forms as described in Construction does not lead to the
quotient field of S(T')g.

The following proposition will be crucial for the upcoming computations and results.
This is the analogue of Proposition [3.17] in equivariant algebraic cobordism, but in
this case Krishna needed the assumption that the fixed point scheme consists only of
finitely many isolated points which was not needed in the original result from Brion for
equivariant Chow groups.

Proposition 3.51. [71, Theorem 7.6] Let X be a smooth projective scheme with an
action of a torus T. Further, let XT consist of finitely many fized points x1, .y Tp and
let i : XT — X denote the inclusion of the fized point subscheme. Then the image of
i (X))o — (X T)g is the intersection of the images of

% % T * T
i (X ) = Q7(X )
where T' runs over all subtori of codimension one in T .
Lastly, we present the analogous result of Proposition [3.21

Proposition 3.52. [31, Theorem 7.8] Let X be a smooth projective scheme where a
torus T' acts with finitely many fized points x1,...,x, and finitely many stable curves.
Then the image of

i Q3 (X)g = Qp(X g

is the set of (fi,...,fp) € S(T)%é such that f; = f; mod x whenever x; and xz; are
connected by a stable irreducible curve where T acts through the weight x.

Remark 3.53. In the preceding two propositions we can identify Q% (X7T)g with the
ring S(T)g = (L{[t1, ..., tn]]er)§ because of Proposition and the assumption that the
fixed point subscheme only consists of finitely many fixed points z1, ..., ).

Before we discuss the above introduced theories for spherical varieties, we come back
to the intensively described example of the projective space.

Example 3.54. [20, Example 3.2.2] As in the Chow group case, we will compute the
equivariant algebraic cobordism for the projective space P" with the weighted G,,-action,
i.e. the action described in Example We choose {(V;,U;)} = {(A, A7\ {0})} ;>0 to
be the sequence of j-dimensional good pairs which satisfies the conditions of Proposition
for the given {(V;,U;)}j>0 and W; = Al. Therefore, we do not have to take the
quotient by the niveau filtration in order to compute the equivariant algebraic cobordism
for the given G,,-action. First of all, we have again as in Example that (P" x U;)/T
is the P"-bundle P(O(ag) & ... ® O(a,)) over P/~ and therefore, we obtain

OF (P x U;)/T) = Q (P(O(ag) @ ... ® O(an)))
= Q*(P(€))
Q* (P[]
(€ — ()" + oo + (=) lep 1 (€)

~
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where £ := O(ag) @ ... ® O(an), § := c1(Op(e)(1)) and ¢;(€) denotes the i-th Chern class
of £. Furthermore, we let t := c1(O(1)) € Q'(P/~1) which implies c1(O(ay)) = [ag]at
where [ag]qt is defined inductively by Fo(t, [ax — 1]ot). By using the Whitney sum
formula we can simplify this to

Q(P(E)) = B[]/ (Palé, 1))
with

n+1

Po(&,t) =Y (—1)%¢" " ei([aolat, ..., [an]at)

=0

where e; denotes the i-th elementary symmetric polynomial which is given in the variables
[ap]at, ..., [an]at. As above we obtain this because of the structure of the vector bundle
£. By using Proposition we conclude

Q7 (P") = L Q7 ((P" x U;)/T)
J

= 1im Q" (P"~H)[€]/ (Pa(, 1)
J

Hereby we remark that here one has to take the colimit in the category of graded rings.
Furthermore, in this example we computed the equivariant algebraic cobordism with
integral coefficients as in the Chow group case.

3.6 Refinement of coefficients in the localisation theorem

In this section, we want to generalise Proposition [3.51] such that we do not need
rational coefficients and instead only need to invert finitely many primes in order to
obtain the result. Throughout the thesis, we will often consider the question whether
one can refine the statements which are proved with rational coefficients.

Remark 3.55. Let T be a torus of rank n acting trivially on a smooth variety X and F
be a T-equivariant vector bundle of rank d on X which is a direct sum of non-equivariant
line bundles. Further, assume that in the eigenspace decomposition of E with respect
to T', the submodule corresponding to the trivial character is zero. For the structure
morphism p : X — Spec k and following the proof of [31, Lemma 6.3] we have a unique
direct sum decomposition

E=@Eop(Ly) (32)
=1

where each FE; is an ordinary vector bundle on X. Further, we can rearrange the terms
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by writing

E=B@En @ p"(Ly2) (3.3)

j=1q€Z
where the ¢; are primitive characters for all 1 < j <'s.

Definition 3.56. Let T be a torus of rank n acting trivially on a smooth variety X and B
be a T-equivariant vector bundle of rank d on X which is a direct sum of non-equivariant
line bundles. Further, assume that in the eigenspace decomposition of E with respect to
T, the submodule corresponding to the trivial character is zero. We define Sg C Z to be
the smallest multiplicative set associated to the T-equivariant vector bundle E such that

(i) each x; occurring in the decomposition , 1 <i<m, can be extended to a basis
of M[S5'] = M ®z Z[Sy'| where M is the character group of T and Z[Sy'] the
localisation of Z by Sg.

(it) each pair of primitive characters {1, } in the decomposition s a part of
a basis of M[Sy'] for all1 < j # j' < s.

Lemma 3.57. Let T be a torus of rank n acting trivially on a smooth variety X and
let E be a T-equivariant vector bundle of rank d on X which is a direct sum of non-
equivariant line bundles. Assume that in the eigenspace decomposition of E with respect
to T, the submodule corresponding to the trivial character is zero. Then ¢k (E) is a
non-zero divisor in Q}(X)Z[S;].

Proof. The proof can be simply taken from [31, Lemma 6.3] with the adaption of taking
the ring Z[S'] as coefficients instead of Q. O

Definition 3.58. Let X be a smooth projective variety where a torus T of rank n acts
with finitely many isolated fized points xo, ...,xp. Let N; := Ny, x be the normal bundle
of xi in X for 0 <1i <p. We define the multiplicative set Sx :=J_y SN, in Z. In this
case, Z[S)}l] is the localisation of Z by Sx.

The following statement is a refinement of Proposition In order to prove it,
we mainly use the technique from [31, Theorem 7.6] (cf. Proposition [3.51]) which was
already used in the proof of a similar result for equivariant Chow groups in [7, Theorem

3.3] (cf. Proposition |3.17)).

Theorem 3.59. Let X be a smooth projective variety where a torus T of rank n acts

with finitely many isolated fixed points o, ...,x,. Let i : XT — X be the inclusion of the

fized point locus. Then the image of i* : Q*T(X)Z[S_l] — Q*T(XT)Z[S_l] is the intersection
X X

of the images of the restriction maps

. T/ T

i Qp(X )Z[S)—(l] — QX )Z[S}—(l]
where T' runs over all subtori of codimension one in T.

Proof. We prove the statement by induction over the length of the filtration (3.1f). If
n = 0 in the filtration (3.1)), then X is a T-equivariant vector bundle over X”. In that
case, the map 4" is surjective by homotopy invariance and therefore also 77,. In the
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general case let Xg C X be given as in the filtration and let Uy be its complement.
Then Uy is a smooth T-filtrable variety with a shorter filtration where T" acts with finitely
many isolated fixed points. Further, let xg be the T-fixed point such that Xo — zq is
the vector bundle coming from the definition of T-filtrable varieties. We recall that the
normal bundle of ¢ in X is given by Ny, /x = Ty X/(Ty0). We know (cf. [7, Theorem
3.1]) that T,z is the weight zero subspace (T,,X)o of the tangent space T,,X. It
follows that in the eigenspace decomposition of the T-equivariant vector bundle N,/ x,
the submodule corresponding to the trivial Character is zero. Since N, /x = T X is a
direct sum of line bundles we can apply Lemma|3.57|and thus, the top Chern class of the
normal bundle of z¢ in X is a non-zero divisor in QT(”:O)Z[S;,O]' By homotopy invariance

for the vector bundle Xg — xg we know that ¢g := ctTOp(N Xo/ x) is also a non-zero divisor
. e .
in QT(XO)Z[S;(l]' Using Corollary we have the short exact sequence

0= D3 (X0)zj5-1) — U (X)gp9-1) 2 U (Uo) g1 — 0

and using the proof of [31], Proposition 4.1 (ii)], we obtain another short exact sequence

(o)

We identify Q?(XO)Z[S;} with Q?(mo)z[s)_(l] by homotopy invariance which in turn is

(Z J*)

0— Q%(X)Z[S;( ] QT(XO)Z[S;Q} X Q;“(UO)Z[S;(l] —

identified with Q*(mo)z[sq} [[t1, ..., tn]]gr- In particular, we can pull back ¢y to an element
X
in Q?(IUO)Z[S%] along the isomorphism given by the zero-section. Using this pullback,
X

we obtain

xo/X = T:coX @Lm
k=1

because T, X splits into equivariant line bundles for every 0 < i < p. We form the
direct sum of Ly, and L, ; whenever the characters xj, and x), are multiples of a common
primitive character of T *This leads to

S
N,x =P E;
j=1
where each I is of the form
Ej =D Ly
q

for a primitive character v;. Additionally, we remark that the sum runs over a finite set
of potentially repetitive integers. Using the Whitney sum formula, we obtain

o= H CtOP H Copj -

Following the proof of [7, Theorem 3.3|, the identity component of the kernel of x is a
subtorus of codimension one in 7" for any primitive character x. Furthermore, c, is the
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0
top equivariant Chern class of the normal bundle of X(If 0™ i xKer()°, Conversely,

recall from the proof of [7, Theorem 3.3] that any subtorus of codimension one in 7" can
be written as Ker(x)? for some primitive character x of 7', uniquely determined up to
sign.

Now, let v € Q;(XT)Z[S;] be in the image of all i}, and jUOT UL — XT the
inclusion. By the induction hypothesis and a small diagram chase the class j[*JOT'y is in
the image of

Because j, : Q}(X)Z[S;(l} — Q*T(UO)Z[s;] is surjective and since j(*JOT is just the pro-
jection onto all but one factor, we may conclude that there exist o € Qi}(l’o)z[sfl} and
X
B e Q;’(X>Z[S*1} such that v = o + ¢*§ holds. Let t; be a primitive character of T'.
X
Then o = v — ¢* is in the image of i}}er(d}j)o because v and ¢*3 are. Now, we want to

use Corollary and the proof of [31, Proposition 4.1 (ii)] for XXer(®)® which we can

\0
do due to the fact that Cp; is a non-zero divisor in 27, (X(If er(¥s) ) ) which comes
Z[Sy]

X
from the fact that Nx /xKer(v;)0 is a subbundle of N, ,x. This leads to the short exact
sequence ’

0 — Q; (XKer(¢j)0) (i}o’j%)) Q;} (X(Ifer(d’j)())
Z|

* K r("b')o
Q <Xoe i >

(ij )

" Ker<w-)0>
x Q% (U, J
Z[Sy'] T( 0 Z[S¥']

Sy

Z[S%']

— — 0.

\O0
We remark that X(If er(¥) is a vector bundle over xg. Next, we want to show that «
0
is divisible by ¢y, in Q% (Xé( erls) ) = Q7 (20)yg21 and therefore, it suffices to
Z[Sx ) *

show that « is in the image of i7,;. But this is clear because o € Q%(I‘O)Z[S—l] is in the
X
image of if@r( ;)0 and since i7 is just the map in the first component of iy er(1;)0" We

Ker

conclude that « is divisible by ¢, in Q7 (Xo (5 )0) = We now use the equality
Z[Sy]

(@) = (o) (3.4

as ideals in Q*(.’EO)Z[S)—(I] [[t1, ..., tn]]gr which will be shown further below. Thus, we know

that o is also divisible by cg. For iz, : £0 — Xo and using the self-intersection formula
[31, Proposition 3.1], we have

(OS COQ?F(CCO)Z[S}H = i;oiwo*Q%(*xO)Z[S}}l]'

We can identify ixO*Q}(mO)Z[S_l] as a subset of Q?F(X)Z[S‘l} because i, is injective.
X X
Furthermore, we remark that iy and ¢* are the same map for elements of the form
ixo*Q}(xo)Z[s_l} and the identified elements in Q}(X)Z[S_l], respectively. Thus, the
X X
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elements « and "/ both are in Q5 (X )Z[S;(I] and therefore, one can conclude that
v € TR (X) g9

Lastly, we need to prove the equality in order to finish the proof. Let d; > 1
be the rank of E; for all 1 < j < s. The statement [3I, Lemma 6.4] also holds over
Z[S)_(l} using the same proof even though it was only proved rationally and thus, we have
chj (Ej) = Uj(Cr{(ij))dj where u; is invertible in Qi}(mo)z[s;} for all 1 < j < s because
all vector bundles on z( are trivial. By assumption, the {t1,...,1s} are pairwise a part
of a basis of the character group M[Sy'] because we consider coefficients in Z[Sy'].
Setting v; = (cf (Ly,))% leads to

(’71 e ’75) = m (7]')
j=1

by [31, Lemma 5.4]. Since u;, 1 < j < s, are units in Q*T(mO)Z[S_l], the equality |D
X
follows. This completes the proof of the theorem.

Using the same proof as [31, Theorem 7.8] with the refined localisation theorem (cf.
Theorem [3.59) one may deduce the following proposition.

Proposition 3.60. Let X be a smooth projective scheme where a torus T acts with
finitely many fized points x1,...,x, and finitely many T-stable curves. Then the image

of

is the set of (fi,...,fp) € S(T)]Z)[S,l] such that f; = f; mod x whenever z; and x; are
X

connected by a stable irreducible curve where T acts through the weight x.

Remark 3.61. In Chapter [6] we will see examples where we actually compute the
coefficient ring Z[Sy].

Remark 3.62. The refined localisation theorem (cf. Theorem |3.59) of course also
generalises the localisation theorem with rational coefficients for Chow groups (cf. [7|
Theorem 3.3]) in the setting of finitely many fixed points in some smooth projective
variety.

3.7 Kiinneth formula for T-equivariant cobordism

In this section, we will denote by G a connected reductive algebraic group over an
algebraically closed field k of characteristic zero. Further, denote by T a maximal torus
of G.

Proposition 3.63. (Kiinneth formula) Let X,Y be smooth projective G-varieties such
that X XY has finitely many T-fized points with respect to the diagonal action. Then
there exists an isomorphism

Qp(X) ®az) Qp(Y) = Qp(X x Y).
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Proof. By assumption, we know that X and Y must have finitely many 7T-fixed points.
Hence, X and Y are T-filtrable and cellular (cf. [2I], Definition 2.4]). Let

=X 1CXoCX1C--CX,=X
and
=Y CYoCViC QY=Y

be filtrations of X and Y, respectively, such that X,, \ X,,—1 and Y; \ Y;_; are affine
spaces for all 0 < m < n and 0 < i < ¢. We show by induction on m that the morphism

U (Xm) Bz ) 2p(Y) = (X x Y)

induced by the external product is an isomorphism. We remark that X is closed in
X and an affine space so that Xy must be a point. Thus, the isomorphism holds for
Xo = Speck. Let Upt1 := X1 \ Xin be the corresponding affine space. We remark
that the variety X x Y is T-filtrable. One filtration of X x Y is given by

D=X_1CXoxYyCXoxY1C--CXoxY, C XogxY,UX; xY
CXoxYUXi1xV1C---CXixY,C---CX,, xYp
C - C X XY, € C Xy xYy=X xY.

=

We verify that the complement

X % Yo \ (Xt % Ye) U (X % Yie1)) = (X \ K1) x Yo) 0 (X x (Y2 \ Vi)
= (X \ X1) % (Y3 \ Yiy)

is an affine space for all 1 < m < n and so is the complement

(X x Y) U (Xg1 X Yig1)) \ (X X Y) U (Xing1 x V7))

=0U (X1 X Yig1) \ (X X V) U (X1 x 7))

= (X1 X Yig1) \ (X x V) N (Xig1 X Yig1) \ (Xng1 X Y5))
= ((Xmt1 \ Xin) X Yig1) 0 (Ximg1 ¥ (Yiga \ Y3))

= (Xmt1 \ Xim) X (Yiz1 \ Y5)

foral0<m<n—-1land0<i</¢—1.

Using Corollary [3.48] we obtain the following diagram of short exact sequences where
all tensor products are over Q.(k)

0 — (X)) © DY) — (K1) @ (V) — Dp(Unns1) © (Y) — 0

! ! !

0 Q;“(Xm X Y) E— Q%(Xm—i-l X Y) — Q}(Um_t,_l X Y) — 0.

We remark that tensoring with (25,(Y) is exact because the latter is a free 07 (k)-module
by Corollary [3:46] The right vertical arrow is an isomorphism by homotopy invariance
and the left vertical arrow is an isomorphism by the induction hypothesis. By five lemma
we conclude the statement. O
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3.8 Comparison of equivariant cohomology theories

In the following, we want to relate the theory of algebraic cobordism with the one of
Chow groups and therefore, we state the known results in the ordinary and equivariant
case.

Proposition 3.64. [37, Theorem 1.2.19] The canonical morphism Q. — CH, coming
from the universality of ordinary algebraic cobordism induces an isomorphism

0,(X) ®L Z 5 CH.(X)

of abelian groups. Furthermore, this is a graded LL-algebra isomorphism if X is smooth.

Remark 3.65. By the constructions of equivariant Chow groups and equivariant alge-
braic cobordism, one obtains a map of graded LL-modules

by : QY(X) — CHY(X)
for a k-scheme X of with a G-action.

Now, we will consider the example we care most about in the sequel of this chapter.

Example 3.66. Let T be a torus of rank n over k. From Proposition we know
that Q*(BT) = L[[t1, ..., tn]]gr. Furthermore, as discuseed in Remark we know that
CH*(BT) is isomorphic to the polynomial ring Z[t1, ..., t,]. In this case, we obtain the
map

@), : O (BT) — CH*(BT), i.e. 4 : L[[t1, .o, tuller — Z[t1, .., t]

which is given by killing the ideal L<°.

One of the main results obtained by Krishna [32] concerning the relation of equivariant
Chow groups and equivariant algebraic cobordism is the following proposition.

Proposition 3.67. [32, Proposition 7.2] The map ®x induces an isomorphism of graded
L-modules

Dy : QF(X)&LZ S CHE(X).

Remark 3.68. The proof of the above result shows that the map Q¢ (X) — CHY (X) is
surjective. This is the map originally coming from the universality of ordinary algebraic
cobordism and below, we will illustrate the difference between equivariant algebraic
cobordism and equivariant Chow groups in some more detail.

Corollary 3.69. [32, Corollary 7.3] For a k-scheme X with a G-action, the map
0Y(X) ®g() CHY (k) — CHY (X)

s an isomorphism of CHf(l{:)-modules. If X is smooth, then this map is a Ting isomor-
phism.

Example 3.70. In the case

CHZ (k) = QT (k)BLZ 2 L[[t1, ..., tn]|«®LZ = Z[t1, .., )]
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we see that the graded topological tensor product reduces to the ordinary graded tensor
product. This shows that one can also deduce the Chow group of the classifying space
BT from Proposition [3.67]

Example 3.71. Finally, we come back to Example and Example which we
shortly recall. Above we computed CH7(P") and 25(P") for T' = G, and the weighted
Gpr-action on P". We made the remark that one has to take the colimit in the category
of graded rings which implies

CHT(P™) = Q7 (P )®]LZ— P ( t))

This example well illustrates the powerful statement of Proposition [3.67}

= Z[E 1]/ (P(E 1))

74



Henry July

4 Equivariant cobordism of spherical varieties

4.1 Equivariant Chow groups of spherical varieties

For this section, let G be a connected reductive algebraic group over an algebraically
closed field k of characteristic zero, B C G a Borel subgroup and 7" C B a maximal
torus. Furthermore, let X be a smooth projective G-variety. This section is based on
2.

Definition 4.1. A subtorus T' C T is regular if its centraliser
Ca(T)={9ge G| gt =tg forallt € T'}

is equal to the torus T. If this is not the case, we call the subtorus T' singular.

Remark 4.2. Following [22, Corollary B, Section 26.2], a subtorus 7" of codimension
one is singular if and only if it is the identity component of the kernel of some positive
root a of (G,T). In this case we will write 7" = Ker(a)?. Then « is unique and the
group Cg(T") is the product of 7" with a subgroup S(«) C G isomorphic to SLy or PSLs.
Moreover, the fixed point locus X7 is equipped with an action of

Ce(T)/T' = T'S(a)/T" = S(a)/(S(a) N'T") = SLy or PSL,

since S(a) NT" is either of order one or two. Furthermore, we have T' = TS, («) for a
maximal subtorus S,,(«) of S(«), the image of the coroot of a. As above, T" N Sy, ()
is a finite group F(a) of order one or two. Clearly, F(a) acts trivially on X7 and
hence, the T-action on X7’ factors through an action of the corresponding quotient
T/F(a) = (T x Sp(a))/(F(a) x F(a)).

In the following proposition, we will analyse the components of the fixed point sub-
schemes X7" for regular and singular codimension one subtori 7/ C T'. Recall that the
surface IF,, = P(Op1 @ Op1(n)) is called the n-th Hirzebruch surface.

Proposition 4.3. [7, Proposition 7.1] Let X be a spherical G-variety and let T' C T be
a subtorus of codimension one.

(i) Each irreducible component of XT is a spherical Cg(T")-variety.
(ii) If T" is regular, then X" is at most one-dimensional.

(iii) If T" is singular, then XT" s at most two-dimensional. Furthermore, any two-
dimensional connected component of XT" is either a rational ruled surface

F, = P(Op & Op1(n))

where Cq(T") acts through the natural action of SLy, or the projective plane where
Ca(T") acts through the projectivisation of a non-trivial SLo-module of dimension
three.

Now, let D be the torus of the diagonal matrices in SLy and « be the character of D

given by
t 0
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Further, let 8 be the square root of « and therefore, we could identify the rational
character ring of D with Q[3] where we again denote the former by Sg. For later use
and because of the rational coefficients, we rather identify the rational character ring of
D with Q[a] using Lemma for Chow groups. Nevertheless, we will keep the square
root 3 in mind since it will be needed in the sequel when we compare the equivariant
Chow groups for the tori of SLy and PSLs.

Definition 4.4. [/9, Definition 7.1.1] Let T be a torus and p : T — GL(V') a rational
representation of T. Then V is a direct sum of one-dimensional subspaces in each of
which an element t € T acts as multiplication by x(t) where x is a character of T. The
characters obtained in this manner are called weights of T in V.

Remark 4.5. Proposition {4.3|is a very strong result which gives us the opportunity to
compute the images in Proposition |3.17| using the action given by Proposition since
T C Ce(T’) holds. Therefore, we only have to consider the cases from Proposition
in order to get a result for the image of the pullback of i : X7 — X.

Now, we want to compute the equivariant Chow rings for projective planes and Hirze-
bruch surfaces. Therefore, we describe the irreducible components of X' for singular
codimension one subtori 7" coming from Proposition in some more detail.

First, we want to consider the two cases of P(V') for a non-trivial SLy-module V'
of dimension three arising from the previous theorem. Set V41 := Sym" ! (k?). Let
V = Vo & V1 be one of the non-trivial SLo-modules of dimension three. The weights
of D in V are «/2,0 and —«/2 by Definition and the given group action of D on
V from Example We denote by x,y and z the corresponding fixed points of
D in P(V)) which we have already seen in Example To be more explicit, the
corresponding fixed points to the weights /2,0, —a/2 are x = [1:0: 0],y = [0: 1 : 0]
and z = [0: 0 : 1], respectively. Therefore, we identify CH}(P(V)P)g = S(?@ with Q[a]3.

Similarly, for the other non-trivial SLo-module V' = V5 = sl, of dimension three, the
corresponding weights are «, 0 and —« whereas the corresponding fixed points are again
x=[1:0:0,,y=[0:1:0] and z=1[0:0 : 1], respectively.

Next, we consider the case Fg = P! x P! with D-action given by

d-([a:b],[u:v]) = ([da:d '], [du:d 1v]).

We denote by w and z the D-fixed points ([1 : 0], [1 : 0]) and ([0 : 1], [0 : 1]), respectively.
Further, we denote the remaining two D-fixed points ([1 : 0],[0 : 1]) and ([0 : 1],[1 : 0])
by x and y, respectively.

Lastly, we have a look at the rational ruled surface IF,,, n > 1, which has been
described in large detail in Example The open SLs-orbit cannot contain any
D-fixed points. Since the two closed SLas-orbits are given by SLs -[v1] and SLa -[vp41],
which are both projective lines, we observe that F,, has four D-fixed points w, x,y and
z with corresponding weights (n + 1)a /2, a/2, —a/2 and —(n + 1)« /2, respectively, by
the induced D-action on F,,. Therefore, we can identify CH},(F2)q = 5’6 with Q[a]*.
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Proposition 4.6. [7, Proposition 7.2] Notations being as above, the image of
i* : CHp(Fp)g — S
consists of all (fw, fz, fy, f2) € Sé such that

waffoyEfz mod «a and
fo—fo—fy+ =0 mod o2

hold. Moreover, the image of
i : CHL(P(V))g — S5
consists of all (fy, fy, f=) such that

fe=fy=/f. moda and
fe—2f,+f-=0 mod o?

hold.

Remark 4.7. We state one more equation in each of the cases in order to obtain the
statement symmetric in its arguments although one could prove the proposition with
one equation less in each of the cases. Furthermore, the last equation follows from the
other ones and therefore, we will keep the statement as it was formulated by Brion.

Proof. First, we consider the case of P(V') for V = Vj @ Vi. By Example [3.9 (iii)| the
closures of the Bialynicki-Birula cells are the point z, the line connecting y and z, and
the whole P(V'). We obtain

CHL(P(V)P)g = Q[t)* = Q[a]® = 53

where ¢1(Ly) — tand t — « € S are the corresponding isomorphisms. Since [P(V)] is the
identity in CHp(P(V))g and 4* is a ring homomorphism, this class maps onto (1,1, 1).
Now, we consider the images of the closures of the remaining two Bialynicki-Birula
cells because these images generate the equivariant Chow ring of P(V') as a subalgebra
of S(?@ (cf. 7, Corollary 3.2 (iii)]). Therefore, we will have a look at the pullbacks
Y] = (2], [Y], i%[Y]) separately where i%,[Y] denotes the pullback of any class [Y]
under the inclusion i, of the corresponding fixed point in P(V'). First, we can consider the
composition z < U, & P(V') where U, is any open D-stable neighbourhood of z. This is
possible since z < P(V') factors through the above composition and (koj)* = j*ok* =i}
holds. This implies that it is enough to replace P(V') by U.,.

In our particular case, we choose U, to be the affine chart of P(V') in which the coordi-
nate associated with z does not vanish. Therefore, we first introduce the coordinates a, b
and ¢ for V in order to be able to describe the coordinates on the affine space U, = A2.
By our choice for U,, we get a/c and b/c as coordinates for U,. The induced action
implies now t-[z : y : 2] = [tz : y : t~'2] which maps to (tz/t~lz,y/t712) = (t?z/2,ty/2)
in U,. Thus, D acts linearly on U, with weights « and «/2.

Now, we come to the closure (yz) of one of the other Bialynicki-Birula cells. Every
line in the projective plane can be defined by an equation aija + asb + asc = 0. Here
we want y and z to be on the line. Since y = [0:1:0] and z = [0 : 0 : 1] we have
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as = 0 and ag = 0 and we are left with aja = 0 but in projective space this is the same
as a = 0. We choose f to be an eigenfunction of D with respect to weight —a, i.e.
(t- f)la/e,b/c) = —a(t)f(a/c,b/c) must hold. This leads to the following equation

(t- F)laje,bfe) = F(E" - (afe,b/e)) = F(t2a/e,t™"b/c) =t 2f(a/e,b]e).

Now, we choose f(a/c,b/c) = (a/c) explicitly which leads to f(t~2a/c,tb/c) = t~2a/c.
This implies that f is an eigenfunction of D with respect to weight —«. Furthermore,
one has to compute div(f) in order to be able to apply [7, Theorem 2.1]. For the line
(yz) N U, which is described by a = 0 it is clear that the order of vanishing of the line
described by a = 0 is one and the other prime divisors have order of vanishing zero since
¢ does not vanish on U,. Therefore, we conclude div(f) = (yz) N U,. By [7, Theorem
2.1} we know that [(yz) N U.] = [div(f)] = —a[U;] holds in CH},(U,)q. Pulling back
this relation to CHp(z)q yields i¥[(yz) N U;] = —a. We can apply the same argument
for the pullback 7;[(yz)] by choosing U, to be the open affine neighbourhood of y such
that the coordinate associated to y does not vanish. This leads to weights a/2 and
—a/2. Then we take the same eigenfunction as above for the weight —«/2. Therefore,
iy[(yz) N Uy] = —a/2 by the same argument as given above.

Now, we consider the last closure of the Bialynicki-Birula cells, i.e. the point z.
Clearly, this point is the complete intersection of the two lines (zz) and (yz). Therefore,
we want to compute the pullback of the class [(zz) N (yz) N U.] = [2]. In this case, we
choose g(a/c,b/c) = b/c to be the eigenfunction of D with respect to weight —a/2, i.e.
(t-g)(a/c,b/c) = gt 2a/c,t™'b/c) = t7'b/c = —a/2(t)g(a/c,b/c) holds for all t € D.
Since div(y.)nv,(9) = (zz) N (yz) N U, = 2 by the same argument as above, we obtain
again by [7, Theorem 2.1] that [z] = [(z2) N (yz) N U,] = —a/2[(yz) N U,] holds in
CH}(U;)q. Inserting the identity [(yz) N U,] = —a[U.], we obtain

[2] = —a/2[(y2) N U] = —a/2 - (-) U]

in CH},(U,)q. Pulling back this relation yields i%[z] = —a/2 - (—a) = o?/2.
Since the remaining pullbacks i} [z] = 7, [2] = i;[(y2)] vanish we conclude that

i* : CHp(P(V))g — S{é maps
P(V)] — (1,1,1)
[(y2)] = (0, —a/2,—a)
] — (0,0,a%/2).

[z

We observe that these images satisfy the given equations and that the closures of the
Bialynicki-Birula cells generate the equivariant Chow group by [7, Corollary 3.1]. Con-
versely, there cannot be more elements (fz, fy, f>) € S(% satisfying the equations than
linear combinations of the given images of the Bialynicki-Birula cells. The latter can be
seen by taking (fz, fy, f>) € S(?@ satisfying the equations which can be written as

(f$7fy7fz):f$(]-7]-7]-) (0 fy_fxafz_fa:)
= L+ M 0 oy )+ 00,26, + 12

(fy_;fx) (07 —04/2,—04) + 2(fx _iécy + fZ) (0,0,042/2)

= f(1,1,1) +
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where Z(fy_i;fz) and W are well-defined elements in S(?@ because of the given

equations. This completes the proof in the case V =V & V.

Now, we consider the case of V' = V5 = sl, in which we choose the same U, as above
with the same coordinates. The computation will be almost the same as in the case
above, but nevertheless we will write it down in order to have complete computations
for all the cases. The induced action results in the element (t*z/z,t?y/z) in U, implying
that D acts linearly on U, with weights « and 2a where we denote the weights again
additively. Since the class of [P(V)] € CHp(P(V))g is mapped to (1,1,1) we need to
compute the remaining two images of the closures of the Bialynicki-Birula cells. Luckily,
we have computed in Example that the Bialynicki-Birula cells are the same as
in the previous case.

Therefore, we take the closure (yz) of one of the remaining Bialynicki-Birula cells.
This time, we choose f to be an eigenfunction of D with respect to weight —2a which
leads again to f(a/c,b/c) = a/c. As above we know that div(f) = (yz)NU, holds. Thus,
again by [7, Theorem 2.1] we obtain [(yz) N U] = [div(f)] = —2a[U,] in CH?(U,)q.
Pulling back this relation to CH}, (z)q yields i¥[(yz)NU,] = —2a. By the same argument
as above, we conclude iy[(yz) N U,] = —a.

Lastly, we take the point z which leads to the computation of the pullback of the class
of the intersection [(zz) N (yz) NU,] = [z]. Therefore, we apply the same argument as in
the previous case and obtain div(,.)~y. (9) = (z2) N (yz) NU, = z. Now, we apply again
[7, Theorem 2.1} and get [z] = [div(y.)nv, (9)] = —al(yz) N U.] in CHp (U, )q. Inserting
[(yz) NU,] = —2aU.], we obtain

[z] = —a[(yz) N U] = a-2a[U,)]

in CHp(U;)q. Pulling back this relation yields i¥[z] = a - 2a. The remaining pullbacks
vanish again and thus, we summarise

i* : CHp(P(V))g — Sé maps
[P(V)] = (1,1,1)

[(y2)] = (0, —a, —20)

[2] = (0,0,2a?).

A similar computation to the one above completes the proof in the case V = sl,.

Next, we take care of the case Fg = P! x P! from Example in which we choose
U, to be an open D-stable neighbourhood of w = ([1: 0],[1 : 0]). Therefore, we obtain
(t72b/a,t~2v/u) for coordinates ([a : b], [u : v]) which implies that D acts linearly on U,
with weight —a. The class [Fo] € CHp(FFg)q is again mapped to (1,1,1,1) and we need
to compute the remaining images of the closures of the Bialynicki-Birula cells.

Therefore, we take the closure (wx) of one of the remaining Bialynicki-Birula cells.
We choose f(b/a,v/u) = b/a to be an eigenfunction of D with respect to weight a. By
the same argument as above, we obtain div(f) = (wx) N U, and by [7, Theorem 2.1]
we get [(wz) NUy) = [div(f)] = a[Uy] in CHp(Uy)g. Pulling back this relation to
CHp(w)qg yields i}, [(wz) N Uy = a. With the eigenfunction f(b/a,u/v) = b/a and a
neighbourhood U, of the fixed point z we obtain i:[(wx) N U] = a.

For the computations of the pullbacks of (wy) let U, be as above and consider

the eigenfunction f(b/a,v/u) = v/u of D with respect to weight a, but here we have
div(f) = (wy) N U, and therefore, [(wy) N Uy] = [div(f)] = o € CHp(Uy)g. Pulling
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back this relation yields iy,[(wy) N Uy] = . Similarly, we obtain ij[(wy) N U,| = a.

Lastly, we consider the pullback of the point w which is the complete intersection of
the lines (wy) and (wx) for which we have already computed the corresponding pullbacks.
Therefore, we obtain

it [w] = i [(wy) N Uy - i [(wz) NUyp] = - a = o

w

whereas the other pullbacks of the class of the point w vanish. Thus, we summarise

i* : CHp(Fo)gp — 5’6 maps
[IFO] = (11 1,1, 1)

[(wz)] — (o, @, 0,0)
[(wy)] = (a,0,,0)
[w] — (a2,0,0,0).

As above, we see immediately that these images satisfy the given equations. Conversely,
let (fw, far fy, f2) € 5’6 satisfy the equations. This leads to

(fw>fxvfyafz) :fz(17 17 17 1) + (fw - fzafz - fzafy - fz>0)
:fz(lv 17 17 1) + %(Q,O,Q,O) + (f’w - fyvfz - fzaoao)

fy_fz f:c_fz

:f2(1517171>+ (OZ,0,0Z,O)-F*(OZ,O[,0,0)
(6% «

+(fw_fx_fy+f3707070)
fa:_fz

:fz(l, 1,1, 1) + fy — fZ (Ck,0,0z,O) + 7(057057070)
(6% «

fu= f”":a_z ot F2 002,00, 0)

_l’_

which completes the case of Fy.

We continue with the case F,, from Example The class [F,,] € CHp(F,)q is
again mapped to (1,1,1,1).
Next, we compute the remaining pullbacks of the closures of the Bialynicki-Birula

cells. For chosen coordinates [xg : x1 : 9o : ... : Yn+1] We choose the open affine D-stable
neighbourhood U,, = {yo # 0} of the point

W=0Upy1=100:0:1:0:...:0] € P(V1 & Vyup1)

in the surface F,,. The induced D-action on U, is given by (t~"x¢/yo,t 2y1/yo) and
therefore, D acts linearly on U, with weights —na/2 and —a. Hence, we choose
f(zo/yo,y1/y0) = y1/yo to be an eigenfunction of D with respect to weight a. By
the relations of the coordinates in [F,, we obtain div(f) = (wz) N U,, with the notations
of the D-fixed points from Example As above, we get i, [(wz) N Uy, = a. We
remark here that one could have chosen different coordinates for the D-stable affine
neighbourhood U,, and would obtain the same pullback since the div(f) would contain
multiplicities due to the relations in the coordinates of IF,,. For the point x = [1:0: ... : 0]
and a D-stable neighbourhood U, we choose the eigenfunction f(x1/zg,y0/x0) = x1/x0
of D with respect to weight a which leads to i [(wz) N U,| = a.
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For the pullback of (zy) let U, be given by coordinates (yo/zo,z1/zo) and take the
eigenfunction f(yo/xo, z1/x0) = yo/xo of weight —na/2 which leads to div(f) = (zy)NU,
and therefore to i%[(zy) N Uy] = —na/2. For the coordinates (zo/x1, yn+1/z1) for U,
and the eigenfunction f(xo/x1, Ynt1/21) = Ynt1/x1 we get div(f) = (xy) NU, and hence
is[(vy) N Uy| = na/2.

Now, we consider the pullback of the point w again by introducing an eigenfunction
on (wz)NU,. Therefore, we choose g(xo/yo,y1/y0) = xo/yo which is an eigenfunction of
weight na /2. This leads to div(ya)ne, (9) = (wz) N (wz) N U, = w and thus, we obtain
[w] = na/2[(wz) NUy| in CHL(Uy)g again by [7, Theorem 2.1]. As above, we conclude
[w] = na/2 - a[U,] and therefore also i, [w] = na/2 - a = na?/2. We obtain the images

i* : CHp(Fp)o — 5’6 maps
[F,] — (1,1,1,1)
[(wz)] — (o, @, 0,0)
[(zy)] — (0, —na/2,na/2,0)
[w] = (na?/2,0,0,0).

which satisfy the given equations and generate the whole image of i*. Conversely, let
(fw, [z, [y, [2) € 5’6 be an element fulfulling the conditions. This leads to

(f’wa fxvfyafz) :fz(17 1a ]-’ ]-) + W(Ov —TLO[/2,TL05/2,0)
+ —fy_2£Z+fx(a,a,o,o)
fw_fx_f +fz
+ na2/2y (na?/2,0,0,0)
which completes the proof. O

Now, we present a well known fact for which a reference could not be found.

Lemma 4.8. Let X be a spherical G-variety where T is a maximal torus. Then X has
only finitely many T-fixed points.

Proof. 1t is known that any spherical G-variety has only finitely many G-orbits. There-
fore, X = |JG - z for finitely many x € X. If there is a T-fixed point xg € X, then
G - x has finitely many T-fixed points by [10, Lemma 2.2]. So if there is a T-fixed point
in any of the G-orbits G - x, this implies that there are finitely many T-fixed points in
this given orbit. Otherwise, the G-orbit G - x does not have any T-fixed point. There-
fore, any G-orbit G - & can have at most finitely many 7T-fixed points which implies the
statement. 0

Remark 4.9. By the Borel fixed point theorem [4, Theorem 10.4] we know that the
fixed point subscheme X7 must be non-empty in case X is complete.
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Proposition 4.10. [7, Theorem 7.3] For any smooth projective spherical G-variety X,
the pullback map

i*: CH;H(X)g — CH(XT)g
is injective. Moreover, the image of i* consists of all families (fz),cxr such that

(i) fr = f, mod x whenever x andy are connected by a T-stable curve where T acts
through the weight x.

(i) fr —2fy + f- =0 mod a? whenever « is a positive root of G relative to T, z,y
and z lie in a connected component of X Ker(a)°® isomorphic to P? and x > y > z
are ordered by their corresponding weights.

(iii) fw — fz — fy + f- = 0 mod a? whenever « is a positive root of G relative to T,
w, T,y and z lie in a connected component of X Ker(a)’ isomorphic to a rational
ruled surface and w > x > y > z are ordered by their corresponding weights.

Proof. This result is an immediate consequence of Propositions and
Concretely, Proposition [3.16] ensures injectivity whereas Proposition [{.3] classifies the
components of fixed point subschemes X7 for subtori T” of codimension one in 7.
Furthermore, the results of Proposition and Proposition describe how these
components behave under the pullback map ¢* which is needed in order to apply Propo-
sition Since we compute the pullbacks with rational coefficients the proof of the
latter result can be adapted to any positive root a of G relative to T" which leads to
a singular codimension one subtorus 7" = Ker(a)?. For a regular subtorus we know
from Proposition that dim X7" < 1 holds and each irreducible component of X T
is a spherical T-variety and therefore, each irreducible component of X" contains only
finitely many one-dimensional T-orbits and consequently, only finitely many T-stable
curves. The fixed point subscheme X7 is noetherian as a finite type scheme over a
noetherian base scheme which implies that it has only finitely many irreducible com-
ponents. We can now conclude that X7 contains only finitely many T-stable curves.
Furthermore, X" has only finitely many T-fixed points b, Lemma Thus, since X'
is smooth by [7, Theorem 3.1], we can apply Proposition to X" in order to obtain
the image of %, : CH;(X”")g — CH;(XT)q which coincides with condition (i) of the
proposition.

For the cases (ii) and (iii) which cover the singular subtori 7" of codimension one
in T" we use Remark in order to compute CH;(XT")g which we need by Propo-
sition More precisely, we consider the module CHA(X”")q which is isomorphic
to CHZ p(a) (X g by [7, Theorem 2.1] which gives us the corresponding generators
and relations with the notations from Remark In this case, one has to take into
consideration that we consider rational coefficients and therefore, both modules are in
fact modules over the same polynomial ring Q[ay, ..., a,] = Q[f1, ..., Br] by Lemma

where
ty
to
(673 . = t?

tn

/

and 26; = a; are given as above. Thus, we conclude CHA (X" )g = CHY/p(a) (XT)q.
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This leads to

CHH(X™)g = CHyy ) (X7 o
= CH{1 x5, () /(P (@) x @) (X )

/

= CHv 5,00 (X7 o
>~ CH*((Speck x Uy x X™' x U1)/(T" x Sp(a)))g
>~ CH*((Speck x Uy)/T" x (X' x U1)/(Sm()))g
= CHfy (Spec k)g ®g CH, (o) (X" )g

by a special case of the Kiinneth formula for Chow groups where U; and Us are the
corresponding parts of the good pairs (V1,Uy) and (Va, Us) for Sy, (o) and T” respectively.
This reduces the computations to the setting of Proposition [f.6] by the construction of
the subtorus 7" and the corresponding S;,(«) in Remark Lastly, it is enough to
reduce to the setting of SLy as in Proposition [4.6] because the rational equivariant Chow
group of X for the torus of PSLs is the same as the one for the torus of SLy by [7]
Theorem 2.1] since the generators and relations are the same in both cases. O

Remark 4.11. As already used in the above proof, [7, Theorem 2.1] implies that when-
ever a torus T acts on a variety X and the action factors through a quotient 7'/ F where
F acts trivially on X we obtain the same rational equivariant Chow groups. The same
holds of course if we extend the action from T/F to T with a trivial action of F. The
latter occurs for the group PSLy as we can extend the action to SLa where {Id, —Id} act
trivially on X. Using [12) Proposition 6], this implies for example that for those actions
the rational equivariant Chow groups CHgy, (X )g = CHpgp, (X)g are isomorphic since
SLs and PSLs have the same Weyl group with respect to their maximal tori.

Remark 4.12. If one computes the rational Chow ring of the smooth projective horo-
spherical Gg-variety X of Picard number one (cf. Proposition using Proposition
[4.10] and the forgetful map to ordinary rational Chow rings, there is no obvious isomor-
phism to the description of the rational Chow ring of X which was recently presented
in 45, Section 3]. The latter gives an explicit description of CH*(X)g in terms of two
generators and two relations.

4.2 Equivariant cobordism of spherical varieties

In this section, we let G be a connected reductive algebraic group, T a maximal torus
and X a smooth projective spherical G-variety. The goal of this section is to generalise
the presentations of the rational equivariant Chow rings of smooth projective spherical
G-varieties (cf. [7, Theorem 7.3]) to rational equivariant algebraic cobordism. In order
to be able to generalise those, we need to compute the equivariant algebraic cobordism
of the projective plane and the Hirzebruch surfaces as required by Proposition [4.3] and
Proposition Using notation as in Proposition [3.52] we can now formulate the main
result of this section which is the analogue of [7, Theorem 7.3] and which will be proved
later on in this section. We remark that the ordering of the T-fixed points in P? and F,,,
n > 0, which is used in the upcoming theorem, is discussed in Section
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Theorem 4.13. For any smooth projective and spherical G-variety X, the pullback map
i* 1 Qp(X)g = (X )g
is injective. Moreover, the image of i* consists of all families (fy),exr such that

(i) fz = f, mod cl(L,) whenever x and y are connected by a T-stable curve where T
acts through the weight x.

(i1) (fo— fy)+ pl/gclT(La)(fz — f2) =0 mod ¢l (L,)? whenever a is a positive root of
G relative to T, x,y and z lie in a connected component of X Ker(a)? isomorphic to
a projective plane P? and x > y > z are ordered by their corresponding weights.

(iii) fw — fr — fy + f- = 0 mod ¢l (Ly)? whenever « is a positive oot of G relative
to T, w,x,y and z lie in a connected component of X Ker(a)? isomorphic to Fy and
w > x,y > z are ordered by their corresponding weights.

(iv) p_ns2ct (La)(fy = f2) + pnjoct (La)(fw — fz) = 0 mod ¢f (La)? whenever a is a
positive root of G relative to T, w,x,y and z lie in a connected component of
X Ker(a)? isomorphic to a rational ruled surface F,,, n > 1, and w > x >y > z are
ordered by their corresponding weights.

Remark 4.14. We will see later in the proof that condition (i) in the preceding theorem
comes from Proposition [3.52] Further, the formulation of the equations in the conditions
(ii) and (iv) slightly differs from the one in Brion’s description. We need to introduce the
terms p,, /5, n € Z\{0}, from Deﬁnition because of the universal formal group law in
cobordism. Moreover, we have to distinguish between the cases Fg and F,,, n > 1, again
due to the universal formal group law. In the case of a smooth projective spherical G-
variety X, the theorem is a generalisation of Proposition because the cases (ii)-(iv)
do not occur if the variety has only finitely many 7T-stable curves.

In the sequel, we will show that information concerning the formal group law gets
lost if one tries to generalise the known results regarding rational T-equivariant Chow
groups from Section [4.1] to a finer theory in a primitive way.

Construction 4.15. In the preceding section, we described the relation between equiv-
ariant Chow groups and equivariant algebraic cobordism and we have seen that the map
% (X) — CHY(X) coming from the universality of ordinary algebraic cobordism is sur-
jective for any k-scheme X with a T-action. With the results of Section [3.5(and Section
and the notations from these sections we are left with computing the image of the
two pullbacks

i Qp(Fr)g = S(T)g
and
QR (P(V)g — S(T)}.

This observation mainly relies on the Proposition [£.3 and Here we remark that the
assumption in Proposition [3.51] of having finitely many 7-fixed points will not affect our
result since we only consider spherical varieties which always have finitely many T-fixed
points by Lemma 4.8
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First, one could think of the following commutative diagram for the case P(V) for
V =k andi:P(V)T = P(V)

G (P(V)g —— G(B(V)T)g = (L[[t1, oo tullar)

Q
J‘q’P(V) J:I)]P’(V)T

CHH(B(V))g ——— CHH(P(V) )g 2 Z[t1, ... tal})

where ®x are the induced maps coming from the morphism of oriented cohomology
theories 6 : * — CH* as in Proposition[3.67 As we know that Q5,(P(V)) is generated by
the T-stable cobordism cycles in Q*(P(V)) by [31, Corollary 4.8], we need to compute the
images of the fundamental classes of the cobordism cycles [P(V) — P(V)], [(yz) — P(V)],
and [z — P(V)] where we keep the same notation as in Section Furthermore,
we know that the map ®p(y)r is given by killing the ideal L<0. Therefore, the class
a = i*[(y2)] € CHH(P(V)T)g comes from an element o + [ where [ € L<0. Thus, the
fundamental class of the cobordism cycle [(yz) — P(V)] in Q5 (P(V))g must be mapped
to a4 [ for some [ € L<". Now, we see that we can determine the image of i* up to an
element [ € L<°, but unfortunately this element contains all the information about the
formal group law and therefore, we lose a lot of information if we can only determine the
image up to this element [. In order to be able to determine the image of i* properly, we
need a different approach, but nevertheless this construction gives us an intuitive way of
thinking about the difference between the two given equivariant cohomology theories.

Now, we want to prove Proposition [£.6] for equivariant algebraic cobordism. There-
fore, we use the notations from Section Recall that we consider the two cases P(V)
for a non-trivial SLs-module V' of dimension three which have three D-fixed points where
D denotes the maximal torus of SLo with positive root «. Furthermore, we consider the
Hirzebruch surfaces F,, containing four D-fixed points which have been described pre-

cisely in Example
Proposition 4.16. Let X be a Hirzebruch surface F,, or a projective plane P(V').

(i) The image of the pullback
1 Q5 (Fn)g = S(D)G
consists of all (fw, fz, fy, f2) € S(D)a such that

fo=fe=f,=f modcl(L,) and (4.1)
fo—Ffe—fy+ =0 mod c?(Ly)?

hold for n =0 and of all (fu, fz, fy, f2) € S(D)a such that

fo=fe=f,=f modcP(Ly) and  (4.3)
P—n/QClD(La)(fy —fa) + Pn/2cf)(La)(fw — fz) =0 mod C?(La)Z

hold for n > 1.
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(i) The image of the pullback
i QR(P(V))g — S(D)B
consists of all (fy, fy, f-) such that

fe=fy=f modc(Ly) and (4.5)
(f:t: - fy) + pl/QC?(LQ)(fz - fx) =0 mod C1D(La)2

hold.

Remark 4.17. Following the Chow group case, we state one more equation than we will
need for the proof in each of the cases because of the symmetry in the arguments which
makes the proposition comparable to the Chow group case. For example, in the F,, case
we could remove the equation f, = f; mod c¢P(L,). As above, the last equation follows
from the other ones in each of the cases.

Proof. We first consider the case of P(V') for V = V{ @ V;. Since ¢* is a ring homomor-
phism, the class [P(V) — P(V)] maps to (1,1,1). We remark that the closures of the
Bialynicki-Birula cells are smooth in the case of the projective plane and the Hirzebruch
surfaces. Now, we compute the images of the closures of the Bialynicki-Birula cells,
i.e. the images of the equivariant fundamental classes of the D-stable cobordism cycles
[(yz) = P(V)] and [z — P(V)] because these images generate the equivariant cobordism
ring of P(V) as a subalgebra of S(D)?, (cf. [31, Corollary 4.8]). We have a look at the
pullback

i[Y = P(V)] = (i3[Y = P(V)],i,[Y — B(V)],i;[Y — P(V)])

where i [Y — P(V)] denotes the pullback of any class [Y" — P(V')] under the inclusion i,
of the corresponding fixed point in P(V'). To compute i5[Y — P(V')] we can replace P(V)
by any open D-stable neighbourhood U, of z. In this case we choose U, to be the affine
chart of P(V) in which the coordinate associated to z does not vanish. We introduce
the coordinates a,b and ¢ for V such that our coordinates for U, become a/c and b/c.
Therefore, D acts linearly on U, with weights « and «/2. We choose f(a/c,b/c) = a/c
which is an eigenfunction of D with respect to weight —«. In this situation, we can
apply Corollary because f gives rise to the global section

s: (U, xU; xUj)JT — (U, xU;j xUj x L_o)/T,
(a/e,b/c,ur,uz) = (a/c,b/e,u1,uz, f(a/c,b/c))

which is transverse to the zero section with zero-subscheme Zy = (yz) N U,. Thus, we
know that

[(yz) NU. — U.] = cP(L_s)[Speck — Speck] - [U, — U]

holds in Q% (U,)g. Pulling back to Q% (2)q yields i¥[(yz) N U, — U,] = cP(L_,). We
can apply the same argument for the pullback i;[(yz) — P(V')] by choosing U, to be the
open affine neighbourhood of y such that the coordinate associated to y does not vanish.
Thus, D acts linearly on U, with weights /2 and —«/2. We take f(a/b,c/b) = a/b
which is an eigenfunction of D with respect to weight —a/2. Therefore, we conclude
ixl(yz) NUy] = ¢f(L_4/2) by the same argument as above.
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Finally, we consider the last closure of the Bialynicki-Birula cells, i.e. the point z.
Clearly, z is the complete intersection of the two lines (yz) and (xz). Therefore, we want
to compute the pullback of [(zz) N (yz) NU, — U.] = [z — U,]. We want to apply the
same argument again using the relation

e (L-aj) - [(y2) NU: = U] = [(22) N (y2) NU: = U] = [z = U]

from Corollary where z = (xz) N (yz) N U, is the zero-subscheme of the section
defined by the eigenfunction g(a/c,b/c) = b/c of D with respect to weight —a/2 on
(yz) NU,. Using the equality i*[(yz) N U, — U,] = ¢ (L_,), we obtain the pullback

i2le = U] = of (Loqay2) - i2[(y2) N Uz = Uz] = e (Loay2) - ¢’ (L—a)

in Q7 (2)g. The images of the D-stable cobordism cycles coming from the closures of the
Bialynicki-Birula decomposition generate the equivariant cobordism ring by [31], Corol-
lary 4.8]. Therefore, the image of the pullback i* : Q},(P(V))g — S(D )Q is generated
by the images

[P(V)—=P(V)]~ (1,1,1)

[(y2) = B(V)] = (0,61 (L), ¢’ (L-a))
[z = P(V)] = (0,0, (Lao)er (L-a))-

These images satisfy the equations and which can be seen by expressing
¢l (Lq/2) as a formal power series in the variable ¢f’ (Lq) with rational coefficients. For
the following computation and similar ones upcoming in the sequel of this proof, we
remark that any element which is divisible by ¢f’(Lq) will also be divisible by ¢’ (Lyq /m)
for n € Z\ {0} and m € Z>; because we can again express the former Chern class in
terms of the latter one and factor out. Therefore, for an element (fy, fy, fz) € S (T)%
satisfying the given equations we have

(fm7fy>fZ> :ffﬁ(l?l?l) (0 fy_fzafz_fz)

fy — b
=l 1)+ o= (0,eP(Laya) P (L-0)
D
+ (0, 0, (fr — fy)cj;((LLjQ)) + f fx>
=011+ S (0P, e (10)

f:c_fyCDL_ +cP(L —a fe=fa
+ <O,O,C?(La/2)c?<L—°‘) <( ) éfS(L—a)/z)z’l[E(L—S)( )>>

Clbfz(/L_fTQ) (07 ClD(L—a/2)7 ch(L—a)>

(fe — fy)ch(L—a) + c?(Lfa/2)(fz — fz)
' (L_qs2)%cf (L-a)

which completes the proof in the case V = Vy & V5.

=fz(1,1,1) +

+ (0.0, (L-aj)el (L-0))
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The computation for V' = V5 can be done similarly. We get

i 1 Qp(P(V))g = S(D)
[P(V) = P(V)] = (1,1,1)

P
[(y2) = P(V)] = (0,eP(L-a), P (Lsa))
[z = B(V)] = (0,0,cP(L_a)eP (L 20))

which satisfy the given equations using the properties of the formal group law. Again,
we obtain

(fa:vfyvfz) :fx(l,lyl) (0 fy_f:r:afz_f:z:)

:fx(l’ L, 1) C{y(L fj) (07 C?(L—a)a C?(L—Qa))
' (L-20) -
+< (fo— fy) ol (L,a) + /2 fx)
=fo(1,1,1) + %(L_fj) (0, eP (L), P (L2))

x_chL—Oé CDL—a 2z~ Jx
(ot (St
fy Jfa

:fm(1>171) ol (L

+ (fac - fy) 4] Lf2a) + C(?(La)(fz - f:v) (

P
C{)(L—a)%? L_s,)

) (07 C?(L*a)v CID(L72a))

0,0, cf’(L,a)c?(L,za))

which completes the proof for V' = V5 since the last coefficient is well-defined using the
properties of the formal group law and the equations and . More precisely,
the quotient cP(L_,)/cP(L_2,) has the same coefficients as pl/gcf)(La) and the only
difference will be the variable ¢ (L_2,) in the first quotient as opposed to ¢ (L,) in
the second one. As we consider the reduction modulo ¢} (L,)?, we only need to take the
first two summands of ¢ (L_,)/cP(L_24) into account. Therefore, ¢P(L_)/cP(L_24)
differs from p; /gc? (Ly) only by a factor of —2 in the second summand. We consider the
difference

o (L-a)

of (L 2a) (f fw) pl/QClD( )(f fw)

which is a product contamlng a factor ¢P(Ly)(f. — fz). This implies that the above
difference vanishes modulo c¢P(L,)? because of the equation and thus, we reduced
the coefficient to the known equation (f, — f,) + p1 /20{7 (La)(f. — fz) which finishes the
argument.

Next, we consider the case Fg = P! x P! for which we choose U, to be an open
D-stable neighbourhood of w = ([1: 0],[1: 0]). We get (t~2b/a,t 2v/u) for coordinates
([@ : b],[uw : v]) which implies that D acts linearly on U, with weight —a. The class
[Fo] € Q5 (Fo)g again maps to (1,1,1,1) and we want to compute the remaining images
of the closures of the Bialynicki-Birula cells.

Therefore, we take the closure (wx) of one of the remaining Bialynicki-Birula cells.
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We choose f(b/a,v/u) = b/a to be an eigenfunction of D with respect to weight a. By
Corollary we obtain

[(wz) N Uy — Uy] = cP(La)[Spec k — Speck] - [Uy, — Uy

in Q0% (Uy)g. Pulling this relation back yields i%,[(wx) N Uy, — Uy = ¢ (Ly). With
the eigenfunction f(b/a,u/v) = b/a and an open D-stable neighbourhood U, of the

fixed point = we obtain it[(wx) N U, — U] = ¢ (L,). For the pullbacks of (wy) we
take the eigenfunction f(b/a v/u) = v/u of D with respect to weight o on the open

D stable U, from above, but in this case we have V(f) = (wy) N U, and therefore,
i [(wy) N Uy — Uy] = ¢P(Ly). Similarly, we obtain i Swy) NU, = Uy = ¢ D(La).

Lastly, we consider the pullback of the point w which is again the complete intersec-
tion of (wy) and (wx). By the same argument as in the above cases, we get

in[w — Uy = i) [(wz) N (wy) N Uy — Uy

(La) - iy [(wy) N U — U]

(La)?

whereas the other pullbacks of the class of the point w vanish. We summarise that the
image of ¢* is determined by the image of the basis, displayed below

g %

C

—o g

La
La

C

i+ Qp(Fo)g — S(D)G
[FO — Fo] —> (1, 1, 1, 1)
[(wz) = Fo] = (¢’ (La), ¢t (La), 0,0)
[(wy) — Fo] — (¢ (La), 0, ¢t (La), 0)
] = (e (La)?,0,0,0).

which satisfies the equations (4.1)) and (4.2)).
Conversely, for an element (fy, fz, fy, f-) € S(T )?Q fulfilling the conditions, we have

(fw;fxvfyvfz) :fz(l) 1) ]-7 ]-) (fw - fz’fa: - fZ7fy - fZ?O)

fy— 1>

=f(LLLD + (P (La), 0, P (La),0)
+(fw_fyafx_fZ70a0)

fy— 12
—£.(1,1,1,1) + ci’ o (eP(La),0,eP(La),0)
Jo— 12

C?(La) <ClD(La)ach(La),0,0) + (fw—fo — fy+ [2,0,0,0)

B Jy— 1=
=f.(1,1,1,1) + %(La)
Je — f-

i (¢ (La). P (La),0,0)

fu— fo—fot 1o
TP (L)

[w—>IE‘0

(e (L), 0.¢P(La), 0)

+

(cf’(La)Q, 0,0, 0)

which completes the proof for the case of Fy.
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In the following, we consider the case F,, for n > 1. The class [F,,] € Q5 (F,)q is
again mapped to (1,1,1,1).

Now, we compute the remaining pullbacks of the closures of the Bialynicki-Birula
cells. Following the strategy from above, we choose again an open D-stable neighbour-
hood U, of the D-fixed point w =[0:0:1:0:...:0]. The induced D-action on U, is
given by (t~"x0/y0,t 2y1/vo) for coordinates [wg : Z1 : Yo : Y1 : .. : Ynr1] and therefore,
D acts linearly on U, with weights —na/2 and —a. We choose f(xo/y0,v1/%0) = y1/%0
to be an eigenfunction of D with respect to weight a. By the relations on the coordinates
in [F,, we obtain V(f) = (wx) N U,, with the given notations of the D-fixed points. As
above, we get i’ [(wz) N U, — Uy = ¢ (Ly). One may observe that the pullback does
not depend on the choice of coordinates for U,,. For the point x =[1:0:...:0] and a
D-stable neighbourhood U, we choose the eigenfunction f(xl/xo,yl/xo) = x1/x9 of D
with respect to weight o which leads to i%[(wx) N U, — U] = cP(La).

For the pullback of (zy) let U, be given by coordinates (yo/zo,x1/x¢) and take the
eigenfunction f(yo/xo,x1/x0) = yo/zo of weight —na/2 which leads to V(f) = (zy)NU,
and therefore to i} [(xy) Uy — Uy] = ¢f (L_ya/2). For the coordinates (yo/@1, Yn+1/21)
for U, and the eigenfunction f(yo/ml,yn+1/x1) = Ynt1/21 we get V(f) = (xy) N U, and
hence ixl(zy) NUy — Uyl = P (Lyaj2)-

Finally, we consider the pullback of the point w by introducing an eigenfunction on
(wz)NU,. We choose g(xo/yo,y1/y0) = xo/yo which is an eigenfunction of weight na/2.
This leads to V(g) = (wz) N (wz) N U, = w and thus, we obtain

[w — Uy = ch(Lna/2)[(wx) N Uy = Uy

in Q7 (Uw)g, again by Corollary
We conclude i, [w — Uy] = ¢ (Lpqj2)cf’ (La) and obtain the image

i*: Qb (Fa)g = S(D)
[F, — F,] — (1,1,1,1)
[(wa) = Fol = (P (La), e} (L), 0,0)
[(zy) = Ful = (0, P (L pa2)s e (L), 0)
[ = Fa] = (e (La)eP (Lnaj2), 0,0,0)

which satisfies the equations (4.3)) and (4.4)).

Conversely, let (fw, fz, fy, f2) €S (T)flQ be an element fulfilling these equations. This
leads to

(fwyfxvfyafz) = f2(17 1; 1; 1) + (fw - fz;fx - fmfy - fZaO)

:fz(la L1, 1) + Cf{?anaf;Q) <07 C?<L—na/2)7 C?<Lna/2)v 0)
z P Lfna
- <fw Y le;y()zl (/2) 2y, - fz,0,0>
:fz(lv 1,1, 1) + m (07 CID(L—na/2)7 CID(Lnoc/Q)a 0)
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(fz - fy)ch(L—na/Q) + (f:v - fz)cf)(Lna/Q) D D
o DL P ) (P (Ea), e (20, 0,0)
(fy - fz)c{)(Lfna/Q) + (fw - fz)c{)(Lna/Z) )
" ( CID(Lna/2) 000
:fz(17 1,1, 1) + % (03 CID(L—na/Q)a CID(Lna/Q)y 0)
(fz - fy)ch(L—na/Q) + (f:v - fz)cf)(Lna/Q) D D
+ < ClD(Lna/2)c{)(La) (Cl (La)acl (La),0,0)
- Jz P Lfna P Lna w Jx
N ((fy f=)er (C{D(L/Qz;)g}ij,a)h)(f f )) (cf’(La)cf’(Lm/g),0,0,0)

which completes the proof in the case F,, because of the equations (4.3]) and (4.4)), and the
above mentioned fact that an element which is divisible by ¢P (L) will also be divisible
by cP(Lyq /m) for n.€ Z\ {0} and m € Z> since we consider rational coefficients. ~ [J

Remark 4.18. The equations given in Proposition [£.16] reduce to the equations given
in Proposition for rational equivariant Chow rings. In order to be able to compute
rational equivariant cobordism rings one has to consider the universal formal group law
and not the additive formal group law which simplifies the computations in the Chow
group case.

Lemma 4.19. The product of projective spaces is cellular.

Proof. The product of projective spaces is projective by the Segre embedding and smooth
since the product of smooth schemes is smooth. By Proposition [3.7] any smooth pro-
jective scheme is T-filtrable. By Lemma the product of projective spaces has only
finitely many T-fixed points. Therefore, by Definition [3.5] we know that it is the union
of its plus strata which in this case are affine spaces. O

Next, we want to prove Theorem from the beginning of this section which is
a refinement of [7, Theorem 7.3]. One way to prove it would be to use an analogue
of [7, Theorem 2.1] for equivariant algebraic cobordism which is not known at present.
Luckily, we do not need such a deep result in order to be able to prove Theorem
In our situation it will be enough to use some known results on T-filtrable varieties and
their equivariant algebraic cobordism rings.

Proof of Theorem[{.15 In order to compute the ring structure of Q}(X)g we need to
apply Proposition to the given variety X. Due to Proposition we know which
fixed point subschemes X T’ can occur and therefore, we distinguish between codimension
one subtori 7" with dim X7 < 1 and those with dim X7" = 2.

Recall that for a subtorus 77 with dim X7" < 1 there are only finitely many T-stable
curves in X" and furthermore, in the setting of a smooth projective spherical G-variety
X, we have only finitely many T-fixed points by [10, Lemma 2.2]. This implies that the
assumptions of Proposition are fulfilled and thus, we can apply Proposition to
XT" which leads to case (i).

Now, we consider the case where dim X 7" — 2 for which we know that X7" is either
a projective plane or a Hirzebruch surface F,,. The T-orbits in X7 are always at most
one-dimensional and thus, the surfaces occurring in (ii)-(iv) must consist of infinitely
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many T-stable curves. For these cases we need some different results. We claim that
there is an isomorphism QT (X7")q = o~ f/F(@) (X™")q where F(a) is given as in Remark
[4.2] We will use [31, Theorem 4.7] in order to prove our claim. This theorem states that
we have an isomorphism of S(T)-modules QF(X™") = O, (XT)[[t1, ..., t,]]qr Where r is
the rank of T and t; corresponds to ¢ (Ly,) for a chosen basis of the character group
of T. We remark that X7" is also a T/F ( )-filtrable variety as F'(«) acts trivially on
XT" and therefore, the T-action factors through a T'/F(a)-action. As above, we obtain
the isomorphism QT/F( )(XT/) =~ O (XT)[[t1, s tr]]gr of S(T/F())-modules where t;
here corresponds to cip/ F(e) (La;y,;), but as we are considering rational coefficients we
have S(T)q = S(T/F(a))g by Lemma [3.36] This implies the claim and using the same
argument for the torus 77 x Sy, («), we obtain

QZ(XT,)Q ~ Q(T’XSm(a))/(F(a)XF(a)) (XT')Q

= Slx

=P oI,

i€EZ
= @LQ ((Speck x U2 x X" x U )/(T" % Sm(@)))g
i€Z J
o @(ﬂl(l ((Speck x U2)/T/ x (XT " x U})/Sm(a))@
i€Z )
] @@ Q;, ((Spec k x UjZ)/T/)Q ®lLg Qz‘z((XT/ X Ujl)/sm(a))(@

i€Z J t1+io=t

=@ D lm((Speck x UD/T) 010 Lul(X™ x U)/Snla)o

i1+ig=i J

g@ @ ol (Speck)g @y 2 (X )g
1€Z i1+i2=1

> QT (Spec k)g @y 22X )g

where Uj1 and Uj2 are the parts of the sequences of good pairs {(1/j17Uj1)}j20 and
{(V?,U?)}j>0 for Sy () and T’, respectively. In this case we know that U?/T" are
products of projective spaces by the choice of good pairs in the proof of [31, Lemma 6.1].
As a product of projective spaces, the U j2 /T" are cellular which means that we can use
a special version of a Kiinneth formula (cf. [20, Proposition 7]) from line 4 to 5. The
ordinary cobordism vanishes for negative degrees and therefore, the inverse limit and
the finite sum commute in our setting. We conclude the proof by Proposition [£.16] [

Remark 4.20. Proposition [3.47|leads to an abstract description of the rational ordinary
algebraic cobordism ring of any smooth projective and spherical G-variety X. Using this
result, we would be able to describe Q*(X)g explicitly if we could compute all the classes
in Q.(X)g. We will come back to this problem in Section [6]

In the remark below, we discuss a result which illustrates the relation between the
rational Chow module and the rational cobordism module. Therefore, we first state a
well known fact about Chow groups.
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Lemma 4.21. [7, Corollary 2.3] Let T be a torus acting on a k-variety X. Then the
forgetful map for Chow groups r;( induces an isomorphism

If X is smooth, this is an Z-algebra isomorphism.

Remark 4.22. Using the notations from chapter four in [37], we know that there is an
isomorphism (€,)g = CH, ®7Q[t]®) of oriented Borel-Moore weak homology theories by
[37, Theorem 4.1.28 and Theorem 4.5.1]. We remark that we have A,(X) = AW (X) by
[37, Section 4.1.9] for any Borel-Moore weak homology theory A,. Therefore, we consider
the following diagram for any 7T-filtrable variety with finitely many 7T-fixed points

CH.(X) ®7 Q @z Z[t] ——— Q0 (X) ®2Q

2 :

which leads to CHZ (X )®cut () Qlt] = QI (X)®@g(r)Lg by Corollary and Proposition
B.47

On the other hand, one has

0 (X)g = (2, (X x Uj)/T)q)
J

= 1im(CH,, (X x U;)/T) ®z Q @z Z[t])
= Jim(CH,, (X x U;)/T)[t] ®2 Q)
J

= lim(CH, (X < U;)/T)t]) 2 Q

= CH,, (X)[f] ®z Q

using the above isomorphism and the property that the above limit stabilises for some j.
Therefore, we can omit the limit in the last step. The above shows that one can obtain
the rational T-equivariant cobordism module using some information of the rational T-
equivariant Chow groups via extension of scalars by Z[t]. More details regarding the
precise constructions can be found in [37, Chapter 4].

Remark 4.23. By now we have computed (equivariant) algebraic cobordism with ra-
tional coefficients whereas the group structure is already known by [37, Theorem 4.1.28],
but the latter result does not imply the description of the (equivariant) cobordism rings
with rational coefficients using the one of the (equivariant) Chow rings. We remark that
the results in this section could be proved with the coefficient ring Z[Sy'] using the
refined localisation result (cf. Theorem . This is not quite true because we would
need to possibly invert p = 2 additionally, due to the fact that we use Lemma for
a subgroup F which could be of order 2.
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4.3 Equivariant cobordism of odd symplectic Grassmannians

In this section, we will compute several smaller examples in order to be able to
generalise the results for the most general case of the odd symplectic Grassmannians.
We will start with the usual Grassmannian Gr(2,4).

Example 4.24. Let X = Gr(2,4) be the Grassmannian of 2-dimensional planes in k*
for an algebraically closed field k of characteristic zero. This is certainly smooth, pro-
jective and spherical and therefore, Theorem [4.13] can be used to describe the structure
of the rational equivariant cobordism ring 7.(Gr(2,4))g. As we will see, there are only
finitely many T-stable curves contained in Gr(2,4) which implies that we will only need
the description given by Proposition but nevertheless it will give an intuitive un-
derstanding of how computations can be done using the given result. First, we consider
the natural GL4-action on X induced by the one on k* which induces the following torus
action

t1 0 0 O a1 aig tia11  tiai
0 ta 0 O [a21 ag| |tz teaz
0 0 t3 O asl ass o tsas1 t3as3s
0 0 0 4 aq1 Q42 tyaqr tgaqo

We see that this action has six T-fixed points, namely

r12 = (e1,€2), x13 = (e1,€3), T14 = (e1,e4),

xo3 = (e2,€3), To4 = (€2,€4), T34 = (€3, €4)

where e; denotes the i-th basis vector of k*. In order to obtain the singular subtori of
codimension one we need to consider the positive roots of (GL,,T") which are given by

t1 0 0 O

0 t2 0 _ ',1 . .
(ei —€j) 0 0 t5 0 =t;t; for i <j.

0 0 0 ¢ty

The identity components of the kernels of the ; — ¢; lead to the singular subtori of
codimension one (cf. Remark [4.2)). Next, we consider the fixed point subschemes for
Tj; := Ker(g; — ¢5)°. Exemplarily, we analyse it for X Ty — xKer(e1-22)°  We obtain

t2 0 0 O ail  aie toa1r  ta2ai12
0 t2 0 O |an ax| _ |tan l2a
0 0 ¢ O a1 aszp | |tsasr tzas
0 0 0 t4 as1 a4 tgaq1  teaq2

as the induced Tjy-action. Clearly, the six T-fixed points are contained in X T2 and
furthermore, the points

0 ai2 0 ai2
0 ang 0 a2
1 01710 O
0 0 1 0
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in Gr(2,4). We see that these are 2 T-stable curves and therefore, summarise that X Gt
consists of these two T-stable curves and the two remaining isolated fixed points. One
can verify that there are 12 T-stable curves of the form as above and two different of
those are each contained in some XXeri=2/)" guch that every T-stable curve is contained

. . \0
in some X Ker(ei—¢;)”,

We remark that the regular subtori 7" are obtained as 7' = Ker () for some primitive
character x which is not a root (see e.g. [7]). In this particular case one can verify that
we have XT" = X7 (see also [8, Section 2]) whereas in the general case it might happen
that XT" # X7 but only for finitely many subtori 7" = ker(x)® which has been proved
by Brion [9, Theorem 1.2]. One also observes that for the singular subtori and their
fixed point subschemes, the kernel of the T-action on the T-stable curves contained in
XKer(ei=¢5)” coincides with the kernel of the positive root €; — ¢;.

Now, we can apply the localisation theorem and compute the images of the pullback
maps
iz Qp(XKTE g 05(XT)g
and take their intersection. As example we consider
iy,  QROTE2)g = 5 (XT)g
12— XKerE=e2) s (1,0,0,0,0,0)
213 — XK= (0, I (L., .,),0,0,0,0)
0,0,¢(Le,—,),0,0,0)
0 0 0 Cl( €2— 61) )
0)

=
XKera1a '_>(
= (0,
= (0,0,0,0, ¢l (Ley—c, ),
=
=
=

[1

[
[214 — 2]
[x23_>XKer e1—e2) ]
[x24_>XKer(sl 52)0]
[$34—>XKer(El €2) ]
[01323 _>XKer(s1 52)]
]

[Clragq — XKer(1—=2)’

0,0,0,0,0,1)
0,1,0,1,0,0)
0,0,1,0,1,0)

0

using the same technique as in the proof of Proposition [£.16] for Cjjx; being the T-stable
curves connecting z;; and y;.

By Proposition the intersection of these images and thus, the tuples (fi2, ..., f34)
contained in the image of i* : O (X)g — Q5H(X7T)g can be described by the equations

fis = fo3 mod ¢l (L., _.,), fia = foa mod ¢l (L., .,),
fi2 = fos mod el (Ley o), fia= fzs mod ¢l (Ley o),
fi2 = foa mod ¢] (Le,—c,), fi13 = fza mod ¢ (Le,—e,),
fi2=fiz mod el (Ley o), foa= fzs mod ¢l (Ley o),
fi2 = fue mod ¢] (Ley—c,), fo3 = fza mod ¢ (Ley—e,),
fis= fuu mod el (Lo, _.,), fo3 = foa mod ¢l (Lo, .,).

From these equations it can easily be seen that the image of the fixed point z15 under
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4.3 Equivariant cobordism of odd symplectic Grassmannians

1" must be given by

(a ’ C{(L81—63)CT(LE1—64)6{(1/82—83)0{(1182—54)7 0,... O)

for some a € S(T')g of degree zero and similarly for the other T-fixed points. Further-
more, the image under ¢* of the T-stable curve Cia13 connecting x1s2 and z13 must be
given by

(ac{(Lfl_EB )C{(L51_54)C¥1(L€2_€4)7 bclT(L81—82 )ClT(LE1—E4)C{(L53—E4)7 0,..,0)

for some a,b € S(T')g of degree zero. This method gives the equivariant algebraic
cobordism ring, but we cannot determine in general which class corresponds to which
element in Q% (X7T)g. This gives some constraint on the coefficients, but as mentioned
above, they cannot be determined uniquely by the localisation method. Therefore, we
can obtain certain elements in the subring given by the above equations corresponding
to the geometric elements in Gr(2,4) up to coefficients. In Section |§|, we will come back
to the problem of determining these coefficients precisely.

For the next example we want to recall some definitions which will be necessary in
this specific computation. Therefore, let V' be a k-vector space of dimension 2n + 1 for
n > 2 and w an antisymmetric form of maximal rank on V.

Definition 4.25. Let w : V x V — k be an antisymmetric form. We call a subspace
W CV isotropic if w(wy,ws) =0 holds for all wy,ws € W.

Remark 4.26. Every antisymmetric form is represented by an antisymmetric matrix
A via w(vi,ve) = v{ Ave. Furthermore, the rank of an antisymmetric matrix of odd
dimension 2n + 1 is at most 2n.

Definition 4.27. With the notations above, let 2 < m < n be an integer. Then the odd
symplectic Grassmannian with respect to w is defined by

IG,(m, V) :={¥ € Gr(m,V) | £ is isotropic for w}.
Remark 4.28. It is well known by [16] that it has an action of the symplectic group
Sp(W) := {g € GLOW) | w(gu, gv) = w(u, v) Yu,0 € W)

where W denotes the complement of the kernel K of the form w in V. Therefore, w|y is
a symplectic form. Furthermore, up to isomorphism the odd symplectic Grassmannian
IG,(m, V) does not depend on the (2n + 1)-dimensional vector space V' nor the anti-
symmetric form w by [46]. Therefore, we denote the odd symplectic Grassmannian by
IG(m,2n + 1) and similarly, the symplectic group by Spy,,. We know that IG(m, V) is
horospherical by [43, Proposition 1.12] for the Spy,,-action and corresponds to the triple
(Ch, Wm, Wm—1), i.e. the case (3) of Pasquier’s classification of horospherical varieties
which is described in [43].

Now, we want to have a look at the specific example of IG(2,5) for which we can use
Theorem in order to compute its rational equivariant cobordism ring.
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Example 4.29. Let V = C® and X = IG(2,5) be the odd symplectic Grassmannian.
Since X does not depend on the antisymmetric form we consider the one given by

T

aq by aq 000 0 -1 by
a9 bg a9 0 0 0 -1 0 bg
w:VxV-=C, as |, | b3 — | as 0 0 0 O 0 bs
a4 b4 a4 01 0 0 0 b4
as b5 as 1 0 0 0 0 b5
Therefore, we have
a b1
as be
w as |, | b3 = asbi + agby — asby — a1bs.
a4 b4
as b5

Using the condition
asby + agbs — asby — a1bs = 0,

we can easily verify whether an element in Gr(2,5) also lies in IG(2,5).

Next, we will consider the group action of Sp, on IG(2,5). First, we determine the
torus of Sp,. In order to do so, we consider the torus action induced by the GLs-action
which is given by

tl 0 0 O 0 aj b1 tl al tl b1
0 tg 0 0 0 a9 b2 tQCLQ thQ
0 0 1 0 0 as b3 == as bg

0 0 0 t4 0 aq b4 t4a4 t4b4
0 0 0 O t5 as b5 t5 as t5 b5

In order to be an action on IG(2,5), we need
tstiasby + tatoasbs — totgasby — titsai1bs = 0

to hold. This implies t5t; = tot4 = 1 in Sp, and therefore, elements of the torus of Sp,
are of the form

tt 00 0 0
0 t2 0 0 0
001 0 0
0 0 0 t;' 0
000 0 ¢!
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This leads to the torus action

751 0 O 0 0 al bl t1a1 tlbl
0 t2 0 0 0 a9 bg t2a2 tgbg
0O 0 1 0 0 ag by | = as b3
0 0 0 t;! 0 ||as by tytay ty'by
000 0 t') \as b5 t7las t{'bs

of Sp, for which we denote the given torus by 71'. Let e; denote again the i-th basis
vector of C°. The T-fixed points in IG(2,5) are then given by

z12 = (e1,€2), 13 = (e1,e3), 14 = (e1,€4), T23 = (€2, €3)

x5 = (e2,€5), w34 = (e3,e4), T35 = (€3,€5), Ta5 = (€4, e€5)

whereas the points x15 = (e1, e5) and x4 = (e2,e4) are not in 1G(2,5).
The positive roots of (Sp,, T') are given by £1—¢e9,£1+¢2, 21 and 2¢e9 for the characters

tp 00 0 0
0 ta 0 0 0

Eq 0 0 1 0 0 =1
0 0 0 t,' 0
0 0 0 0 ¢!

which we will denote by €12,€1(_9),€1(—1) and g5(_g), respectively, for later use.
For T}, = Ker(12)?, the subtorus action is given by

tl 0 O 0 0 aq b1 t1a1 tlbl
0 tl 0 0 0 a9 bg t1a2 tlbg
0 0 1 0 0 az by | = as bs
0 0 0 t;" 0 ||as by t7lay t7lby
000 0 t') \as b5 t7las t{'bs
Therefore, X712 consists of the points

a; O 0 O a; O

as 0 0 O ag 0

0O 1,11 0],]0 O

0 0 0 by 0 by

0 0 0 b5 0 b5

where the equation —ai1bs — asby = 0 has to hold for the third kind of points. These
are three T-stable curves which are contained in X712 in addition to two isolated fixed
points x12 and x45.

For the subtorus T1,(72) = Ker(g1(_g))" we obtain the action

tl 0 0 0 0 al b1 tl al tl bl
0 tfl 0 0 0 a9 b2 t;lag t;lbg
0 0 1 0 0 as b3 = as b3
0 0 0 tl 0 a4 b4 tl a4 tl b4
0 0 0 0 t;') \as b5 t7tas t7lbs
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The fixed point subscheme X i) consists of the points of the form

al 0 0 0 al 0
0 O 0 by 0 bo
o 1|,]/1t ol,l0o o
ag O 0 O ag O
0 0 0 bs 0 by

where the equation —a1bs 4+ a4bs = 0 has to hold for the third kind of points. These are
again three T-stable curves which are contained in X Ti(-2) in addition to the two other
isolated fixed points z14 and xo5.

Next, we consider the subtorus T1/(71) = Ker(al(,l))o and its fixed point subscheme.
The subtorus action is given by

1 0 0 0 0 ai bl ai bl
0 tz 0 0 0 as bQ tgag thQ
0 0 1 0 0 as b3 = as b3
00 0 t;8 0f|as by tytas ty by
0 0 O 0 1 as b5 as b5

since t; = 1 as T1/(71) is by definition the identity component of the kernel of £y(_y).

This leads to the fixed point subscheme X Ti-1) which consists of points of the form

aj 0 aj 0 ai bl
0 1 0 O 0 O
as 0 , | as 0 , | as b3
0 O 0 1 0 O
as 0 as 0 as b5

where the first two components are a projective plane P? and the last one is the set of
two dimensional subspaces in a three dimensional subspace of C®. Therefore, the last
component is isomorphic to the Grassmannian Gr(2, 3) with the condition azby —a1b5 = 0
which leads to a T-stable curve connecting z13 and x3s.

The computations for the positive root e9(_g) are similar. They lead to the points

0 1 0 O 0 O
a9 0 a9 0 ag bg
as 0 , | as 0 , | as bg
ay 0 aq 0 aq b4

0 0 0 1 0 0

in the fixed point subscheme X T, Again, we obtain two projective planes and one
T-stable curve connecting x23 and x34.

The other codimension one subtori are regular. Those are given by 17" = Ker(x)? for
some primitive character x of T" which is not a multiple of a root and further, they will
not contribute to the computations of cobordism since one may verify that X T xT
holds for those T".

These precise descriptions of the fixed point subschemes lead to the equations de-
scribing the image of i* : Q5 (I1G(2,5))g — 245((1G(2,5))T)q.
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Using Theorem [£.13] the equations are given by

f13 = fo3 mod ¢l (Ley,), faa = fzs mod ¢l (Ley,),

fia = fos mod I (L.,), fiz= fzu mod C{(Leu,g)),

fo3 = f35 mod ¢ (le(_g))’ Ji12 = fa5 mod C{(Lsu_z))’

fi3 = f35 mod ¢l (L ei_y)s f23 = faa mod C{(Lem »)

fi2 = fas = fos mod ¢f (Le, ), fia = fsa = fas mod ¢f (L
fos = f35 = f45 mod C,{(LEQ(_Q)) fi2 = fis= fia mod ¢f (L
(fi2 = fa3) + prjaci (Le, ) )(fos — f12) =0 mod ¢f (Le,_,))?,
(f14 — f34) + p1j2cy (L51(71>)(f45 f1) =0 mod ¢ (Lau 1) )%
(fas = f35) + prj2ct (Ley_y))(fa5 — fas) 1 (Ley )%
(f12 = f13) + p1/2¢1 (Ley_y)) (f14 — f12) 1 )%

51(71))7

52(—2))’

mod ¢

mod ¢1 (Le,_,)

These equations give a complete description of the rational equivariant algebraic cobor-
dism ring of IG(2,5). As above, we want to know which elements correspond to the
pullback of which T-stable classes. Therefore, we remark that the procedure for points
and T-stable curves is similar to the one described in the previous example. Thus, we
consider the pullback of the T-stable class given by the points

aj 0
0 0
as 0
0 1
as 0

which is some projective plane IP’%4,34745 in IG(2,5). It contains the fixed points x4, x34
and x45 and therefore, the corresponding entries in the tuple will be non-zero. First we
determine the first Chern classes which have to be in each of the entries coming from
the equations above. This leads to

ml4 [PM ,34,45 — IG( 3 )] = nlc{(L512)C{(L52(72))2,
1‘54 [IFD14 34,45 — IG( ) )] = n2CT(L€12)Cip(L€1(_2))c,{(LEQ(_g))7
]P)14 ,34,45 — IG(27 5)] = n3c{(L51(72>)c,{(L52(72))2

:E45 [

for some ny,n2,n3 € S(T)g of degree zero. As mentioned above, we do not know at
present which particular choice of the n; determines the pullback of [P, 34 45 — IG(2,5)],
but one of those tuples is certainly its image under the pullback map ¢*. We will come
back to this problem in Section [6]

Example 4.30. Now, we consider a more general example for which we want to de-
scribe the rational equivariant cobordism ring. Therefore, we let V = C2"*! and
X =1G(2,2n 4+ 1) be again the odd symplectic Grassmannian for n > 2.

100



Henry July

As above, we consider the antisymmetric form w : V x V — C given by

T

a1 b1 al 0 0 —J by
‘ , — 00 O :
a2n+1 ban+1 a2n+1 J 0 0 ban+1
for the (n x n)-matrix
0 0 1
J = 0
0 .-
1 0 0
Similar to the above, we obtain the equation
a2n+1b1 + ... + apg2by — anbpgo — ... — arbap41 = 0.
The torus action of Sp,,, on IG(2,2n + 1) is given by
o0 - e 0
! ax b1 tiay t1b1
0
tn Gnp, by, tnan tnbn
1 Gn+41 bn+1 = Gp4-1 bp+1
=1 n+2  bpyo tr_Llan-l—Q t;15n+2
n . .
: U 01 azn+1 bant1 t_la:2n+1 t_lb‘Qn—i—l
0 0 t ! !
There are

(2n2—|— 1) =2n+1)n=2n+n
T-fixed points in Gr(2,2n + 1) since the fixed points in Gr(2,2n + 1) are generated by
two distinct basis vectors e; and e; of C?"*+1. We denote from now on €nt1-(i—1) by
e_; for 1 < i < n since it will give us the opportunity to realise similar equations as in
the previous example in order to describe the rational equivariant cobordism. Because
of the above equation we need to subtract n of those 2n? + n fixed points in order to
obtain the T-fixed points of IG(2,2n+1). More precisely, the two-dimensional subspaces
generated by e; and e_; are not in IG(2,2n + 1) and therefore, there are 2n? T-fixed
points in IG(2,2n + 1) which we denote by z;; = xj; = (e;,e;) as above.

With the notations from the previous example, the positive roots of (Spy,,T") are
given by €; £ €j = g;() for i < j and 2¢; = g;_;) for 1 <4 < n which results in

n 2n! 9

positive roots of (Spy,,,T).
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For the subtori Tl-’j = Ker(g;;)?, one can observe that the fixed point subschemes

X" contain 4n — 5 T-stable curves which are of the same form as the curves occurring
in Example m The same holds for the fixed point subschemes X i coming from
the subtori Ti’(f 5 = Ker(g;_7)". This describes the n* — n fixed point subschemes
corresponding to the positive roots g5, for i < j.

Lastly, we consider the positive roots ;_;), 1 <4 < n, for which we obtain the subtori

T.’(_Z.) = Ker(a—:i(_i))o and the fixed point subschemes X" each containing 2n — 2

(2
projective planes P2 and one T-stable curve which can easily be seen by generalising the
computations from Example As above, XT' = X7 holds for the other codimension
subtori 7" = Ker(x)? for a primitive character x which is not a root.
One obtains the equations coming from Theorem describing the image of the
injective pullback map

7 R(1G(2,2n + 1)) — Q5((IG(2,2n + 1) )g = S(T)E

and therefore the rational equivariant cobordism ring Q7.(IG(2,2n + 1))g.
More precisely, for any positive short root €4 with —n <t < n, 1 < s < n and
t # 0, +s we obtain the equations

fsk = fk mod ¢f (Le,,)
fesk=f-u  modcf(Le,,)
fs-t) = fiesy mod cf (Le,,)

for —n < k <n+1and k # 0,%s,+t. These 4n — 5 equations describe the T-stable
curves in X7et.

Lastly, the equations coming from the positive long roots €;_;) with 1 < < n are
given by

fix = f(n+1)k = f-ix mod C?(Lfi(ﬂ'))
(fit = Finsryn) + p12ct (Ley ) (f—ix — fir) =0 mod ¢f (Le,_,)*
fitn+1) = foitnrry mod ¢f (Le, )

for —n < k < n and k # 0, +¢ coming from the projective planes and the T-stable curve
in X",

These equations together determine precisely the image of i* and therefore the ratio-
nal equivariant cobordism ring Q%5.(IG(2,2n + 1))q.

To finish the examples of type (3) in Pasquier’s classification of horospherical varieties
[43], we consider the general case IG(k,2n + 1) for n > 2 and k € [2,n].

Example 4.31. Let V = C?"*! and the antisymmetric form w be given as in the
previous example. Similarly, the torus action of Sp,, on IG(k,2n + 1) will be given
as above. Next, we need to count the possible T-fixed points in IG(k,2n + 1). We
reformulate this combinatorial question as follows. We need to choose k different vectors
which have one non-zero entry each where we do not allow to choose two vectors within
these k vectors for which the i-th and the (2n+1—i+1)-st entry are non-zero, respectively.
Furthermore, it is enough to consider the first n entries in the given vectors because we

102



Henry July

can multiply those possibilities by two for each vector in order to obtain the T-fixed
points in IG(k, 2n + 1) which are isotropic subspaces for w.

First, we consider the possibilities for which the (n + 1)-st entry in each of the k
vectors is always zero. Therefore, we have (Z) possibilities to choose the ones in the k
vectors. This results in 2% (Z) possibilities for the first case.

Secondly, we count the possibilities where one of the k£ vectors has a non-zero entry
at the (n + 1)-st position. In this case, we can only choose (k — 1) elements within the
first n entries which leads to (") possibilities which we need to multiply by 2¥~! this
time since the vector with a non-zero entry at the middle position cannot be chosen
differently. Therefore, we have 2¢71(," ) possibilities for the second case.

This leads to
n n
2k 2k—1

T-fixed points in IG(k,2n+ 1) which we denote by z;, ;, = (e;,, ..., €;,) where we define
e—; to be e, 1_(;—1) as above for all 1 <i <n.

With the notations from the previous example, we consider X Tj which contains

n—2\_p1 n—=2\ k2 n—2\ k2 n—2\ k3
2<<k—l>2 +<k—2>2 =+ 9 2" 4+ k3 2

T-stable curves by applying the same counting method as described above. Similarly,
we obtain the fixed point subschemes X Ti-».

Lastly, we consider the positive long roots €;_;), 1 < ¢ < n, for which we obtain

n—1

ok—1
n—1

ok—2

T-stable curves which can be seen by using the same combinatorial arguments as above.
Again, the equality X Ker()" = X7 holds for every other codimension one subtorus being
the identity component of the kernel of a primitive character y which is not a root.

T . c .
X "= consisting of

projective planes P? and

One then obtains the equations coming from Theorem describing the image of
the injective pullback map

P Q5 (IG (k. 20 + 1))g — (G (k, 20 + 1))T)g = S(T)5 W 15

and therefore the rational equivariant cobordism ring Q% (IG(k,2n + 1))g.

More precisely, for any positive short root €5 with —n <t < n, 1 < s < n and
t # 0, +s, we obtain the equations

fsin..i, = Jtin...in mod ¢f (Le,,)
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J=sio.ix = f—tiy...i mod ¢! (Le,,)
fs(ft)i3...ik = ft(fs)ig...ik mod c,{(Last)
with —n <, <n+1, i, # 0, +s, £t and 4y, # iy, for all m #m' € {2,...,k}. These
equations describe the T-stable curves in X et
Lastly, the equations coming from the positive long roots g;_; for 1 < i < n are
given by
Jiinoiy, = Fna1)igeiy = fiiniy mod ¢f (Le, )
(fitnix. = Fint1yiaeoin) + Pr261 (Ley ) (fmiiaiy = fiin.i) =0 mod ¢f (Le,_))?
fi(n+1)i3...ik = f—i(n—l—l)ig.,.ik mod ClT(Lsi(,w)
with —n < iy, < n, i, # 0,+i and i, # :tzm/ for all m #m’ € {2,...,k} coming from

the projective planes and T-stable curves in X T,
These equations determine the image of i* and therefore the rational equivariant
cobordism ring Q(IG(k, 2n + 1))q.

Remark 4.32. Using Proposition [3.47] one immediately obtains an expression for the
ordinary rational cobordism rings in any of the examples discussed above.
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5 Equivariant cobordism of horospherical varieties

In this chapter, we let G be a complex connected reductive algebraic group, B a
fixed Borel subgroup with maximal torus 7" and W = N(T')/T the Weyl group. The
ground field must be restricted to the complex numbers C because the results in [43] were
only proved in this setting. We want to compute the equivariant algebraic cobordism of
smooth projective horospherical varieties of Picard number one. We begin this section by
recalling the description of the T-stable curves in flag varieties which will be important
in order to describe the geometry of horospherical varieties. After that, we will recall
some basic properties of horospherical varieties as well as their geometry. Excellent
references for the geometry of horospherical varieties are for example [16, 43]. Using
these descriptions, we will be able to describe the rational equivariant cobordism ring of
horospherical varieties of Picard number one in terms of Theorem [4.13]

5.1 T-stable curves in flag varieties

In this section, we will recall the main notions and results on 7T-stable curves in flag
varieties G/ P from [15, Section 3]. We denote by R = RTUR™ the positive and negative
roots, and by S the simple roots. Furthermore, we denote by s, the reflections in W
which are indexed by positive roots a. These are simple reflections if « is in S. For a
subset I C S, let W1 be the subgroup of W which is generated by the reflections s, for
a in I. In addition, let Py = [], ey, BwB and RJISI be the set of positive roots that
can be written as sums of roots in I. This is the well known correspondence between
parabolic subgroups Pr of G containing B and subsets I C S. The length ¢(w) of an
element w € W is the minimum number of simple reflections whose product is w.

For any uw € W/Wp, we let X (u) = BuPr/Pr be the corresponding Schubert variety
which is of dimension ¢(u) where ¢(u) denotes the unique minimum length of a represen-
tative of u in W. We denote its cohomology class [X (u)] by o(u) € H*(G/Pr). Further,
for any u € W/W7, we denote by x(u) := uP;/Pr the corresponding T-fixed point in
G/ Pr. The Schubert classes of dimension one have the form o(sg) as [ varies over S\ I.
We define a degree d to be a nonnegative integral combination d = >~ dgo(sg). The
degrees are the classes of curves on G/P;. For any positive root «, we write a = Y nqgf
as the positive integral combination of simple roots 3. Then we define the degree d(«)
of a by

d(a) == Z Nags Eg’i; o(sg).
BeS\I ’

Remark 5.1. If h, = 2a/(a, o) and wg is the fundamental weight corresponding to £,
then ho(wg) = nas(B, B)/ (e, o) which implies

d@)= Y halws)o(ss)-

BeS\T

Lemma 5.2. [15, Lemma 3.1] If w is in W7, then we have d(w(«a)) = d(«).
For any positive root a which is not in th[, there is a unique T-stable curve C, in

G/ Pr that contains the points z(1) and x(ss). We know that C, = S(«) - Pr/Pr where
S(a) is the 3-dimensional subgroup of G whose Lie algebra is go @ g—a @ [Ga §—a-
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5.1 T-stable curves in flag varieties

Lemma 5.3. [15, Lemma 3.4] The degree [Cy] of Cy is d(c).

Definition 5.4. We say that two unequal elements w and v in W/W; are adjacent if
there is a reflection s in W such that v = s - u. In this case we define d(u,v) to be the
degree d(«) where sq, is a reflection relating them.

Remark 5.5. If v and v are adjacent, then for any w € W, the elements wu and wv
are also adjacent and d(wu,wv) = d(u,v) holds.

Lemma 5.6. [15, Lemma 4.2] Elements u and v in W/Wr are adjacent if and only if
x(u) # x(v) and there is a T-stable curve C connecting x(u) and x(v). In this case, the
curve C' is unique, isomorphic to P!, and its degree is equal to d(u,v).

Remark 5.7. A general T-stable curve in G/ Pr has the form w-C,, for some o € R+\RJ]SI
and w € W. This curve is the unique T-stable curve connecting z(w) = w - z(1) and
z(w-sq) =w-x(8q).

Example 5.8. We consider the flag variety G2/P, where o and 8 denote the simple
roots of Ga, B being the long root. The flag variety G2/P, is a 5-dimensional quadric
whose geometry was also studied in [I6]. The positive roots are given by

RY = {a,B,a+ B,2a + 3,3a + B, 3a + 23}.

The geometric picture of the roots of G2 is given by the following figure.

g

Figure 1: Root system of Gbs.

In this case, we have W (G2) = Dg where the counterclockwise rotation r by an angle
of /3 and the reflection s at the y-axis denote the generators of the dihedral group Dg
of order 12. Furthermore, we know that the closed orbits in this horospherical variety
are given by Go/P, and G2/Pg. Therefore, we obtain that W, is generated by s, which
has order 2. Thus, we have 6 T-fixed points in G3/P, and they are indexed by the
elements of W/W,. From the above we know that for any v € R\ RJJSQ there exists
a unique T-stable curve connecting x(1) and z(s,). We identify s, with the element
s € Dg and therefore, one can check that sg corresponds to sr € Dg. We write

W/Wq = {r0, vl r2 3 r4 15}

where i denotes the class r'W, = {r's,r'} as representatives in the quotient W/Wj,.
Using Figure [I] or the formulas for reflections, one may check that pairwise different
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reflections s, correspond to pairwise different ris for 1 < i < 5. Therefore, all the
reflections are given by 7's for 0 < i < 5. Now, we need to check which elements
rkri e W/W,, are adjacent for 0 < k # j < 5. By Definition we need to find a
reflection 7's in W, 0 < ¢ < 5, such that s - ¥ = 77 holds. By the relations in Dg we
have risr¥ = ri=Fs and thus, we can find a reflection r’s in W for any two fixed elements
0 < k # j < 5 such that 77 and rk are adjacent. This implies that there is a T-stable
curve connecting any two of the T-fixed points in G3/P, which leads to a total of 15
T-stable curves in the flag variety Go/P,. Similar computations can be done for the flag
variety Ga/Pg.

Later on, we will be interested in the weight of a T-stable curve C and also its degree.
To obtain those one can use the following lemma.

Lemma 5.9. [15, Lemma 2.1] Let a torus T act on a curve C' = P! with two different
T-fized points p and q and let L be a T-equivariant line bundle on C. Let x, and x4
be the weights of T acting on the fibres L, and Ly, respectively, and 1, the weight of T
acting on the tangent space of C' at p. Then we have

Xp — Xq = mj)p
where n is the degree of L.

Remark 5.10. In our case, and more specifically in the previous Example the
degree can also be obtained by the formulas in Section These computations (cf.
Section lead to 6 T-stable curves of degree 1, 6 T-stable curves of degree 3 and 3
T-stable curves of degree 2 in the flag variety G2/ P, in Example 5.8

5.2 Geometry of horospherical varieties of Picard number one

In this section, we want to consider the geometry of smooth projective horospherical
varieties of Picard number one. First, we will recall some basic notions of horospherical
varieties. Excellent references are for example [16], 411, 142 [43].

Definition 5.11. [19, II. Remark 6.10.3] Let X be a smooth projective variety of di-
mension > 2. Then we define the Néron-Severi group N'(X) as the divisor class
group modulo algebraic equivalence. Its rank is called the Picard number of X.

Remark 5.12. [41, Remark 4.5ff.] Let S\ I be the set of simple roots corresponding to
the horospherical variety X as described in Remark Then the Picard number p of
a smooth G/H-embedding X satisfies

px =rx +#(S\I) — #(Dx)

where 7y is the number of rays in the colored fan of X minus the rank n (cf. Definition
2.50)) and Dy denotes the set of simple roots in S\ I which correspond to colors in the
colored fan Fx.

Remark 5.13. [43] Section 1.2] Since we will be mainly interested in smooth projective
horospherical varieties X, we remark that the colored fan associated to X is complete
and therefore, rx > 1 holds. Moreover, px = 1 if and only if rx = 1 and Dx = S\ I.
In particular, the colored fan of X has exactly n 4+ 1 rays.
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5.2 Geometry of horospherical varieties of Picard number one

Remark 5.14. Let X be any smooth projective spherical G-variety. Then algebraic
equivalence coincides with rational equivalence (cf. [6, Section 1.3]). Since X is nor-
mal by definition, rational equivalence of codimension one cycles coincides with linear
equivalence of Weil divisors (cf. [19, Appendix A Section 1]). The divisor class group
coincides with the Picard group because X is assumed to be smooth and thus, the Néron-
Severi group is isomorphic to the Picard group. The Néron-Severi group is known to
be finitely generated (cf. [35]) and the Picard group Pic(X) of X is torsion-free by [47,
Corollary 3.2.6]. Thus, we know that Pic(X) is free. We will be mainly interested in
smooth projective horospherical G-varieties X of Picard number one and resulting from

~

the previous discussion we know that this is equivalent to Pic(X) = Z.

We will consider smooth projective horospherical varieties of Picard number one.
These varieties were classified by Pasquier [43] and the classification is given by the
following theorem.

Proposition 5.15. [/3, Theorem 0.1] Let G be a connected reductive algebraic group.
Let X be a smooth projective horospherical G-variety with Picard number one. Then one
of the following cases can occur.

(i) X is homogeneous.

(i) X is horospherical of rank 1. Its automorphism group is a connected non-reductive
linear algebraic group, acting with exactly two orbits.

Moreover, in the second case X is uniquely determined by its two closed G-orbits Y and
Z, isomorphic to G/Py and G /Py, respectively, and (G, Py, Pz) is one of the triples of
the following list.

(1) (Bn, P(wn-1), P(wy)) forn >3

Ch, P(wm), P(wm—1)) for n > 2 and m € [2,n]
Fy, P(w2), P(ws))
(5) (Ga, P(w1), P(w2)

Here we denote by P(w;) the maximal parabolic subgroup of G corresponding to the
dominant weight w; using the notations from Bourbaki [J].

Remark 5.16. In our notation P(w;) denotes the maximal parabolic subgroup Pg\q,
for the simple root «; associated to the fundamental weight w;.

Lemma 5.17. [/3, Lemma 1.2] Let G/H be a horospherical homogeneous space. Up
to G-equivariant isomorphism of varieties, there exists at most one smooth projective
G/ H -embedding with Picard number one.

In the sequel, we are only interested in the cases which are not homogeneous because
the rational T-equivariant cobordism for the homogeneous varieties can be described
using [31, Theorem 7.8]. Therefore, we recall the construction from [16, Section 1.3].

Let X be a smooth projective horospherical but non homogeneous variety of Picard
number one with associated triple (G, Py, Pz). In this case, we denote the previous
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triple also by (G, P(wy), P(wz)) for the corresponding fundamental weights wy and wz.
Furthermore, the dense orbit is given by G/H = G - [vy +vz] C P(Vy & Vz) where Vy
and V are the irreducible G-representations with highest weights wy and wz and the
corresponding highest weight vectors vy and vz. By construction, we conclude that Py
and Py are the stabilisers of [vy] and [vz] in P(Vy) and P(Vy), and that Y and Z are
the G-orbits of [vy]| and [vgz] in P(Vy) and P(Vyz), respectively. Lastly, we have that
X =G - [vy +vz] CP(Vy ®Vy) is the closure of the G-orbit G- [vy +vz] in P(Vy @ Vy).

The T-fixed points of X are given by the T-fixed points of the two closed G-orbits.
Now, we analyse the T-stable curves and the fixed point subschemes XT" for some
given X in order to be able to use Theorem with the aim of obtaining the rational
T-equivariant cobordism of X. In the previous section, we have already seen how to
determine the T-stable curves in the closed orbits G/Py and G/Pz which are flag va-
rieties. Next, we investigate the T-stable curves meeting the dense open orbit G/H for
any smooth projective horospherical variety X of Picard number one. We will use the
diagram

G/H
y
G/(Py N Py) (5.1)
G/Py / \ G/ Pz

where 7 is the corresponding C*-bundle.

Definition 5.18. Let C be a T-stable irreducible curve in the dense open orbit G/H.
Then we define S := =1 (n(C)) to be the preimage of ©(C).

Lemma 5.19. Let C be a T-stable irreducible curve in the dense open orbit G/H. Then
S is given by one of the following cases.

(i) S is the curve C itself.
(ii) S is an irreducible surface containing C.

Proof. Let C be a given T-stable irreducible curve in the dense open orbit G/H. Then
7(C) is also T-stable. The following two cases can occur for 7(C).

(i) 7(C) = {x} is a point. Without loss of generality, we can choose this point to
be the B-fixed point in G/P := G/(Py N Pz) where Py N Py is the same as the
normaliser Ng(H) which was mentioned in Remark The B-fixed point is
1 - P/P and therefore, the closure C' C X of the fibre 771(1 - P/P) = C is the
line joining the B-fixed points 1 - Py /Py = [vy| € Y and 1- Pz/Pz = [vz] € Z
because 7 is a C*-bundle and B-fixed points are mapped to B-fixed points via the
projections py and pz. The other lines will be obtained by the Weyl group action.
Those lines are T-stable by assumption.

(ii) 7(C) is a T-stable irreducible curve. Without loss of generality, we can choose
7(C) = S(«) - P/P for some positive root o which is not in Rf where S(a) is the
3-dimensional subgroup of G whose Lie algebra is go ® g—a @ [ga; §—a). This curve
joins the B-fixed point (1) and x(sq) = o - P/P. Then we obtain an irreducible
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5.2 Geometry of horospherical varieties of Picard number one

surface S := 7~ 1(7(C)) because 7 is a C*-bundle. This surface S contains C' and
is T-stable since 7 is equivariant. The other curves are obtained by the Weyl group
action. n

Lemma 5.20. Any surface in a connected component of X*' for a singular codimension
one subtorus T' = Ker(a)® for some positive oot o is of the form S C X for some T-

stable curve C' and S = m1(x(C)).

Proof. Let A be a surface in X7, This is itself a connected component of X7~ and A is
a spherical Cg(T")-variety by Proposition We know that ANG/H # () because the
two closed orbits Y = G/Py and Z = G/ Pz contain only finitely many T-stable curves.
Now, let a € A. Then we have ta = tt'a = t'ta for all t,#' € T which implies that A is
T-stable. We have ANG/H C 7 17(ANG/H) and the reversed inclusion is also true
because A is T-stable and T acts transitively on the fibres of m as P/H is a quotient of T'.
Therefore, the whole fibre must be in ANG/H. Furthermore, A has only zero- and one-
dimensional T-orbits since T/T" is one-dimensional. The image under 7 of those orbits
is either a T-fixed point or the T-stable irreducible curve 7(ANG/H). We conclude that
there must be a T-stable curve C C ANG/H such that ANG/H = 7 '7(C) because if
the T-orbits were only the fibres then there would be infinitely many T-fixed points in
G/P. O

Remark 5.21. Let a connected component of X7 be given for some codimension one
subtorus 7”. As mentioned already in the previous proof these are T-stable with only
zero- and one-dimensional T-orbits since T//T”" is one-dimensional. To be more precise,
either an orbit is a T-fixed point or a one-dimensional T-orbit T/T" - for some z € XT".
Therefore, the stabilisers of x in T are subtori of codimension one or zero.

Definition 5.22. Let X be a smooth projective horospherical G-variety of Picard number
one of the form (G, P(wy), P(wz)). Then we denote by x := wy — wyz the difference of
the two fundamental weights wy and wy.

In the following, we want to analyse which surfaces S are a connected component in
some X" for some codimension one subtorus T”. Therefore, we formulate the following
lemma.

Lemma 5.23. For any smooth projective horospherical variety X of Picard number one
we have the following properties.

(1) The only T-stable curves in X meeting the open orbit G/H occurring as a connected
component of X7 for some codimension one subtorus T' are of the form 7=1(z)
where z € G/(Py N Pz) is a T-fixed point.

(2) The surfaces occurring in X T" only arise from codimension one subtori of the form
T' = Ker(wa)? = Ker(wy)? for some positive root o which is a non-zero multiple of
x and some w € W.

Proof. As above, we have the B-fixed point 1- P/P in G/P := G/(Py N Pz). We need to
consider the previously discussed case from Lemma (ii). Therefore, we assume that
there exists a T-stable curve C' C G/H such that a general point in the T-stable curve
7(C) has the form w - u_,(x) - P/P where u_,(x) denotes the corresponding element in
the root subgroup U_,. A general point in S = 7~ 17(C) has the form

W U_o(2)tH = u_yo (2 ) WtH = u_yo () wtw " wH = u_yo (2" )t wH
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fort € P/H = C*.

Now, we consider the T-action on those points for z € T":

2U_ o (2 WH = u_yo((wa)(z) a2t wH
= U_ya((wa)(2) L2 2wH

= U_ya((wa) (2) 2 )W ww ™ zwH.

This implies that a point z acts trivially if and only if w™'2w € H = Ker(x) and
z € Ker(wa) hold. This implies by the Weyl group action on the character group that
this is equivalent to z € Ker(wy) N Ker(wa).

If Ker(wy)? # Ker(wa)? holds, then Ker(wy)? N Ker(wa)? has codimension two in
T. Therefore, we obtain a T-stable surface S or a T-stable curve in 7~ 17(C). It remains
to check whether those are fixed by some codimension one subtorus. If one of those
was a connected component of X T/, then the stabiliser of any point in X 7" would have
at most codimension one in T, but as we computed above, the stabiliser of a general
point in S and therefore, also in every potential T-stable curve in 7~ '7(C) is precisely
Ker(wy)NKer(wea). Therefore, the stabiliser of a general point would be of codimension
two in T and thus, the T-stable surface S is not a connected component of X7 and
there exists no T-stable curve in 7~ 17(C) which is a connected component of X T

If Ker(wa) = Ker(wy) holds, then we have Ker(wy)? = Ker(wa)? = T’ and S is
some connected component of X7* because z acts trivially on a general point of S. This
implies property (2) because in this case @ must be a non-zero multiple of .

Now, let C be a T-stable curve in X T meeting the open orbit G/H for some codi-
mension one subtorus 7" C T. The curve C meets the open orbit G/H along a T-stable
curve C. By Lemma C is either a fiber of m or C is contained in the T-stable
surface S = 7~ 17(C). In the latter case, we distinguish whether « is non-zero multiple
of x or not. As discussed above, there exists no T-stable curve in .S whose closure is
a connected component of X 7" if o is not a non-zero multiple of y. We also showed
above that the closure of S is itself a connected component of X7 containing C' if « is
a non-zero multiple of y. We conclude that C is never a connected component of X "t
C' is contained in the T-stable surface S. This implies property (1). O

Algorithm: We analyse the occuring surfaces in the connected components of X v,
As we have seen above, we need to consider roots o which are multiples of the difference
x of the two fundamental weights wy and wz up to the Weyl group action. After that,
we look at the curves in the closed orbits Y and Z. Up to Weyl group action these
are given by S(a)[vw, | which connect sq[v,, | and [v,, ]| in Y and similarly in Z. Thus,
we need to compute so(wy) = wy — (aV,wy)a and similarly for wz. Then we will
know how many T-fixed points we have in the relevant connected component of X7 and
in which orbits they occur. If we obtain 3 T-fixed points then we obtain a projective
plane and if we obtain 4 T-fixed points, then we will have a Hirzebruch surface F,,. We
remark that s,(wy) = wy holds if and only if (a,wy) vanishes. Now, it remains to
be checked which Hirzebruch surface F,, we obtain in the case of 4 T-fixed points. For
details concerning the geometry of Hirzebruch surfaces as ruled surfaces we refer the
reader to [19, Chapter V]. So let S be some surface of type IF,, with T-stable curves of
degrees x and y with x < y where the T-stable curves are the two closed SLs-orbits in
F,. Now, we want to determine the non-negative integer n and the embedding of S.
Let p: S — P! be the ruling. Then p has a section Cy such that the self-intersection is
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5.2 Geometry of horospherical varieties of Picard number one

C2 = —n. It is furthermore well known that this is the only section of p with negative
(non-positive) self-intersection for n > 0 (n = 0). Let f be a fibre of p. We know that
the Picard group of S is generated by Cy and f. Furthermore, we have f.Cy = 0 and
f? = 0. Geometrically, the morphism p describes the projection to one of the closed
SLo-orbits. Thus, we may choose f to be the line [Av + pv'] CP(V @ V') where v € V
and v/ € V' are the highest weights vectors. So let L = aCy + bf be the line bundle
defining the embedding of S. Following [19, Chapter V, Corollary 2.18], we know that L
is very ample if and only if @ > 0 and b > an. In addition, we have two special sections
of p which are the two closed SLo-orbits, i.e. the curves C' and C’ of degrees x and v,
respectively. As they are sections of p, the intersection with f is 1 and therefore, they
are of the form C' = Cy + ¢f and C' = Cy + ¢ f. For the embedding ¢ : S — P(V & V')
we know that L = ¢*(O(1)). Further, for a general hyperplane H in P(V & V') we have
H.f =1 because f is a line in P(V & V’). We also have H.C = x and H.C' = y in
P(V @& V') by the assumption on the degrees of the curves C' and C’. Considering now
the line bundle L on S, we compute (H N S).f = 1 for the divisor H NS whose class
corresponds to the line bundle L. This can then be also written as L.f = 1. Thus,
we have 1 = L.f = (aCp + bf).f = a. Similarly, we can pull O(1) back to P(V') and
P(V') which are the curves C' and C’, respectively. We obtain (H N C).C = z and
(HNC").C" = y which can be written as L.C = x and L.C" = y. Further, we have
C.C" = 0 because the two closed SLs-orbits do not meet. On the other hand, we have

x=C.L=(Co+cf)(Co+bf)=-n+c+b,
y=C".L=(Co+f)(Co+bf)=-n+c +b,
0=CC' = (Co+cf).(Co+cf)=-n+c+{

which leads to

_ntr—y

=
c,_n—:c—i—y

=

These observations yield C? = 2¢ —n = x —y < 0. This leads to C' = Cy because Cy
is the unique irreducible curve with non-positive self-intersection (or x = y and n = 0).
We conclude ¢ = 0 and hence, n = y — x which also holds for n = 0 and y = z. Thus,
the embedding is given by L = Cy + yf and the curve C' is C' = Cy + (y — z) f.

We consider some examples of the classification of Pasquier which are given by triples
(G, Py, Pz). We will study their geometry using the above algorithm and the classifica-
tion of Bourbaki [5].

Example 5.24. In this example we will discuss all the possible cases from Proposition

0. 19

(i) We consider type (1), i.e. (Bp,P(wp—1),P(wy)) for n > 3. The fundamental
weights are given by

Wp—1=€E1+ ... +€n-1
=ay+2a3+ ... +(n—2)ay_2+ (n—1)(ap_1 + ap) and

1
Wy, = 5(51 +...+en)
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(i)

(iii)

1
= 5(0&1 + 209 + ... + nan)
for j = ; — €41, 1 <i <n—1, and «,, = &,. Therefore, we have

X = Wn—-1 — Wn

1
= 5(61 + ..+ En_1—€n)
1
= §(a1 +2a0+ ...+ (n—Day—1+ (n—2)ay).

The positive roots are given by ¢; for 1 <i <mand g; £¢; for 1 <14 < j < n. This
implies that they will not be any surface in X T’ hecause there is no root which is
a non-zero multiple of .

Now, we consider type (2), i.e. the triple (Bs, P(w1), P(w3)). The fundamental
weights are given by

w1 =¢€1

= a1 + as + az and

1
wg = 5(81 + &2 +€3)

1
= §(oz1 + 22 + 3ag)

for «; as above. Therefore, we have

X =W1 — w3
1

= 5(51 — &2 — 53)
1
= 5(041 — as).

As above, there will not be any surface in X7 by the same argument.

Next, we consider type (3), i.e. (Cpn, P(wm), P(wm—1)) with n > 2 and m € [2,n].
The fundamental weights are given by

W; =€1+ ... +¢&;

. ) 1
=a;+2as+ ...+ (@ — a1+ <Oli + i1+ a1 + 2an>

forl<i<nand oy =¢; —€i4+1, 1 <i<n—1, and a,, = 2¢y,. Therefore, we have
X =Wm — Wm-1
= Em

1
= QO + ... +0p—1+ ian.

The positive roots are given by ¢; ¢; for 1 <i < j < n and 2¢; for 1 < i < n.
Thus, there is a positive root which is a non-zero multiple of y, namely « := 2¢&,,.
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5.2 Geometry of horospherical varieties of Picard number one

Consequently, we have

2 2-2
a’ = a = Em =E&m

(a,a) (281, 2em)

and therefore, we obtain
(@, wm) = (Em,e1 + oo +&m) =1
and
(@¥,wm-1) = (Em,€1 + .. +Em—1) = 0.

This implies that we have 3 T-fixed points and thus, we obtain a projective plane
in X7'.

(iv) Next, we consider type (4), i.e. the triple (Fy, P(w2), P(ws)). The fundamental
weights are given by

wo = 261+ €9 + €3
= 3o + 6ag + 8az + 4ay and
1
wg = 5(381 +ea+ez+eq)
= 2a1 + 4as + 6as + 3oy

for
1
Q] =E&2 — &3, (g =E3 — &4, Q3 =2¢&4, Qg = 5(51 —52—63—54)-
Therefore, we have

X =w2 —ws

1
:§(€1+€2+83—€4)
= a1 + 203 + 203 + ay.

The positive roots are given by ¢; for 1 < i <4, ¢, £¢;for 1 <7 < j <4 and
%(51 +e9 +e3+ey). Thus, a := x is already a positive root and consequently, we
have

v _ 200 _ €1 +€eat+e3—¢€4

N (o, @) N (%(81 +€2+83—€4),%(€1+€2+53 —&4))

=¢€1 +&2+ €3 —¢&y4.

Therefore, we obtain
(@, wy) = (€1 + €2+ €3 — 4,261 + 2 +e3) =4

and

1
(@’ ws) = (61 + €2 + €3 — eu, 5(351 +eatezten)) =2
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This implies that we have 4 T-fixed points and thus, we obtain a Hirzebruch surface.
Remark ensures that (o, ws) and (a¥,ws) give us the degrees of the curves
in the two closed orbits. The only surfaces occurring in X " are projective spaces
P? and Hirzebruch surfaces F,,. Therefore, the given surface must be a Hirzebruch

surface [Fo using the previous

(v) Lastly, we consider type (5), i.e. the triple (G2, P(w1), P(w2)). The fundamental
weights are given by

w) = —€2+¢€3
= 201 + a9 and

Wy = —€1 — €9 + 2¢e3
= 3041 + 20[2
for a; = &1 — €9 and ag = —2¢7 + €9 + £3. Therefore, we have

X = W1 — w2
=£&1 —€3

= -1 — Qs.

The positive roots are given by a1, o, a1 + a9, 2aq + ae, 3o + a9 and 3ag + 2as.
Thus, a := —y is a positive root and consequently, we have

V. 2a 2(63—61)
o’ = = =€e3—€1.
(a,a) (53—61763—61)

Therefore, we obtain
(@¥,w1) = (3 —€1,—e2 +¢e3) =1
and
(@, wy) = (€3 — €1, —€1 — €2 + 2e3) = 3.

This implies that we have 4 T-fixed points and thus, we obtain a Hirzebruch surface.
Remark ensures that (o, w;) and (a¥,wy) give us the degrees of the curves
in the two closed orbits Y and Z, respectively. We conclude using the previous

that XKer(@° contains a Hirzebruch surface IFs.

After having described the T-stable points and curves on all the smooth projective
horospherical varieties of Picard number one, we can describe their equivariant algebraic
cobordism rings. This will be done by using Theorem

Example 5.25. Here, we will give the equivariant cobordism rings of the previous 5
cases. Therefore, we will in general consider as usual the injective map

7 (X)) = (X e

(i) First, we consider the case (B, P(wp—1), P(wy)) for n > 3. For any element
w' € W/Wg\q,_, we denote by y(w') := w'P(wp—1)/P(wn—1) the corresponding

1
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T-fixed point in Y and similarly by z(w") := w” P(w,,)/P(w,) the T-fixed point in
the closed orbit Z for any w" € W/Wg\,,, -

The equations for the closed orbits Y and Z are given by

fy(w-sa) = fy(w) mod C’{ (wan—l—wsawn—1> (52)
fz(w~55) = fz(w) mod C’-lr (wan—wsﬁwn) (53)

for « € RT\ R;(wn_l), B € R\ R} o) a0d w € W which is true as the difference
of the weights associated to the T—i%xed points is a multiple of the weight of the
corresponding curve and we consider rational coefficients. We have seen above that
there are no surfaces in this particular case. Therefore, the last equations are given
by the lines joining the two closed orbits. These are given by

fy(w) = fz(w) mod CT (wan—l_wwn> (5.4)

for w € W. This completely describes the equivariant algebraic cobordism Q%.(X)q
in case (1).

Case (2) can be done similarly because there are also no surfaces in any fixed point
subscheme X7,

Now, we consider the case (Cy, P(wm), P(wm—1)) for n > 2 and m € [2,n]. The
equations from the curves in the closed orbits can be obtained as in and .
Furthermore, the equations from the lines joining the closed orbits can be obtained
as in . As we have seen in Example we need to choose a := 2, to
be the positive root which is a non-zero multiple of ¥ = w;, — w;—1 in order to
obtain a surface in X7 for T = Ker(a)?. The reflection s, acts trivially on the
T-fixed point z(1) and therefore, we obtain the T-fixed points z(1),y(1) and y(sq)
in X7'. Having a look at the weights of the resulting surface P2, we see that wy,_1
acts trivially and that w,, acts with weight €,,. Therefore, we can identify the
T-fixed points z(1),y(1) and y(s,) with y, x and z respectively where we consider
the T-action on P? given by ¢- [z : y : 2] = [tz : y : t~'2]. For any w € W this leads
to the equation

(fy(w) - fz(w)) + p1/2c{(Lwa) (fy(w-sa) - fy('w)) =0 mod c?(Lwa)?

This completes the description of the equivariant algebraic cobordism in case (3).

Next, we consider case (4) which is given by the triple (Fy, P(w2), P(w3)). The
equations coming from the curves can be described as above for the previous cases.
From Example [5.24 we know that we can choose the positive root a := xy = ws —ws
in order to obtain surfaces in X7 for T’ = Ker(a)?. The T-fixed points are given
by y(1),y(sa), 2(1) and z(s,) contained in a Hirzebruch surface Fy which has been
described in Example [5.24] By that example, we know that we have a T-stable
curve of degree 4 in the closed orbit Y and one of degree 2 in the closed orbit Z.
By computing

Sqwo = —€9 — €3 + 2e4 and
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1
Sqws = 5(51 — g9 — €3 + 3e4),

we obtain we — sqws = 4o and ws — sqws = 2« and therefore, we can identify
y(1),y(sa), 2(1) and z(s,) with w, z, z and y, respectively, using the notations from

and Gy = ( fyw) — fz(w,)> which leads to the equations

Example (v). For any element w’ € W we define (.5, = (fz(w,s(l) — fy(w/5a)>

p_2/20ip(Lw/a)§wr.sa + pQ/QCtlr(Lw’a)Cw’ =0 mod ¢! (Lya)?
This completes the description of Q(X)q in case (4).

(v) Lastly, we consider case (5) which is given by the triple (G2, P(w1), P(w2)) for
w1 = 201 + as and wy = 3a1 + 2a9. The curves can be described as above for the
previous cases. In order to obtain surfaces in X7  we need to choose o := —y by
Example [5.24] Therefore, we obtain the T-fixed points y(1),y(sa), 2(1) and z(sq)
contained in a Hirzebruch surface Fy which has been described in Example[5.24] By
that example, we know that we have a T-stable curve of degree 1 in Y and one of
degree 3 in Z. By verifying the weights s,-w1 = a1 and s, -we = —ag we can identify
y(1),y(sa), 2(1) and z(s,) with x,y,w and z, respectively, by using the notations
from Example (v). For any w’ € W we define &,.5, := (fy(w/.sa) — fz(w/.sa))

and &, = (fz(w,) — fy(w,)> which leads to the equations

/072/202111(Lw’a)§w’~sa + pQ/QC{(Lw’a)gw’ =0 mod C{(Lw’a)2~
This completes the description of Q(X)q in case (5).

To finish this section, we will redo the computations for the equivariant cobordism
of the symplectic Grassmannian 1G(2,5) and verify that the geometric description from
Example leads to the same result as the previously described algebraic approach.

Example 5.26. We consider the case (C2, P(w2), P(w1)). The positive roots are given
by a,B8,a + 5 and 2a + 8 where o = €1 — €2 and § = 2e9 denote the simple roots, £
being the long root. We have W (Sp,) = D4 where Dy denotes the dihedral group of
order 8. The geometric picture of the roots of Cs is given by the following figure.

A

~

Figure 2: Root system of Cj.

With the same arguments as in Example we obtain 4 T-fixed points in G/P, and
G/ Pg. Furthermore, every two fixed points in one of the closed orbits are connected by
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5.2 Geometry of horospherical varieties of Picard number one

some T-stable curve which leads to a total of 12 T-stable curves in the closed orbits.
The fundamental weights are given by wy = €1 and wo = €1 + €9 = a + . The T-fixed
points in G/ P, are indexed by elements of the quotient

W/Wa = {{sa,1d}, {s55a, 53}, {Sas85a: Sass}: {(555a)% 55553} }-

The B-fixed point y(1) in Y corresponds to the weight £; + €2 which implies that the
T-fixed points y(sg),y(sass) and y(sgsasg) correspond to the weights 1 — e2,60 — €1
and —e; — €9, respectively. Now, we compute the weights acting on the T-stable curves
which are given by

(y(1) < y(sp)) “ —2¢e9
(y(1) < y(sa55)) © —2€
(y(1) < y(spsasp)) & —2(e1 + €2)
(y(sp) > y(sasp)) & —2(e1 — &2)
(y(sp) <> y(s88ass))  —2€
(Y(sasp) < y(spsasp)) “ —2¢9.

We obtain 4 T-stable curves of degree 1 and 2 T-stable curves of degree 2 in the closed
orbit Y.

Next, we will do the same computations for the closed orbit Z. The T-fixed points
in G/Pg are indexed by elements of the quotient

W/Wgs = {{sp,1d}, {5058, 5o}, {585a58, 5850}, {(sa58)” = (s854)%, 50585} }-

The B-fixed point z(1) in Z corresponds to the weight £; implying that the T-fixed points
%(8a), 2(5854) and z(sqa585q) correspond to the weights €2, —e2 and —e1, respectively.
The weights acting on the T-stable curves are given by

(2(1) <> 2(sa)) < —(e1—€2)
(2(1) < z(s85a)) © —(e1+€2)
(2(1) > 2(saS85q)) — —2e
(2(5q) <> 2(5854)) “ —2e9
(2(5a) <> 2(5a585q)) — —(e1+¢e2)
(2(585a) > 2(5a5854)) — —(e1 —&9)

These computations for the closed orbit Z lead to 6 T-stable curves of degree 1. Lastly,
we obtain 8 T-stable curves of degree 1 meeting the dense orbit by letting the Weyl group
act on the curve connecting the two B-fixed points y(1) and z(1). The corresponding
weights are given by

Id(y(1) < 2(1)) = (y(1) < 2(1)) © —e2
sa(y(1) < 2(1)) = (y(1) <> 2(sa)) “ —e
sp(y(1) < z(1)) = (y(sp) < 2(1)) )
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sasp(y(1) < 2(1)) = (y(sasp) < 2(sa)) “ el

spsa(y(1) < 2(1)) = (y(sp) < 2(spsa)) © =€
saspsa(y(1) < 2(1)) = (Y(sass) <> 2(sasgSa)) © —er
ssasp(y(1) ¢ 2(1)) = (y(spsasp) ¢ z(spsa)) el
(sp5a)*(y(1) © 2(1)) = (y(sp5a5s) <> 2(sasp5a)) © e,

In accordance to Examplethere will be projective planes P? in X Ker(8)” and to be
even more precise, there will be 2 projective planes in X" containing y(1), y(ss), (1) and
Y(5058),y(585058), 2(SaSa5a), respectively. Therefore, using the notation from Example
we may identify the B-fixed point z(1) with the T-fixed point z13 by choosing the
Borel subgroup to be the subgroup of upper triangular matrices in Sp,. This implies
y(1) = z12 because of the degree 2 curve in Y containing y(1) and therefore, we have
y(sg) = x14. Furthermore, we can then identify z(snSgsa) = 35,y(5a58) = 25 and
Y(spsasg) = xas. Lastly, we obtain z(sgsq) = 234 and 2(sq) = x23. In conclusion, we
obtain the same description as in Example [£.29] which will lead to the same equations
describing the equivariant cobordism ring Q4.(IG(2,5))g.

Remark 5.27. The previous example can be generalised to all the examples of type (3),
i.e. to all odd symplectic Grassmannians I1G(k,2n + 1) for n > 2 and k € [2,n]| which
have been described in Example [£:31] We conclude that computation of the equivariant
cobordism rings using the geometric interpretation coincides with the algebraic one for
all the examples occurring in case (3).

5.3 Geometry of horospherical varieties of Picard number two

In this section, we consider the geometry of smooth projective horospherical varieties
of Picard number two. We will first recall some relevant notation which was used in
Pasquier’s classification of smooth projective horospherical varieties of Picard number
two (cf. [44]).

Let G be a complex simply connected simple algebraic group, B a Borel subgroup
of G and T a fixed maximal torus contained in B. This defines a root system and
in particular a set of simple roots. We may associate a fundamental weight w, and a
fundamental G-module denoted by V(w,) to each simple root . More generally, for
any dominant weight x we denote by V() the G-module associated to x. To be more
precise, it is the unique irreducible G-module that contains a unique B-stable line where
B acts via weight y. A non-zero element of the B-stable line of V() is called a highest
weight vector of weight y and the stabiliser of the B-stable line of V() is denoted by
P(x) which is a parabolic subgroup of G' containing B.

In this section, for G = C* we call the identity automorphism of C* the simple root
of G, we denote it by a and set w, = . The natural C*-module C is denoted by V(wq)
where « is the simple root of C*. Further, for any n € Z, we denote by V(nw,) the
C*-module C where C* acts with weight nw,. Moreover, if G = {1}, we call the trivial
morphism from G to C* the simple root of G which we denote by o and we set w, = 0.
We remark that in both cases any non-zero vector is a highest weight vector.

Assume now that G is a product Gy X --- x G of simply connected simple groups,
C* and {1}. A simple root of G is a simple root of some G; and it is said to be trivial
if G; is equal to C* or {1}. Moreover, let xo, ..., x¢ be dominant weights of Gy, ..., Gy,
respectively, then the G-module associated to x = xo + ... + X is the tensor product
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Vi(xo) ® -+ ® V(x¢) and a highest weight vector of this G-module is a decomposable
tensor product of highest weight vectors.

Definition 5.28. [/4, Definition 3.9] Let G = Go X -+ x Gy be a product of simply
connected simple groups, C* and {1} with t > 0.

(1)

(2)

Suppose Gg to be a simple group. Further, let 8 be a non-trivial simple root of Gy,
let n > max{1,t} and let ay, ..., be distinct, possibly trivial, simple roots of G
different from B and lastly, let 0 = ag < a1 < --- < a, be integers. Suppose also that
forany k € {1,...,t}, Gy, = {1} if and only if k = 1 and «yg is the trivial root of G.
Denote a := (ag, ...,an) and a := (ao, ..., an). Under these assumptions, we define
XY@, B,a,a) to be the closure of the G-orbit of a sum of highest weight vectors in

P (EB V(wo, + (14 ai)wﬁ> .
=0

Suppose now thatt > 1. Letn > 2, let 0 =ag < a1 < --- < ap_1 be integers, and let
QQ, .-, Qpy1 be distinct, possibly trivial, simple roots of G. Suppose also that, for any
k€ {0,..,t}, Gp = {1} if and only if k = 0 and oy is the trivial root of Gy, or k =t
and oy, 41 18 the trivial root of Gy. Denote o := (g, ..., py1) and a := (ag, ..., Gp—1).
Under these assumptions, we define X2(G, a,a) to be the closure of the G-orbit of a
sum of highest weights vectors in

n—1 1—‘1-(11'
P <@ @ V(wa; + bwa,, + (1 + a; — b)wanﬂ)) .

=0 b=0

Definition 5.29. [/4, Definition 4.1] Let K be a simple algebraic group over C and let
v, 8 be two simple roots of K. The triple (K,~,0) is said to be smooth if it is one of the
following 8 cases, up to exchanging v and & (with the notation of Bourbaki [5]).

(1)-
(2)-
(3)-
(4)-
(5)-
(6)-
(7)-
(8)-

A, a1, Qo)) with m > 2
A, iy iq1) withm >3 and i € {1,...,m — 1}

B, -1, ai,) with m > 3

Chny iy 1) with m > 2 and i € {1, .. -1}
Dy, -1, i) with m > 4
Fy,az,a3)

(
(
(
(B3, a1, a3)
(
(
(
(

G, a1, a9)

We say that the triple (type of K,~,d) is smooth of two-orbit type if it is one of the cases
3, 4, 5, 7 or 8 above.

Definition 5.30. [/4, Definition 4.3] Let K be a simple algebraic group over C and let
B be a simple root of K and let R be a subset of simple roots of K, all distinct from (3.
Let n be a non-negative integer. Denote by L the Levi subgroup of the maximal parabolic
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subgroup P(B) of K, then the semisimple part of L is a quotient by a finite central group
of a product of simple groups L', ..., L1 (with ¢ > 0). The quadruple (K, (3, R,n) is said
to be smooth if

(1) n=1,R = {v,8} such that v and § are simple roots of the same L¥ such that the
triple (L*,~,6) is smooth;

(2) or for any k € {1,...,q}, at most one simple root of LF is in R, and if v € R is a
simple root of L¥, then LF is of type A or C and v is a short extremal simple root
of L*.

We can now define the restricted conditions that allow us to state the main theorem
of [44].
Definition 5.31. [/, Definition 4.4] Let X = X}(G, 8,a,a) as in Definition |5.28 Let
Ry be the mazximal subset of {«y, ..., an} consisting of simple roots of Goy. We say that X

satisfies the restricted condition (a), (b) or (c), respectively, if it satisfies all the following
properties including (a), (b) or (c), respectively.

(1) The quadruple (Go, 3, Ro,n) is smooth.
(2) If Ry is empty, then Gy is the universal cover of the automorphism group of G/P(wg).

(3) If i < j and a; = a;, then aj € Ry. Moreover, if o; and o are in Ry, we suppose
them to be ordered with Bourbaki’s notation as simple roots of Gg.

(4) One of the three following cases occurs.

(a) We have n =t =1, o and ay are both simple roots of Gy such that the triple
(G, a9, 1) is smooth; in particular, Ry =0 and ay < ay.
In the next two cases, the map {ao,...,an}t \ Ro — {1,...,t} is surjective and
strictly increasing, and for any k € {1,...,t}, either Gy is isomorphic to some
SLg, and a;, is the first simple root of G, or Gy is isomorphic to C* or {1}
and oy, 1is the trivial simple root of Gy,.

(b) The simple root cv, is not trivial (in particular if an—1 = ay,).

(c) The simple root a, is trivial (and then a,—1 < a).

Definition 5.32. [/], Definition 4.5] Let X = X?(G,,a) as in Definition |5.28. We

say that X satisfies the restricted condition (a), (b) or (c), respectively, if it satisfies all
the following properties including (a), (b) or (c), respectively.

(1) We have 0 = ag < a1 < -+ < Gy,

(2) The triple (G, cn, ant1) s smooth of two-orbit type; in particular, oy, and a1 are
both simple roots of Gy and «q, ..., an—1 are simple roots of Go X Gy X +-- X Gy_1.

(3) One of the three following cases occurs.

(a) We have n =2, t =1 and the triple (G, ag, 1) is smooth.
In the two next cases: t =n, the map {ag,...,an—1} — {0, ....,t — 1} is surjective
and strictly increasing; and for any i € {1,...,t}, either G; is isomorphic to
some SLq, and oy is the first simple root of G;, or G; is isomorphic to C* or
{1} and «; is the trivial simple root of G;.
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(b) The simple root au,—1 is not trivial.

(¢) The simple oot cv,—1 is trivial.

Now, we can finally state the classification of smooth projective horospherical varieties
of Picard rank two.

Theorem 5.33. [{4, Theorem 1.1] Let X be a smooth projective horospherical variety
with Picard group 7?. Suppose that X is not the product of two varieties. Then X is
isomorphic to one of the following horospherical varieties. In all cases, G is a product
of simply connected simple groups, C* and {1}.

(0) G is simple and X 1is a homogeneous variety G/P where P is the intersection of two
maximal (proper) parabolic subgroups of G containing the same Borel subgroup.

(1) X is one of the varieties X} (G, 8, a,a) as in Deﬁm’tz’on with one of the restricted
conditions (a), (b) or (c).

(2) X is a variety X2(G, a, a) as in Deﬁm’tz’On with one of the restricted conditions
(a), (b) or (c).

Remark 5.34. [44, Remark 4.6] In Theorem [5.33 the decomposable projective bundles
over projective spaces are the horospherical varieties X in Case (1) with restricted con-
dition (b) or (c), and such that Ry = () and wg is the first simple root of Gy = SLy, for
some dp > 2 (and 0 < a1 < -+ < ap).

Remark 5.35. In Case (1a) one would have the product of two varieties if one allowed
a; = 0. Here, one can compute the T-equivariant cobordism of the product using the
Kiinneth formula [3.63|

Recall [44, Section 4.1] that the colored fans F! and F? of the horospherical varieties
in Cases (1) and (2) of Theorem are given as follows.

The colored fan F! is the complete colored fan whose maximal colored cones are gen-
erated by all uy, ..., u, except one and with all possible colors except 3, where (u1, ..., uy)
is a basis of N and ug = —uj — ... — u,. Recall also that the lattice IV is of rank n which
is the rank of the horospherical variety X'(G, 3, a, a).

The colored fan F? is the complete colored fan whose maximal colored cones are
generated by all ug, ..., uy, v1, ..., Us41 except one u; and one v; where (uq, ..., uy, v1, ..., Ug)
is a basis of N, ug = —u1 —...—u, and vs11 = aqjuy +... +a,u, —v1 — ... —vs. Furthermore,
the maximal colored cones of the colored fan F? contain all possible colors.

Proposition 5.36. Let X be a smooth projective horospherical G-variety with Picard
group 7% and suppose that X is not the product of two varieties. Then the following
statements are true.

(i) All varieties X of rank one are coming from Cases (1a) and (1b).
(i) Varieties of rank one coming from Case (1a) have finitely many T-stable curves.

(iii) Varieties of rank one coming from Case (1b) can potentially have infinitely many
T-stable curves.
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Proof. (i) There is a well known correspondence between closed G-orbits and maximal
colored cones (cf. [29]). Using the previous description of the colored fans, one may
observe that smooth projective horospherical varieties of Picard group Z? which are of
rank one can come from Case (la) and (1b) and have two closed G-orbits. In Case (1c)
one cannot construct an example with n = 1 and ¢t = 0 because Gg is by assumption
neither C* nor {1}. Furthermore, in Case (2) we require n > 2 by Definition [5.28] Thus,
the only smooth projective horospherical varieties of Picard group Z? of rank one come
from Cases (1a) and (1b).

(i) Let X = X!Y(G, B, a, a) be a smooth projective horospherical variety with Picard
group Z? of Case (1a). In this case, the dense orbit is given by

G - [Vag tws F Von, +(14ar)ws] S PV (Wag +wp) @ V(wa, + (14 a1)wp))

where vy, tw, and Vg, +(1+ar)ws BTE the highest weight vectors of the correspoding
representations associated to the highest weights. Similarly to the Picard number one
case (cf. Section [5.2)), we obtain the two closed G-orbits Y = G/Py and Z = G/Py
where Py and Py are the stabilisers of [wa, +wgl and [vy, 4 (14a1)ws) 0 P(V(wae +wp))
and P(V (wa, + (1 4+ a1)wg)), respectively.

In order to determine the T-stable curves and the fixed point subschemes X T/, we can
again use diagram where T” is a subtorus of codimension one in 7. Furthermore,
we can run the same strategy and proofs as in the case of Picard number one (cf. Section
. In this case the difference of the two fundamental weights is given by

wg

X 1= Way +wg — (Way + (14 a1)wg) = Way — Wa, — A1W3.

As we have seen in Example [5.24] we need to find a root which is a non-zero multiple of
x in order to find surfaces in X 7" for some singular codimension one subtorus 7" C T.
We have a; # 0 in Case (1a) and therefore, we cannot find such a root because x consists
of a part coming from Gy and another one coming from (7. Thus, we conclude that
there are only finitely many T-stable curves in Case (1a) of Theorem m

(iii) Now, we consider the smooth projective horospherical varieties of Picard group
7?2 and of rank one coming from Case (1b). In that case we have n = 1 and t = 0. After
having discussed Case (la) we can make similar observations concerning the geometry
for the examples coming from Case (1b). Consequently, we obtain x = wq, —Wa, —a1wWg,
but in this case all the roots are roots of the same group Gy. Thus, one may be able to
find a positive root which is a non-zero multiple of y. This concludes the proof. O

Remark 5.37. For smooth projective horospherical varieties X of rank one with Pi-
card group Z? coming from Case (la), the T-equivariant cobordism Qi (X )Z[S;] can
be computed using Theorem because there are only finitely many T-stable curves.
As opposed to Case (1a), one needs to use Theorem in order to compute the T-
equivariant cobordism for smooth projective horospherical varieties of rank one with
Picard group Z? having infinitely many T-stable curves coming from Case (1b).

Using the from Section which also works for smooth projective horo-
spherical varieties X of rank one with Picard group Z?, we can check whether there occur
some projective planes or Hirzebruch surfaces in the connected components of X" for
codimension one subtori 77 C T.. We will see in the upcoming examples that the degrees
of the curves in the closed orbits can be way different from the ones occurring in the
smooth projective horospherical varieties of Picard group Z.
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Now, we present some examples similar to the computations in Example [5.24] in

Section [5.2

Example 5.38. Using the notation of Bourbaki [5] concerning the roots and the fun-
damental weights, we consider certain examples.

(i) First, let X = X!(Spy,, an, (a1, @,—1), (0,0)) be the given smooth projective horo-
spherical variety of Picard rank two from Case (1b). Here, we have

X=wi —Wp-1=¢€1— (€14 ... +en-1)
= —&2 — ...~ &p_-1-
For 3 < n < 4 we can find a positive root which is a non-zero multiple of x. We
choose n = 3. Then we have a := —2y = 2g5. We need to compute
v 2« 2 - 2¢e9

= = :5
T laa)  (@e2e0)

and thus, we obtain
(@ w1 +ws3) = (e2,61 + (61 + &2 +¢e3)) =1
and
(@, wy +w3) = (g2, (61 + €2) + (61 + €2+ €3)) = 2.

This implies that we have 4 T-fixed points and that we obtain a Hirzebruch surface
Fy in X7 for T’ = Ker()°. For n = 4 we have

X=wi —w3=¢1 — (€1 +¢e2+¢€3)
= —€2—¢&3
and in this case, we choose o := —x. We compute

2 2
R (e2+es3) er 3
(a, ) (€2 +€3,62 +€3)

and hence, we have
(0", w1 +wy) = (2 + 3,61+ (614 ... +e4)) =2
and
(@Y, w3 +wy) = (62 +€3,261 + 260 + 263 +24) = 4.

In this case, using the from Section [5.2] we obtain a Hirzebruch surface
Fy in X7 for T' = Ker(a)?.

(i) Let X = X!(Es, a1, (a3, a2),(0,1)) be the given smooth projective horospherical
variety of Picard rank two from Case (1b). This leads to

X=(ws+w)— (w2 +2wi) = w3 —wy —wip
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1 1
= *(—81 +é&2+ ... +er+ 758) — *(61 +...+e7r+ 568) — 2¢eg

2 2
= —&1 — £8.
Thus, we can choose the positive root a := —y = €1 + €g. As above, we compute
2« 2(e1 +¢
a = = (61 + 8) = €1 + €3

(o,a) (g1 +es,e1 +¢€s)

and hence, we obtain

1
(av,wg +w1) = (61 + €s, 5(—51 +éeo+ ... +er+ 1188)) =5

and

1
(@, wy + 2wy) = (g1 + €3, 5(51 + ... +er+13eg)) =T.
Similar to the previous case, this leads to a Hirzebruch surface Fo with a different
embedding.

Remark 5.39. One can compute a plethora of examples for Case (1b) using the clas-
sification of smooth quadruples in [44] Appendix 6]. Even for a; # 0 one can see from
Example that surfaces occur in the fixed point subschemes X7 for codimension
one subtori 7/ C T'. The T-equivariant cobordism rings Q% (X )q for all of these varieties
can be described by Theorem

Remark 5.40. A natural question to ask would be the generalisation of these com-
putations to varieties of rank > 2. Therefore, one could consider a smooth projective
horospherical variety of rank two with Picard group Z2. In this case, there are three
closed G-orbits, one dense G-orbit and three other G-orbits. One might be able to de-
scribe the T-geometry in the dense G-orbit using similar strategies as for the rank one
case except that one would need to consider a fibration with fibres (C*)2. On the other
hand, one also has to describe the T-geometry in the three G-orbits which are neither
open nor closed. These orbits are similarly given by G-orbits of a sum of weight vectors,
but in general their T-geometry is very difficult to describe. Thus, the above computa-
tions cannot be easily extended to any smooth projective horospherical variety of Picard
number two.
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6 Equivariant multiplicities at isolated fixed points

In this section, we want to generalise some results for equivariant Chow groups from
[7, Section 4] to equivariant algebraic cobordism. Furthermore, in this section we will
work with the definition of T-filtrable schemes given in Section [3.1

6.1 Equivariant multiplicities

Definition 6.1. Let X be a scheme with a T-action. We call a T-fixed point x € X
nondegenerate if the tangent space T, X contains no nonzero fixed point. Equivalently,
0 is not a weight for the T-module T, X . The weights of this module counted with their
equivariant multiplicities will be called the weights of x in X.

Remark 6.2. [7, Section 4.1] We have T,,(XT) = (T, X))o where (T, X )o denotes the zero
weight space. Therefore, any T-fixed point in a nonsingular T-variety is nondegenerate if
and only if it is isolated. Thus, for the class of smooth projective and spherical varieties
all T-fixed points are nondegenerate.

Before we start to prove the main analogues of [7, Section 4] we state two important
statements which were proved by Krishna [31]. Let M be the character group of 7.
Recall that S(T)[M ~!] is the graded ring obtained by inverting all non-zero linear forms
>_i—1myt; which was described in more detail in Construction For a smooth
k-scheme X with a torus action, we denote Q5(X) ®@g(ry S(T')[M~T] by Qp(X)[M~].

Proposition 6.3. [71, Proposition 3.1] Let G be a linear algebraic group and f : Y — X
be a regular G-equivariant embedding in G — Schy, of pure codimension d and let Ny;x
denote the equivariant normal bundle of Y inside X. Then one has

ffo fu(n) = Cg(NY/X)(n)

for every n € QY (Y).

Corollary 6.4. [31, Corollary 7.3] Let X be a smooth T-filtrable variety with an action
of a torus T and i : XT — X be the inclusion of the fized point subscheme. Then the

pushforward map i, : V(XT)g — Qn(X)g becomes an isomorphism after base change
to S(T)o[M™1].

We recall that the equivariant cobordism module of disconnected varieties is the direct
sum of the equivariant cobordism modules of the connected components.

Definition 6.5. Let X be a smooth T-filtrable variety with an action of a torus T.
Further, let [Y — X] € Q5.(X)q and x € X be an isolated T-fized point. We distinguish
between isolated fized points and connected components F C X which are not an isolated
point. For any isolated fized point, we define the equivariant multiplicity

exx[Y — X] € S(T)g[M™!]
of X at x to be given by the equality

Y 5 X]=i.| Y ex[Y »X|lz—z]+ Y ep[F —F)

zeXT FCXT
isolated

which holds in Vr(X)g[M 1] for some ep € S(T)g[M 1] and [F' — F] € Q(F)q.
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6.1 Equivariant multiplicities

Lemma 6.6. Let X be a smooth T-filtrable variety with a T-action. Furthermore, let
Y C X be a closed smooth T-filtrable subvariety. For the class [f : Y — X] in the
S(T)qg-algebra Vp(X)g and any T-fized point y € Y which is nondegenerate in X we
have

ey,X[Y — X} =

C{(Lﬂa) T CFiF(fom)

in QUn(X)o[M 1] where x1, ..., Xm are the weights of y in'Y.

Proof. First, we remark that the assumption of y € Y7 being nondegenerate in X implies
that y lies in X7 and is nondegenerate in Y. Next, we consider the equality

Y Y= Y ey[Y =Yy =Y+ ) ep[F —Y] (6.1)
y’GYT ngT
isolated

coming from Definition For j : YT — Y, we apply j* on both sides. Using
Proposition [6.3] and the Whitney sum formula, we obtain

YT =Y = Y eyyly =] [I d@-|W =1+ > erlf*F — F
y'eyT x weights of FCYyT
isolated y inY

which leads to

-1

eyylY = Y] = I @y

x weights of
y inY

for all isolated v’ € YT. Now, we apply f. to (6.1) and thus, we have

Y =5 X]= > eyylY =Yy = X]+ > ep[F (6.2)
yeyT FCYT
isolated

On the other hand, by Definition we have the equality

Y - X| = exxY — Xz — X]| + F' = X].
[

zeXT FCXT

isolated -

Let i : y — X be the inclusion of the isolated fixed point y in X. Applying i* to the two
equations above implies

ey yY = Y]i*ly = X] = ey x[Y = X]i*[y — X]. (6.3)
Hence, comparing the coefficients leads to
€y7y[Y — Y] = 6y7x[Y — X]

which implies the claim. O
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Next, we consider classes [Y — X| of the S(T")g-algebra .(X)q for which Y is not
necessarily a closed smooth T-filtrable subscheme of X. This generalises [7, Proposition
4.3] in the setting of smooth T-filtrable varieties with a T-action.

Proposition 6.7. Let XY be smooth T-filtrable varieties with a T-action such that
[f 1Y — X] is a class in the S(T)g-algebra 5(X)g. Let x € X be a nondegenerate
fized point. Assume further that all fived points in the fibre f~'(z) are nondegenerate.
Then we have

exx[Y = X]= > e[V =Y]
yey T
fy)=z

Proof. Let 7 : U — X be the inclusion of some open T-stable neighbourhood of x.
By potential shrinking we may assume that z is the unique 7T-fixed point in X. Using
Definition [6.5]in €4.(X)g, we obtain

Y= X]= Y ex[V = X]lz = X]+ > ezl = X].

zeXT FCXT
isolated -

We have j*[F' — X] = 0 if Im(F’) € X does not contain z. Therefore, pulling back
along j yields

T U) = Ul= Y eaxV = Xz — Ul = e, x[Y — X][z — UJ.
zeUT

On the other hand, we have

Y =Y]=i| > eylY =Ylly—=yl+ Y ep[F — F]

yey T FCYT
isolated

Applying the pushforward f, to the equation results in

Yo X]=| Y eyl =Y]y— X1+ > ep[F = X]
yey T FCYT
isolated

Again, j*[F" — X] =0 and j*[y — X] =0 for any 3/ € YT if f(y') # z. Thus, applying
the pullback j* yields

U= Ul= > e[V = Y]y — Ul
yey T
fy)==

Due to the fact that [z — U] = [y — U] holds in Q&(U)g[M 1] for any y € YT with
f(y) = x, we obtain
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6.2 Classes in IG(2,5)

exx[Y = Xz 2 Ul= > ey[Y = Y]y — U]

yey T
f(y)==

= > eylY =Y]|ly—Ul
yey T
fy)=x

Thus, the corresponding coefficients in S(T)g[M ~!] must coincide which implies the
claim. O

Remark 6.8. The results in this section can be certainly proved for the coefficient ring
Z[S%Y] (cf. Deﬁnition, but in fact one only needs condition (i) of Deﬁnition in
order to prove Corollary Therefore, it would be enough to consider only condition
(i) of Definition for the subsequent Definition which could then be used as the
modified coefficient ring in this section.

6.2 Classes in IG(2,5)

Example 6.9. We want to compute the pullback of the classes of IG(2,5) in S (T)(S@.
Therefore, we first consider the Bialynicki-Birula decomposition coming from Brion’s
definition of T-filtrable varieties in [7, Section 3]. As a generic one-parameter subgroup
we choose A : G,,, — Tt — diag(t?,t,t~1,¢t72). Using the notation from Section we
obtain the cells

ai/as b1/bs
az/as  ba/bs
a b
Xy (245, 0) =< | as/as bs/bs || - = bﬁzo = AP
1 0 as  bs
0 1
ai/az b1/bs
az/asz ba/bs
b
X4 (235, \) = 1 0 —@—“Lb“:o = A
0 b4/b5 a3 a30s
0 1
ai/az b1/bs
az/az ba/bs as
X, (x34,0) = 1 0 - —=0 = A}
0 1 3
0 0
al/ag bl/b5
L 0 ap by
X (x25,\) = 0  b3/bs - =0 = A3
0 by/bs 2%
0 1
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al/a2 bl/bg
1 0
X+(x23, /\) = 0 1
0 0
0 0

0

ba /by

Xy (z1a,A) = ba/ba | ¢ = A3

X+($13, /\) =

Xi(z12, M) =

SO OO+ OO OO OO0 o
—
Il
>
—

co oo
|
>
o

which lead to the filtration A = Xq C X; C --- C X7 = IG(2,5) where each X; is
given by attaching one more cell in reciprocal order. We recall the filtration (3.1)), i.e.
the X; are T-stable closed subschemes of 1G(2,5) for all 0 < i < 7. Further, we remark
that the W, = X,,, \ X;n—1, 0 < m < 7, are precisely the Bialynicki-Birula cells which
are the given affine spaces in our situation. The generators of QI (IG(2,5))g are given
by [Xi — IG(2,5)] (cf. Corollary and we need to compute the weights acting on
the tangent space of the fixed points contained in X; which is done by finding affine
stable neighbourhoods on which we can see the weights acting. Next, we give a list of
the weights occurring for the different fixed points in their corresponding affine stable
neighbourhoods where €1, 2 are given as in Example [£.29

T45 in X7 = weights: €1 + &9, 269,€9,2¢71, €1

xr3s5 in X7 = weights: €9, —£9,261,61 + €2,61 — €3
r3s5 in Xg = weights: €9,2¢1,61 + €9,61 — &2

T34 in Xy = weights: €1, —¢€1,61 + €9,2¢2,62 — €1
T34 in Xg = weights: €1,€1 4+ £2,2¢e9,60 — &1

r3y in X5 = weights: 1,61 + €3, 269

Tos in X7 = weights: — g9, —2e9,2¢1,61,61 — &9

Tos in Xg == weights: —e9,2e1,61,61 — &9

Tos in Xy = weights: 21,671,671 — €9

Tos in Xy = weights: 2¢e1,61,61 — €9

131



6.2 Classes in IG(2,5)

93 in X7
23 in XG
23 in X5
T3 in X4

23 in X3

T14 in X7
T14 in Xg
T14 in X5
X114 in X4
X114 in Xg

T14 in X2

13 in X7
13 in XG
13 in X5
13 in X4
13 in X3
T13 in Xo

T13 in X4

X192 in X7
T12 in X6
T12 in X5
X192 in X4
T12 in X3
192 in X2
19 in X1

19 in XO

Lrerred tieiiy el

Lol

weights: €1 — €9, —2e9, —1 — €9,€1, —€1
singular point

singular point

weights: €1 —e9,e1, —¢€1

Weightsz €1 —€&92,€1

weights: 9 — €1, —€1, —2¢€1, 2¢9, 9
weights: €9 — €1, —€1, 269, &9
singular point

weights: €9 — €1, 2e9, €9

weights: 2e9, &9

weights: 2e9, &9

weights: €9 — &1, —€1 — €2, —2¢€1,62, —€3
singular point

singular point

weights: €9 — €1, €9, —€9

singular point

weights: €9, —€9

weights: e

weights: — ey, —e1 — €2, —2e1, —£2, —2¢9
singular point

singular point

singular point

singular point

weights: — g9, —2¢e9

weights: — &g

no weights

Besides that, we have the pullback i*[X7 — I1G(2,5)] = (1,1,1,1,1,1,1,1) for the inclu-
sion 7 : IG(2,5)T — 1G(2,5). Furthermore, using Definition and Lemma one can
compute the pullbacks of the fixed points which are given by
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izy3 23 = 1G(2,5)] = cf (Ley—c1)et (Laey )ef (Leyve)ef (Ley)ef (Ley)
iz, 714 = 1G(2,5)] = cf (Ley—o)ef (Ley et (Laey )ef (Lae,)ef (L—c,)
iz5lr13 = 1G(2,5)] = cf (Ley—2)ef (Leyyes)e (Lazy )ef (Logy)ef (Ley)
iz, T2 = 1G(2,5)] = cf (Ley)et (Leytes )t (Laey )ef (Ley)ed (Lazy)

where z45 is the most attractive fixed point, i.e. the fixed point whose Bialynicki-Birula
cell is open. Lastly, using Lemma and by computing the weights on affine stable
neighbourhoods of the fixed points, we deduce

iz, [Xo = 1G(2,5)] = c1 (Le,)ei (Leytes et (Laey )t (Ley)ei (Laz,)
i, (X1 = 1G(2,5)] = e (Le,)ef (Ley e )t (L2ey )] (Laz,)

iz X1 = 1G(2,5)] = c1 (Ley—2,)et (Leyyes )t (Lag, )ef (Ley)

iy, [X2 = 1G(2,5)] = ¢f (Ley)ef (Ley4e,)ef (Lae,)

i3 [ X2 = 1G(2,5)] = €] (Ley—ep)ef (Ley+e,)ci (Lac,)

i, [X2 = 1G(2,5)] = ¢f (Ley—e )¢ (Ley)ef (Lae,)

inys [ X2 = 1G(2,5)] = c1 (Leyyey)et (Lag, )ef (Laey)

i, [X5 = 1G(2,5)] = ¢ (Ley ye;)ef (Loey et (Ley)

iy [X5 = 1G(2,5)] = ¢f (Leytey)ef (Ley et (Laey)

where X5 and X are the two projective planes obtained by attaching the affine planes
X2\ X7 and X3\ X3 to the projective line X7, respectively. Therefore, X3 is the union
of the projective spaces X9 and X/ meeting in the projective line X;. Let X3 be the
normalisation of X3 which is smooth. Then the pullback #* [)~(3 — 1G(2,5)] is given by
the sum of *[ Xy — IG(2,5)] and i*[ X5 — IG(2,5)].

In the sequel, we set E; to be the vector space generated by the first ¢ basis vectors
of C5. For the sake of completeness, we remark that Xg, X1, X2 and X} are given by

Xo = {712},

X1 = {Vh €1G(2,5) | B1 C Va},

Xy ={V, €IG(2,5) | E1 C Vo C E4},
X, ={V, €1G(2,5) | Vo C E3}.

Now, we will consider the singular subscheme X; C IG(2,5) which is obtained by
attaching the A3 = X, \ X3 containing the fixed point z95 to X3. Geometrically, X4 can
be identified with a cone over a surface with only one singular point x12. The pullback
to smooth T-fixed points in X, works similar as in the previous cases. Therefore, we
only consider the pullback to the singular fixed point x12. One can compute the blow
up of the point xj2 in Xy explicitly (cf. Section and check that there are four
T-fixed points in the exceptional divisor F. Using Proposition we need to compute
the weights of the four T-fixed points in £ C X4. These weights can be seen from the
computation directly.
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6.2 Classes in IG(2,5)

Using Proposition [6.7] and Definition [6.5] leads to

[X4 — 1G(2 5)] = €215,1G(2,5) [X4 — 1G(2, 5)] xm[xl? — 1G(2 5)]

3312

= Z € %, [X4 — X4] Z$12[$12 —1G(2,5)]

#eXT
f(f)—rm
_ {( )C{( €1+€2)C{(L€2)6?(L2E2)
C{( 51)01( €2— 51)

CT(L€1+€2)01 (L2€1)Cl ( gl (L2€2)
of (Ley)ef (Ley—ey

( )C{( €1+€2)Cl (L2E1 il ( )
(L

: .
)
+ 1T 62)61< c1—e2)
)
)

C
( )C{( €1+€2)cl (L261 1 (L282)
C,{(LEQ)Cl( €1—€2

We remark that this element reduces to the correct one in Chow rings and that the
pullback i [X4 — IG(2,5)] is an element in S(T)qg. Alternatively, one could check that

the geometric descriptions of Xy and X, are given by

+

1|

Xy = {VQ € IG(2,5> ‘ EonNV, #£ 0} and
Xy = {(V1,Va,V3) € P(C) x IG(2,5) x Gr(3,5) | Vi C B2 C V3 C Vi, V3 C Va C W3}

Now, we consider the closed subscheme X5 C 1G(2,5) which is obtained by attaching
the cell A% = X5 \ X4 containing the fixed point z34 to X4. A short computation shows
that the planes containing x19, x13, 14 and x19, 13, T2o3 are singular in X5. Normalising
yields X4 and X} := X3 U (X5 \ X4). We remark that X} is given by the equations
es N es = ez Aes = ey Aes =0 which implies

X} = {V, C CP isotropic | Vo C F4}.

One may observe that any isotropic subspace V5 in F4 has to remain isotropic when
considering V5 := (Vo + Ef)/Ef C E4/Ef, but since Ey/E{ = (e, e4) holds, we obtain

X ={Va CEy| Van (e, es) # 0}.
We claim that a resolution X} of X} is given by
X = {(V1,Va, V3) € P(Ey) x X} x Gr(3,Ey) | Vi C Van(e1,es), Vs D Vo + (e1,e3)}.
This is birational to X via the second projection. Now, we consider the map
h: X, — {(Vi,V3) | Vi C (e1,e3), Vs D (e, e3)} = Pt x P!

which is a P'-fibration over P! x P!. Therefore, X ) is smooth and projective. The only

singular point in X} is 213 and thus, we want to compute 4} [X} — IG(2,5)] using

Proposition
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The T-fixed points in the exceptional divisor are given by

(El, <61, 63), Eg), (E1, <61, €3>, <€1, €3, 64>), (63, <€1, 63>, Eg), (63, <61, 63>, <€1, €3, 64>).

Exemplarily, we compute the weights for the first T-fixed point in the exceptional divisor,
i.e. for x1 := (Fy, (e1, e3), E3). Therefore, we consider the morphism h and the tangent
space Th(;l)IP’(el, e3) X P(eg,eq) = T[LO]’[LO}IP’I x P! which leads to the weights —e; and
—2¢y. The last weight can be seen in the tangent space T (b ™! (E1, E3)) = Tjo.qjP(e2, e3).

This leads to the weight e5. We summarise that the weights of z7 in X} are given by
—e1,€1 and 9. The weights of the other T-fixed points in the exceptional divisor can
be computed similarly. Therefore, for any T-fixed point x € X5 one can compute

it X5 — IG(2,5)] = %[ Xy — IG(2,5)] + 5[ X} — IG(2,5)].
Lastly, we consider the singular subscheme Xg C X which is given by
X = {V, C C° isotropic | Van(er,ez,e3) # 0}.
We claim that a resolution Xg of Xg is given by
Xo = {(V1,Va,V4) € P(C°) x X x Gr(4,5) | Vi CVon B3, V4 2 Vo + B3, Vs C Vi )

Again, this is birational to Xg. Now, we want to show smoothness of )N(G. We consider
the map

fiXe = {Vi2 B} =P (V1,15, Vi) = Vi
whose fibres are
FHVa) ={(Vi, Vo, Va) | Vi C B3, Vi C Ve C Vi, Va C Vi)
where Vy C VlL sV C V4l holds. Consider now the projection
g: Vi) > {Vi SV} =P (Vi Ve, Va) = VA

which is a ]P’2—b1~1ndle over P! because Vj- is two-dimensional. Thus, f~!(V}) is smooth
and therefore, Xg is smooth and projective.

Now, we want to apply Proposition to obtain the pullback i;[)z'g — 1G(2,5)]
for the singular T-fixed points x € Xg. The singular T-fixed points in Xg are x12, 213
and xo3. The T-fixed points in the exceptional divisor which map to x1o are given by
(E1, Eq, Ey) and (eg, Es, (E3,e5)). For the other two singular T-fixed points we obtain
three T-fixed points in the exceptional divisor, e.g.

(61, <€1, €3>, E4), (63, <€1, €3>, E4) and (63, <€1, 63>, <E3, €5>)

are the T-fixed points in the fibre of x13. Exemplarily, we compute the weights for one
of the T-fixed points in the fibre of z19, i.e. & := (E1, 2, E4). Therefore, we consider
the morphism f and the tangent space Tf(j)]P’l = T[l:O]IP’(e4,e5). Thus, we obtain the
weight —e1 + £2. Next, we need to compute the weights in T3(f~(E,)). Therefore, we
consider the morphism ¢ and the tangent space Tg(f)IP’l = T[lzo]IP’(el, es) which leads to
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6.2 Classes in IG(2,5)

the weight —e;. Lastly, we consider the tangent space Tx(g~!(E1)) where g~1(E1) is the
set of two-dimensional spaces containing e; and contained in Fy. Thus, we obtain the
last weights from T3 (g~ 1 (E1)) = Ti1.0:0/P(€2, €3, e4). This leads to the weights —e2 and
—2e9. We summarise that the weights of & in )?6 are given by —e; + €9, —€1, —€2 and
—2¢e9. Similarly, one can compute all the other weights and apply Proposition [6.7] to
finish the computation. This then determines the whole ring structure of 3.(IG(2,5))g
and allows us to multiply classes.

Remark 6.10. Assuming we could determine the pullback at singular points using the
equations given in Example and the weights of the tangent spaces at smooth points
as in T-equivariant Chow rings (cf. [T, Section 4]), we would be able to determine the
class [5(4 — IG(2,5)] uniquely for an arbitrary T-equivariant resolution of singularities
X, of X4 A long computation shows that one cannot even determine a unique class in 7-
equivariant K-theory only using the weights of the tangent spaces at smooth fixed points
because of the multiplicative formal group law. In fact it is not even known whether these
(not uniquely determined) classes correspond to the resolutions of singularities of Xj.
The fact that one cannot determine the class [X; — IG(2,5)] uniquely is natural because
two different resolutions of singularities determine two different classes in cobordism. For
example, one could also consider another resolution of singularities of Xy given by

X; = {(V1,Va) € P(C®) x IG(2,5) | Vi C (e1,e3),Va DV isotropic}

which is a P2-fibration over P!. The exceptional locus of X T over Xy is a P! over the
singular point x12. A computation (cf. Section shows that the given pullbacks
Qs (X, — IG(2,5)] and iy [X; — IG(2,5)] do not coincide, although they both reduce
to the same element in T-equivariant Chow rings and in T-equivariant K-theory (cf.

Section |A.4]).

To finish this section, we finally want to consider some examples in which we can
use the refined coefficient ring (cf. Definition which was already mentioned several
times throughout the thesis. Using our technique, the upcoming examples which are
not flag varieties are also new for Chow rings with the refined coefficient ring. Before
analysing all the examples in detail, we will describe an algorithm with which one can
determine all the occurring weights for the class of smooth projective horospherical
varieties of Picard rank one which are not flag varieties.

Algorithm: By [43, Section 1.2-1.4] we know that if a smooth projective horospher-
ical variety X of Picard rank one is not horospherical of rank 1, then X is homogeneous
and more precisely, it is a flag variety. First, we recall the notation from Section [5.1
We denote by R™ and R~ the positive and negative roots, respectively. For a subset
I C S of simple roots, let W be the group which is generated by reflections s, for o in
I. In addition, let Pr = [[,ecw, BwB and RJFCI (Rp,) be the set of positive (negative)
roots that can be written as sums of roots in I. Using [23], Section 9.1] in the case where
X is a flag variety, we know that the weights of the B-fixed point in G/P; are given
by R™\ Rp,. If X is not homogeneous, then X is given by some triple (G, Py, Pz)
from Proposition [5.15] Exemplarily, we describe how to determine the weights of the
B-fixed point in G/Py. The Weyl group action leads to the weights for the other T-fixed
points in G/ Py and a similar computation for G/Pz concludes the determination of the
weights of all T-fixed points in X. Now, we come to the computation of the weights of
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the B-fixed point in G/Py. First, we determine the weights coming from the flag variety
G/ Py using the previously described method. Then we need to determine the weights
coming from curves connecting the B-fixed point in G/Py with T-fixed points in the
other closed orbit G/Pz. By construction (cf. Section [5.2)), there is a T-stable curve
connecting the B-fixed points of G/Py and G/Pyz. This implies that one weight of the
B-fixed point in G/Py is given by wyz —wy. Let I and J be the subsets of S associated
to the parabolic subgroups Py and Pz, respectively. Then the remaining weights are
given by s, - (wz —wy ) whenever s, € Wy and s, ¢ W;. This is the case because exactly
for those s,, we have s, - wy = wy and s, - wz # wz. We remark that sg-wz = wz and
s - wy = wy hold if and only if s3 € W; and sg € W;.

Example 6.11. In this example, we investigate all the examples occurring in the clas-
sification of Pasquier (cf. Proposition including the homogeneous cases (cf. [43]
Section 1.3]) except the case of the projective space for which equivariant cobordism was
already computed integrally (cf. [34]).

(i) First, we consider X = I1G(2,5) of type (3) and recall the weights of the T-fixed
points in X which are given by

T45 in X7 = weights: €1 4 &9, 269,669,221, 61

x35 in X7 = weights: €9, —c9,261,61 + 9,61 — €9

r34 in X7 = weights: €1, —¢€1,€1 + €9,2¢9,60 — €1

Tos in X7 = weights: — eg, —2€9,2¢1,61,61 — €9

To3 in X7 = weights: €1 — €9, —2e9, —€1 — €9,€1, —€1
r14 in X7 = weights: €9 — 1, —€1, —2¢€1, 2€9, €9

r13 in X7 = weights: €9 — &1, —61 — €9, —2¢€1,€92, —€2
T2 in X7 — Weightsz — €1, —€1 — €9, —251, —E&9, —2¢9.

Next, we check conditions (i) and (ii) of Definition for each of the occuring
normal bundles N, ,x. We remark that our convention of taking a sign into the
representation L, for some weight x does not change the computations. First, we
consider the normal bundle

Nac45/X = L—El—EQ @ L—252 @ L—ez @ L—251 @ L—a1
=(L-e; ® L—2€1) ©® (L—€2 ©® L—262) @ L_c)—c,.

Using the notation from Definition [3:56] we see that the y;, 1 < i <5 are given by
—€&1 — €9, _2827 —&2, _2517 —€&1

and the v;, 1 < j < 3, are given by —e1 — €2, —¢1 and —e2. We see that condition
(i) is only fulfilled for all x;, 1 < i < 5, if we invert p = 2. Furthermore, for
condition (ii) we do not need to invert anything in this case. Similar computations
for the other normal bundles show that we do not need to invert more than the
prime p = 2. Indeed, as mentioned in Remark [6.8] it would have been enough
to consider condition (i) in order to determine the classes which were discussed in
Section @7 but in this case condition (ii) does not restrict the coefficient ring any
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further. To summarise, the multiplicative set Sx from Definition [3.5§ is given by
Sx = 2Z for the odd symplectic Grassmannian X = IG(2,5) which implies that
we can obtain all the results describing the rational T-equivariant cobordism ring
also for the T-equivariant cobordism ring Q7.(IG(2,5)) 1

Next, we compute the refined coefficient ring for the smooth projective horospher-
ical Ga-variety X of type (5) from Proposition We again need the weights of
the T-fixed points in X. It suffices to compute the weights for the B-fixed points in
the closed orbits because the weights of the other T-fixed points can be determined
using the Weyl group action. First, we consider the first closed orbit

G2/P(w1) = G2/ Ps\o, = G2/ Pay, =Y

where oo denotes the long root. We want to compute the weights of the T-fixed
point P,,/P,, € G2/ P,, in X by determining the weights in the closed orbit ¥ and
the remaining ones using the diagram . The tangent space T} Pay/Pay Ga/P,, is
given by g2/pa, where go and p,, denote the corresponding Lie algebras, respec-
tively. Recall from [23, Section 9.1] that u;, = g2/pa, holds where u; is the Lie
algebra of the unipotent radical of the opposite parabolic subgroup of P,,. Using
[23, Section 9.1] again we know that the weights of Tp,,/pP.,G2/ Fa, are given by
a€ R\ RISDQ where R~ are the negative roots and RISDQ are the negative roots
generated by ao. Thus, the weights of Tp,, /P, G2/ P,, are given by

{—a1,—a1 —ag, —2071 — a9, —3a1 — ag, —3a1 — 22 }.

We know that X is of dimension 7 by [16, Section 1.5]. Therefore, we need two
more weights coming from T-stable curves connecting the T-fixed point P,,/Pa,
with another T-fixed point in the other closed orbit Z in X. We can determine
those using diagram . By construction there is a T-stable curve connecting
the T-fixed points associated to the fundamental weights and hence, one weight of
P,,/P,, not coming from the closed orbit Y is given by

a1 + 2a2 — (201 + a2) = a1 + as.

Lastly, we need to find a reflection s,, @ € R, which leaves the T-fixed point
P,,/P,, fixed and moves the T-fixed point in the second closed orbit Z. There is
only one reflection s,, which fixes the T-fixed point P,,/P,,. Thus, the last weight
of P,,/P,, is given by

Say * (301 + 209 — (201 + @2)) = Sa, - (a1 + 202) — Sy, - (201 + )
=3a1 + a2 — (201 + a2)

= 1.

Using the Weyl group action we obtain roots as weights for the other 7T-fixed points
in GQ/Pa2 .

The computations for the second closed orbit Ga/P,, = Z can be conducted simi-
larly. The weights of the B-fixed point P, /P, € G2/P,, coming from the closed
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(iii)

orbit Z are given by
{—OZQ, —Q] — g, —20[1 — (9, —30&1 — (9, —3a1 — 2a2}.

Additionally, the two remaining weights coming from the T-stable curves connect-
ing P,,/P,, with another T-fixed point in Y are —a; — ag and —2a; — .

Furthermore, we know from [5, Plate IX (VIII)] that the root lattice and the
character lattice coincide for G2 and therefore, condition (i) of Definition is
fulfilled for all occurring normal bundles without inverting any prime because all
the roots are primitive. As opposed to the previous example concerning type (3),
we need to invert p = 2,3 in order to fulfill condition (ii) of Definition m Thus,
the multiplicative set from Definition is given by Sx = (2, 3)Z. Using Remark
[6.8 implies that we can obtain all the results from Section [6] also for the integral 7-
equivariant cobordism ring ©%,(X)z. Contrary to the previous example of type (3),
condition (ii) indeed restricts Sx even further. Hence, our main result, Theorem
is also valid for the T-equivariant cobordism ring Q% (X )Z[ 11

Let X be the smooth projective horospherical Fy-variety of type (4) from Proposi-
tion [5.I5] A computation in Appendix [A5] shows that using the same arguments
as in Example one can conclude that condition (i) of Definition is
fulfilled for any occurring normal bundle without inverting any prime. In order
to fulfill condition (ii) of Definition for all occurring normal bundles, one has
to invert p = 2 and thus, Sx = 2Z. Therefore, making use of Remark [6.8] one
can again deduce all the results from Section [f] also for the integral T-equivariant
cobordism ring Q% (X)z. Furthermore, the main result (cf. Theorem holds
in particular for the T-equivariant cobordism ring 7 (X )Z[ 1

Let X be the smooth projective horospherical variety of type (Bs, P(w1), P(ws3))
from Proposition From [16 Table 2] we know that

dimX =9, dimG/P(w;) =5 and dimG/P(ws) =6

hold. As in Example [6.11 (ii)| we know that the weights of the B-fixed point

Pas,as}/ Plas,asy 11 G/ Play,aq) are given by a € R™ \R;{ . Thus, the weights
a2,a3

coming from the closed orbit Y are

{—Ozl — Qg — a3, —Q1, —Q1 —Q2, —Q1 — 2&2 — 20&3, -1 — Qg — 2a3}.

Doing similar computations to those in Appendix [A.5|we obtain the remaining four
weights in X which are given by

1 1
w3 —wp = 5(0(1 + 2090 +30¢3) — (041 + Qo +Oé3) = 5(—81 + &2 +€3)
1
Santas (W3 —wi) = 5(*81 — &9 +€3)

1
Sag(wg — wl) = 5(—51 +e0 — 53)

Saz+2as (W3 —w1) = 5 (—€1 — 2 —e3).
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Using the Weyl group action, we obtain the weights for the other T-fixed points in
G / P{a27a3}.
Similar computations for the closed orbit G/P(ws3) = Z lead to the weights

—o1 — Qg — 3, —0 — 03, —03, —a1 — 200 — 203, —a1 — a2 — 203, —a2 — 203

of the tangent space of Pfy, as1/Pla;,a0) 0 G/P{a;,a,)- The remaining weights in
X are

~( )
wl—w3:§51—52—53
1

So+as (wl - W3) = 5(_51 — &2+ 53)

1
sar (W1 —ws) = (€1 +e2—e3).

Again, using the Weyl group action, we obtain the weights for the other T-fixed
points in G/Pq, a1
These computations imply that condition (i) of Definition is only fulfilled if we
invert p = 2. Further, we do not need to invert anything additionally in order to
fulfill condition (ii) of Definition Similar computations for the other normal
bundles imply that it suffices to invert p = 2 in order to obtain all our results for
Q5 (X) 1.

T z[3]

The last case which is not homogeneous is given by smooth projective horospherical
varieties X (n) of type (By, P(wn—1), P(wy)), n > 3, from Proposition Using
again [16], Table 2] we know that the relevant dimensions are given by

dim X (n) = n(n2—|—3)
dim G/ P(wn_1) = "(”;3) _9
dim G/P(wy) = n(n2—1—3) —n.

As in the previous cases, the weights of the B-fixed point in Y are given by the
roots R~ \ R;{ . The negative roots R~ are
a1

,,,,, apn_92,0n}
—&; = Z —ay, for 1 <7 <n,
i<k<n

—& t+¢&5= Z —ap for 1 <i < j <mn,

i<k<j
—ai—aj:Z—ak—i—QZ—akfor1§i<j§n.
i<k<j Jj<k<n

The cardinality of R~ is n? and furthermore, we will check that the cardinality

of RIS{ is w + 2. It is obvious that there is only one root of the
ay
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for 1 < i < n, ie. there are () — (n — 1) negative roots of the second type in
= . Lastly, there is no root from the third type in RIS{
a1

- n
|RP{°“1 """" an72’an}‘ = <<2> —(n— 1)>

P{Ql vvvvv An—2,9n

-1

- 71(712) —n+2

and thus, we conclude
"\ Ry _2_ (=1
R \Rp, . |=n ( Dy 2>
n(n + 3)

= —> 2.

2

Of course, this must coincide with the dimension of ¥ = G/P(wy—1). Using the
same methods as in previous examples, the remaining two weights of the B-fixed
point of G/P(w,—1) in X (n) are given by

1
Wp —wWp—1==(e1+-+ep) —(E1 4+ +en1)

2
1
= 5(—61 — - —€En-1+¢n)
1
Sa, (Wn — Wn—1) = 5(—51 — i —Ep).
Next, we consider the closed orbit Z = G/P(w,). Again, the weights of the B-fixed
point in Z are given by R~ \RIS{ . The weights in RIS{ , are of the
Qe ap_1 QY ey ap_1

form —e; +¢; for 1 <i < j < n. Thus, we verify

e 9 n\  n(n+3)
|R \Rp{al ,,,,, O‘n—l}| =n - (2) - 2

As in the previous case, we have one more weight which is given by

—n.

1
Wp—1 — Wnp = 5(51 + -+ en1 —En).

One can check that the remaining n — 1 weights are exactly obtained by acting with
the reflections s., ., for 1 <7 < n—1 because these reflections fix the fundamental
weight w,, associated to the closed orbit Z and move the fundamental weight w,,_1
associated to the closed orbit Y. Hence, the remaining weights are

1
Se;—en (Wn—1 — Wn) = 5(51 +otEio1 — & i1+t En)

foralll1 <i<n-—1.

In both closed orbits, the Weyl group action leads to the weights of the other
T-fixed points.

These computations imply again that condition (i) of Definition is only fulfilled
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(vi)

(vii)

(viii)

if we invert p = 2. Further, we do not need to invert anything additionally in order
to fulfill condition (ii) of Definition Similar computations for the other normal
bundles imply that it suffices to invert p = 2 in order to obtain all our results for

QR (X (1))gp1)-

We are left with the homogeneous varieties in the classification of Pasquier [43]
Theorem 1.7]. Case 1 of this theorem is of type (A, a1, ) for m > 2. In this
case X is isomorphic to SOgp,y2 /P(w1) (cf. [43, Proposition 1.8]) which is again
isomorphic to the orthogonal Grassmannian OG(1,2m + 2). This flag variety is
of type D41 and thus, we will use this root system (cf. [5, Plate IV]). This
Grassmannian is of dimension 2m and the weights of the B-fixed point are again

given by R~ \ R;{w YYYY cmpn}’ This complement is given by the negative roots

{—e1 £¢;} for 2 < j < m+ 1. The Weyl group action leads to the weights of
the other T-fixed points. The connection index (cf. [5, Plate IV (VIII)]) is 4 and
thus, we need to invert p = 2 in order to fulfill condition (i) of Definition for
all occurring normal bundles. Further, condition (ii) will be fulfilled for all normal
bundles of Definition [3.56] after having inverted p = 2 and hence, we obtain all our
results also for Q7.(SO2p,+2 /P(wl))z[%] with m > 2.

Case 2 of Pasquier’s [43, Theorem 1.7] is of type (Am, @i, a;y1) for m > 3 and
1 <i < m—1. By [43, Proposition 1.9], the resulting variety X is isomorphic
to Gr(i + 1,m + 2) = SLy,42 /P(wi+1). This flag variety is of type A,,4+1 and
thus, we use [0, Plate I] in order to determine the weights of the B-fixed point.
One can check that there are m + 1 — i? + im weights which are again given by
R\ R;{al The Weyl group action leads to the weights of the

other T-fixed points. Further, the connection index is m+2 (cf. [5], Plate I (VIII)])
and thus, we need to invert all primes occurring in the prime decomposition of
m+2=7pi... pi’“ in order to fulfill condition (i) of Definition m for all normal
bundles of the T-fixed points in Gr(i+ 1, m +2). In addition, condition (ii) will be
fulfilled for all normal bundles of Definition [3.50] after having inverted the primes
p1, ..., P and hence, we obtain our results also for Q% (Gr(i + 1,m + 2))Z[ﬁ’“"i]

withm >3 and 1 <i<m—1.

The last remaining case of [43, Theorem 1.7] is of type (Dy,, m—1, Q) for some
m > 4. By [43, Proposition 1.10], the variety X is isomorphic to the spinor
variety Spin(2m + 1)/P(wy,). This flag variety is of type By, and the weights were
already computed in Example because the orbit Z of the smooth projective
horospherical variety of Picard number one of type (B, P(wm—1), P(wn)) coincides
with the spinor variety Spin(2m + 1)/P(wy,) for m > 4.

Remark 6.12. In the previous example, it was shown that one can refine the coefficient
ring in the main results of this thesis for the odd symplectic Grassmannian 1G(2,5).
Indeed, the computations in Example are similar for any odd symplectic Grass-
mannian IG(m,2n + 1) with integers 2 < m < n such that we can also prove our
main results, Theorem [£.13] and Proposition [6.7] for the T-equivariant cobordism ring
Q7 (IG(m, 2n + 1)) 1) The author did not check the previously mentioned results for

IG(m,2n + 1) integrally which are non-trivial.
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Remark 6.13. For the computations in Example [6.11| one sometimes has to take into
account that the group Spin(n) is a two-fold covering group of SO(n) (cf. [40, Section
24 i.]) which implies that some characters in a maximal torus of Spin(n) might not be
characters in a maximal torus of SO(n). Thus, we need to invert p = 2 in all those
cases, but the computations show that this is already necessary in all the relevant cases.
Therefore, all the previous computations are correct as they are stated.
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A Appendix

In this chapter, we outsource several long computations which are not included in
the main text.

A.1 T-stable curves in the flag variety G2/ P,

Using the notation as in Example[5.8] we want to compute the degrees of the T-stable
curves in G/ P, where o denotes the short simple root. We recall that the two generators
sq and sg of the Weyl group of G correspond to s and sr = s in the dihedral group Ds,
respectively, where s is the reflection at the y-axis and r the counterclockwise rotation
by an angle of /3. Further, one can verify that

53048 = SaSB5a
Sa+B8 = 8354583
82048 = SaSB5a535q

830428 = S35a535453

hold in the W(Gs). In this case we have Rj, = {a} and thus, every class in W/W,
corresponds to one reflection indexed by a positive root where the trivial class in W/W,,
corresponds to the root a. From Example we know that there is a T-stable curve
between each pair of the T-fixed points in Gy/P,. Therefore, we have 15 T-stable curves.
We start with the ones connecting z(1) and z(sy) for v € RT\{a} which have degree d(v)
by Lemma [5.3] We compute the degree of these curves using the definition in Section
We recall that the two simple roots are given by o« = €1 —e9 and f§ = —2e1 + &2 +¢€3.
This leads to the following degree

d(B) = ngp (B:gia(sm =1-0(sp)
d(a+B) = n(aww%a(%) — 3. 0(s)
20+ 5) = nas i 7 L 55005 =3+ 0(52)
B0+ 5) = nisas i 7 L 50053 = 1-0(s)
(8,8)

d(3a+2p3) = n(3a+25)5( )O'(SB) =2 0'(55).

3a+28;3a+ 26

We remark that x(u) = z(u') if u = v’ € W/W,. Thus, acting on some T-fixed point
z(u),u € W/Wy, by the reflection s, will not change the T-fixed point. Now, we act
with sg on the curves and obtain 4 new T-stable curves, namely the curves connecting
x(sp) and one of the T-fixed points

T(5850+8) = T(Sasp) = T(53a+5)
z(8g520+8) = T(SaSpSaspSa) = T(S3a-+24)
z(8p53a+5) = T(55a585a) = T(Sa+s)
) = a(

2(spssatap) = T(5p585a585a5p) = (5204 )
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which have degrees 3,3,1 and 2, respectively, by Remark [5.5] Next, we act on the
original 5 curves with s,y which leads to 3 new T-stable curves connecting x(sq43)
and one of the T-fixed points

2(Sayp520+8) = ((555a)") = 2((a55)*) = (52045)
2(Sa46530+8) = ((5350)") = T(s30428)

T(Satp530+28) = T(Sass) = T(530+5)

which have degrees 3,1 and 2, respectively. Similarly, we obtain the two new T-stable
curves connecting x(saq+3) and one of the T-fixed points

2(5204658) = ©((5a58)") = 2(530+28)
T(52048530+5) = T(5a58) = T(53a+5)

and one last T-stable curve connecting z(szq+5) and

2(83a1p5a+p) = ©((5a55)") = 2(3a125)-

These three curves have degrees 1,1 and 3, respectively. We summarise that there are 6
T-stable curves of degree 1, 6 T-stable curves of degree 3 and 3 T-stable curves of degree
2 Hl(;g/fa.

A.2 Blow up of X,

In this section, we compute the mentioned blow up of the closed subscheme X, in the
T-filtration of the odd symplectic Grassmannian 1G(2,5). One can see from Example
[6.9] that z12 is the only singular T-fixed point and even the only singular point in the
closed subscheme X4. An intuitive way of thinking about the closed subscheme X} is
to identify it with a cone over a surface where the latter contains four T-fixed points.
Therefore, the exceptional divisor should also contain four 7T-fixed points. Now, we
would like to determine the weights of the T-fixed points in the exceptional divisor of
the blow up in order to use Proposition Intuitively, one can simply take the weights
of e.g. the smooth T-fixed point x13 in X4 and determine the weight which comes from
the line connecting it with the singular T-fixed point x12 in X4. In this case, the weights
are given by €9 — €1, €9 and —eo where the one coming from the line connecting x13 and
x12 is €2. This weight should have the opposite sign for the corresponding T-fixed point
in the exceptional divisor and therefore, the educated guess would now be that there is
one T-fixed point in the exceptional divisor with weights €9 — 1, —€2 and —es. After we
will have done the full computation concerning the blow up, we will see that this guess
will be confirmed. This procedure can be done for all four smooth T-fixed points in X4.

We consider an affine neighbourhood of the point z15 in IG(2,5) which is given by

1 0

0 1
ag/ay bz /bo
a4/a1 b4/b2
a5/a1 b5/bg

where aq/a; = bs/bs holds because of the antisymmetric form.
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We introduce new coordinates

x1 = ag/ay

Tro = a5/a1

xIr3 i— b3/b2
Ty = b4/b2
xIs5 i— b5/bQ

whose weights are given by —e1, —2e1, —€2, —2e9 and —e; — €9, respectively. Restricting
this affine neighbourhood to X4 we obtain

Y = Spec klz1, z2, 23, 24, 5]

2
(.171334 — X3T5, L1T5 — L3T2, Ty — -T4x2)

whose Jacobian shows that (0,0,0,0,0) is the only singular point in Y. The blow up is
given by

xiy; = x5y Vi, j
x% — 2429 =0
r1x5 — 2322 =0

T1X4 — T3X5 = 0

Y =< (21, 29,23,24,25), [Y1 : Y2 : Y3 : Ya : Ys] € AS x P?

First, we work on the affine open y; = 1 and away from the exceptional set, such that
To = X1Y2, X3 = T1Y3, T4 = T1Y4 and x5 = x1ys hold. For x1 # 0 this leads to y4 = y%yg
and ys5 = ysy2 which implies that there is only one T-fixed point in this chart, namely
(0,0,0,0,0),[1 : 0 :0:0: 0] =: xa3 which is in the exceptional divisor. The affine
T-stable neighbourhood of xa3 is given by

2
A = (1,0,0,0,0); 1:Q:@:y3722:y3732;2 e A x P*
23 Y1y Y1 Y1

which leads to the weights —e;, —e1 and —eg + €3.

Similarly, there is only one T-fixed point (0,0,0,0,0),[0:1:0:0: 0] =: 235 for the
affine chart yo = 1 with affine T-stable neighbourhood

2
A3~ = {(0,29,0,0,0); @:1:241—%2/5:34—52’:3/—5 e A x p*
25 Y2 Y3 Y3 wn

which leads to the weights —2e1,e1 and g1 — 9.

Similar computations lead to the affine T-stable neighbourhood

2
A = 1(0,0,25,0,0); |22 L0 g Y4 T g5 e
13 Y3 Y3 Y3 Y3

of the T-fixed point x13 := (0,0,0,0,0),[0:0:1:0: 0] in the chart y3 = 1 and for which
the weights are given by —eo, —1 + €2 and —es.

The last T-fixed point z14 := (0,0,0,0,0),[0 : 0: 0 : 1: 0] is in the chart given by
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ys = 1. An affine T-stable neighbourhood is

2
A3~ ={(0,0,0,z4,0); yg—gf):y—g:y—gzlz% e A5 x P4
w14 Yy Y1 Y4 Y3

which leads to the weights —2e9,e9 and —e1 + 9.

Lastly, there is no T-fixed point in the chart given by y5 = 1. This concludes the
computations because it is enough to consider the blow up of an open affine neighbour-
hood of the only singular point x15 in X,;. We also verified that our intuitive approach
at the beginning of this section is confirmed by verifying the weights of x13.

A.3 Class of X, in different equivariant cohomology theories

In this section, we will compare the fundamental class of [X4 — IG(2,5)] in dif-
ferent equivariant cohomology theories. We will start by analysing the class in equiv-
ariant Chow rings using Proposition [£.10] and assuming that we could only compute
the equivariant multiplicities at smooth T-fixed points. For the given pullback map
i* : CH(IG(2,5))q — CH(IG(2,5)T)q, this would lead to

*[X4] = (fi2,2(e1 + €2)e1, 26161, 2ea(e1 + £3), 26262, 0,0,0).

The equations coming from Proposition containing f12 are given by (cf. Example
1.29)

fi2=0 mod &1 + €2,

f12 = fo3 = fo5 mod 2y,
f12 = f13 = fi4 mod 2e,
fi2 = 2fa3+ fos =0 mod 2¢7,
fiz=2fis+ fa=0 mod 2e3.

These equations uniquely determine fio = (£1+¢2)(2e1 +2¢e9). It can be easily seen that
all equations are satisfied. Lastly, we consider the equation for 7} ,[X4] from Example
[6.9] being reduced to Chow rings which is given by

~ _61(81 + 62)82262 (81 + 62)26162282

fora Xl = (—e1)(e2 — 1) e1(e2 —e1)
€1<61 +€2>26162 61(61 +€2)2€12€2
(—e2)(e1 —€2) ea(e1 — €2)
_(81 + 62)82282 B (81 + 62)262262 B 81(61 + 82)281 n 261(81 + 62)261
€1 — &2 €1 — &2 €1 — &2 €1 — €2
(e1+2)(2e3 — 2¢%) n (61 + £2)(4e? — 4¢3)
E1 — €2 g1 — €2
_ 2(e1 +e2)(e2 —e1)(e2 + 1) n 4(e1 + e2)(e1 — £2) (€1 + €2)
€1 —¢&2 €1 —¢&2
=—2(e; + 82)2 +4(e1 + 62)2
:2(61 +62)2

coinciding with the expression for f1o above.
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Therefore, we see that we sometimes do not need the equivariant multiplicities at
singular fixed points in order to compute classes in Chow rings. This situation will
be completely different as soon as we compute in equivariant cohomology theories with
more complicated formal group laws.

Next, we will have a look at the same situation in K-theory. Similarly, we would
have

i, [Xa] = fri2

i (X4] = ' (Ley1ey)eF (Laey)
[ (X4] = I (L)) et (Loey)

i [Xa] = o] (Lacy)el (Leysey)
0%y [ Xa) = c1T<L52>c1T<L2€2>

i, [ Xa) = i3, [Xa) = i3, [X4] = 0

for the pullback i* KT(IG( 5)o — KT(IG(Z 5)T)p. In this case, we remark that
' (Leyie,) = ¢ (Ley) + (L., — Bel (Le, )l (Le,) holds by the multiplicative formal
group law. The equations are again given by

fiz = fis mod ¢f (Le,+e,),

fi2 = fo3 = fos mod ¢f (Lae,),

fiz = fis= fuu mod ¢f (La,),

(fiz — fo3) + p1jact (Loe, ) (fos — f12) =0 mod ¢f (Lo, )?,
(fiz = f13) + p1j2ct (Lacy)(fia — f12) =0 mod ¢f (Lae,)?.

First, we need to determine py/ocf (Lo,) mod ¢f (Lac,)?. In order to simplify the no-
tation, we set x := ¢l (Le,),y := ¢l (Le,), 2 := ¢ (Lae,) and 2’ := ¢l (Lo.,). By Remark
3.35| we have py/p2z = 7 and therefore, we need to express x in terms of 2. By the
multiplicative formal group law we have x(2 — Sx) = z which leads to

1
r=_-z+ éz2 + ..
2
which 1mphes p1/2% = 2 18 g2 mod 22. Replacing z = x(2 — 3z) leads to the epxression
P1/2% = 2 + faz mod 22 because 22 =0 mod z2. Now, we can start with the compu-

tation by considering the first equation fi2 = 0 mod ¢! (L., 1.,) from which it follows
that fi2 = ¢! (Le,ve,) - @ where dega = 1. Next, we have

fos = 2y — By*)(x +y — Bay) = (2y — By*)y mod z

since x = 0 mod z due to the fact that we consider rational coefficients. We conclude
that

fiz=(z+y—Bry)a=ya mod 2

which implies that a = (2y — fy?) mod 2. This leads to a = 2’ + z - b with degb = 0.
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The equation fi3 = fo5 mod z will be fulfilled for any choice of b and hence, we do not
get further restrictions on fi2. Further, we have

fiz = (z+y — Bry)(2x — B2*) =xz mod 2/
and
fio = (@+y—Boy)(/ +2-b)=az-b mod 2

which implies that b = 1 + 2’ - ¢ with degec = —1. By now, we know that fio is of the
form

fi2=(x+y—Bzy))a=(x+y— Pry)(2 +2b) = (x +y — Bay) (2 + 2+ zZ/c)

with degc = —1. It remains to check the two surface equations. We have
fiz = (z +y = Bry)(2y — By? + 2z — Ba® + (2y — By?) (22 — Bz”)c)
= (z +y — Bry)(2y — By” + 2z + (2y — By*)2xc) mod 2*

= 2% — By + 2xy + 4y — 2By c + 2y — Bay? — 2By + [rayd mod 2>
which leads to the equation

(fi2 = f23) + p1/22(f25 — f12)
=(2y° — By® + 2xy + day’c — 2Bxy’c + 2ay — Bay® — 2Bxy* + FPay?)

— 2y = By*) (@ +y — Pry) + (; + ifv) (v(2y — By

— (292 — By + 2zy + dxy’c — 2Bxy3c + 2xy — Pry® — 2By’ + ﬂzxy3)) mod 2>

1
=5 (2 = BY® + 20y + day’c = 2Bay’e) + 2wy - ay®) + (~282y” + Fay®))

2
gwy + ’Bf:vy — 2y + Bay® — 2y° + By + 2Bzy® — By’

2 ﬁy?’—i-gxy—mxy mod 22
=(1-2+1)y° +( §+B ﬁ>y + (1 +1-2)zy

+y -

2 2 2
+(2c—§—5—§+/3+2,8+§>xy2+< 6c+ﬁ—+ﬁ— g~ B) zy® mod 2*

2
E<26+ ?)f)ng%—( BZ—,BC) zy® mod 2

and lastly, we obtain

fro = (z+y — Bay) (2y — By? + 22 — B2® + (2y — By?)(2x — Ba?)c)
= 2zy — B2’y — 2622y + B2y + 222 — B + 2zy + 42?yc — 2823y mod (2')?
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and hence, using the identity p; /22’ = (% + gy), we have

12 — f13) + p127' (f14 — f12)
(Qxy — Baty — 2022y + 2y + 222 — B + 2xy + 4ayc — 25x3yc)

(
1
2

— (z +y — Bzy)(2z — Bz?) + (; + iy) (m(2x — ﬂx2)>

- gy (202 - B2*)  mod (')
;% (2xy — Ba?y — 2822y + B2y + 22% — Bad + 2wy + daye — 2ﬁm3yc)

— 222 — 2ay + 2822y + B + paty — BPady + 2 — ﬁx?’ + §w2y — 5—233 y

— §x2y+ %x y mod (2)?
=(1-2+1az?+ (—§+B—§>z3+(1+1—2)wy

+ (—325+2 +2B+5+5 g) 22y + (52_5 _ﬁ2_52+ﬁ:>x3y mod (2')?
_ <325 + 20) 22y + (522 - ﬂc) 2y mod ()2

The previous two equations give more constraints on ¢, but they are far away from being
uniquely determined. Therefore, we cannot only use the equations and the equivariant
multiplicities at smooth fixed points in order to determine the class of some resolution
of singularities of X4 uniquely in rational T-equivariant K-theory.

A.4 Comparison of [XVZ] and [X,] in different cohomology theories

Next, we compare the class of X ; from Remark with the previously described
class of X,. Recall that X is given by

= {(V1, Vo) € P(C®) x IG(2,5) | V1 C (e1, e3), Vo D V; isotropic}

which is a P2-fibration over P!. The exceptional locus of X 1 over X, is a P! over the
singular point 12 and the two T-fixed points in the exceptional divisor are z1 := (e1, E2)
and z3 := (e2, E2). We consider the P2-fibration

9: Xi = {(V1) € (er, e2)} = P!

and the tangent space Ty(,.,)P(e1, e9) = T[l:O]IP’l which leads to the first weight eo—e1. The
remaining two weights can be seen in the tangent space T}, (g7 (e1)) = Ti1:0.0/P (€2, €3, €4).
This leads to the weights —es and —2eo. Similarly, we obtain the weights 1 — &9, —&1
and —2¢; for the T-fixed point 5.

Let iy, : 12 — IG(2,5) be the inclusion of the T-fixed point x19. First, we determine
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the class [X' 1] in rational T-equivariant Chow rings. We only need to compute

61(51 —|—€2)281€22€2 81(61 —|—82)281622€2

29612[ 4] (61 — 82)62252 (62 — 61)51261
2e2 — 2¢2
= (e1+ 82)g
€1 — &2
= 2(61 + 62)2

which is the same as i}, [X,] in rational T-equivariant Chow rings.

Similarly, we want to compare the two classes [X,4] and [X}] in rational T-equivariant
K-theory. We set = := ¢l (L.,) and y := ¢ (L.,) as in previous computations. We
remark that ¢] (L.,—.,) = a-cl (L., _.,) for some infinite power series a € K}(1G(2,5))q
which is invertible because the constant term is —1. This leads to the already simplified
expression

z(2x — Ba?)(x 4+ y — fay) LYy - By?)(x +y — Pxy)

ir 1 X5] =
9312[ 4] C{(Lm—&z) a- C{(Lal—EQ)
r(2x — fx?) + a Ly (2y — By?
= (v +y — Bry) ( ;’ ( ).
A (L51*52)

We remark that we obtain ¢f (L_¢,) =b-cl(L.,) and eI (L_.,) = ¢- c¢I(L.,) for infinite
power series b, ¢ € K7(1G(2,5))g which are again invertible due to their constant terms
—1. Following [37, Section 4.2.1] we have

—Uu

[An(w) = {5

where [—1],,, denotes the inverse in the multiplicative formal group law. Thus, we obtain
b!=—-1+Bzand c! =1+ By.

Next, we consider the equation for 7} , [X4] from Example being reduced to K-
theory which is then given by

i 1%y 2@ty = By = By) | (wty — Bry)@e - Sa)y(y - By)

o Ib(clT(Lq—az))a xclT(Lal—az)a
L olety = Bry) 2z - fat)y | a(z +y - Bay)(2z - fa?)(2y — By?)
yCCFiF(Lsrsz) ycrip(Lsrw)
—1b—1 2_52+2_5 2_B2 -1
—(z +y — Bay) (“ y(2y yc)lT(L(al_az)m)y( y—By)a

¢z (2w — Ba?) + 22z — Ba?)(2 - 6y>>
+ T
51 (L€1—82)

e
:W (2(22 = Ba?) (1 + By +2 - By)

+a~y(2y — By?)(—1+ B +2 — Bz))

B (a0 — ) (2 - P)).
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This implies i;u[)h]

K:(1G(2,5)T)q.
Lastly, we consider those two classes in cobordism. We set again z := ¢! (L,) and

y := cl(Le,), but this time these are Chern classes in equivariant cobordism. Sim-

ilarly, we have ¢! (L.,_c,) = a-cl (L. _c,) for some invertible infinite power series
a € U5(I1G(2,5))g. This leads to

iy [X7] and therefore, the classes i*[X4] and i*[X}] coincide in

rFo(x,2)Fo(z,y)  yFoly,y)Falz,y)

X
xu[ 4] C{(L&*Ez) (O C?(leffn)
_ (e, ) FR@:2) +a”'yFo(y,y)
e Fo(z,[-1oy)

Again, we have ¢l (L_.,) =b-cl(Le,) and ¢! (L_.,) = ¢ ¢l (L.,) for invertible infinite
power series b, ¢ € Q7.(IG(2,5))qg. Following [37, Section 2.5.1] we have

[—1]ox = —x + apx’ — a%lx?’ + (a?l + ay1a91 + 2a31 — a22):c4 + higher order terms

where [—1]q denotes the inverse in the universal formal group law. Thus, one can check
that we obtain

bl =—-1—apyz+ (age2 — anrag — 2a31):c3 + higher order terms

cl=—1—any+ (age — aj1az — 2a31)y3 + higher order terms.

Further, we have

a b= —1—ancl (Lo, _.,) + (agy — ay1as — 2a31)el (Lo, _.,) + higher order terms

= —1—anF(z,[-1)ay) + (a2 — a11a21 — 2a31) F(z, [~1]qy)* + higher order terms

=—1—an(x+cy+anxcy + ...) + (a2 — ar1a21 — 2as1)(x + cy + ajjxecy + )3
+ higher order terms

Now, we consider the equation for 7} , [X4] from Example which is given by

%] = rFo(r,y)yFao(y,y) n Fo(z,y)Fa(r, 2)yFa(y,y)

e zbFo(z, [-1]ay)a zFo(z, [-1ay)a
alo(x,y)Fo(z,2)y | aFa(z,y)Fo(z, 2)Fa(y,y)
yeFa(z, [—1]ay) yFa(z, [-1ay)
_Fm (ZL’FQ(.%’ .I')( —|— (2 + a1y + 2a21y =+ (2&31 + agg)y?’ + ))
‘HJFQ(ya y)a l(b_l + (2 +anx + 2a21x2 + (2&31 + a22)1'3 + )))
:Pm ((L‘Fg(x, .CC)(l + 2a21y2 + (2&22 — a11a21)y3 + )

+ yFQ(Z/v y)a_l(l + 26121372 + <2G22 — a11a21)$3 -+ )) .

In order to have the equality i* [X4] = i* [X}], the expression

12 5512
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rFq(x, ) (2a21y* + (2a20 — ay1a91)y® + ...)
+ yFa(y, y)a  (2a012% 4+ (2a20 — aq1a01)x> + ...)
=z Fq(z, x)(2a21y2 + (2a99 — anagl)y3 +..)
+yFa(y,y) (=1 —an(z + cy + anwey + ...)
+ (ag2 — ar1a21 — 2a31)(x + cy + anzxey + )3 + ...)(2a21:c2 + (2a92 — a11a21)$3 +...)

would have to vanish. We now compare the coefficients of the monomial 2%y3 and keep
in mind that

c=—-1+any— a%lyz + higher order terms
holds. This leads to

z(2x) (2@22 — a11a21y3) + 2a91 22 (y(2y)(—a11(—1)y) + y(anyz)(—l)) = dagy1?

which implies that i, (X4 # i;m[)?ﬂ holds in cobordism and therefore, the classes
i*[X4] and ¢*[X}] do not coincide in cobordism.

A.5 Refined coefficient ring for the horospherical Fj-variety

In this section, we want to compute the multiplicative set Sy from Definition [3.5§]
for the smooth projective horospherical Fy-variety X of type (4) from Proposition
A similar computation has been done in Example for the smooth projective
horospherical Gy-variety of type (5). As in the just mentioned example, we want to
compute the weights of the T-fixed points in X. Let R be the root system of Fj, S the
simple roots and s, the corresponding reflection in the Weyl group for some root o € R.
The simple roots of Fy are given by

1
] = &9 — €3, \g = €3 — &4, (03 = &4, 04425(61—52—63—84)

by [5, Plate VIII (II)]. Furthermore, recall [5, Plate VIII (II)] that the positive roots are
1
€ (1 §i§4), 5ii5j (1 <1<y §4), §(€1i€2i53i€4).
For later use, we need to express all the 24 positive roots in terms of the simple roots:

€1 = a1 + 2a9 + 3az + 204

€ =01+ a2+ ag

€3 =09+ a3

€4 = Q3
€1+ &2 =207 4+ 3ag + 4daz + 204
€1 — &9 = a9 + 23 + 204
€1 +e3=0a1 +3as +4as + 204
€1 — €3 =01 + ag + 2a3 + 204
€14+ e4 = a1 + 2009 + dag + 204
€1 — &4 = 1 + 2000 + 203 + 2014
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€9+ €3 = a1 + 209 + 203
€2 —E€3 =01

€9+ e4 = a1 + s + 203
€2 —€4 =01+ Q2

€3+ €4 = ag + 2a3

€3 — €4 = Qo
%(61+62+€3+€4):a1+2a2+3a3+a4
%(51—52—1—53—1—54):&24—2&34-0&4
%(51+€2—€3—|—64):Oél+062+26¥3+044
%(51—|—82+€3—84):Oé1+2a2+2a3+044
%(614—82—63—&“4):a1+a2+a3+a4

1
5(61—824-53—64):042-1-0[3—{—0[4

1
5(61—52—63%-84):043%—014

5(61 — &9 — €3 — 64) = Q4.
We first consider the closed orbit
F4/P(w2) = F4/P{S\a2} = F4/P{a1,a3,a4} =Y.

Using [23 Section 9.1] the weights of the B-fixed point in Fy/P(q, a4.a,) are given by
R~ \R;{al’%m} where R~ and R;{al’%%}
generated by {a1, a3, aq}, respectively. Thus, the weights are given by all the negative
roots except {—ay, —as, —ay, —ag — ayg}. This also implies that Y has dimension 20. As
in Example we recall (cf. [16], Section 1.5]) that X has dimension 23. Thus, we
need 3 more weights not coming from the closed orbit Y. Using diagram we know
that there is a T-stable curve connecting the T-fixed points Pia, a3.04}/ Plar,az,eut € Y
and P(a; 05,04}/ Pla,a0,00) € Z- The corresponding weight for the B-fixed point in Y is
given by

are the negative roots and the negative roots

ws — wy = (201 + 4ag + 6ag + 3ay) — (3ag + 6 + 8ag + 4ay)
= —aq — 2009 — 2003 — iy
1

= 5(—61 — &9 — €3+ 64)
where w3 and wo are the corresponding fundamental weights. Again, we need to find
reflections s, such that the B-fixed point in Y stays fixed. The only reflections with this
property are Su,, Sas, Sa, and Sa;4q,. Further, the reflections s,, and s,, also leave the
B-fixed point in Z fixed. Thus, the only remaining weights of the B-fixed point in Y
are given by
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Say - (W3 — wa) = Say - (2a1 + 4ag + 603 + 3ou) — (3o + 6 + 8z + 4ay)

1
= Sag (2(—61 —€&2—€E3+ €4)>

1
= 5(—81 — &9 — €3 —€4)

= —Q1 — 20&2 - 30[3 — Oy
and

Sastay * (W3 —W2) = Sagtay * (201 + 4ag + 6as + 3a) — (3ay + 6 + 8az + 4ay)
1

= Sagtas - (2(—61 —eg—e3+ 64))

= —Q1 — 2@2 — 3C¥3 — 2044.

The weights for the other T-fixed points can be obtained by the Weyl group action.
Similarly, the weights for the B-fixed point in the closed orbit Z are given by all the
negative roots except {—ay, —ao, —a4, —a; — ag} and the weights

wo — w3 = a1 + 209 + 2ai3 + g
Saq (W2 —w3) = a1 + ag + 203 + o

Sartas (W2 — w3) = g + 2a3 + o

coming from the T-stable curves connecting the two closed orbits.

All the weights occurring are indeed roots and since the root lattice and the character
lattice coincide for Fy (cf. [5, Plate VIII (VIII)]), we conclude that condition (i) of
Definition [3.56| is fulfilled for all occurring normal bundles without inverting any prime.
Condition (ii) of Definition is only fulfilled after inverting p = 2. We do not need
to invert p = 3, even though this coefficient appears in some of the roots, because for
any pair of primitive characters, one can choose the remaining two basis elements such
that one can avoid having to invert p = 3. Hence, the multiplicative set from Definition
is given by Sx = 27Z.
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